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Abstract
Nutrient pollution, particularly by nitrate, is a persistent issue in waterways. Numerous mitigation
strategies have been developed to address this pollution, such as denitrifying bioreactors. The
monitoring, however, of nutrient concentrations and mitigation strategy performance has relied on
infrequent grab sampling, or expensive on-site equipment. There are numerous challenges with these
techniques, such as sample preservation and transport, operational expense, and the ability to
account for temporal changes in concentration. Diffusive Gradients in Thin Films (DGT) are capable of
overcoming many of the challenges, however, to date their use has mainly been research based, and
they are not widely used by monitoring authorities or communities. Diffusive Gradients in Thin Films
are passive accumulative chemical monitoring devices, designed to be analyte specific. This thesis
sought, firstly, to establish the efficacy of a modified DGT for the monitoring of nitrate, following
deployment in chemically and physically complex denitrifying bioreactors. Secondly, the extension of
the DGT methodology through (A) incorporation of colour reagents into the binding layer for rapid infield analysis of nitrate concentrations, (B) developing a DGT method for the determination of flow
rates, and (C) understanding the potential biases inherent in DGT methodology for determining
concentrations and loads.
The first study focused on the utility of DGT for the determination of denitrifying bioreactor
performance – via deployment in two denitrifying bioreactors. DGT overcame many of the challenges
of grab sampling, such as more easily accounting for temporal nitrate concentration variation, and
reduced analytical requirements. Diffusive Gradients in Thin Films determined nitrate concentrations
and removal rates were in strong agreement with high frequency grab sampling, and data collection
via DGT was considerably easier than high frequency grab sampling. The DGT, however, still required
in-lab analysis for nitrate.
Development of colourimetric binding layers, as a hydrogel or liquid binding layer, might allow infield
determination of analyte concentrations easily and accurately. Here, a chitosan-stabilised AuNP
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suspension, as a liquid binding layer was developed and tested for the colourimetric determination of
nitrite concentrations (0 to 1000 mg L-1) and masses (145 µg) in lab based colour development studies.
Nitrate reduction to nitrite was achieved through the development of an Fe(0) impregnated poly-2acrylamido-2-methyl-1-propanesulfonic acid/acrylamide copolymer hydrogel. The developments lay
the foundations for further development of the colourimetric-DGT concept.
A novel bromide selective DGT (Br--DGT) was developed, using the Purolite Bromide Plus anion
exchange resin, which provided stream flow rates when combined with the constant rate tracerinjection method. The Br--DGT flow method was tested infield at the Mangaharakeke Stream. Flow
rates determined by DGT were between -14.7 and 6.5 % of the flow independently monitored weir
flow rate. In comparison, grab sample flow rates diverged by 5.5 to 58.9 % from the weir flow rate.
Dynamic and coordinated changes in temperature, flow, and concentration, as potential sources of
bias in concentration and load calculations using DGT and grab sampling were modelled. Large,
dynamic, and highly correlated to concentration, temperature changes have minimal effect on the
calculated DGT concentration. In contrast, as the correlation between concentration and flow
increases the bias in calculated DGT loads becomes significant. This means that in systems where there
is a high correlation of concentration and flow DGT may not be appropriate for determining loadings.
This thesis had important implications for the use of DGT for determining nutrient concentrations and
loads, and stream flow rates – and the monitoring of nutrient pollution. Firstly, it demonstrated that
DGT were a useful tool for the determination of nitrate removal rates in the chemically and physically
challenging denitrifying bioreactor systems. Secondly, it established the foundation for the in-field
determination of nitrate concentrations. Lastly, it extended the DGT methodology for the
determination of bromide concentrations and stream flow rates, and provided a greater
understanding of the issues when using DGT to determine nitrate loads. This research opened the
possibility of DGT for large-scale nutrient monitoring and determination of nutrient mitigation
strategy performance, given the quality of DGT data and ease-of-use compared to grab sampling.
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Chapter 1

Chapter 1 - Introduction, Thesis Aim and Outline
1.1 Introduction
The focus of this thesis was the application and development of Diffusive Gradients in Thin-Films
(DGT). This thesis sought to provide the basis for using DGT to analyse the movement of nitrate
through the wider landscape, to identify point and non-point nutrient sources, for the targeting of
nutrient mitigation strategies and the determination of their performance. Diffusive Gradients in Thin
Films are passive samplers that are capable of providing time-weighted average concentrations over
environmentally relevant time scales and integrating short-term analyte concentration variations
(Davison, 2016; Huang et al., 2016b). Diffusive Gradients in Thin Films rapidly and strongly adsorb
specific analytes, supplied to an ion exchange resin by diffusion from surrounding water (Davison,
2016; Davison & Zhang, 2012; Zhang & Davison, 1995; Zhang et al., 1998; Zhang et al., 2013).
Measurement of the accumulated mass enables the calculation of the average concentration for the
deployment period (Davison, 2016; Zhang & Davison, 1995; Zhang et al., 1998).
The DGT technique was based on Fick’s first law of diffusion (Menegário et al., 2017; Zhang & Davison,
1995). Due to their random thermal motion, chemical species move in the direction of decreasing
concentration resulting in a uniform distribution (King et al., 2013). The DGT probes typically consist
of three layers, a filter membrane, a hydrogel diffusion layer, and an analyte specific binding layer
(Davison, 2016). The filter membrane and diffusion layer constrain transport of ions to the binding
layer, above a threshold level of convection, to diffusion (Davison, 2016). The hydrogel diffusion layer
must be of sufficient thickness to ensure the flux of ions to the binding layer is independent of the
hydrodynamics in solution (Zhang & Davison, 1995).
DGT overcome many of the methodological limitations of other sampling techniques. For example,
grab sampling is limited by transport and storage (S˙liwka-Kaszyńska et al., 2003), while the frequency
of sampling often means that the temporal change in concentration is missed (Corbett et al., 2019).
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Other methods such as colourimetric test kits and automated sampling systems are limited by
operational range and expense (Corbett et al., 2019; Maxwell et al., 2018).
DGT research has been extensive since its conception (Davison, 2016), however, to date DGT had not
been used to determine the performance of nutrient mitigation strategies (Corbett et al., 2019),
nitrate concentration colourimetrically in situ (Chapter 4), or stream flow rate (Corbett et al., 2021a).
The potential biases in DGT concentrations and loads, due to dynamic and correlated changes in
temperature, concentration and flow, had also not been explored (Corbett et al., 2021b). Diffusive
Gradients in Thin Films research has focused on the development of binding layers for the
determination of trace metals and phosphate (Price et al., 2013; Søndergaard et al., 2014; Veeken &
Leeuwen, 2010; Zhang & Davison, 1995; Zhang et al., 1998), until recently nitrate specific DGT had not
been developed (Cai et al., 2017; Huang et al., 2016a; Huang et al., 2016b). It has widely been
recognised that there is a need to grow the application of DGT (Li et al., 2003; Liu et al., 2016) , and
develop new methods to continue to improve the efficacy of DGT. For example, o-DGT and liquid
binding layer DGT are some of the new developments in binding layer development and expansion of
the DGT methodology (Chen et al., 2012; Chen et al., 2013; Li et al., 2003; Liu et al., 2016).
1.1.1 Utility of DGT for Measuring Nitrate in Freshwaters and Mitigation Strategies
The increase in environmental nutrient concentrations has necessitated the application of effective
mitigation strategies (Christianson & Schipper, 2016; Schipper et al., 2010). Determination of the
performance of mitigation strategies has relied on infrequent grab-sampling and expensive on-site
continuous samplers. The use of passive samplers such as DGT, to determine the performance of
nutrient mitigation strategies not only represents a novel extension of the DGT technique, but due to
their affordability, ease-of-use, and ability to capture temporal changes in concentration improves the
current capabilities for determining mitigation performance (Corbett et al., 2019).
The importance of nutrient mitigation strategies, particularly for nitrate, is driven in large part by the
increase in anthropogenic sources from agricultural and urban systems. Nitrate-N can affect each
2

system as it moves from the terrestrial sources to the ocean (Galloway et al., 2003). The
overabundance of nutrients can lead to eutrophication and hypoxia (Allaby, 2010; Rabalais et al.,
2002) – which not only have ecological consequences, but impacts social, cultural, recreational, and
economic values of the system (Smith et al., 1999). Tools for the accurate, affordable, and easy
measurement of nitrate concentrations in aquatic systems are necessary to meet the monitoring
requirements, to redress the effects of nutrient pollution. Diffusive Gradients in Thin Films provide
one potential solution to this challenge, but there are several lines of research needed to increase
their utility so as to improve uptake by researchers and the wider stakeholder community.
1.1.2 Colourimetric DGT
Presently, the determination of DGT concentrations requires the laboratory measurement of the
bound mass. Incorporation of colourimetric techniques into DGT could overcome this limitation, but
is yet to be explored.
Standard colourimetric methods for nitrate determination often involve an initial reduction of nitrate
to nitrite, utilising zinc, cadmium, and vanadium as electron sources (Morita & Nakamura, 2008;
Nydahl, 1976; Schnetger & Lehners, 2014). Zero-valent iron nanoparticles, produced and held within
a co-polymeric network (poly(2-acrylamido-2-methylpropanesulfonic acid/acrylamide)), is a stable,
less toxic alternative reactor bed for the reduction of nitrate (Muradova et al., 2016; Sahiner et al.,
2010; Thoniyot et al., 2015) (Jamshidi & Rabiee, 2014; Su & Okay, 2018).
Colour reactions for the determination of nitrite are commonly based on the Greiss reaction, a twostep reaction involving azo-diazo coupling to produce quantitative colour changes (Knyazev et al.,
2002; Tarafder & Rathore, 1988). These reactions are likely unsuitable for the incorporation into DGT,
due to the two-step reaction and requirement for close control of pH (Knyazev et al., 2002; Tarafder
& Rathore, 1988), and the difficulty of stopping reagents from diffusing out of the binding layer.
Chitosan stabilised gold nanoparticle suspensions (Amanulla et al., 2017), as liquid binding layers,
might overcome these limitations. Gold nanoparticles have numerous properties which make them
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more suitable for incorporation into DGT, over other metallic nanoparticles and colour reactions, such
as, their distance dependant optical properties (Lee et al., 2008), well-defined colour change
(Gunupuru et al., 2014), and high stability (Zhang et al., 2014). Infield determination of nitrate
concentrations would remove the requirement for laboratory analysis, which is a significant barrier to
the uptake of DGT for routine monitoring by individuals and communities.
1.1.3 DGT for Flow Rate Measurements
Determination of nitrate concentration alone, however, may not provide the whole picture, in regards
to the potential environmental and ecological effects because ecosystem responses can depend on
load (Pinckney et al., 2001). Calculation of loading requires the determination of flow rate, expressed
as tons of analyte per year, and is calculated by multiplying concentration by discharge or flowrate
(Pinckney et al., 2001). The measurement accuracy and frequency of the concentration and flow
variables determines the accuracy of the calculated loading rate (Pinckney et al., 2001). While there
are numerous methods for the determination of flow, such as time volume, formed constructions
(weirs), remote sensing, velocity area, and tracer injection, each of these present challenges such as
accuracy and alteration to stream structures, for example (Bonacci et al., 2016; Dobriyal et al., 2017;
Moore, 2005).
The combination of a bromide-selective DGT with a constant-rate bromide injection might enable the
calculation of time-weighted average flow rate (Corbett et al., 2021a). If successful this new approach
might allow determination of loadings, when combined with DGT deployments for nutrient or other
contaminants (Corbett et al., 2021a) – where the technique for concentration and flow measurement
are the same, potentially simplifying monitoring requirements whilst providing accurate
concentrations, flows and loads. This requires an understanding of the challenges for using DGT to
determine concentration and load.
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1.1.4 Potential Sources of Bias in DGT Concentration and Load Calculations
Understanding the sources of potential bias in DGT determined concentrations and loads, is critical
for the large-scale use of DGT for environmental monitoring (Corbett et al., 2021b). The analyte
accumulation on DGT is theoretically independent of flow, if the diffusive boundary layer is accounted
for, and capable of accounting for changes in temperature (Davison, 2016). The extent to which the
DGT concentration and load diverge from the actual solution concentration and load, as concentration
and temperature or flow co-vary had not been investigated (Corbett et al., 2021b). The calculation of
the DGT concentration requires careful measurement of temperature, because temperature
determines that rate at which the target analyte diffuses through the diffusive boundary layer and
material diffusion layer (Davison, 2016; Davison & Zhang, 2012). The accuracy and frequency with
which concentration (and flow) are made determines the accuracy of the calculated loading rate
(Pinckney et al., 2001)

1.2 Thesis Aims
This research project can be broken down into two components. Firstly, establishment of the utility
and efficacy of Diffusive Gradients in Thin-Films for the measurement of nitrate in freshwaters.
Denitrifying bioreactors were selected as a test case because they are chemically and physically
challenging systems, with high concentrations of other ions and poor mixing mechanisms due to the
restriction of flow by the substrate. Secondly, the extension of the DGT methodology by:
1. Incorporation of colour change mechanisms such that in-field determination of nitrate
concentrations may be made;
2. Development of a bromide-specific DGT method for measuring flow, when combined with the
trace-dilution method; and,
3. Understanding the potential sources of bias in DGT concentration and load calculations due
to dynamic and coordinated changes in temperature, flow, and concentration.
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These aims (Figure 1.1) are further developed and addressed in the following chapters.
Can DGT be easily deployed and used to
determine concentra�ons and ﬂow rates?

Deploy DGT in freshwaters and
denitrifying bioreactors.

Can DGT concentra�ons be
determined in-ﬁeld?

Can DGT be used to determine
stream ﬂow rates?

What are the poten�al biases in DGT
concentra�on and load calcula�ons?

Figure 1.1: PhD Schematic.

1.3 Outline
In the subsequent chapter (Chapter 2), a focused literature review of nutrient mitigation strategies
(for example, bioreactors), Diffusive Gradients in Thin-Films, polymeric hydrogels, colourimetric
nitrate determination, and flow-rate measurement is presented. It is intended for the review to
contextualise the research project into the wider literature landscape, address the shortcomings in
present nutrient measurement techniques, and provide the theoretical basis for the research.
Subsequent chapters (Chapters 3 to 6) detail the research conducted, each addressing a different
component of the developments made to the DGT technique. Each of these sections is presented as
an independent manuscript, comprised of an abstract, introduction, methodology, results, and
discussion. Chapter 7 summarises the research project, the individual results and conclusions, how
they address the previously identified shortcomings in our collective understanding of DGT, potential
implications of the research, and finally it will provide recommendations for future work.
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Chapter 2

Chapter 2 - Literature Review
The purpose of this review was to situate the research project in the DGT and bioreactor research
fields, and provide the theoretical basis for the research conducted. Comprehensive reviews of
denitrifying bioreactors and other mitigation strategies are already available (Addy et al., 2016;
Christianson & Schipper, 2016; Schipper et al., 2010a). Excellent reviews of the reviews of DGT use
and theory are presented elsewhere also (Davison, 2016; Lehto et al., 2006).
New Zealand has recently recognised our responsibility to improve the health and quality of our
freshwater resources with the implementation of the National Environmental Standards for
Freshwater in September 2020 (Reddy, 2020). Some of the key requirements, among many others, of
the standards include: management of freshwater to give effect to Te Mana o te Wai; improve
degraded water bodies, and maintain or improve all others; and avoid further loss or degradation of
wetlands and streams (Environment, 2020; Reddy, 2020).
The National Policy Statement for Freshwater Management 2020 outlines the guidelines and values
for nutrients and other pollutants (Government, 2020). It establishes a ranking system for rating the
levels of nutrients in freshwater systems. The importance of this research is even more apparent given
the implementation of the standards, and the necessity widespread for nutrient monitoring (Reddy,
2020).

NO3--N

(A) Natural

(B)

(C)

(D)

≤ 1.0

> 1.0 to ≤ 2.4*

> 2.4 to ≤ 6.9

> 6.9

Figure 2.1: Summary of yearly median nitrate-N guidelines from the National Policy Statement for
Freshwater Management in mg L-1 (Government, 2020). *National bottom line.
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2.1 Brief Introduction to Environmental Issues of Excess Nutrients
Nutrients, such as nitrate, are necessary inputs to agricultural systems to sustain crop/plant growth.
Once they are leached out they become externalities for local waterways as they are transported
downstream to lakes, estuaries, coastal ecosystems and the ocean (Rabotyagov et al., 2014). Society
has also long used waterways as convenient waste water disposal systems (i.e. direct or indirect
sewage disposal), and as such the loading of nitrate is very strongly influenced by human and livestock
population density, and land use (Smith et al., 1999).
2.1.1 Nitrogen Accumulation and Cascade
The increase in bioavailable nitrogen can be attributed to four main causes. (1) Widespread cultivation
of crops that promote biological nitrogen fixation, converting N2 to organic nitrogen; (2) the
conversion to reactive NOx species through the burning of fossil fuels; (3) the Haber-Bosch process;
and (4) the overflow of human waste (Galloway et al., 2003; Huang et al., 2016b).
The cultivation of legumes, rice and other crops that promote nitrogen fixation has increased globally
since 1860, and dramatically since 1960 (Galloway et al., 2003). NOx creation through fossil fuel
combustion has increased from 1 Tg N year-1 in 1860, to approximately 25 Tg N year-1 in 2000
(Galloway et al., 2003). This is unsurprising given the rate at which combustion of fossil fuels has grown
since the industrial revolution. In combustion systems which are not highly efficient, NOx is produced,
a significant fraction of which returns to land and water systems via wet and dry deposition (Smith et
al., 1999).
The Haber-Bosch process, primarily used for the production of industrial fertilisers, is now responsible
for the largest input of nitrogen to the environment. Pre 1910 there was no reactive nitrogen created
from the process, however this grew to more than 100 Tg N year-1 (Galloway et al., 2003). The removal
of nitrogen in farm produce necessitates the addition of nutrients to replenish the depleted soils
(Robertson & Vitousek, 2009). New nitrogen must come from outside the plant-soil system as there is
no potentially available nitrogen in the rock from which soil is derived (Robertson & Vitousek, 2009).
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Applications of nitrogen fertiliser are not particularly efficient – most nitrogen does not reach the
intended target, protein in the human diet (Robertson & Vitousek, 2009).
Human waste and animal waste are also strong supplies of nutrients to waterways, both from leaching
from terrestrial systems and direct discharge (Smith et al., 1999). Discharge from wastewater contains
significant concentrations of ammonium, of which a small fraction is oxidised by conventional
treatment (Wakelin et al., 2008). Discharge from treatment plants can therefore deposit large
quantities of organic matter and nutrients into receiving waterways (Wakelin et al., 2008).
Each additional reactive nitrogen species added to the environment can have a cumulative effect,
known as the nitrogen cascade. The sequential transfer of nitrogen through environmental systems
can result in environmental changes in each system as it moves through or is temporarily stored
(Galloway et al., 2003). This means that before denitrification back to N2, a single nitrogen atom can
have an impact on all biospheres, and the origin of the reactive nitrogen becomes unimportant
(Galloway et al., 2003).
2.1.2 Eutrophication and Hypoxia
Nitrogen and phosphorus both contribute to eutrophication and hypoxia (Rabotyagov et al., 2014).
Eutrophication refers to the over-availability of nutrients in aquatic systems and the increased
productivity that follows (Allaby, 2010). The increase in nutrients stimulates growth of organic matter
(e.g. phytoplankton and algae) (Allaby, 2010). The organic matter dies, it falls through the water
column, and is decomposed in the bottom water layer and sediment (Rabotyagov et al., 2014).
Decomposition of the organic matter consumes oxygen, reducing the availability of oxygen in the
waterbody to sustain the ecosystem (Rabalais et al., 2002).
Hypoxia refers to oxygen deficiency, and is defined as water containing less than 2 mg L-1 of oxygen
(Rabotyagov et al., 2014). Hypoxic zones are created through the process of eutrophication,
fundamentally altering the functioning and structure of an ecosystem, often resulting in loss of habitat
and reduction in biodiversity (Rabalais et al., 2002).
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2.1.3 Secondary Effects of Excess Nutrients
There are numerous secondary effects of excess nitrogen on biology, chemistry, and human use (Smith
et al., 1999). These are often deleterious and of concern to users of the resource (Smith et al., 1999).
These effects include: phytoplankton species composition shifting to taxa that may be toxic or inedible
(e.g. bloom-forming cyanobacteria – blue green algae); changes in biomass, and species composition;
reduced water clarity; decreased aesthetic value; taste, odour, and water supply filtration problems;
possible health risks in water supplies; elevated pH; increased short term fish production and harvest;
and increased probability of fish kills (Smith et al., 1999). Consumption of nitrates and nitrites has also
been associated with gastrointestinal cancer and infant methemoglobinemia (Hord et al., 2009;
Knobeloch et al., 2000).
Eutrophication and hypoxia can have substantial economic consequences; therefore there is a tradeoff between the benefits from polluting activities and the services of the ecosystem forgone (Smith et
al., 1999).

2.2 Mitigation Strategies
Constructed wetlands, riparian buffers, saturated buffers and denitrifying bioreactors nutrient
mitigation strategies have been developed to remove excess reactive nitrogen species at the source
and limit the downstream effects (Tanner et al., 2012, Jaynes and Isenhart, 2019, Chandrasoma et al.,
2019).
2.2.1 Denitrifying Bioreactors
Denitrifying bioreactors are simple engineered systems that use a solid carbon substrate to enhance
the microbial conversion of dissolved nitrogen species, primarily nitrate, to nitrogen gas (Schipper et
al., 2010a) (Figure 2.2). Bioreactors are designed for simple and passive treatment of drainage waters,
groundwater, and wastewater dissolved nitrogen species (Addy et al., 2016; Rambags et al., 2016;
Schipper et al., 2010a). Denitrifying bioreactors have also been found to consistently and substantially
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reduce faecal bacteria (Rambags et al., 2016). Little evidence has been found to support the use of
denitrifying bioreactors for the removal of phosphate (Corbett et al., 2019; Schipper et al., 2010a;
Schipper et al., 2010b), however because of their reducing conditions bioreactors have been used for
the removal of dissolved metal species (Neculita et al., 2008). Sulfate reducing bioreactors have been
used for the treatment of contaminated acid mine drainage (Neculita et al., 2008), however sulfate
reducing conditions can lead to the production of highly toxic methyl mercury (Shih et al., 2011).
The carbon source has two functions, firstly as a carbon source for denitrification (Rivett et al., 2008).
Secondly, the oxidation of organic compounds by aerobic organisms, creating and maintaining the
anoxic conditions making it energetically favourable for nitrate to act as an electron acceptor
(Rambags, 2019).

A

B

Figure 2.2 (A) Bioreactor treating effluent (Rambags et al., 2016). (B) Bioreactor treating agricultural
runoff (Corbett et al., 2019). Diffusive Gradients in Thin Films were deployed at both bioreactors in
study 1. The inlet and outlet chambers, and wells where DGT were deployed and grab samples taken
are numbered (Corbett et al., 2019).
There are numerous factors influencing denitrification rates. Temperature controls microbial activity,
increasing temperature stimulates microbial processes, and has been reported to significantly impact
denitrification rates (Addy et al., 2016; Schipper et al., 2010a). The availability of both nitrogen species
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and dissolved organic carbon also affects denitrification, the greater the availability of either the
greater the denitrification rate, providing one was not limiting (Addy et al., 2016; Schipper et al.,
2010a). Dissolved oxygen also influences denitrification rate, aerobic microorganisms may
outcompete denitrifiers for available carbon (Rivett et al., 2008). Hydraulic retention time has been
reported to significantly influence the denitrification rate, as hydraulic retention time increases as
does nitrate removal rate (Hoover et al., 2016). Microbial transformation of nitrate to nitrogen gas
produces hydroxyl groups, and pH has also been reported to influence denitrification rates (Peng et
al., 2006).
There are many potential applications and approaches for implementing denitrifying bioreactors
(Figure 2.3), the design of which is determined by the above factors. The application of bioreactors
has focused primarily on watersheds with high non-point source nitrate loads and tertiary wastewater
treatment (Christianson & Schipper, 2016).

Figure 2.3: Potential sites and approaches for enhancing denitrification to reduce nitrogen
movement along the nitrogen cascade (Schipper et al., 2010c).
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2.3 Water Sampling
Sampling is one of the main complexities in environmental water monitoring (Kianpoor Kalkhajeh et
al., 2019). Multiple methods exist to measure nitrate and phosphate in aquatic systems, and each has
their advantages and disadvantages. For example, manual grab sampling, automated sampling,
passive sampling (such as Diffusive Gradients in Thin-Films), and flow-proportional sampling (Kianpoor
Kalkhajeh et al., 2019). A summary of the commonly deployed sampling techniques for the collection
of water samples is provided in Table 2.1.
Table 2.1: Summary of the commonly deployed sampling techniques for the collection of water
samples (Kianpoor Kalkhajeh et al., 2019).
Sample

Location

Frequency

Sampling

Recommended

Surface Runoff

Catchment outflow;

Based on irrigation or

Manual; Automated;

Automated; Passive.

Chanel outlet.

precipitation intensity

Passive; Flow-

(seconds to hours).

proportional.

Point Samples; Tile

Based on irrigation or

Lysimeter; Passive.

drains.

precipitation intensity.

Springs; Alluvial and

Purpose dependant

Well; Piezometer;

upland point samples.

(weekly to yearly).

Passive.

Upstream;

Usually weekly to

Manual; Automated;

Downstream; River

monthly, or seasonal.

Passive; Piezometer;

Leachate

Groundwater

Rivers/Streams

mouth; Along river.
Lakes/Ponds

Zero-tension
lysimeter; Passive.
Well; Passive.

Automated; Passive.

Flow-proportional.

Inlet; Outlet: Within

Usually weekly to

Manual; Passive.

Manual; Passive.

water body.

monthly, or seasonal.

Wetlands/

Inlet; Outlet; Within

Usually weekly to

Manual; Passive; Water

Water column;

Estuaries

wetland.

monthly, or seasonal.

column; Flow-

Flow-proportional;

proportional.

Passive (Corbett et
al., 2019).
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Grab sampling is the predominant method for measuring analyte concentrations in aquatic systems,
because it is quick and simple (Huang et al., 2016b), and requires little investment in sampling
equipment. They are however unlikely to provide representative nutrient concentration data due to
the infrequency of sampling, and high temporal variability in concentration (Corbett et al., 2019;
Huang et al., 2016b). Continuous automated sampling can more accurately capture temporal changes
in nutrient concentrations, but require significant investment in on-site equipment (Audet et al.,
2014). To achieve the same temporal resolution via grab sampling is time consuming, requiring
extended periods on-site (Corbett et al., 2019). The large number of samples, associated with grab
and automated sampling, for analysis can be expensive (Corbett et al., 2019).
Microbial and chemical transformations during transport and storage of grab samples, necessitates
chemical or physical preservation (S˙liwka-Kaszyńska et al., 2003). Physical preservation is preferential,
as preservatives such as mercuric chloride can be toxic and have matrix effects, and sample dilution
must be considered (S˙liwka-Kaszyńska et al., 2003). Standard physical preservation techniques
include immediate filtering to 0.45 µm, and freezing to -20 oC, however, these temperatures are
difficult to maintain in-field and during transport (S˙liwka-Kaszyńska et al., 2003).
Development of in-situ continuous monitoring and measurement systems overcome many of the
limitations of grab and automated sampling systems (Kianpoor Kalkhajeh et al., 2019). For example,
an automated multiplexed pumping system and UV-VIS field spectrophotometer coupled system (MPS
UV-VIS) was found to provide high resolution accurate nitrate concentration data in a range of
denitrifying bioreactors (Maxwell et al., 2018). These systems are limited, as with automated sampling
systems, by capital and operational expense (Corbett et al., 2019; Kianpoor Kalkhajeh et al., 2019;
Maxwell et al., 2018). Systems such as the MPS UV-VIS are limited by spectrophotometer data storage,
cuvette fouling, and battery power and require careful calibration (Corbett et al., 2019; Maxwell et al.,
2018). In-field analyses using colorimetric test kits, are simple and relatively easy to use, however they
are of low precision, and are limited by their operational range and by the skill of the user in
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determining the colour change (Corbett et al., 2019). Diffusive Gradients in Thin-Films are able to
overcome many of the methodological limitations of other sampling techniques, as discussed in the
following section.

2.4 Diffusive Gradients in Thin-Films
Passive techniques, such as DGT, are capable of providing time weighted average concentrations of
environmentally relevant time scales and integrating short term analyte concentration variations
(Huang et al., 2016b). The DGT Technique enables the in situ measurement of labile species in aqueous
systems (Zhang & Davison, 1995). The following sections detail the theoretical background on which
DGT is based, comprehensive reviews of the DGT use and theory are presented elsewhere (Davison,
2016; Lehto et al., 2006).
2.4.1 Fick’s First Law of Diffusion
DGT is based on Fick’s first law of diffusion (Zhang & Davison, 1995). Diffusion is the tendency of
chemical species to move in the direction of decreased concentration as to make concentration
uniform, the flux, due to the random heat motion of molecules (King et al., 2013). Diffusive Gradients
in Thin Films directly measures a flux, i.e. the rate of supply of material in a given time (Zhang &
Davison, 1995). Due to the dependency of the rate on the solution exchange kinetics, DGT measures
the labile fraction of species in solution (Zhang & Davison, 1995).
Equation (2.1 details how the diffusion flux (J, mg cm-2 s-1) of chemical species is determined by the
diffusion coefficient (D, cm2 s-1) and concentration (C, mg cm-3), divided by the position (x, cm)
(Schaschke, 2014). Flux is driven in the direction of increasing position, denoted by the negative sign
(Schaschke, 2014). The diffusion coefficient varies for species and solutes, and is dependent on
temperature, fluid viscosity, and particle size (Schaschke, 2014).

𝑱𝑱 =

−𝑫𝑫𝑫𝑫𝑫𝑫
𝝏𝝏𝝏𝝏

(2.1)
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2.4.2 DGT Assembly
There are two essential parts to DGT, the analyte specific binding layer and the material diffusion layer
consisting of a diffusive hydrogel and filter membrane (Davison, 2016; Zhang & Davison, 1995),
illustrated in Figure 2.4. The hydrogel and filter constrain transport of ions to the binding layer,
enabling the application of Fick’s First Law. The filter is incorporated to protect the hydrogels from
microbial decomposition and stop clogging by particles in solution (Davison, 2016).

(A)

Filter Membrane

(B)

Diﬀusive Gel

DBL

Binding Layer

Cb
Concentra�on
Gradient
A

Solu�on

δ

f

g
∆g
MDL

∆r

Figure 2.4: (A) Exploded Diffusive Gradient in Thin-Films (DGT) piston assembly schematic (Corbett et
al., 2019). (B) Cross-sectional view of concentration gradient through material diffusion layer (MDL)
and diffusive boundary layer (DBL) (discussed in section 2.4.10) to the binding layer at steady state
(Davison, 2016; Davison & Zhang, 2012). Where A = exposure window area; ∆r, ∆g, g, f and δ =
binding layer, MDL, diffusive gel, filter membrane and DBL thicknesses respectively; and, Cb = bulk
concentration (Davison & Zhang, 2012; Zhang & Davison, 1995).
2.4.3 Derivation of the DGT Equation
As described above, an ion-exchange resin layer (binding layer) is separated from the bulk solution by
an ion-permeable gel membrane, illustrated in Figure 2.4, such that transport of ions to the binding
layer is constrained to diffusion, above a threshold level of convection (Zhang & Davison, 1995). If the
thickness of the diffusive boundary layer (DBL, δ) (discussed in section 2.4.10) is negligibly small
compared to ∆g, flux (J) can be expressed by Equation (2.2), where Cb is the concentration of ions in
the bulk solution, and C’ is the concentration of the ion in the resin layer (Zhang & Davison, 1995).

𝑱𝑱 =

𝑫𝑫(𝑪𝑪𝒃𝒃 − 𝑪𝑪′ )
∆𝒈𝒈

(2.2)
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Providing the resin is not saturated and the free ions are in rapid equilibrium with the resin, with a
large binding constant, C’ is effectively zero and Equation (2.2) can therefore be simplified to Equation
(2.3) (Zhang & Davison, 1995).

𝑱𝑱 =

𝑫𝑫𝑪𝑪𝒃𝒃
∆𝒈𝒈

(2.3)

Combining Equations (2.3) and (2.4) gives Equation (2.5), and because the mass of ions that have
diffused into the resin (M) can be determined analytically, Cb can be quantified by Equation (2.6)
(Zhang & Davison, 1995).

𝑱𝑱 =
𝑴𝑴 =

𝑴𝑴
𝑨𝑨𝑨𝑨

(2.4)

𝑴𝑴∆𝒈𝒈
𝑫𝑫𝑫𝑫𝑫𝑫

(2.6)

𝑫𝑫𝑪𝑪𝒃𝒃 𝑨𝑨𝑨𝑨
∆𝒈𝒈

𝑪𝑪𝒃𝒃 =

(2.5)

The use of the simple DGT equation is based on the following assumptions (Davison, 2016; Davison &
Zhang, 2012):
(1) Before steady state is achieved the accumulated mass is negligible;
(2) Initial transient period to achieve steady state is negligible with respect to deployment time;
(3) Diffusion through the device is planar;
(4) Negligible interactions such as charge effect and binding to material diffusion layer (MDL);
(5) Rapid and non-penetrative interaction of analyte with binding layer;
(6) Exposure area and ∆g geometric values apply with a negligible DBL; and
(7) Accurate measurement of accumulate mass, MDL thickness, diffusion coefficient, and
deployment time.
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2.4.4 Steady State
At steady state, flux in and out of each layer is constant and equal to the flux through the adjoining
layer (Equation (2.7) (Davison, 2016). Where Dgel, Df, Dw = diffusion coefficients of diffusive gel,
membrane filter, and water; g, ∆f, δ = diffusive gel layer, membrane filter, and DBL thicknesses; and
Cg, Cf, Cr = analyte concentration at the diffusive gel, membrane filter, and binding layer surfaces
respectively (Davison, 2016).

𝑱𝑱 =

𝑫𝑫𝒈𝒈𝒈𝒈𝒈𝒈 (𝑪𝑪𝒈𝒈 − 𝑪𝑪𝒓𝒓 ) 𝑫𝑫𝒇𝒇 (𝑪𝑪𝒇𝒇 − 𝑪𝑪𝒈𝒈 ) 𝑫𝑫𝒘𝒘 (𝑪𝑪𝒃𝒃 − 𝑪𝑪𝒇𝒇 )
=
=
𝒈𝒈
∆𝒇𝒇
𝜹𝜹

(2.7)

The period before steady state is met is termed the transient period. During this period the flux is
lower than in the steady state (Lehto et al., 2006). The time to reach the steady state is dependent
upon the diffusion coefficient and the MDL thickness – among others (Lehto et al., 2006). All previously
derived equations assume a steady state has been met, however during the transient period several
processes occur (Davison, 2016).
Upon immersion solutes diffuse between the solution and diffusive layer (Davison, 2016). Solutes
which do not bind to the binding layer tend towards chemical equilibrium, i.e. concentration in each
diffusion layer of the DGT is equal to that in the bulk solution (Davison, 2016). Binding solutes never
reach equilibrium due to continual removal of the solute from solution by the binding layer, thereby
maintaining a negligible concentration at the binding layer and MDL interface (Davison, 2016). Under
these conditions Cr is effectively zero (Davison, 2016). Binding solute progressively enters the MDL
until steady state is achieved; where the concentration profile in the MDL is linear, with a constant
gradient throughout (Figure 2.4) (Davison, 2016).
As stated earlier, use of the simple DGT equation assumes that before steady state is achieved the
accumulated mass is negligible (Davison, 2016), and the initial transient period is negligible with
respect to the deployment time (Davison & Zhang, 2012). For valid application the actual mass
accumulated cannot be significantly different from the accumulated mass if there was no transient
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period (Davison & Zhang, 2012). These two assumptions are intrinsically related. Potential error
cannot be expressed solely as percentage of time to steady state of deployment time, it must also
account for accumulated mass (Davison & Zhang, 2012). The extent to which total mass accumulated
is overestimated depends on total deployment time (Lehto et al., 2006), as the total deployment time
increases the influence of the transient period proportionally decreases.
The difference between the accumulated masses when neglecting the transient period, expressed as
percentage error, can to a good approximation be calculated using Equation (2.8), adapted from
Equation (2.9), where coefficient y = 6 and tdep= deployment time (Davison & Zhang, 2012).

𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷 𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆 =
2.4.5 Diffusion Layer

∆𝒈𝒈𝟐𝟐
𝟏𝟏𝟏𝟏𝟏𝟏
×
𝒕𝒕𝒅𝒅𝒅𝒅𝒅𝒅
𝟔𝟔𝟔𝟔

𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻 𝒕𝒕𝒕𝒕 𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 =

∆𝒈𝒈𝟐𝟐
𝒚𝒚𝒚𝒚

(2.8)
(2.9)

As discussed above, DGT samplers rely on diffusion through a permeable diffusion layer of known
thickness for in situ measurement of ions in natural waters (Larner & Seen, 2005). Controlling the
mode of transport to diffusion enables the use of Fick’s First Law to back calculate the solution
concentration from the accumulated mass. As such, a sufficiently thick hydrogel is required to ensure
the flux of ions to the binding layer, above a threshold level of convection, is independent of the
hydrodynamics in solution (Zhang & Davison, 1995). The principal diffusion layer utilised is based on
polyacrylamide hydrogels (Larner & Seen, 2005), however agarose is also widely utilised (Davison,
2016). Polyacrylamide is cross-linked with either an agarose derivative, or with bis-acrylamide
(Davison, 2016). Commercially available chromatography paper has also been investigated as an
alternative diffusion layer (Larner & Seen, 2005).
Hydrogels are typically soft, flexible and elastic, they can range from fragile to quite strong and viscous
fluid to fairly rigid solid depending on their composition (Davison, 2016). Hydrogel formation and
selection will be discussed subsequently. The hydrogel structure consists of three-dimensional
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polymer networks, which are water insoluble and highly hydrophilic (Davison, 2016). The water is
bound to the hydrogel via hydrogen bonding or dipole interactions, in situ they can contain over 95%
water and ensures the hydrogel structure does not collapse, the free water in the hydrogel has the
same properties as normal water (Davison, 2016).
DGT makes two assumptions regarding the diffusive gel, and MDL as a whole: (1) diffusion through
the device is planar; and (2) negligible interactions such as charge effect and binding to MDL (Davison,
2016; Davison & Zhang, 2012).
The assumption that diffusion through the device is planar does not stand. Measurements of Cd
distribution in a DGT resin, using laser ablation inductively coupled plasma mass spectrometry, found
that the effective sampling window was larger than the geometric diameter of the sampling window
(Warnken et al., 2006). Diffusion through the centre of the exposure window is planar, while diffusion
close to the edges of the window can also occur laterally (in both MDL and DBL), thereby enabling
analyte to accumulate over an area of binding gel greater than the area of the exposure window, and
enhancing the flux to the binding layer (Davison, 2016). Taking lateral diffusion into account gives the
effective area of diffusion (Aeff), and increased the effective surface area of the device by
approximately 20% (Warnken et al., 2006). The full DGT equation accounts for this (Equation (2.15).

Analyte binding and charge effect interactions within the MDL are not always negligible, at least not
under low ionic strength solutions (Davison, 2016). Charge on the diffusive layer/MDL can modify the
interfacial concentration and therefore the concentration gradient through the MDL (Davison, 2016).
For example, anions will become electrostatically enhanced at the gel surface if the diffusive gel is
positively charged (Davison, 2016).
Previous studies have found that diffusion coefficients in APA (agarose crosslinked polyacrylamide)
gels were erratic at low ion strengths (Davison & Zhang, 2012). This is attributable to the degree of
washing, when the gel is not exhaustively washed it has a partial negative charge due to the presence
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of unreacted polymerisation reactants, while under exhaustive washing there was a net positive
charge (Warnken et al., 2005). Polyacrylamide crosslinked with bis-acrylamide gels had a slight
negative charge after washing (van der Veeken et al., 2010; Veeken & Leeuwen, 2010; Yezek et al.,
2008). Charges on gels appear to have no effect on DGT measurements when utilising APA gels at ionic
strengths of 1mM or above (Davison & Zhang, 2012).
In many cases it is incorrect to assume that there are no binding interactions between solutes and the
MDL (Davison & Zhang, 2012). Ions enter the diffusive layer, bind to it, and accumulate until the
binding capacity (usually low) is reached, thereby lengthening the transitional period before steady
state is reached (Davison & Zhang, 2012). The final stage of the APA diffusive hydrogel washing
procedure is therefore the charge neutralisation of the gel by storage in a 0.01 mol L-1 NaCl solution,
at room temperature.
2.4.5a Hydrogel Formation
Hydrogels are water-swollen, and cross-linked polymeric network produced by the reaction of one or
more monomers, they do not dissolve in water, instead exhibit the ability to swell and retain a
significant fraction of water within their structure (Ahmed, 2015). Protection from dissolution arises
from cross-links between network chains (Ahmed, 2015). In the swollen hydrogel, the mass fraction
of the water in the hydrogel is considerably larger than the polymer (Ahmed, 2015). High degrees of
swelling are commonly achieved by using monomers which are water soluble when in non-crosslinked
form (Ahmed, 2015).
-SO3H, -COOH, -CONH2, -OH and –NH2 functional groups within the polymeric network provide the
hydrophilic character (Sahiner et al., 2010). Negatively charged functional groups, SO3- and COO- can
also be formed, and via electrostatic interactions absorb metal cations (Sahiner et al., 2010). While
the impacts of pH changes can be offset by the formation of carboxyl functional groups (-COOH, -COO) which can react with hydroxyl and hydronium ions (Liu & Wang, 2019).
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Hydrogels can be classified into numerous groups based on source (natural or synthetic), composition
(homo, co, or multi polymer, or double network), configuration (amorphous to crystalline),
crosslinking, appearance, and electrical charge (Ahmed, 2015; Chen et al., 2015a; Iizawa et al., 2007;
Maolin et al., 2000; Yang et al., 2002). In general, hydrogels are prepared from natural or synthetic
polymers, or an optimised combination depending on the intended hydrogel properties (Ahmed,
2015; Tabata, 2009). Any technique that can be used to crosslink polymers can be used to produce
hydrogels (Ahmed, 2015). These include bulk polymerisation, solution polymerisation/crosslinking,
suspension or inverse suspension polymerisation, grafting to a support, and irradiation polymerisation
(Ahmed, 2015).
Hydrogels are predominantly prepared utilising monomers, gel initiators and accelerators, and then
cured (Thoniyot et al., 2015), as via solution polymerisation. The standard DGT procedure for the
formation of hydrogels involves the radical solution polymerisation of acrylamide and agarose, using
Ammonia peroxydisulfate (APS) and N,N,N’,N’-tetramethylethylenediamine (TEMED) as redox
initiators (Zhang & Davison, 1995). Alternative crosslinking agents such as bis-acrylamide have been
used (Davison, 2016), and, as discussed above, the standard diffusive gel has been replaced by
commercially available chromatography paper (Larner & Seen, 2005).
As discussed in Section 2.5 however, the colourimetric determination of nitrate requires the reduction
of nitrate to nitrite. For the purposes of utilising colour change DGT to determine solution nitrate
concentrations this must be done within the diffusive layer. The incorporation of a reductant within
the binding layer is, in principle, like the synthesis of binding layer (discussed in section 2.4.6c).
The strategy adopted in this research was the formation of zero-valent metal nanoparticles within the
hydrogel network, by swelling the dried hydrogel in a high concentration solution of Fe(III) (Chapter
4). The reduction of 4-nitrophenol and 2-nitrophenol by Co(0) nanoparticles formed in a poly- 2acrylamido-2-methyl-1-propanesulfonic acid, N,N’-methylenebisacrylamide crosslinked (PAMPS)
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hydrogel has been reported (Sahiner et al., 2010). PAMPS hydrogels are however limited by their low
mechanical strength (Gong et al., 2003).
Hybrid cross-linked PAMPS hydrogels have been reported to have excellent mechanical properties,
due to the strengthened interactions between chemically cross-linked PAMPS chains and incorporated
nanoparticles (Su & Okay, 2018). Alternatively, double network hydrogels consist of contrasting
interpenetrating polymer networks (Chen et al., 2015a). Classically the first polymer network is
formed, which is subsequently immersed and swelled in the precursors to the second polymer (Chen
et al., 2015a). It requires however a large excess of the second monomer, to form the strong
intertangled network (Chen et al., 2015a).
PAMPS/Acrylamide copolymer hydrogels consisting of varying mole ratios have been reported
(Jamshidi & Rabiee, 2014). The AMPS sulfonate group provides ionic exchange capability, electrical
conductivity, and resistance to divalence and salinity (Sheng, 2010). Acrylamide shields the copolymer,
by providing resistance to hydrolysis, acidity and alkalinity (Sheng, 2010). The rigid side chains, large
chains, and chains of ring structures provide good thermal stability, and further shielding effects
(Sheng, 2010). The formation and protection of nanoparticles in hydrogels helps overcome many of
the challenges associated with using nanoparticles for the reduction on nitrate, discussed in Section
2.5.1 of this review.
2.4.5b Filter Membrane
Filter membranes are an important component of the material diffusion layer. Membrane filters
provide an average cut-off for filtration, and protect the inner diffusive gel and binding layer (Davison,
2016). They consist of polymers fabricated to have a network of pores, generally of 0.45 μm pore size,
with thickness typically varying from 0.13 to 0.15 mm (Davison, 2016).
Membrane filters are commonly made from polyethersulphone, however cellulose acetate and nitrate
membranes have also been utilised (Davison, 2016). Due to its resistance to microbial attack,
polyethersulphone is preferred for in situ deployment in natural waters (Brandl & W. Hanselmann,
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1991). Microbial attack can weaken and reduce mechanical stability and alter membrane permeability
or block membrane pores (Brandl & W. Hanselmann, 1991). If microorganisms were metabolically
stimulated by a digestible membrane polymer false analyte concentration would be determined
(Brandl & W. Hanselmann, 1991).
2.4.6 Binding Layer
The binding layer rapidly and strongly removes specific analytes transported to it through the diffusion
layer from solution, necessary to maintain the concentration gradient through the diffusive layer.
Enabling the application of Fick’s First Law to back calculate the solution concentration once the
adsorbed mass is determined.
For DGT to provide accurate measurement of solutes, the binding layer must strongly interact with
the analyte (Davison, 2016). Rapid and strong reaction of the analyte with the binding layer reduces
the concentration of the labile analyte at the binding layer surface to effectively zero, thereby creating
a steady-state linear diffusion gradient in the diffusive gel (Zhang & Davison, 1995), illustrated in Figure
2.4. Enabling the application of Fick’s First Law to back calculate the solution concentration once the
adsorbed mass is determined.
Typically binding layers are near-homogenous, and consist of solid resins or powders incorporated
into a gel matrix (e.g. polyacrylamide) (Davison, 2016). The particle size of the incorporated solid must
be sufficiently small to allow simple and even incorporation into the gel matrix (Davison, 2016). It is
recommended that the diameter of the incorporated solid particles should be ˂100μm, significantly
smaller than the standard thickness of binding layers (250μm un-hydrated and ≈400μm hydrated)
(Davison, 2016).
Numerous investigations have been undertaken into alternative DGT binding phases (Li et al., 2003).
Li et al., (2003) detailed the use of a liquid binding phase of poly(4-styrenesulfonate) for the
determination of cadmium and copper. Dialysis membranes, of known molecular weight cut-off, were
used to stop diffusion of the liquid binding phase to bulk solution (Li et al., 2003; Liu et al., 2016).
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Liquid binding layer DGT are a continuation of the development of liquid collection phases developed
for in situ equilibrium dialysis samplers (peepers) (Teasdale et al., 1995). The use of liquid binding
phases opens the possibility for a wide range of colourimetric reactions, especially those that require
greater mobility and cannot be incorporated into hydrogel frameworks (Chapter 4).
The suitability of a binding layer depends on the deployment conditions; numerous binding layers are
only applicable in systems with low concentrations of potential competing ions (Davison, 2016). For
example, the measurement of dissolved reactive phosphorus in synthetic freshwater and seawater
comparing Metsorb and ferrihydrite binding layers, found that the ferrihydrite method
underestimated dissolved reactive phosphorus by 23-30% for deployments longer than 2 days
(Panther et al., 2010).
When choosing a binding, three characteristics must be considered (Davison, 2016). (1) Binding
strength, higher binding strength means the binding layer is more suited for measurement in diverse
systems. (2) The intrinsic binding capacity, a greater binding capacity enables use of lower binding
strength binding layers or deployment in higher competition systems. (3) The competition effects
rising from the presence of ions with similar or greater binding strengths, thereby decreasing the
concentration of binding sites available to the measured analyte, potentially leading to non-ideal
adsorption.
The ability of binding layers to adsorb the desired analyte and the recoverability of the adsorbed mass
is also an important consideration. Experiments are often conducted in simple solutions, containing
the binding gel, analyte and ionic strength adjuster (Huang et al., 2016a). The uptake efficiency, or the
ability of the binding gel to uptake the analyte, is quantified as the proportion of the analyte removed
from solution. The elution efficiency, ability to desorb the bound mass, is quantified using the elution
procedure for that analyte and binding layer. Elution procedures are designed and selected to have
the greatest elution efficiency. These factors are applied to the measure mass adsorbed to the binding
layer, prior to incorporation into the CDGT equations (Equations (2.6) and (2.15)).
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A detailed list of potential binding layers for this research, and their efficiencies, is given in the
subsequent subsections. There are numerous other binding layers available to various analytes,
comprehensive lists are provided elsewhere (Davison, 2016).
2.4.6a Background Mass and Adsorption Maximum
The background mass, and adsorption maximum are important binding layer characteristics, that
should be defined for binding layers. It is best practice to determine adsorption and background mass
for each binding layer formation protocols. Differences in protocols, for the same binding gel have
been reported (Corbett et al., 2019; Huang et al., 2016a).
The background mass is the analyte mass present on the binding layer before the DGT are deployed.
This should be determined for each set of gels made, to monitor and account for possible
contamination during the experimental process (Cai et al., 2017). The method detection limit is
commonly calculated as three times the standard deviation of the blank value (Cai et al., 2017). The
lower background mass and the greater the reproducibility, the better the binding gel is at
determining low concentrations. Diffusive Gradients in Thin Films is an accumulative technique,
therefore the material detection limit varies with both time and solution concentration (Cai et al.,
2017).
Adsorption maximum, saturation point or intrinsic binding capacity, the total mass capable of being
bound to the binding layer, also determines the ability of a binding layer to accurately determine
solution concentration. This must be sufficiently large, such that it the binding layer does not become
saturated during DGT deployment. If it becomes saturated, as stated earlier, the concentration
gradient through the hydrogel is no longer maintained and therefore the DGT theoretical
requirements are no longer met (Davison, 2016). It may be the case that adsorption is not linear up
until saturation, as the number of binding sites available decreases with adsorption and the rate of
adsorption decreases (Corbett et al., 2019).
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2.4.6b Available Binding Layers
There are numerous binding layers available for use in DGT. The binding layers considered in this
research for nitrate are detailed below Table 2.2. A bromide selective binding was developed over the
course of this research project, based on Purolite Bromide Plus, for the determination of flow rates
(Corbett et al., 2021). This is the first reported bromide selective DGT.
Table 2.2 Available Binding Layers for Nitrate.
Analyte

Binding Layer

Uptake Efficiency

Reference

NO3-

Purolite A520E

>98% (pH 3.5 - 8.5)

(Huang et al., 2016a)

AMI-7100

96.7 ± 3.3% (pH 3.5 - 8.5)

(Huang et al., 2016a)

SIR-100-HP

-

(pH 3-8)

(Cai et al., 2017)

Binding layers can be prepared in a multitude of ways, these are detailed in the following section.
2.4.6c Hydrogel Binding Layer Formation
As discussed in Section 2.4.5a, DGT hydrogels are generally formed via radical solution polymerisation.
The development of binding layers, however, involves the suspension of particles within the
hydrophilic network. There are numerous methods for suspending particles in hydrogels: (1) hydrogel
formation in a particle suspension; (2) physical incorporation after gelation; (3) reactive formation
aided by the hydrogel network; (4) nanoparticles as cross-linkers; (5) and using nanoparticles,
polymers and distinct gelators (Thoniyot et al., 2015). The method used depends on the hydrogel,
particle used and the desired properties of the composite (Thoniyot et al., 2015).
DGT binding layers are generally formed via hydrogel formation in a particle suspension, because
many DGT binding layers are based on the suspension of cationic/anionic exchange resins and metal
hydroxides particles, generally < 100 µm, within the hydrogel framework (Davison, 2016). Such as for
cation selective Chelex (Zhang & Davison, 1995), phosphate selective ferrihydrite (Zhang et al., 1998),
nitrate selective Purolite A520E (Corbett et al., 2019; Huang et al., 2016a), and bromide selective
Purolite Bromide Plus binding layers (Corbett et al., 2021).
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Liquid binding layers have been reported for arsenic, and cadmium and copper based on
nanoparticulate Fe3O4 and poly(4-styrenesulfonate) respectively (Li et al., 2003; Liu et al., 2016).
These systems required a change in the design of the DGT solution probe, to include a chamber to
hold the solution (Figure 2.5), however it enables the application of a wide range of potential solutions
as binding layers.
Liquid Binding Layer Dialysis Membrane
Filter Membrane

3D Printed Liquid
Binding Layer Base

Standard DGT Cap

Figure 2.5: Schematic of liquid binding phase DGT (Chapter 4).
2.4.8 Diffusion Coefficient
Analyte diffusion coefficients are temperature dependent (Davison, 2016). The Stokes-Einstein
equation (Equation (2.10) links temperature dependence to the viscosity of water (η), the diffusion
coefficient (D) and the absolute temperature (T) (Davison, 2016).
𝑫𝑫𝟏𝟏 𝜼𝜼𝟏𝟏 𝑫𝑫𝟐𝟐 𝜼𝜼𝟐𝟐
= 𝑲𝑲
𝑻𝑻𝑲𝑲
𝑻𝑻𝟐𝟐
𝟏𝟏

(2.10)

The viscosity of water where temperature is given in degrees Celsius is given by Equation (2.11)
(Davison, 2016).

𝒍𝒍𝒍𝒍𝒍𝒍

𝜼𝜼𝟐𝟐𝟐𝟐
𝟏𝟏. 𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑(𝑻𝑻 − 𝟐𝟐𝟐𝟐) + 𝟎𝟎. 𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎(𝑻𝑻 − 𝟐𝟐𝟐𝟐)𝟐𝟐
=
𝜼𝜼𝑻𝑻
𝟏𝟏𝟏𝟏𝟏𝟏 + 𝑻𝑻

(2.11)

The following equation enables correction of the diffusion coefficient at 25oC to any temperature
(Davison, 2016).

𝒍𝒍𝒍𝒍𝒍𝒍𝑫𝑫𝑻𝑻 =

𝟏𝟏. 𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑(𝑻𝑻 − 𝟐𝟐𝟐𝟐) + 𝟎𝟎. 𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎(𝑻𝑻 − 𝟐𝟐𝟐𝟐)𝟐𝟐
𝑫𝑫𝟐𝟐𝟐𝟐 (𝟐𝟐𝟐𝟐𝟐𝟐 + 𝑻𝑻)
+ 𝒍𝒍𝒍𝒍𝒍𝒍
𝟏𝟏𝟏𝟏𝟏𝟏 + 𝑻𝑻
𝟐𝟐𝟐𝟐𝟐𝟐

(2.12)
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The diffusion coefficient of nitrate/nitrite, and bromide through the standard APA DGT diffusive layer
are 1.46 x 10-5, and 1.29 x 10-5 cm2 s-1 (Corbett et al., 2021; Huang et al., 2016a), and 1.49 x 10-5, and
2.13 x 10-5 cm2 s-1 through water at 25 oC respectively (Lide, 1999; Picioreanu et al., 1997; Yuan-Hui &
Gregory, 1974).
2.4.8a Determination of Diffusion Coefficient
If the diffusion coefficient through the diffusive layer is unknown there are two commonly deployed
methods for determining it: (1) using DGT of different diffusion layer thicknesses in controlled
solution; and (2) diffusion cell.
In the first method, multiple sets of DGT with different material diffusion layer thicknesses are
deployed concurrently and removed at different time intervals. Temperature is monitored
throughout, and the accumulated mass is analysed for each DGT to which the previously determined
elution and uptake factors are applied. The concentration determined by DGT (CDGT), if the binding
layer meets the theoretical requirements (discussed above), is the same as the concentration of the
bulk solution (Davison, 2016). The relationship between the accumulated mass and Csolution provides a
calibration curve with the following slope equation, where Aeff = effective area due to lateral diffusion
(cm2), t = time/length of deployment (s), Dmdl, Dw = material diffusion layer and water diffusion
coefficients respectively (cm2 s-1), and δmdl, δdbl = material diffusion layer and diffusive boundary layer
thicknesses respectively (cm) (Davison, 2016). The equation can be rearranged to solve for Dmdl.

𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺 = 𝑨𝑨𝒆𝒆𝒆𝒆𝒆𝒆 𝒕𝒕 �

𝑫𝑫𝒎𝒎𝒎𝒎𝒎𝒎 𝑫𝑫𝒘𝒘
�
𝜹𝜹𝒎𝒎𝒎𝒎𝒎𝒎 𝑫𝑫𝒘𝒘 + 𝜹𝜹𝒅𝒅𝒅𝒅𝒅𝒅 𝑫𝑫𝒎𝒎𝒎𝒎𝒎𝒎

(2.13)

The second method utilises a diffusion cell (Figure 2.6). Two chambers are connected through a
window of known diameter (Zhang et al., 1998). A hydrogel of thickness δ is secured in the window
with area A, by clamping the two chambers together. In one chamber (X) a high concentration solution
of the analyte, in the other (Y) milliQ water (Zhang et al., 1998). The solutions should be held at a
constant temperature and vigorously stirred throughout (Davison, 2016). Transport between the two
chambers is restricted to diffusion, and calculation of the diffusion coefficient is based on Fick’s First
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Law (Equation (2.1) (Davison, 2016; Zhang et al., 1998). Sub-samples, representing a very small
fraction of total volume, are periodically taken for analysis, and used to calculate the mass diffused
from X to Y (Davison, 2016). The concentration (C) in Equation (2.1) represents the concentration
difference between the source and receiving solutions, however if there is negligible change in the
concentration of the analyte in X during the first few hours, C is effectively constant and equal to the
concentration in the source solution (X) (Davison, 2016; Zhang et al., 1998). The slope of the
accumulated mass in the receiving solution (Y) plotted against time can be combined with Equation
(2.1) to give Equation (2.14), for determining the diffusion coefficient (D) (Davison, 2016; Zhang et al.,
1998).

𝑫𝑫 =

𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 × 𝜹𝜹
𝑨𝑨𝑨𝑨𝑨𝑨

(2.14)

The experiment should be conducted multiple times using hydrogels of various thicknesses to
determine the effect of a diffusive boundary layer at either side of the hydrogel (Scally et al., 2006).

Sampling Ports

Hydrogel/Membrane

Temperature Probe
Cap

Modiﬁed Scho� Bo�le

High Concentra�on Solu�on

Low Concentra�on Solu�on

S�r Bar
Clamp

Figure 2.6: Diaphragm diffusion cell schematic.
The diffusion layer through the polyethersulfone filter membrane is often treated as the same as
through the APA diffusive layer because they are indistinguishable (Davison, 2016). Monitoring of
temperature throughout the deployments is necessary for the temperature correction of diffusion
coefficients, using Equation (2.12) (Davison, 2016).
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2.4.9 Full DGT Equation
For use of DGT in well-stirred solutions DBL is generally ignored on the assumption that compared to
the total thickness of Δg, it is negligibly small (Warnken et al., 2006). Measurements in synthetic
solutions utilising different Δg found that the DBL was approximately 0.23 mm in well and moderately
stirred solution, but substantially larger in poorly and unstirred solutions (Corbett et al., 2019;
Warnken et al., 2006).
Measurements using 0.80 mm diffusive gel in well-stirred solutions found that neglecting the DBL and
the effective geometric area offset each other, producing an error ˂±10% (Warnken et al., 2006).
Implicitly, the standard DGT equation (Equation (2.6) corrects for DBL induced decrease in flux and
increased flux due to lateral diffusion not accounted for, as they tend to cancel each other out
(Kreuzeder et al., 2015; Warnken et al., 2006).
It is best practice, however, to utilise the full DGT equation (Equation (2.15), because although the
even if the effects of the DBL and lateral diffusion (discussed in Section 2.4.5 Diffusion Layer) cancel
each other out, their measured uncertainties do not and must still be accounted for (Kreuzeder et al.,
2015). Lastly, the binding gel layer does not need to be considered, as it is adjacent to the diffusive
gel, and is therefore unlikely to contribute significantly to Δg (Warnken et al., 2006).
The expanded DGT equation (Equation (2.15) is given below: where, M = accumulated mass on binding
layer; Aeff = effective exposure window area; t = length of deployment; ∆g, f, and δ = diffusive gel, filter
membrane and DBL thicknesses respectively; Dgel, Df, Dw = diffusive gel, filter membrane and water
diffusion coefficients respectively (Kreuzeder et al., 2015).

𝑪𝑪 =

∆𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈 ∆𝒇𝒇
𝜹𝜹
�
+
+
�
𝑨𝑨𝒆𝒆𝒆𝒆𝒆𝒆 𝒕𝒕 𝑫𝑫𝒈𝒈𝒈𝒈𝒈𝒈
𝑫𝑫𝒇𝒇 𝑫𝑫𝒘𝒘
𝑴𝑴

(2.15)

Dgel≈Df in commonly used DGT devices, therefore Δf and Δggel can be treated singularly as Δg
(Kreuzeder et al., 2015; Scally et al., 2006). If a small pore size diffusive gel (restricted gel) and a filter
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membrane is utilised the diffusion coefficients may differ enough that it is necessary to take into
account the difference in diffusion between them (Scally et al., 2006).
2.4.10 Diffusive Boundary Layer Calculation
The Diffusive Boundary Layer (DBL), introduced earlier, is the area of solution at the filter/solution
interface with reduced analyte concentration in relation to the rest of solution (Corbett et al., 2019).
As stated earlier, it is necessary to include the DBL in CDGT calculations due to the associated error,
because it increases the effective diffusive pathway length, increasingly as flow decreases (Corbett et
al., 2019).
The DBL can be calculated by plotting 1/M for different gel thicknesses versus δ, and by combining the
slope and intercept (Equations (2.16) and (2.17) to give Equation (2.18) (Levy et al., 2011; Zhang et al.,
1998).

𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔(𝒔𝒔) =

𝟏𝟏

𝑪𝑪𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫 𝑨𝑨𝒆𝒆𝒆𝒆𝒆𝒆

𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊(𝒚𝒚) =
𝜹𝜹 =

𝑫𝑫𝒎𝒎𝒎𝒎𝒎𝒎 𝒕𝒕

𝜹𝜹
𝑪𝑪𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫 𝑨𝑨𝒆𝒆𝒆𝒆𝒆𝒆 𝑫𝑫𝒘𝒘 𝒕𝒕

𝒚𝒚𝑫𝑫𝒘𝒘
𝒔𝒔𝑫𝑫𝒎𝒎𝒎𝒎𝒎𝒎

(2.16)
(2.17)
(2.18)

δ is unlikely to be of constant thickness due to variations in the convective regime during deployment
in natural waters (Davison, 2016). A mean value can be calculated for the deployment period by using
a set of devices with a range of material diffusion layer thicknesses and plotting 1/M for different gel
thicknesses versus δ, as stated above (Davison, 2016; Levy et al., 2011; Zhang et al., 1998). Assuming
that each device experiences the same flow regime, and thus same convective regime and effective
DBL (Davison, 2016). The analyte must also be fully labile, so that the measurement of δ is not affected
by kinetic effects (Davison, 2016).

2.5 Colourimetric Determination of Nitrate
Nitrate and bromide solution concentrations, in this research, were analysed alongside commercial
anion standards (Dionex Seven Anion Standard) using a Dionex ICS-200 Ion Chromatograph (Dionex,
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California, United States) (Corbett et al., 2019). A gradient concentration method was used to give
optimal peak resolution, ensuring that the chloride binding gel eluent peak does not overlap the other
peaks (Corbett et al., 2019). Concentration values were converted to mass and the appropriate elution
and uptake factors applied (Corbett et al., 2019), for inclusion into the full DGT equation (Equation
(2.15) (Davison, 2016).
The following section is intended to detail the many available colourimetric analysis procedures, and
the advantages of incorporating reagents into hydrogels. It is not however an exhaustive list, instead
it is intended to provide an understanding of the methods available and outline the rational for the
methods chosen to develop for incorporation into hydrogels for use in DGT. Incorporation of
colourimetry into the nitrate-DGT method provides an opportunity to overcome the need for
laboratory analysis of nitrate-DGT.
2.5.1 Nitrate
For the determination of nitrate determination in water samples nitrate has customarily been reduced
to nitrite (Equation (2.19) and reacted with colour reagents (Section 2.5.1a) (Nydahl, 1976). A list of
potential reducing agents is provided in Table 2.3.
−
+
−
𝑵𝑵𝑶𝑶−
𝟑𝟑 + 𝟐𝟐𝑯𝑯 + 𝟐𝟐𝒆𝒆 → 𝑵𝑵𝑶𝑶𝟐𝟐 + 𝑯𝑯𝟐𝟐 𝑶𝑶

(2.19)

Reduction efficiency is dependent on the reductant composition, its effective surface area, and the
incident time/flow rate (Hydes & Hill, 1985; Nydahl, 1976). Reduction, however, does not necessarily
terminate at NO2-, it can also proceed to NH3 and NH4+, and NOx gaseous species (Hydes & Hill, 1985;
Nydahl, 1976)(Chapter 4).
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Table 2.3: Potential reductants for incorporation into the diffusive layer.
Reductant

Reduction Pairs

E0 (volts)

Reference

Cadmium

𝐶𝐶𝐶𝐶 2+ + 2𝑒𝑒 − → 𝐶𝐶𝐶𝐶

-0.4025

(Bard et al., 1985)

-0.3515

(Bard et al., 1985)

𝐶𝐶𝐶𝐶 2+ + 𝐶𝐶𝐶𝐶 + 2𝑒𝑒 − → 𝐶𝐶𝐶𝐶(𝐶𝐶𝐶𝐶)

-0.743

(Hydes & Hill, 1985)

𝐶𝐶𝐶𝐶 2+ + 𝐴𝐴𝐴𝐴 + 2𝑒𝑒 − → 𝐶𝐶𝐶𝐶(𝐴𝐴𝐴𝐴)

-1.202

𝐹𝐹𝐹𝐹 2+ + 2𝑒𝑒 − → 𝐹𝐹𝐹𝐹

-0.44

(Bard et al., 1985; Nydahl,
1976)
(Bard et al., 1985)

𝐹𝐹𝐹𝐹 3+ + 𝑒𝑒 − → 𝐹𝐹𝐹𝐹 2+

0.771

(Bard et al., 1985)

-0.037

(Bard et al., 1985)

Amalgamated Cadmium
Copperised Cadmium
Silverised Cadmium
Iron

Zinc
Hydrazine Copper
Vanadium(III)

Nitrate Reductase

𝐶𝐶𝐶𝐶 2+ + 𝐻𝐻𝐻𝐻 + 2𝑒𝑒 − → 𝐶𝐶𝐶𝐶(𝐻𝐻𝐻𝐻)

𝐹𝐹𝐹𝐹 3+ + 3𝑒𝑒 − → 𝐹𝐹𝐹𝐹

𝑍𝑍𝑍𝑍2+ + 2𝑒𝑒 − → 𝑍𝑍𝑍𝑍

-0.7626

𝑉𝑉𝑉𝑉2+ + 2𝐻𝐻 + ↔ 𝑉𝑉 3+ + 𝐻𝐻2 𝑂𝑂

0.359

(Bard et al., 1985; Nydahl,
1976)
(Hendrix & Braman, 1995)

𝑉𝑉𝑉𝑉2+ + 𝐻𝐻+ + 𝑒𝑒 − ↔ 𝑉𝑉𝑉𝑉𝑉𝑉2+

0.164

(Hendrix & Braman, 1995)

-0.44

(Hendrix & Braman, 1995)

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 + 𝑁𝑁𝑂𝑂3− → 𝑁𝑁𝑁𝑁𝐷𝐷+ + 𝑂𝑂𝐻𝐻 − + 𝑁𝑁𝑂𝑂2−

0.74

(Campbell, 1999)

𝐶𝐶𝐶𝐶2+ + 2𝑒𝑒 − → 𝐶𝐶𝐶𝐶

𝑉𝑉𝑉𝑉2+ + 𝑒𝑒 − ↔ 𝑉𝑉𝑉𝑉+

(Bard et al., 1985)

The reduction of nitrate to nitrite has commonly used zinc (Morita & Nakamura, 2008), and various
forms of cadmium (precipitated, pure filings, or amalgamated) (Nydahl, 1976), as the electron source.
Alternative reduction reactions can involve vanadium (III) (Schnetger & Lehners, 2014), and nitrate
reductase (Campbell, 1999). Zero-valent iron (ZVI), ferrous ion, sulphur and hydrogen have also been
reported for the determination and remediation of nitrate (Zhu & Getting, 2012). Bimetallic
nanoparticles based on zero-valent iron such as Cu, Pd, Pt, Ni and Ag (Muradova et al., 2016), and
magnetite doped ZVI have also been reported (Cho et al., 2015).
Nanoparticles provide greater reduction rates in comparison to their macro-particle counterparts due
to their greater surface area, however, the increased oxidation of the metal reductants poses stability
and shelf life challenges (Liu & Wang, 2019; Muradova et al., 2016). There are procedures for the
enhancement of iron stability and therefore enhance redox performance catalytically, such as the
introduction of noble metals onto the nano-ZVI surface (Muradova et al., 2016).
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Hydrogel supports help overcome the aggregation, oxidation and inactivation challenges facing the
use of metal nanoparticles (Sahiner et al., 2010). As discussed above suspension of particles in
hydrogels can also improve mechanical strength (Thoniyot et al., 2015). Hydrogel composites have
been reported to provide superior functionality to the composite materials, including bio-sensing,
nano-medicine, and environmental remediation (Thoniyot et al., 2015). Halting aggregation increases
nanoparticle surface area, and decreases the total mass of nanoparticle required to achieve complete
nitrate reduction within the diffusive gel (Liu & Wang, 2019). Electron transfer can be mediated by the
support matrix, nucleating product phase growth (Liu & Wang, 2019). Additionally, suspension of zerovalent metal nanoparticles (nZVM) in hydrogels increases the stability and shelf-life of the
nanoparticles (Sahiner, 2013). Hydrogels can also resolve many of the environmental concerns
associated with using zero-valent metal nanoparticles by encapsulating the often toxic metal
nanoparticles (Sahiner, 2013). Toxicity of the reductants should also be considered, because if the DGT
system is lost it could be a source of toxic metals (Chapter 4).
2.5.1a Azo-coupling and Diazotisation
Colourimetric determination of nitrate, as discussed above, typically involves the reduction to nitrite
followed by the reaction with diazotisation and azocoupling reagents. Diazotisation and azocoupling
reactions produce coloured azo compounds when reacted with nitrite (Knyazev et al., 2002).
Commonly referred to as the Griess reaction (Figure 2.7), many modifications have been made to
reduce toxicity and simplify the methodology.
The Griess reaction involves diazotisation of an aromatic ring with nitrite followed by the coupling
with an aromatic amine or phenol (Tarafder & Rathore, 1988). These reactions have shown to be
sensitive and selective, however they require long coupling times and, during diazotisation, close
control of pH and temperature (Tarafder & Rathore, 1988), reagent concentration and reaction time
also require optimisation (Irandoust et al., 2013).
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Figure 2.7: Two-step azo-dye formation - diazotisation of nitrite (as a conjugate acid) with
sulphanilamide followed by coupling with N-(1-naphthyl)ethylenediamine (Griess reaction).
The standard Griess reaction (sulfanilamide diazotisation and N-(1-naphthyl)ethylenediamine
coupling) has two major disadvantages: (1) diazotisation and azo-coupling reactions require different
acidity conditions and low temperatures; and (2) N-naphthylamine azo coupling reagent is readily
oxidised and strongly carcinogenic (Knyazev et al., 2002). These disadvantages have resulted in
extensive research into alternative reagents to simplify the methodology and reduce toxicity,
summarised in Table 2.4.
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Table 2.4: Summary of reagents for the colourimetric determination of nitrite.
Reagents
Sulfanilamide
and
Nnaphthylethylenediamine
Sulfanilamide, sulfamethizole and
sulfadimidine with sodium 1naphthol-4-sulfonate
Sulphanilamide
with
N-(1naphthyl)ethylenediamine
dihydrochloride
Sulphanilamide
with
N-(1naphthyl)ethylenediamine
dihydrochloride
m-Nitroaniline with 1-naphthylamine
p-Nitroaniline with 1-naphthol into
thin layer of polyurethane foam
p-Nitroaniline and sulfanilamide with
ethyl acetoacetate
p-Nitroaniline chromotropic acid
p-Nitroaniline
with
acidified
diphenylamine and Triton X-100
micellar media
Phloroglucinol
(1,3,5
trihydroxybenzene) and phenolic
compound
Sulfanilic acid with 1-naphthol
p-Aminophenylmercaptoacetic acid
and N-naphthylethylenediamine
p-Aminophenylmercaptoacetic acid
and 8-hydroxyquinoline
p-Aminophenylmercaptoacetic acid
and 1-naphthol
4-Amino-5-hydroxynaphthalene-2,7disulphonic acid monosodium salt
Safranin O and pyrogallol
Safranin O
Safranin O bound to cellulose acetate
film
Aza-BODIPY
Phosphomolybdenum blue complex

Determination
Range (mg/L)

Detection
Limit (mg/L)

Reference

-

-

(Davison, 2016)

0.002-0.04

0.001

(Wang et al., 1998)

0.02-1.6

0.01

(López Pasquali et al., 2007)

0.05-1.6

0.02

(Pasquali et al., 2010)

0.01-1.7

0.0005

(Irandoust et al., 2013)

-

0.005

(Abbas & Mostafa, 2000)

0.05-6.0, 0.2-3.0

-

(Sreekumar et al., 2003)

≤0.0375

0.0006

0.05-0.08

0.01

(Afkhami et al., 2004)

0.03-0.3

0.003

(Burakham et al., 2004)

4.0-20.0

-

(Kiso et al., 2006)

0.02-0.80

-

(Tarafder & Rathore, 1988)

-

-

(Tarafder & Rathore, 1988)

-

-

(Tarafder & Rathore, 1988)

0.1-1.6

0.008

(Nagaraja et al., 2010)

0.23
0.0001-3.00,
0.03-4

0.005

(Ivanov et al., 2004)

0.005-2.00

0.001

-

0.02

(Filik et al., 2011)
(Kazemzadeh & Ensafi,
2001; Mousavi et al., 1998)
(Ensafi & Kazemzadeh,
2002)
(Adarsh et al., 2013)

0.05-1.15

0.01

(Monser et al., 2002)

0.0005, -

While sensitivity has been improved and toxicity reduced from the standard Greiss system they remain
two step reactions which require the close control of pH or temperature, and in some cases preconcentration. These requirements largely preclude the incorporation of Greiss reagents into the DGT
system, however as discussed later the reagents have been incorporated in optical sensing film and
gold nanoparticle systems.
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2.5.1b Optical sensing films
Optical sensing films, based on the immobilisation of Greiss reagents onto transparent supports for
the colourimetric determination of nitrite in freshwater (Adarsh et al., 2013; Ensafi & Kazemzadeh,
2002). They are designed to overcome many of the methodological limitations of solution Greiss
reagents (discussed above), however limitations, such as reaction conditions, preclude the
incorporation of optical sensing films into DGT for in situ determination of nitrite. Two example
systems are detailed below.
Ensafi et al. (2002) describe a Safranin O based sensor for the direct determination of nitrite in acidic
media (Ensafi & Kazemzadeh, 2002). Safranin O is immobilised through covalent bonding to an
optically transparent acetyl-cellulose membrane, which has been hydrolysed and activated using
thiourea and polyvinyl alcohol (Ensafi & Kazemzadeh, 2002).
An aza-BODIPY based nitrite sensor, developed by Adarsh et al. (2013), selectively recognises nitrite
ions to 20 ppb, with a visible detection limit of 1ppm, providing a distinct colour change from bright
blue to intense green. A dipstick was created by coating a glass support with the aza-BIDOPY alumina
slurry, and protonating it by exposing it to HCl gas (Adarsh et al., 2013). Negligible changes in the
absorption spectra were observed during titration experiments with high concentrations of potentially
competing biologically relevant anions (SO42-, Cl-, HSO3-, CO32-, CH3COO-, NO3-, S2O32-, and N3-) (Adarsh
et al., 2013).
2.5.1c Gold Nanoparticles
The properties of gold nanoparticles, make their use advantageous over other metallic nanoparticles,
such as, their distance dependant optical properties (Lee et al., 2008), well defined colour change
(Gunupuru et al., 2014), and high stability (Zhang et al., 2014). AuNP strongly absorb in the visible light
region due to surface plasmon resonance, producing strong absorption peak at about 520nm in the
Au-NP UV-vis spectra (Nam et al., 2014). The incident electromagnetic field frequency is resonant
with the coherent oscillation of Au-NP surface electrons (Nam et al., 2014).
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Colour change methods based on cross-linking/aggregation, de-protection, and anti-aggregation have
been reported. Cross-linking produces a colour response when the target molecule decreases
interparticle distances, causing aggregation (Tsogas et al., 2018). Free specific aptamers weakly bound
to the gold nanoparticle surfaces are detached by the target compound thereby producing a colour
change, in de-protection methods (Chen et al., 2015b; Liu et al., 2018). During anti-aggregation
physiochemical interactions between the target analyte and nanoparticle cross-linking agents inhibits
pre-existing cross-linking thereby creating a colour response (Liu et al., 2018).
Gold and silver nanoparticles with varying degrees of selectivity for nitrite have been reported
(Amanulla et al., 2017; Daniel et al., 2009; Ibrahim et al., 2019; Nam et al., 2014; Perez-Coronado et
al., 2017). Three Au-NP systems are reported below, as examples of potential systems for adaptation
in this research.
Isotopically functionalised polyvalent gold nanoparticles with thiolated Greiss reaction precursors,
produced a distinct colour change (from red to colourless) upon reaction with nitrite (Daniel et al.,
2009). A kinetically controlled end point provided nitrite concentration (Daniel et al., 2009). The
nanoparticle probes are interconnected covalently, turning colourless, via two processes: (1)
diazotisation of the aniline AuNP under acidic conditions; and (2) coupling with naphthalene AuNP
(Daniel et al., 2009). The system is highly sensitive for nitrite, no response was elicited from testing
potentially interfering anions (NO3-, F-, SO42-, Br-, ClO4-, CH3COO-, S2O32-, C2O42-, N3- and HCO3-) (Daniel
et al., 2009). The system is designed to identify nitrite concentrations above 0.998ppm at 95oC with a
25 minute incubation period, above 1
̴ .4ppm nearly all functionalised AuNP react and precipitate,
producing a clear solution (Daniel et al., 2009).
Nam et al. (2014) developed an Au-NP system, based on 1-(2-mercaptoethyl)-1,3,5-triazinane-2,4,6trione (thiol-functionalised cyanuric acid) bound to gold nanoparticles via ligand-exchange reaction.
The nitrite ion appears to act as a molecular bridge, forming hydrogen bonds with the NH groups of
the 1-(2-mercaptoethyl)-1,3,5-triazinane-2,4,6-trione AuNP, reducing the inter-particle distance and
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inducing aggregation which results in a colour change from wine-red to purple-grey (Nam et al., 2014).
The detection sensitivity improved in acidic solution, and was optimal at pH = 5.0 (Nam et al., 2014).
Reaction times were inversely proportional to concentration; at nitrite concentrations of 1, 2, 3, 4, and
5 ppm the respective reaction times are 100, 70, 50, 35, 30 min (Nam et al., 2014). All testing was
undertaken at room temperature (Nam et al., 2014).
Amanulla et al. (2017) report a chitosan stabilised gold nanopatricle decorated reduced graphene
oxide (AuNP-rGO/CS), used in this research. Aggregation of the chitosan-stabilised gold nanopatricles,
arising from their closer formation, produced a wine red to purple colour change (Amanulla et al.,
2017). The sensor detected a linear nitrite response from 1 to 20 µmol L-1, with a 0.1 µmol L-1 detection
limit (Amanulla et al., 2017). The sensor displayed high selectivity towards nitrite due to the specify of
chitosan amines within the AuNP-rGO/CS to nitrous acid, addition of relevant environmental ions (20
µmol L-1 of F-, Br-, CN-, SO42-, PO43-, C2O42-, CO32-, NH4+ and NO3-) did not affect the colour at
room temperature and natural pH (Amanulla et al., 2017).
2.5.2 Analysis of Hydrogel Colour Change
Colourimetric determination typically utilises spectrophotometer, measuring the absorbance or
transmittance of a solution at a specific wavelength. The concentration is solved for against a
calibration curve. Raman and UV-vis spectroscopy have been utilised to quantify colour changes of
gold nanoparticles (Amanulla et al., 2017). These are not practical solutions for the in-field
determination of colour (Chapter 4).
The colour change gels and liquid binding layers can be photographed and the RGB (red, green, blue)
composition analysed (Chapter 4). Colour intensity can be determined relating the RGB values to the
mass of analyte bound to the binding layer (Chapter 4).
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The effective intensity (Ax) can be calculated using the following equations, where Rs, Gs and Bs are the
sample RGB values, and Rb, Gb and Bb are the blank RGB values (Das & Sarkar, 2016)(Chapter 4).
𝑹𝑹𝒔𝒔
�
𝑹𝑹𝒃𝒃
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2.6 Determination of Flowrates and Nutrient Loadings
Nitrate DGT provide a useful understanding of concentrations of the major limiting nutrients in water
ecosystems, however it is important to consider the loading of the system. Loading is the rate of supply
of a particular entity to receiving waters, and is important because ecosystem responses depend on
the export and import of nutrients (Pinckney et al., 2001).
Loading is often expressed as tons of X per year, and is calculated by multiplying concentration by
discharge or flowrate (Pinckney et al., 2001). The measurement accuracy of these two variables and
the frequency of the measurements over the course of the measurement time determines the
accuracy of the calculated loading rate (Pinckney et al., 2001).
These factors are especially important in episodic events, due to the large volumes of water added to
the system (Pinckney et al., 2001). Nutrient loading during these events can exceed the total loading
for the rest of the year, and although the increased volume may dilute nutrient concentration the total
load may still be high (Pinckney et al., 2001). The advantage of using DGT is their robustness, if
properly secured the sensors can continue to operate under these conditions. In contrast, traditional
measurement instrumentation is frequently damaged and water samples are not collected due to the
risk to personnel safety (Pinckney et al., 2001). The loading events are therefore missed or
approximated to low accuracy (Pinckney et al., 2001).
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2.6.1 Trace Dilution Flowrate
There are numerous methods for determining flowrate, such as the float, dilution gauging, flume, and
acoustic doppler methods. It is the intention of this section to introduce the tracer dilution method,
comprehensive reviews of methods for determining flowrate are provided elsewhere (Dobriyal et al.,
2017).
Tracer analysis via salt dilution is a commonly used technique for gauging stream flow, particularly
where other measurement techniques are unreliable or not possible (Moore, 2004). A schematic of
how tracer dilution field experiments are undertaken is provided below (Figure 2.8).

Figure 2.8: Schematic of a theoretical tracer experiment. Where C = concentration, and Q = flow of
the tracer solution, and points 0 and 1 respectively.
When water with a flow rate of Q0 (flow before tracer injection) with tracer concentration C0, and a
tracer with concentration Ci is injected with flow rate Qin, the sum is the mixed flow rate Q1 and
concentration C1 downstream (Equations (2.23) and (2.24) (Lee et al., 2007). Importantly this assumes
complete mixing of the injected tracer, such that at the downstream measurement location the
concentration is uniform (Lee et al., 2007).
𝑪𝑪𝟎𝟎 𝑸𝑸𝟎𝟎 + 𝑪𝑪𝒊𝒊𝒊𝒊 𝑸𝑸𝒊𝒊𝒊𝒊 = 𝑪𝑪𝟏𝟏 𝑸𝑸𝟏𝟏
𝑸𝑸𝟎𝟎 + 𝑸𝑸𝒊𝒊𝒊𝒊 = 𝑸𝑸𝟏𝟏

(2.23)
(2.24)

By combining and rearranging these two equations, the following equation for Q0 is obtained (Lee et
al., 2007).

𝑸𝑸𝟎𝟎 =

𝑪𝑪𝟏𝟏 − 𝑪𝑪𝒊𝒊𝒊𝒊
× 𝑸𝑸𝒊𝒊𝒊𝒊
𝑪𝑪𝟎𝟎 − 𝑪𝑪𝟏𝟏

(2.25)
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There are three criteria that must be met for the equation to stand for the use of DGT: (1) Qin and Cin
must be constant; (2) DGT deployment must be after the tracer has begun to flow past the deployment
site; and (3) the time must be accurately known, for accurate calculation of CDGT and therefore Q0 (Lee
et al., 2007).
Sodium chloride is often used for salt tracer analysis because it is inexpensive and environmentally
benign as long as the concentration remains below thresholds associated with ecological impacts
(Moore, 2004). In such analyses conductivity is measured, however conductivity can vary considerably
between sites due to dissolution and precipitation, adding uncertainty (Moore, 2004). It is preferential
to measure the concentration of a known species, which if present are of very low concentration and
are environmentally benign. Diffusive Gradients in Thin Films is ideally suited to this application,
because it is accumulative and can be used to determine very low concentrations.
Bromide tracers have been widely used for characterisation of streams, rivers, groundwater, and
aquifer flow conditions (Ma et al., 2012). Bromide tracers have proven useful for characterising and
modelling highly dynamic flow fields (Ma et al., 2012).
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Chapter 4

Chapter 3 - Utility of ‘Diffusive Gradients in Thin-Films’ for the
measurement of nitrate removal performance of denitrifying
bioreactors
Adapted from:
CORBETT, T. D. W., DOUGHERTY, H., MAXWELL, B., HARTLAND, A., HENDERSON, W., RYS, G. J. &
SCHIPPER, L. A. 2019. Utility of ‘Diffusive Gradients in Thin-Films’ for the measurement of
nitrate removal performance of denitrifying bioreactors. Science of the Total Environment,
135267.

Highlights
-

Diffusive Gradients in Thin-Films (DGT) measured NO3- along two bioreactors.

-

DGT NO3- concentration data were comparable to high frequency grab sampling.

-

DGT more easily accounted for temporal variation of NO3- than grab sampling.

-

DGT enabled the calculation of bioreactor performance.

-

NO3- removal rates were 1.2 – 30.8 g N m-3 d-1 for two bioreactors.

Abstract 1
The increase in environmental nutrient availability as a result of human activities has necessitated the
development of mitigation strategies for nutrient removal, such as nitrate. Current methods for
determining the efficiency of different mitigation strategies required measurement of changes in
nitrate concentrations, however, these methods can be expensive or do not account fully for the
temporal variability of nitrate concentration. This study evaluated the utility of Diffusive Gradients in
Thins-Films (DGT) for determining nitrate removal in two denitrifying bioreactors, and compared DGT
performance to traditional approaches for determining performance, including high and low

Abbreviations: MPS-UV VIS, automated multiplexed pumping system and UV-VIS field spectrophotometer
coupled system; HFGS, high frequency grab sampling; LFGS, low frequency grab sampling.

1

57

frequency water grab sampling. The binding layer was produced using the Purolite® A520E anion
exchange resin. The uptake and elution efficiencies were 98.8 % and 93.4 % respectively. Diffusive
Gradients in Thin Films of three material diffusion layer thicknesses were placed in piezometers along
longitudinal transects, to enable calculation of the diffusive boundary layer and provide replicates.
These were removed after 16, 24 and 36 hours, and the accumulated nitrate masses were extracted
and quantified to calculate nitrate concentration. Concentrations were subsequently utilised to
calculate nitrate removal rates in both bioreactors. Grab samples were taken at 30 and 60 minute
intervals over those periods, nitrate concentrations were also measured to determine nitrate removal.
Diffusive Gradients in Thin Films provided nitrate removal rates at bioreactor site one (controlled flow,
wastewater treatment) of 14.83 – 30.75 g N m-3 d-1, and 1.22 to 3.63 g N m-3 d-1 at site two (variable
flow, agricultural run-off). Diffusive Gradients in Thin Films determined nitrate concentrations and
removal rates were in strong accordance with high frequency grab sampling, but data collection via
DGT was considerably easier. Utilising DGT for the measurement of bioreactor performance overcame
many of the challenges associated with high frequency grab sampling, and other methods, such as
accounting for temporal variation in nitrate concentration and reduced analytical requirements.

Graphical Abstract
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3.1. Introduction
Farmers are under ever increasing pressure to produce more food to support an expanding global
population. This increase in production has been partially supported by increases in nitrogen fertiliser
application, along with other management practices. As a result of increased nitrogen inputs, the
sequential transfer of the additional reactive nitrogen from agricultural land to the oceans has resulted
in environmental degradation in a range of ecosystems as a single nitrogen atom can impact all
biospheres along the nitrogen cascade (Galloway et al., 2003). Excess available nutrients can promote
biological growth, and the eventual decomposition of which can lead to eutrophication and hypoxia
(Galloway et al., 2003). Ultimately reactive N is transformed back to the atmosphere through microbial
denitrification.
To remove excess reactive N species at the source and limit the downstream effects, nutrient
mitigation strategies, such as constructed wetlands, riparian buffers, saturated buffers and
denitrifying bioreactors, have been developed (Tanner et al., 2012, Jaynes and Isenhart, 2019,
Chandrasoma et al., 2019). Bioreactors, in particular, are designed to enhance denitrification, through
the simple and passive treatment of drainage waters, groundwater, and wastewater nitrate (Addy et
al., 2016, Schipper et al., 2010a). There are different construction designs of bioreactors, but generally
these are structures filled with solid organic carbon material (e.g. woodchips) through which nutrient
rich water passes (Addy et al., 2016). The carbon acts as an electron donor for denitrifying bacteria
(Rivett et al., 2008). The application of bioreactors has been predominantly focused on watersheds
with high non-point source nitrate loads and tertiary wastewater treatment (Christianson and
Schipper, 2016). To support greater uptake of bioreactors, and other approaches, for the treatment
of nutrient rich runoff and wastewater, it is important to quantify nitrate removal rates from water
during its passage through the bioreactors to assist with design.
Multiple methods exist to measure nitrate in water samples, each having their advantages and
disadvantages. Grab sampling is the most commonly used method for determining nitrate (Huang et
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al., 2016c) because it is quick and simple. Grab samples at one time however, may not fully account
for the temporal variability of nitrate concentration (Audet et al., 2014). Continuous sampling
methods, such as auto samplers, are capable of more accurately capturing this temporal variability in
nitrate concentration, however, they require considerable investment in on-site equipment (Audet et
al., 2014). Manually performing the high frequency grab sampling required to account for temporal
variability is time consuming, and the large number of associated samples for analysis is expensive.
Nitrogen species can also undergo microbial and chemical transformations during transport and
storage of grab samples, and so there is a generally a need for preservation. Physical preservation is
highly advantageous as there are no added chemical compounds to the sample, for example freezing
to -20 oC (S˙liwka-Kaszyńska et al., 2003), however, these temperatures can be difficult to maintain infield and thawing can occur during transport. Chemical preservation, for example using mercuric
chloride, is an alternative, however these can be highly toxic (S˙liwka-Kaszyńska et al., 2003), requiring
careful handling and subsequent disposal.
In-field analytical methods, such as colorimetric test kits, and the automated multiplexed pumping
system and UV-VIS field spectrophotometer coupled system (MPS-UV VIS) (Maxwell et al., 2018),
overcome the restrictions of storage and transport. Colorimetric test kits, however, are limited by
operational range and by the skill of the user in determining the colour change. Additionally, the
precision of these colorimetric measurements is low. Alternatively, the MPS-UV VIS field coupled
system is capable of overcoming the temporal limitations of grab sampling (Maxwell et al., 2018) by
pumping samples from various sites at variable intervals, analysing them in-field using a UV
spectrophotometer and logging the data. This system is limited by spectrophotometer data storage,
cuvette fouling, and battery power (Maxwell et al., 2018), and equipment is expensive and requires
careful calibration.
In contrast, there have been recent developments in the use of Diffusive Gradients in Thin-Films (DGT)
that may overcome many of the limitations of the methods described above. Diffusive Gradients in
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Thin Films rapidly and strongly adsorb specific analytes, supplied to an ion exchange resin by diffusion
from surrounding water. The DGT technique is based on Fick’s first law of diffusion (Menegário et al.,
2017, Zhang and Davison, 1995), whereby chemical species move in the direction of decreasing
concentration due to their random thermal motion, as to make concentration uniform (King et al.,
2013). The DGT probes (Figure 3.1) are constructed to take advantage of this phenomenon. The filter
membrane and diffusive layer restrict the transport of ions to the analyte specific binding layer to
diffusion, which rapidly and strongly binds the analyte thereby maintaining a concentration gradient
through the diffusive layer to the binding layer/diffusive gel interface, at which point the
concentration is effectively zero. As such, a sufficiently thick hydrogel is required to ensure the flux of
ions to the binding layer, above a threshold level of convection, is independent of the hydrodynamics
in solution (Zhang and Davison, 1995). This enables the use of Fick’s first law to calculate the time
weighted average concentration from the accumulated mass (see full description in methods).

Figure 3.1: Diffusive Gradients in Thin-Films (DGT) solution piston construction, exploded view.
Binding layer (A520E resin impregnated APA gel), separated from solution by the diffusive layer (APA
gel) and filter membrane (polyethersulfone), all of which are held in place on the base by the cap.
DGT can provide time-weighted average nitrate (NO3-) concentrations over environmentally relevant
time scales and integrate short term analyte concentration variations (Huang et al., 2016c), by in situ
adsorption of labile species in aqueous systems (Zhang and Davison, 1995). Nitrate-specific Purolite
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A520E DGT rapidly and strongly adsorb nitrate (Huang et al., 2016a), thereby removing the need for
immediate analysis and resolving the difficulties associated with transport and storage.
DGT have largely been used as a research tool for the environmental measurement of trace metals
(Zhang and Davison, 1995) and phosphate (Panther et al., 2010), and only more recently nitrate
(Huang et al., 2016a). Huang et al. (2016b) have demonstrated that A520E nitrate-specific DGT could
be used for the measurement of nitrate in streams and lakes. Nitrate concentrations determined from
DGT compared reasonably with low frequency grab sampling (Huang et al., 2016b), but the frequency
of grab sampling and temperature measurements may not have fully captured the extent to which
nitrate concentration and temperature varied.
These initial studies by Huang et al. demonstrated the utility of DGT for determining nitrate
concentration in streams and lakes, but DGT may also be useful for determining the performance of
mitigation strategies, such as bioreactors. Denitrifying bioreactors and other mitigation strategies may
not have optimal conditions for the deployment of DGT compared to natural systems, as hydrology
and chemistry can differ significantly (e.g. constrained mixing, high competing ion concentrations and
pH) which may affect how accurate the concentration determined by DGT is compared to the actual
concentration. It is anticipated that if DGT provide quantitative nitrate concentration data along the
length of bioreactors, DGT should allow the calculation of nitrate removal rates. If successful in
assessing the performance of bioreactors then DGT should also be useful for determining the
performance of other mitigation strategies.
As a novel application of this methodology, the use of nitrate DGT for both research and
environmental monitoring requires the rigorous demonstration of their performance. The objectives
of this study were to (i) assess the efficacy of nitrate measurement by DGT and how it compares to
grab sample measurements, and (ii) determine how well DGT measure bioreactor nitrate
concentrations and bioreactor N-removal performance. If these DGT are sufficiently sensitive at
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demonstrating medium to long-term nitrate concentrations they may provide a simple approach to
access the potential of different mitigation strategies.

3.2. Materials and Methods
3.2.1 Study Sites and DGT Deployment
DGT solution probes were used to determine nitrate removal at two denitrifying bioreactor sites
(Figure 3.2), by measuring nitrate concentration along their length. Bioreactor site 1 (Figure 3.2A) was
a controlled flow, saturated bioreactor utilised for wastewater treatment – consisting of grey water
and effluent. The bioreactor consisted of a trapezoidal bed 20 m long and 7 m wide along the top, with
a 1:1 slope – the volume of the bioreactor was 120 m3 (Rambags et al., 2016). Carex virgata and
Cyperus ustulatus were planted in 150 mm of sand and coconut peat planting media over a geotextile
mesh (Rambags et al., 2016). Bioreactor site 2 (Figure 3.2B) was on a dairy farm, where nitrate
enriched water was supplied to the inlet via tile drainage from a dairy farm paddock, and included a
bypass flow drain for excess water. The bioreactor had a volume of 40.5 m3 consisting of a trapezoidal
bed 9 m long and 5 m wide along the top, with a 1.25 to 1.2 slope; and planted with a traditional ryegrass/clover sward. Independent flow measurements were logged at both sites. Both bioreactors were
filled with pinus radiata woodchips.
At both sites there were pre-existing wells (piezometers), installed along longitudinal transects. At site
1 (Figure 3.2A) the well diameters were initially 30 mm and were replaced with wider wells (50 mm)
to allow deployment of the DGT. Two sets of DGT were deployed at the outlet and inlet, and at the 7
centre wells. One set was removed after 16 hours, the second after 36 hours. Grab samples were
taken from each well every hour for the first 16 hours, and for hours 24 to 36. The 36 hour DGT
deployment was chosen because it was the maximum amount of time that A520E DGT could be
deployed before the resins became saturated based on nitrate measurements made by Rambags et
al. (2016).
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At bioreactor site 2, DGT were deployed for approximately 24 hours alongside a MPS-UV VIS system
(described below) in the outlet and inlet, and three centre wells (Figure 3.2B). Each set of DGT
consisted of three different material diffusion layer thicknesses, so that the diffusive boundary layer
could be calculated (see below) as well as for replication.

A

B

Figure 3.2 (A) Bioreactor site 1 schematic (Rambags et al., 2016). (B) Bioreactor site 2 schematic. The
inlet and outlet chambers, and wells where DGT were deployed and grab samples taken are
numbered.
At site 1, temperature measurements were made using iButton (iButtonLink, Wisconsin USA) and
HOBO (Onset Computer Corporation, Massachusetts USA) temperature data loggers. Temperature
measurements at site 2 were taken using an YSI ProODO Optical Dissolved Oxygen Instrument.
Temperature values were averaged and used to correct the nitrate diffusion coefficient values used in
DGT concentration calculations. Flow rates were independently metred at both bioreactor sites.
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3.2.2 Gel, Resin, and DGT Preparation
Deionised water (17.6-18.2 MΩ) was used for solution preparation and all other uses. All plastic and
glassware, DGT componentry, and glass plates were washed in 10 % (v/v) HCl for a minimum of 24
hours, before being thoroughly rinsed with deionised water (Huang et al., 2016a). All laboratory
experiments were conducted in triplicate.
To minimise contamination in the production of gels and resins, the handling of DGT devices was
carried out under clean laboratory conditions (Davison, 2016). Agarose crosslinked polyacrylamide
(APA) diffusive gels were prepared as described by Huang et al. (2016). Briefly, the solution was
pipetted between glass plates separated by inert 0.4 mm and 0.5 mm spacers and cured at 45 oC for
90 minutes. Gels were washed in deionised water six times over 24 hours before being stored at room
temperature in approximately 750 mL of 0.01 mol L-1 NaCl.
The preparation and storage procedures for the binding layers were based on those developed by
Huang et al. (2016). Purolite A520E beads were ground and sieved to ≤125 µm, air dried for 24 hours
and stored in a desiccator. Gel-solution (10 mL, 15 % acrylamide, 0.3 % cross-linker) was added to 4 g
of ground A520E powder and stirred until the powder was uniformly distributed. Ammonium
peroxydisulfate (70 µL of 10 % solution) and N,N,N',N'-tetramethylethane-1,2-diamine (TEMED) (25
µL) were then added. The solution was pipetted between glass plates separated by 0.5 mm inert
spacers, and cured at 45 oC for approximately 100 minutes. The resin gels were washed 4 times in
deionised water over 24 hours before being stored in approximately 750 mL of deionised water at 4
o

C. Resins were also made using 2.5 g and 5.4 g of A520E to determine the optimal mass of resin for

incorporation into the hydrogel. Polyethersulfone membranes (0.15 mm) (Sterlitech, Washington,
United States) were cut from sheets and stored in deionised water.
DGT with three different material diffusion layer thicknesses (0.15 mm, 0.79 mm and 0.95 mm) were
prepared by cutting the A520E resin and APA gel, and layering onto the DGT piston with the
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polyethersulfone membrane. Diffusive Gradients in Thin Films were stored in clean plastic bags
immersed in deionised water until deployment.
3.2.3 Background Resin NO3- Concentrations
While every effort was made to exclude nitrate during preparation of DGT, residual nitrate remains
on resins which needs to be taken into account after use. The background resin nitrate concentration
of each batch was subtracted from all proceeding gel concentrations (Davison, 2016).
3.2.4 Elution, Uptake Efficiencies and Saturation Point
To ensure the probes provide quantitative nitrate concentrations the adsorption and elution
characteristics need to be quantified. Uptake and elution (the displacement of adsorbed nitrate from
the binding resin) efficiencies were measured by immersing the resins in 10 mL NO3- solutions of
varying concentrations (1 to 50 mg N L-1 (milligrams of nitrate-N per litre) and 0.002 mol L-1 NaCl), and
agitating for 24 hours on a shaker plate (Huang et al., 2016c). As previously reported, resins were
eluted in 2 mol L-1 NaCl for 24 hours on a shaker plate, however, the volume was increased to 4 mL
from the previously reported volume of 2 mL to maintain stoichiometric excess, then diluted to 10 mL
(Huang et al., 2016a).
Solution samples were taken before and after the binding resin was added to determine the mass of
analyte remaining in solution (Huang et al., 2016c). Uptake efficiency was calculated as the percentage
of nitrate removed from solution, while elution efficiency was calculated as the percentage of nitrate
in the eluent removed from the resin (Huang et al., 2016c).
Resin gel disks were placed in 1000 mg N L-1 solution (10 mL) for 24 hours to measure the intrinsic
capacity for adsorption (saturation point).
3.2.5 Adsorption Isotherm
Understanding the adsorption isotherm of A520E DGT was necessary to understand how uptake
efficiency changed with decreasing availability of adsorption sites in the resin. Resin disks (area = 3.8
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cm2) were deployed in 50 mL of nitrate solution (100 mg N L-1) and agitated on a shaker plate, 1 mL
grab samples were taken every 10 minutes for the first hour, 20 minutes for the second hour, and
every 1 hour for the following 4 hours. A final sample was taken after 10 hours. The removed nitrate
mass was accounted for in subsequent calculations of the adsorbed mass (i.e. mass removed from
solution).
3.2.6 Gel Dehydration
DGT probes are traditionally stored in a few mL of deionised water to maintain gel hydration, however,
this may not always be possible (i.e. lack of deionised water when returning from field deployment),
hence it is necessary to quantify the effects of variable transportation and storage conditions
(primarily drying). To understand the effects of drying the resin gels on nitrate adsorption and elution,
gels were air dried for 24 hours under clean laboratory conditions. Dried blank disks were compared
against hydrated blank disks, and gels deployed in 10 mg N L-1 nitrate solution were compared to gels
dried after and before deployment in 10 mg N L-1 nitrate solution.
3.2.7 Sample Analysis
Eluted DGT samples and grab samples were analysed alongside commercial anion standards (Dionex
Seven Anion Standard) using a Dionex ICS-200 Ion Chromatograph (Dionex, California, United States).
Ion chromatography also provided sulfate and phosphate data. Due to a high chloride concentration,
from gel elution, a gradient concentration method was used to give optimal peak resolution. The
gradient concentration method ensured that chloride was eluted well before the nitrate was eluted,
and that all peaks did not overlap.
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Concentration values attained were converted to mass to give total mass taken-up by the resin, after
the background mass in the resin was subtracted. Time weighted average concentration (C) was
determined using the following equation (Davison, 2016).

𝑪𝑪𝑫𝑫𝑮𝑮𝑮𝑮 =

∆𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈 ∆𝒇𝒇
𝜹𝜹
�
+
+
�
𝑨𝑨𝒆𝒆𝒆𝒆𝒆𝒆 𝒕𝒕 𝑫𝑫𝒈𝒈𝒈𝒈𝒈𝒈
𝑫𝑫𝒇𝒇 𝑫𝑫𝒘𝒘
𝑴𝑴

(1)

Where C = DGT concentration (i.e. time weighted average nitrate concentration), mg cm-3; M =
accumulated mass, mg; Aeff = effective area, cm2; t = time, length of deployment, s; Dgel, Df, Dw =
diffusion coefficients for the diffusive gel, filter membrane and Diffusive Boundary Layer/water
respectively, cm2 s-1; Δggel, Δf, δ = thickness of diffusive gel, filter membrane and Diffusive Boundary
Layer respectively, cm (Davison, 2016). The calculation of δ is given in a following section.
The diffusion coefficient of nitrate through the APA gel is 1.46 x 10-5 cm2 s-1 at 25 oC (Huang et al.,
2016c). The diffusion coefficient through the polyethersulfone filter membrane was treated as the
same as the diffusion coefficient through the APA diffusive layer, because it is indistinguishably
different (Davison, 2016). As such, the filter and gel components of equation 1 were aggregated to
form the material diffusion layer (MDL), providing diffusion coefficient DMDL, and diffusion layer
thickness Δg.
Diffusion coefficients (Dgel, Df, Dw) were temperature corrected using the following equation, where T
= temperature (oC), DT = diffusion coefficient at temperature T (cm2 s-1), and D25 = diffusion coefficient
(cm2 s-1) at 25oC (Davison, 2016):

𝒍𝒍𝒍𝒍𝒍𝒍𝑫𝑫𝑻𝑻 =

(2)

𝟏𝟏. 𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑(𝑻𝑻 − 𝟐𝟐𝟐𝟐) + 𝟎𝟎. 𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎(𝑻𝑻 − 𝟐𝟐𝟐𝟐)𝟐𝟐
𝑫𝑫𝟐𝟐𝟐𝟐 (𝟐𝟐𝟐𝟐𝟐𝟐 + 𝑻𝑻)
+ 𝒍𝒍𝒍𝒍𝒍𝒍
𝟏𝟏𝟏𝟏𝟏𝟏 + 𝑻𝑻
𝟐𝟐𝟐𝟐𝟐𝟐

3.2.8 Diffusive Boundary Layer

The Diffusive Boundary Layer (DBL), is the area of solution at the filter/solution interface with reduced
analyte concentration in relation to the rest of solution. It is important to include the DBL in CDGT
calculations because it increases the effective diffusive pathway length. The boundary layer decreases
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with increased mixing of solution, i.e. at greater flow (Davison, 2016). DBL was calculated by plotting
1/M for different gel thicknesses versus δ, and by combining the slope and intercept equations (Levy
et al., 2011, Zhang et al., 1998). As given in the following equation, where DW = diffusion coefficient
through water; Dmdl = material diffusion layer diffusion coefficient; y= y intercept; s = slope (Davison,
2016):

𝜹𝜹 =

3.2.9 Bioreactor Performance

𝒚𝒚𝑫𝑫𝒘𝒘
𝒔𝒔𝑫𝑫𝒎𝒎𝒎𝒎𝒎𝒎

(3)

Bioreactor performances were calculated using nitrate data collected by DGT, high frequency grab
sampling (manual at site 1 and via MPS-UV VIS at site 2), and low frequency grab sampling (grab
samples only taken at deployment and removal of the DGT). Bioreactor performance was quantified
as nitrate removal rate (g N m-3 d-1), and nitrate removal efficiency (% of nitrate removed) excluding
bypass flow. Removal rate enables the comparison between denitrifying bioreactors, while removal
efficiency allows for comparison to other nitrate remediation strategies.
Nitrate removal rate (Nremoval = g N m-3 d-1) was calculated as the nitrate removed from the inlet to the
lowest concentration before nitrate concentration plateaued with distance along the bioreactor.

𝑵𝑵𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 =

(𝑵𝑵𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊 − 𝑵𝑵𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍 ) × 𝑸𝑸𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂

(4)

𝑽𝑽𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍

Where NInlet and NLimited = nitrate-N at inlet and at the well where nitrate is limiting (g N m-3), Qaverage =
average flow rate (m3 d-1), VLimted = volume of bioreactor to the well where nitrate was limiting (m3).
Removal efficiency (R%) was expressed as the percentage of nitrate removed from inlet to outlet, and
is given by the following equation (Ninlet and Noulet = nitrate-N at the inlet and outlet, mg N L-1).

𝑹𝑹% =

𝑵𝑵𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊 − 𝑵𝑵𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐
× 𝟏𝟏𝟏𝟏𝟏𝟏
𝑵𝑵𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊

(5)
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Total organic carbon (TOC) of collected well samples was also measured to estimate the carbon readily
available to denitrifying bacteria. Samples collected were analysed using OI Analytical Aurora 1030
TOC analyser (Xylem, New York USA) with carbon standards being made gravimetrically using
potassium hydrogen phthalate (Hartland et al., 2012).

3.3. Results
3.3.1 Nitrate Concentration
The significant temporal variation in nitrate-N concentration at the inlet of bioreactor site 1 was
buffered by the denitrification process within the bioreactor (Figures 3.3A, 3.3B and 3.4), i.e. the
fluctuations decreased in magnitude and frequency as a function of distance along the flow path. By
three metres (well C3) nitrate-N concentration was effectively zero.
Temporal fluctuations at bioreactor site 2, dairy pasture tile drainage fed, were not as pronounced
(Figures 3.3C, 3.3D, and 3.3E).
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Figure 3.3: Temporal variation of nitrate-N concentration for bioreactor site 1, determined by hourly
grab samples (A = deployment 1; B = deployment 2), and bioreactor site 2, determined by MPS-UV
VIS (C = deployment 1; D = deployment 2; E = deployment 3). C1, C2, C3, C4, C5, C6, and C7 = centre
wells 1, 2, 3, 4, 5, 6, and 7 respectively.
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There was a strong agreement between nitrate-N concentrations determined by DGT and high
frequency grab sampling at site 1 (Figure 3.4). Increasing the frequency of grab sampling might have
further reduced discrepancies between DGT and grab sampling concentrations, given there is an
hourly variability of up to 40 mg N L-1 in inlet concentrations (Figure 3.3A). From 4 metres, DGT
provided nitrate-N concentrations of zero, however grab sample measurements show nitrate
concentrations to be very low (<0.25 mg N L-1). This is likely due to the high concentration (64.6 ± 36.3
mg L-1) of chloride, and subsequent competition and in situ eluent effects – background nitrate on the
binding layer may elute into solution. The A520E DGT consistently provided higher nitrate
concentrations at 2 m, possibly due to the grab sampling missing or not fully accounting for nitrate
concentration spikes (see discussion).
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Figure 3.4: Nitrate-N concentration along bioreactor site 1 determined by DGT and high frequency
grab sampling (A = deployment 1.1, 16 hours; B = deployment 1.2, 36 hours; C = deployment 2.1, 16
hours; D = deployment 2.2, 36 hours).
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There was also a good agreement between DGT nitrate-N concentrations and nitrate-N concentrations
determined by MPS-UV VIS at site 2, particularly at lower concentrations found from 2 m into the
bioreactor. Up to 2 m along the bioreactor flow length DGT provided nitrate concentrations greater
than those determined by MPS-UV (Figures 3.5A and 3.5C). Likely due to the MPS-UV system missing
nitrate concentration peaks (due to fouling on the cuvette and the pumping of air), and nitrate
concentration was more variable earlier in the bioreactor flow path (Figures 3.3D and 3.5B).
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Figure 3.5 Nitrate-N concentration along bioreactor site 2 determined by DGT and MPS-UV VIS (A =
deployment 1; B = deployment 2; C = deployment 3).
DGT provide nitrate concentrations of the same magnitude and trend as high frequency grab sampling
in bioreactors (Figure 3.6). The magnitude of the difference between the grab sample and DGT
concentrations increased as concentration increased. This was likely due to the greater variability in
nitrate concentrations at the inlets of the bioreactor, where concentration is highest (Figure 3.3).
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Figure 3.6: Mean DGT nitrate-N concentrations versus high frequency sampling nitrate-N
concentration for both bioreactor deployments.
Important DGT parameters, such as DBL and resin background mass, are reported below.
3.3.2 Bioreactor Performance
In general, the removal rates of the bioreactors as calculated from DGT and high frequency grab
sampling or MPS-UV were in very good agreement (Table 3.1). Removal rates calculated by DGT were
generally greater than those determined by high frequency grab sampling. As the frequency of grab
sampling increased (from low to high) the calculated removal rates moved towards those calculated
by DGT. Increasing the frequency of grab sampling, to better account for temporal variation in nitrate
concentration, would likely result in grab sampling removal rates corresponding to those calculated
by DGT more strongly. The removal rates at site 2 decreased as flow rate through the bioreactor
decreased, i.e. as the total nitrate mass entering the system decreased.
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Table 3.1: Removal rates and efficiencies, and average temperatures for bioreactor sites 1 and 2.
Bioreactor
Site

Deployment

1

1.1

2

Temperature (oC)

Removal Rate (g N m-3 day-1)

Removal Efficiency (%N removed)

DGT

HFGSa

Grab Sampling

DGT

HFGSa

HFGS

23.9 ± 0.9

30.75

29.99

22.87

<99.9

98.9

99.3

1.2

23.9 ± 0.9

28.07

25.16

15.60

<99.9

98.8

99.2

2.1

23.0 ± 0.7

30.46

24.01

20.12

<99.9

99.2

<99.9

2.2

22.9 ± 0.7

14.83

13.38

16.24

<99.9

99.2

<99.9

1

12.3 ± 0.1

3.63

2.35

2.15

92.5

92.3

90.6

2

12.3 ± 0.2

2.47

2.54

2.02

95.1

95.5

96.0

3

12.3 ± 0.2

1.22

1.24

1.22

96.5

93.7

93.7

HFGS = High Frequency Grab Sampling (site 1), and MPS-UV at bioreactor site 2. Grab Sampling =

a

samples only taken at deployment and removal of DGT. Bioreactor site 1 is a controlled flow effluent
system, and bioreactor site 2 is variable flow system fed from agricultural land.
For bioreactor site 1 sulfate removal was also measured (removal rates of 4.8 - 8.2 g SO42--S m-3 day-1,
and removal efficiencies of 59 – 74 %) via high frequency grab sampling, as the system became nitrate
limited (Figures 3.7A and 3.7B). Sulfate reduction efficiency in this study was significantly lower than
the 94 % reduction previously reported for the same bioreactor (Rambags et al., 2016). Mean
phosphate concentration marginally increased (4.77 to 5.40 mg L-1, 13.3 %), contrary to the mean
decrease of 7 % previously reported for this site (Rambags et al., 2016).
TOC provides measurement of the carbon readily available to denitrifying bacteria. For bioreactor site
1, the mean TOC concentrations were relatively high at the inlet (~10 mg C L-1), presumably persisting
from the effluent wastewater, and decreased by about 5 mg C L-1 in the first 4 m along with nitrate
reduction (Figure 3.7).
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bioreactor site 1 for deployment 2. (D) Phosphate-P concentration for bioreactor site 1 deployment
2.
Temperature at the two sites was both consistent at each well and across the bioreactor as a whole
(Table 3.1). Temperature at site 1 ranged from 21-25oC and did not change at each well or at the inlet
and outlet for the length of each deployment. At site 2, temperatures ranged from 11-13oC, and
changed <1oC at each well over each deployment. Temperature has previously been reported to have
a significant impact on denitrification and removal rates (Addy et al., 2016).
3.3.3 Diffusive Boundary Layer
The DBLs at both bioreactor sites were large and differed between the outlet, inlet and centre wells.
While the DBLs varied between wells, at each measurement location they were reasonably consistent,
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indicating that deployment conditions were reasonably constant in terms of mixing mechanisms. The
more constrained (less well mixed) centre wells generally had larger DBLs than the inlet and outlet
chambers. At bioreactor site 1, the mean DBL was 0.215 ± 0.092 cm (± standard deviation). From 3 m
(well C3) to 20 m (outlet) DGT provided nitrate concentration values of 0, therefore no DBL could be
calculated. The mean DBL at 0 m (inlet) was 0.209 ± 0.056 cm, and at the centre wells (1 – 2 m) was
0.218 ± 0.105 cm. At bioreactor site 2, the mean DBL was 0.250 ± 0.188 cm. The mean DBL at the inlet
(0 m) was 0.198 ± 0.015 cm, at the centre wells was 0.252 ± 0.231 cm, and at the outlet (9 m) was
0.303 ± 0.025 cm.
3.3.4 Background Concentration, Elution and Uptake Efficiencies and Saturation Point
The background mass of NO3--N for 2.5 g A520E gels used at bioreactor site 2 was 0.01065 ± 0.00065
mg N, and for the 4 g A520E gels used at site 1 the background NO3--N mass was 0.01675 ± 0.00212
mg N. The relative amount of the total accumulated mass in the resin was dependent on numerous
deployment factors (e.g. length of deployment, temperature, and system concentration). There was
low variability in blank masses for each set of resin gels made (generally <3 %), however, the variability
in background mass of blank resin disks between gel sets was more significant (NO3—N mass varied by
6 - 16 %), demonstrating that accounting for the background mass specific to the gels of each
deployment was essential.
The uptake efficiency was 98.8 %, and the elution efficiency was 93.4 %. The saturation point of the
binding gels produced with 2.5, 4.0 and 5.4 g of A520E resin were 0.81 ± 0.042 (equivalent to ± %
5.16), 1.03 ± 0.010 (± % 0.98), and 1.68 ± 0.045 (± % 2.66) mg N, respectively.
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3.3.5 Adsorption Isotherm
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Figure 3.8: Adsorption isotherm as (A) %saturation, and (B) mass accumulated versus time.
Nitrate adsorption to the A520E binding gel was linear up to 55 % saturation of the binding sites (Figure
3.8A). This equates to approximately 0.55 mg N adsorbed or removed from solution (Figure 3.8B). The
binding gels, however, continued to adsorb strongly up to 80 % (approximately 0.8 mg N) before
adsorption began to tail off and approach 100 % of adsorption sites occupied (100 % saturation).
3.3.6 Gel Dehydration
Drying of gels, under clean laboratory conditions at room temperature, resulted in a decrease in the
measured nitrate of <5 % compared to gels which were not dehydrated.

3.4. Discussion
3.4.1 Bioreactor Nitrate Determination by DGT
We have demonstrated that DGT were capable of providing environmental nitrate concentration
measurements comparable to high frequency grab sampling to demonstrate the performance of
denitrifying bioreactors in nutrient mitigation strategies (Figure 3.6). Importantly DGT were easy to
use and reduced the analytical requirements associated with high frequency grab sampling.
Additionally there was no need for preservation prior to analysis.
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A520E DGT adsorbed nitrate continuously during deployment, accounting for fluctuations in nitrate
concentration that could be missed by even relatively high frequency grab sampling. Grab sampling at
hourly intervals is unlikely to fully capture the temporal variation in nitrate concentration, which
fluctuated by up to 40 mg N L-1 within 1 hour. These changes are unlikely to be linear between sampling
times (Figure 3.3). Consequently, discrepancies between nitrate determined by DGT from that
determined by high frequency grab sampling (Figure 3.6) likely reflects the need for higher frequency
grab sampling to truly capture the temporal fluctuations. Depending on the frequency of grab
sampling it could be easy to miss nitrate peaks and troughs, as such in general it would be expected
that DGT determined concentrations to differ from average nitrate concentrations determined by grab
sampling.
The difference in nitrate concentration determined using A520E DGT and high frequency grab
sampling increased with increasing nitrate concentration. This increasing difference was likely due to
the increased nitrate concentration and magnitude of variation in nitrate concentrations at the
bioreactor inlets and first wells. As discussed above these variations in nitrate concentrations cannot
be easily captured by high frequency grab sampling but are in DGT. Removal rates and efficiencies
approached those calculated by DGT as the frequency of grab sampling increased.
While this is the first time DGT have been used to determine mitigation potentials, they have
previously been used to monitor nitrate in a variety of freshwater systems (i.e. streams and wetlands)
(Huang et al., 2016b). These authors also showed that grab sampling 1-2 times daily resulted in nitrate
concentrations that varied dramatically over the 24 and 72 hour deployment times however DGT and
grab samples remained in close agreement, with a DGT to grab sample ratio between 1.00 and 1.12
(Huang et al., 2016b). As demonstrated in our research, the required frequency of grab sampling to
account for large changes in nitrate concentration was greater than hourly. Consequently
discrepancies between DGT and grab sample nitrate concentrations that Huang et al. (2016b) reported
could be due to sampling frequency (1-2 times daily).

79

As demonstrated DGT were useful for determining nitrate concentrations and removal rates, but they
have also been utilised to quantify numerous aqueous anionic and cationic species. For example,
ferrihydrite binding resins have been widely been reported for the quantitative measurement of
dissolved reactive phosphorus (Panther et al., 2010, Saeed et al., 2018). CMI-7000 cationic exchange
membranes have successfully been used for determination of ammonium (Huang et al., 2016c). The
Chelex-100 resin for in situ measurement of trace metals was reported to be capable of measuring
metals at extremely low concentrations (4 pmol L-1) independently of ionic strength (10 nmol L-1 to 1
mol L-1) and pH (5 - 8.3) (Zhang and Davison, 1995).
3.4.2 Strengths and Weaknesses
DGT are simple and robust, deployment requires little more than nylon fishing line and a weight to
hold the DGT in place. Diffusive Gradients in Thin Films overcome the temporal variability, in-field
time, operational range, preservation, and expense limitations of other sampling methods.
DGT not only provide improved nutrient concentration data comparable to high frequency grab
sampling, thereby decreasing the number of samples that require analysis and associated time, but
also reduce the risk to expensive analytical instruments (e.g. ion chromatographs). Diffusive Gradients
in Thin Films are analyte specific, as such they can overcome the matrix effects of analysing water
samples which can interfere with optical methods. A520E DGT have a large operational pH range (3.58.5) (Huang et al., 2016a). Natural systems, bioreactors and other mitigation strategies can have low
pH. The increased reducing conditions increase the solubility of metals such as Fe(II) – which persist
in grab samples after filtering. These can precipitate out of solution, when analysing water samples
with ion chromatography and hydroxide as the eluent. Precipitation within componentry of analytical
instruments can be difficult and expensive to resolve.
One constraint of the use of DGT is the dependence of diffusivity on environmental temperature. As
temperature increases so too does the diffusion coefficient due to the increase in the random heat
motion of molecules. If temperature changes are large and not fully monitored then diffusivity could
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be over/under-estimated resulting in increased error in CDGT. However, there was very little variation
in temperature in either bioreactor over the deployment periods, as such temperature measurements
at DGT deployment and removal suffice. This is because the surrounding thermal mass insulates the
water body from short term temporal shifts in weather and air temperature. In contrast the variability
of temperature in natural systems (e.g. lakes, rivers and streams), is greater than that of denitrifying
bioreactors. Natural streams are more exposed to shading/sunning and other weather events. Huang
et al. (2016b) used A520E DGT to monitor seven freshwater systems, and temperature measurements
were made at least twice daily, and as stated earlier DGT provided nitrate concentrations in good
agreement with low frequency grab sampling. This supported the use of A520E DGT for environmental
measurements, although best practice involves temperature measurements throughout.
3.4.3 Background Mass, Uptake/Elution Efficiencies, and Saturation
There was significant and variable background nitrate within the A520E resin; to ensure concentration
data were accurate this needs to be quantified for each set of gels made, and subtracted from the
total nitrate post deployment. The gels are highly efficient at adsorbing nitrate (uptake efficiency =
98.8 %); Huang et al. (2016a) found uptake efficiencies to be >98 %. Huang et al. (2016a) also reported
elution efficiencies of 82.7 %, which was improved in this study to 93.4 %.
The marginal increase in uptake efficiency was likely due to an increase in the surface area of the
A520E resin in the binding gels of this research. In the previous study, resin beads were not sieved,
which can lead to a greater variation in particle sizes and the presence of larger resin particles. The
mass of A520E suspended in the hydrogel was also increased here. Combined, these modifications to
the method provide a greater number of sites for nitrate adsorption, evidenced by the increase in
saturation point. Bioreactors can experience very high nitrate concentrations, increasing the
adsorption maximum increases the total deployable time of the DGT. This in turn increases the length
of time CDGT accounts for, and therefore the relevance of the calculated removal rate.
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The increase in elution efficiency (9.7 %) was likely due to increasing the volume of 2 mol L-1 NaCl
eluent utilised from 2 mL to 4 mL. This ensured that the gels were fully submerged during elution and
that there remained a significant stoichiometric excess of chloride ions for substitution of nitrate ions
bound to the A520E resin.
Determining the saturation point of the A520E resins was necessary to understand the total length of
time the resins could be deployed. If the deployed sensors became saturated over the course of the
deployment, the calculated concentration would underestimate the actual concentration – no further
nitrate can be adsorbed once the resin is saturated.
The optimal mass of dried ground A520E for the preparation of binding gels was found to be 4 g, in 10
mL of gel solution. Even though 5.4 g binding gels provided higher saturation points there were
difficulties suspending all of the resin in the gel solution and pipetting the gel suspension between the
glass plates.
The 4 g A520E binding resins adsorbed nitrate linearly up to 55 % adsorption site occupation
(approximately 0.55 mg N), however they continued to adsorb strongly up to 80 % (approximately 0.8
mg N) (Figure 3.8). Although the DGT continued to adsorb nitrate up to the adsorption maximum it is
recommended that deployment times should not exceed those which would provide 80 % adsorption
site occupation. As the adsorption moved away from the linearity it was anticipated that the resin
would no longer meet the adsorption requirements for equation 1 to be true.
3.4.4 Diffusive Boundary Layer
The Diffusive Boundary Layer, DBL, is the area outside solution with reduced analyte concentration
compared to the rest of solution and is effectively the extension of the concentration gradient through
the material diffusion layer (Davison, 2016). There is a layer where there is effectively no flow close to
the surface of any solid in a fluid, and extends further into solution if mixing mechanisms in the
surrounding solution are poor (e.g. low solution flow rates) (Davison, 2016). For use of DGT in wellstirred solutions the DBL is generally ignored on the assumption that compared to the total thickness
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of Δg, the DBL is negligibly small (Warnken et al., 2006). Bioreactor wells, and inlet and outlet
chambers are not well stirred, and the DBL values determined were large and variable.
It was unsurprising that the DBL values were higher than observed in well mixed systems, as the wells
were highly constrained flow environments – the well diameters were 50 mm, little more than the
diameter of the DGT 40 mm – and the flow rate through the bioreactors was low. Consequently, it
was critical to include the DBL in the full calculation of concentration. This is best practice, and likely
necessary for all DGT deployments in piezometers, however, it should also be performed for all DGT
deployments. Huang et al. (2016b) also found that CDGT underestimated the concentration determined
via grab sampling if DBL was ignored, and when DBL was included CDGT trended towards the
concentration determined via grab sampling.
Measuring the DBL can also provide insights as to how well mixed the solution was at the sampling
location, providing useful information about solution dynamics when deploying in natural systems
(streams, lakes, rivers). Huang et al. (2016b) reported DBLs 0.036 to 0.101 cm, with the creek sampling
locations having much smaller DBLs than the slower moving pond sites (Huang et al., 2016b). This was
to be expected and is in accordance with the much higher values generally seen in the bioreactors
(site 1 = 0.215 ± 0.0917 cm; site 2 = 0.250 ± 0.188 cm) which have greater constrained flows. DBL was
also generally smaller in the freer flowing inlet and outlet chambers. If how the DBL changes with flow
rate is known it may be possible to calculate/estimate the DBL if flow rate is measured, and vice versa.
3.4.5 Nitrogen Removal in Bioreactors
Simple and accurate methods for measuring nitrate concentrations over extended periods of time will
be useful for determining the performance of different mitigation strategies. A major advantage of
DGT for assessing N removal rates within mitigation systems is that they obtain time weighted average
concentrations, reducing the influence of the temporal variability of instantaneous concentrations on
average N removal rates.
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Removal rate is generally used for inter-bioreactor comparisons, with reported values generally 2 - 22
g NO3--N m-3 d-1 (Schipper et al., 2010a), however higher removal rates for wastewater have been
reported (>39 g N m-3 d-1) likely due to concurrent inputs of wastewater carbon that support
denitrification (Lepine et al., 2016). Nitrate removal rates of the two bioreactor systems used in this
study fit at both ends of this range (Table 3.1). Bioreactor site 1 received effluent with high nitrate and
organic carbon concentrations at high and constant flow, resulting in increased nitrate reduction. In
comparison, site 2 received water leachate from an agricultural field, where the supply of nitrate was
determined by rainfall and available nitrate for leaching. Nitrogen limitation has been reported to
significantly decrease nitrate removal (Addy et al., 2016).
Nitrate removal rates are also temperature dependent, although even at low temperatures nitrate
removal has been reported to be substantial (Addy et al., 2016). This can, in part, explain some of the
difference in nitrate removal rates between the two systems. The average temperatures at site 1 (21
- 25 oC) were considerably higher than at site 2 (11 - 13 oC), potentially due to seasonal variation and
the upstream wastewater treatment at site 1. The high nitrate removal at site 1 was likely due to the
organic carbon input with the effluent (Lepine et al., 2016).
Rambags et al. (2016) report removal rates of ~14 g N m-3 d-1 calculated to 4 m (equivalent to ~19 g N
m-3 d-1, when calculated to 3 m as in this study) for bioreactor site 1. These rates were generally lower
than the removal rates calculated in this study (removal rate range 26 ± 6.5 g N m-3 d-1). This difference
was unlikely due to a change in inputs, and instead the removal rate should decrease with time as the
available carbon is consumed and the wood chips deteriorate. It is most probable that the low
frequency of sampling in the Rambags et al. (2016) study did not fully account for large short-term
changes in nitrate concentration.
Nitrate removal efficiencies (%) do not fully capture the performance of bioreactors because they are
dependent on bioreactor characteristics that percentage cannot capture (flow rate and size). They are,
however, widely reported in the literature as a bioreactor performance metric and can be utilised for
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inter-mitigation strategy comparisons. Bioreactor site 1 was efficient at removing nitrate, achieving
removal efficiencies >98.8 % determined by both DGT and high frequency grab sampling. This was in
good agreement with previously reported removal efficiencies, Rambags et al. (2016) reported nitrate
removal efficiency to be >99.9% for the same bioreactor site, even though grab sample measurements
were only made bimonthly. This was unsurprising given that both the DGT and high frequency
sampling found nitrate to be completely removed by 3 metres. Bioreactor site 2, similarly achieved
high removal efficiencies >90% determined by DGT and grab sampling. Bypass flow at the site was not
accounted for and it is expected that the true removal efficiency would decrease as bypass would
increase the total mass of nitrate not removed.
In comparison to other nitrate mitigation strategies, the bioreactors studied here compare well in
terms of removal efficiencies. Horizontal subsurface-flow wetlands, constructed such that wastewater
flow through shallow gravel-filled beds planted with emergent macrophytes, commonly achieve
nitrogen reductions of 30-50% (Tanner et al., 2012). Saturated buffers have been engineered to
reconnect riparian buffers to the above agricultural land area, otherwise diverted via drainage (Jaynes
and Isenhart, 2014), and have reported nitrate removal efficiencies from 8-84% (Jaynes and Isenhart,
2019). Saturated buffers promote nitrate removal via plant uptake, immobilisation and denitrification
(Jaynes and Isenhart, 2014). Drainage water is diverted to flow through vegetated buffer soil as
shallow groundwater (Chandrasoma et al., 2019). The removal efficiencies of bioreactor site 2,
however, are likely overstated, given that bypass flow and the associated nitrate mass was not
accounted for.
The complete removal of nitrate resulted in a highly excessive reducing environment that supported
sulfate reduction at bioreactor site 1. Sulfate reduction was observed in bioreactor 1 via the high
frequency sampling (although not designed for this purpose), with removal rates of 4.8 - 8.2 g SO42--S
m-3 day-1, and removal efficiencies of 59 - 74%. Sulfate reduction was initially identified by the smell
of hydrogen sulfide at both bioreactors, particularly at the outlets. Sulfate reducing bioreactors have
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been used for the treatment of contaminated acid mine drainage, with metal removal rates of 60 – 80
% for Fe and up to 99 % for Cd, Ni and Zn (Neculita et al., 2008), however sulfate reducing conditions
have been reported to lead to the production of highly toxic methyl mercury (Shih et al., 2011).
Increased phosphate has been found to stimulate phytoplankton blooms resulting in negative
environmental consequences such as eutrophication (Hai et al., 2010). Phosphate removal by
denitrifying woodchip bioreactors is not well-documented (Schipper et al., 2010a, Schipper et al.,
2010b). Phosphate attenuation does not occur through the path-length of bioreactor 1 (Figure 3.7D),
even though it completely removes nitrate and significantly reduces sulfate (Figures 3.7A and 3.7B).
Bioreactor amendments, such as the inclusion of iron filters (Guanghui et al., 2016), may be necessary
if denitrifying bioreactors are to be used more broadly for the removal of nutrient contaminants.
3.4.6 Conclusion
Bioreactors have been found to be effective methods for treating point and non-point source nitrate
enriched water. Diffusive Gradients in Thin Films were useful for determining the performance of
bioreactors by integrating short term fluctuations in analyte concentration. As reported in other
research, the utility of DGT further extends to analysing the movement of nitrate through the wider
landscape, thereby enabling identification of hotspots such that appropriate mitigation strategies or
adapted land management practices may be applied. A520E DGT can help target solutions to decrease
environmental reactive nitrogen, and as our research shows, are then capable of analysing the
performance of implemented mitigation strategies.
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Chapter 4

Chapter 4 - Incorporation of Zero-Valent Metal Reductants and Gold
Nanoparticles into Hydrogel Networks for Colourimetric DGT Nitrate
Determination
Abstract
Diffusive Gradients in Thin-Films (DGT) have been established as useful tools for the determination of
nitrate, phosphate, trace metals, and organic concentrations. Diffusive Gradients in Thin Films,
however, are limited by the requirement for laboratory analysis. To increase the uptake of DGT as a
tool for routine monitoring by interest groups, not researchers alone, methods for infield analysis are
required. Incorporation of colour reagents into the binding layer, or as the binding layer, can enable
the easy and accurate determination of analyte concentrations infield. Here we sought to develop a
chitosan-stabilised gold nanoparticles (AuNP) suspension liquid binding layer which developed colour
on exposure to nitrite, combined with a Fe(0) impregnated poly-2-acrylamido-2-methyl-1propanesulfonic acid/acrylamide copolymer hydrogel Fe(0)-p(AMPS/AMA) for the reduction of
nitrate. The AuNP-chitosan suspension was housed in a 3D designed and printed DGT base, with
volume of 2 mL, for use with the standard DGT solution probe caps. Dialysis membrane with a
molecular weight cut-off of <15 kDa was used, as part of the material diffusion layer, to ensure the
AuNP-chitosan did not diffuse through to bulk solution. This synthesised AuNP-chitosan provided
quantitative nitrite concentrations (0 to 1000 mg L-1) and masses (145 µg) in lab-based colour
development

studies.

A

Fe(III)

impregnated

poly-2-acrylamido-2-methyl-1-propanesulfonic

acid/acrylamide copolymer hydrogel (Fe(III)-p(AMPS/AMA)) was developed (10 % AMPS, and 90 %
AMA), which was treated with NaBH4 to form an Fe(0)-p(AMPS/AMA) hydrogel. The Fe(0)p(AMPS/AMA) hydrogel quantitatively reduced nitrate to nitrite. The total nitrite mass produced was
~110 µg, from nitrate. The diffusional characteristics of nitrite and nitrate through the Fe(III)p(AMPS/AMA) and dialysis membrane were 1.40 x 10-5 and 1.40 x 10-5, 5.05 x 10-6 and 5.15 x 10-6 cm2
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s-1 at 25 °C respectively. Further research is required to improve the reaction rate of the AuNP-chitosan
nitrite binding layer, to operate as a DGT, and for coupling with the Fe(0) hydrogel.

4.1. Introduction
The increase in nitrate concentrations in freshwater systems is in part a result of the increased
application of nitrogen fertilisers and cultivation of nitrogen fixers in food production and cropping.
Discharge of wastewater into the environment has also led to increased environmental
concentrations. Importantly, a single nitrogen atom can impact all biospheres before denitrification
back to N2, as it is sequentially transferred from agricultural land, through freshwater systems to the
ocean (Galloway et al., 2003). Measurement and determination of nitrate concentrations are
therefore paramount to understand and reverse the negative effects associated with increased nitrate
inputs into nutrient sensitive ecosystems.
Numerous techniques have been deployed for the measurement and determination of nitrate
concentration, each having advantages and disadvantages. Grab sampling and the determination via
colourimetry or ion chromatography are the most common methods. Determination via colourimtery
involves a twostep process. Nitrate is reduced to nitrite and which produces a measureable colour
change when further reacted with Griess reagents or one of the many modifications (Nydahl, 1976).
While grab sampling is simple and cheap, the temporal variability of nitrate concentrations is difficult
to account for via grab sampling (S˙liwka-Kaszyńska et al., 2003). Samples require chemical or physical
preservation, due to the potential microbial and chemical transformations nitrate can undergo during
transport and storage (S˙liwka-Kaszyńska et al., 2003). Continuous sampling methods more effectively
capture the temporal variability of nitrate. They require, however, investment in expensive onsite
equipment (Audet et al., 2014), restricting their spatial applications. The in-field determination of
nitrate via colourimetric test kits, or the automated multiplexed pumping system and UV-VIS field
spectrophotometer coupled system (Maxwell et al., 2018), overcomes transport and storage
restrictions. However, these automated multiplexed pumping systems and UV-VIS field
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spectrophotometer-coupled systems are expensive and require careful calibration via grab sampling
(Maxwell et al., 2018). They are also limited by data storage, cuvette fouling, and battery power
(Maxwell et al., 2018).
Diffusive Gradients in Thin-Films (DGT), Figure 1, are capable of overcoming many of the challenges
described above. Diffusive Gradients in Thin Films is a passive sampling system which provides time
weighted average concentration based on Fick’s first law of diffusion (Zhang & Davison, 1995) – due
to their random heat motion, molecules and ions move from areas of high concentration as to make
concentration uniform (King et al., 2013). The binding layer rapidly and strongly binds a specific
analyte, ensuring the concentration is effectively zero at the binding layer/diffusive layer interface,
maintaining the concentration gradient through the hydrogel diffusive layer and filter membrane. This
enables the back calculation of the average concentration upon measuring the bound mass.
An additional requirement of using DGT for determining nitrate is subsequent laboratory analysis of
the mass bound to the binding layer. The nitrate bound to the DGT is stable and does not require
immediate analysis, in contrast to grab samples. In-field analysis of DGT would further increase the
potential range of users. Incorporation of a colour change mechanism that occurs in situ within the
binding layer could overcome the necessity for laboratory analysis.

Figure 4.1: (A) Diffusive Gradient in Thin-Films (DGT) solution probe exploded view (Corbett et al., 2019),
and (B) the liquid binding phase DGT solution probe (volume = 2 mL) with 1.5 mL of AuNP-chitosan
suspension.
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DGT make use of hydrogels to both hold analyte-specific resins and constrain transport of ions to the
binding layer to diffusion. Hydrogels are polymeric materials with hydrophilic structures which enable
them to retain large quantities of water within their three-dimensional network (Ahmed, 2015).
Investigations into alternative DGT binding phases have explored the use of liquid binding phases (Li
et al., 2003) (Figure 4.1), similar to the set-up utilised by pore water equilibrators (peepers) (Teasdale
et al., 1995). The liquid binding phase DGT often make use of commercially available dialysis
membranes with tuneable molecular weight cut-offs and high molecular mass soluble polymers (Li et
al., 2003; Liu et al., 2016). An Fe3O4 nano-particulate aqueous suspension has been developed for
measurement of arsenic (Liu et al., 2016). Incorporation of a colour change mechanism for nitrate
within the DGT probe requires the incorporation of reducing agents into the diffusive layer, to reduce
nitrate to nitrite, prior to the colour change reaction in the binding layer whether it is a liquid or a
hydrogel.
The reduction of nitrate to nitrite has commonly used zinc (Morita & Nakamura, 2008), and various
forms of cadmium (precipitated, pure filings, or amalgamated) (Nydahl, 1976), as the electron source.
Alternative reduction reactions can involve vanadium(III) (Schnetger & Lehners, 2014), and nitrate
reductase (Campbell, 1999). Zero-valent iron (ZVI), ferrous ion, sulphur and hydrogen have also been
reported for the determination and remediation of nitrate (Zhu & Getting, 2012). Numerous bimetallic
nanoparticles based on zero-valent iron, have also been suggested, such as Cu, Pd, Pt, Ni and Ag
(Muradova et al., 2016), and magnetite doped ZVI (Cho et al., 2015). Due to their greater surface area,
nanoparticles provide greater reduction rates in comparison to their macro-particle counterparts,
however, the increased rate at which nanoparticle reductants are oxidised poses challenges relating
to stability and shelf life of the reductants. Introduction of noble metals onto the nano-ZVI surface has
been reported to increase iron stability and therefore enhance redox performance catalytically
(Muradova et al., 2016). Reduction in these systems, however, does not necessarily terminate at
NO2-, it can also proceed to NH3 and NH4+, and NOx gaseous species (Fanning, 2000). Ongoing reduction
beyond NO2- would be problematic when the focus is to quantify nitrate.
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The utilisation of hydrogel supports helps overcome many of the challenges facing the use of metal
nanoparticles, such as aggregation, oxidation and inactivation (Sahiner et al., 2010). Suspension of
particles in hydrogels can stop aggregation, and improve mechanical strength (Thoniyot et al., 2015).
Hydrogel composites can also provide superior functionality to the composite materials, including biosensing, nano-medicine, and environmental remediation (Thoniyot et al., 2015). Halting aggregation
often results in increased surface area (Liu & Wang, 2019), thereby decreasing the total mass of
nanoparticle required for complete nitrate reduction. The support matrix can also mediate electron
transfer, and nucleate product phase growth (Liu & Wang, 2019). In addition to improved activity,
suspension of zero-valent metal nanoparticles (nZVM) in hydrogels increases the stability and shelflife of the nanoparticles (Sahiner, 2013). Most importantly, hydrogels can encapsulate the often toxic
metal nanoparticles, resolving many of the environmental concerns associated with using zero-valent
metal nanoparticles for the in situ reduction of nitrate (Sahiner, 2013).
The major limitation of p(AMPS) hydrogels, used in this research, is their low mechanical strength
(Gong et al., 2003), numerous strategies have been developed to improve their mechanical strength
while maintaining their chemical properties. Hybrid cross-linked p(AMPS), and double network
hydrogels have been reported as methods for improving the mechanical strength of p(AMPS)
hydrogels (Chen et al., 2015a; Su & Okay, 2018). P(AMPS/AMA) copolymer hydrogels, as used in this
research, consisting of varying mole ratios have also been reported (Jamshidi & Rabiee, 2014). The
sulfonate group of AMPS provides ionic exchange capability, electrical conductivity, and resistance to
divalence and salinity (Sheng, 2010). Acrylamide shields the copolymer, by providing resistance to
hydrolysis, acidity and alkalinity (Sheng, 2010). The rigid side chains, large chains, and chains of ring
structures provide good thermal stability, and further shielding effects (Sheng, 2010).
Gold nanoparticles have numerous properties which make their use advantageous over other metallic
nanoparticles for the colourimetric determination of nitrite, such as, their distance dependant optical
properties (Lee et al., 2008), well defined colour change (Gunupuru et al., 2014), and high stability
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(Zhang et al., 2014). Numerous colour change methods have been reported, such as cross-linking, deprotection, and anti-aggregation to name a few. Cross-linking methods produce a colour response
when the target molecule decreases inter-particle distances, causing aggregation (Tsogas et al., 2018).
In de-protection methods free specific aptamers weakly bound to the gold nanoparticle surfaces are
detached by the target compound, inducing a colour change (Chen et al., 2015b; Liu et al., 2018). In
anti-aggregation methods physiochemical interactions between the target analyte and nanoparticle
cross-linking agents inhibits pre-existing cross-linking (Liu et al., 2018).
Numerous gold and silver nanoparticles have been reported, with varying degrees of selectivity for
nitrite (Amanulla et al., 2017; Ibrahim et al., 2019; Perez-Coronado et al., 2017). Amanulla et al. (2017)
report a chitosan stabilised gold nanoparticle decorated reduced graphene oxide, for the selective and
sensitive detection of nitrite. Aggregation of the chitosan-stabilised gold nanoparticles, arising from
their closer formation, produced a wine red to purple colour change (Amanulla et al., 2017).
Although colourimetric determination of nitrite and DGT measurement of nitrate are well established,
each has advantages and disadvantages, as discussed above. The objective of this study was to
develop and establish a nitrate DGT solution probe that produced a colour change within the binding
layer, for the colourimetric determination of nitrate. To achieve this, this research addressed the
following: (i) the establishment of a straightforward method for the preparation of zero-valent metal
impregnated hydrogel sheets for nitrate reduction to nitrite; and (ii) the incorporation of a
nanoparticle into the binding layer that provided a quantitative colour change in the presence of
nitrite.

4.2. Methods and Materials
The development of the AuNP colour reagents for use as a binding layer in DGT necessitated the
development of a nitrate reducing hydrogel. The development of an AuNP-chitosan binding layer and
a Fe(0) hydrogel required various strategies and solutions. A schematic of the work undertaken was
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supplied in the supplementary material (Figure 4.14) to provide context to the work undertaken. The
following section details the methods used in this study.
4.2.1 General Procedures
All reagents were sourced from Merck, New Zealand, unless otherwise stated.
All labware was cleaned with 10 % HCl for 24 hours, before being thoroughly rinsed with deionised
water (18.2 MΩ). All solutions were prepared utilising 18.2 mΩ deionised water. Iron(III) solution was
prepared with laboratory grade reagent anhydrous FeCl3.
Poly(acrylamide-2-acrylamido-2-methyl-1-propanesulfonic

acid)

(p(AMA/AMPS))

copolymer

hydrogels were prepared using 99 % pure 2-acrylamido-2-methyl-1-propanesulfonic acid, 40 %
acrylamide, and 99 % N,N’-methylenebisacrylamide as the monomers and cross-linker respectively,
and ammonium persulfate (APS) as the redox initiator (Sigma-Aldrich, New Zealand).
Neutral agarose cross-linked polyacrylamide hydrogels, and Purolite A520E impregnated hydrogels
were prepared as detailed in Corbett et al. (2019). The ground and dried Purolite A520E (5 g) resin was
preconditioned in 100 mL of 3 mol L-1 NaCl however, to remove background nitrate before
polymerisation (Huang et al., 2016b).
Dialysis membranes, with a molecular weight cut-off of <15 kDa, were used as the diffusive layer for
the liquid binding layer DGT. The membranes were prepared as in previous studies (Li et al., 2003).
The membranes were soaked in deionised water (18.2 mΩ) overnight, washed with 80 °C solution of
0.3 w/v % sodium sulphide for a minute, soaked in 60 °C deionised water for 2 minutes, then 0.2 v/v
% sulfuric acid, and lastly 60 °C deionised water before being stored in deionised water (Li et al., 2003).
The dialysis membrane was then cut into disks (25 mm diameter).
DGT were assembled by layering the diffusion layer and filter membrane over the binding layer on the
DGT base, before sealing in place with the DGT cap (Figure 4.1). The volume of the liquid binding layer
DGT designed and made here was 2 mL, the 1.5 mL of 5 g L-1 AuNP-chitosan suspension was used in
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each liquid binding layer DGT. Section 4.2.4 details the preparation of the gold nanoparticle
ssuspension.
4.2.2 Zero-Valent Iron Hydrogel Preparation
P(AMPS/AMA) copolymer hydrogels were prepared via radical polymerisation, based on the method
developed by Sahiner et al. (2010). Briefly, 0.00789 mol (1.6351 g) 2-acrylamido-2-methyl-1propansulfonic acid (AMPS), 1 mol % (with respect to the total monomer) of N,N’methylenebisacrylamide (0.0203 g) were thoroughly mixed in 3.27 mL (0.01841 mol) acrylamide and
6.73 mL of deionised water until completely dissolved. 1 mL of 1 w/v% ammonium persulfate was
added and thoroughly mixed. The gel solution was carefully pipetted between glass plates separated
by 0.5 mm inert spacers to avoid bubbles, and polymerised at 40 oC for ~100 minutes, or until
completely polymerised. Gels were carefully removed from the plates and immersed in 750 mL of 0.12
mol L-1 FeCl3 solution for 48 hours. The hydrated Fe(III) impregnated gels were washed in deionised
water for 24 hours to remove unreacted reagents and physisorbed Fe(III). The water was changed at
least 3 times over that period.
Fe(III) was reduced to Fe(0) with NaBH4 (~30 mL of 0.16 mol L-1) under a nitrogen atmosphere for two
hours. The sheets were rinsed with N2 splarged 18.2 mΩ water, after which they were cut into disks
(diameter = 25 mm) for nitrate reduction studies and incorporation into the DGT devices.
4.2.3 Nitrate Reduction
Determination of the total mass of nitrate reduced to nitrite, and other species (NH4+/NH3 (aq), and NOx
(g),

is necessary to ensure enough nitrite is produced to yield colour change in the binding layer. Batch

reactor nitrate reduction experiments were performed in triplicate, under atmospheric conditions.
Briefly, Fe(0)-p(AMPS/AMA) disks were placed in 100 mL of 20 mg L-1 NO3- (from NaNO3). Samples (1
mL) were taken at regular intervals which were diluted to 4 mL with deionised water, to meet the
required volume for analysis via ion chromatography. Samples were taken at regular intervals and
analysed for nitrate and nitrite via ion chromatography, and ammonia/ammonium via
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spectrophotometry (EPA, 1993). Discussed in section 4.2.8. Gaseous species were not determined,
because they could have no effect on the potential colour reactions, instead a nitrogen balance was
performed and the nitrogen unaccounted for by ion chromatography and spectrophotometry was
presumed to be NOx (g).
To determine whether nitrate reduction could be terminated at nitrite, Fe(0)-p(AMPS/AMA) hydrogels
were deployed with the standard A520E nitrate binding layer in a diffusion cell and in the standard
A520E-DGT, where the Fe(0)-p(AMPS/AMA) hydrogel made up part of the material diffusion layer
(closest to the binding layer).
4.2.4 Gold Nanoparticle Preparation
The synthesis and functionalisation of graphene oxide (GO) commonly involves the treatment of
pristine graphite with strong oxidants, producing functionally similar but structurally dissimilar
graphite oxide sheets (Khalil et al., 2016). Exfoliation by sonication in the presence of water formed a
colloidal suspension of graphene oxide (Paredes et al., 2008; Ye & Feng, 2016) – which was further
functionalised with chitosan and Au to produce the reduced GO supported Au nanoparticles (AuNPrGO). The formation of the chitosan stabilised AuNP (AuNP-chitosan) used largely the same method,
excluding the formation and functionalisation of GO. The reaction schematic was provided in Figure
4.2.
Graphite oxide was prepared using a modified Hummers method, as in Amanulla et al. (2017). A
mixture of 1 g of NaNO3 and 50 mL H2SO4 (AR grade), to which 2 g of natural graphite powder (≤44
µm) was added and stirred at 0 oC. 12 g of KMnO4 was slowly added and the solution was continuously
stirred for a further 2 hours, and then heated to 35 ± 5 oC for 30 minutes (Amanulla et al., 2017). Water
(150 mL) was added slowly, and the solution heated to 90 oC under vigorous stirring for 15 minutes.
120 mL of 30 % H2O2 was added to the suspension until the colour became yellow (Amanulla et al.,
2017). The prepared solid sample was allowed to settle and the decanted, before being washed with
5% HCl, and at least three times with milliQ water, following sample settling (Amanulla et al., 2017).
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The graphene oxide suspension (50 mL, 1 mg mL-1) was formed via the sonication (Soltec Sonica
Ultrasonic Cleaner) of 50 mg graphite oxide in 50 mL milliQ (18.2 Ω) water 30 for minutes. 30 minute
sonication times have previously been reported to almost completely (97-99 %) form GO sheets of
smaller than 1 µm (Ye & Feng, 2016).
Chitosan stabilised gold nanoparticles decorated reduced graphene oxide (Au-rGO) were also
prepared as in Amanulla et al. (2017). Briefly, 0.5 g of low molecular weight chitosan (150 kDa) was
added to 30 mL of deionised water and stirred, HCl (5 v/v %) was added dropwise until the chitosan
was dissolved. Graphene oxide suspension (20 mL of 2.5 mg mL-1) was added and the mixture stirred
for 30 minutes (Amanulla et al., 2017), to which 0.1 mol L-1 succinic acid and 50 mL of 1 mmol L-1
HAuCl4 were added simultaneously, and then heated at 60 oC whilst stirring under reflux until the
colour turned wine red (Amanulla et al., 2017). NaOH (0.1 mol L-1) was added 1 mL at a time to aid in
the formation of the AuNP-chitosan. The gold nanoparticle/graphene oxide composite was oven dried
at 60 °C. AuNP-chitosan was prepared in the same way; however, there was no graphene oxide added
and the chitosan was dissolved in 50 mL of deionised water instead of the graphene oxide suspension.
AuNP suspensions were prepared by adding the dried AuNP to deionised water, and alternately
sonicated for 15 minutes and vigorously manual shaken until there were no large AuNP particles in
the suspension (determined visually).
The AuNP-rGO hydrogels were prepared using the hydrogel formation in particle suspension method.
Briefly, 0.5g of the synthesised AuNP-rGO was added to the agarose/acrylamide gel solution (10 mL),
and vigorously stirred. 70 µL of 10 % ammonium persulfate and 25 µL of tetramethylethylenediamine
were added to the solution whilst stirring. The solution was quickly pipetted between glass plates
separated by 0.4 mm inert spacers, carefully to ensure there were no air bubbles. Polymerisation
occurred at 40 oC in an oven for approximately 100 minutes, or until polymerisation was complete.
The prepared AuNP-rGO hydrogels were washed 4 times in 18.2 mΩ water over 24 hours, to remove
unreacted hydrogel reagents. The hydrogels were stored in 18.2 mΩ water at 4 °C.
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AuNP-chitosan synthesis
beginning. Excluding GO.

Bonds not
present in AuNPchitosan

GO not present in
AuNP-chitosan
GO not present in
AuNP-chitosan

Figure 4.2: Reaction illustration for synthesis of reduced graphene oxide supported Au nanoparticles
(AuNP-rGO), and the possible binding modes of the chitosan to graphene oxide and gold (Amanulla
et al., 2017; Khalil et al., 2016; Sutirman et al., 2016; Yan et al., 2016). No reduced graphene oxide
was used in the synthesis of the AuNP-chitosan, the chitosan stabilised Au nanoparticles (AuNPchitosan) end product was the same as the AuNP-rGO excluding the amine bond from the chitosan
to the reduced graphene oxide (rGO) (red lines).
4.2.5 Standard Nitrate Specific and Diffusive Hydrogel Preparation
Nitrate specific and standard DGT agarose cross-linked polyacrylamide (APA) diffusive gels were
prepared as detailed in Corbett et al. (2019). No binding reagent was present in the diffusive gel and
inert spacers of 0.25, 0.4, and 0.5 mm thicknesses were used. The AuNP-rGO was substituted for 4 g
of ≤125 µm Purolite A520E nitrate specific resin and a 0.5 mm inert spacer was used. Diffusive and
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A520E binding gels were washed at least 4 times over 24 hours, before being stored in 0.01 mol L-1
NaCl at room temperature and milliQ water at 4 °C respectively.
4.2.6 Diffusion Coefficient
The presence of Fe in the p(AMPS/AMA) hydrogel network, and the use of different monomers to
create the hydrogel to the standard APA DGT diffusion layer, means the diffusion coefficients of nitrate
through the Fe(0) hydrogels were different. The diffusion coefficient of nitrate/nitrite through the Fe
doped p(AMPS/AMA) hydrogels and dialysis membranes were determined by deploying sets of
standard Purolite A520E nitrate specific DGT with diffusion layers of varying thicknesses, for 24, 48
and 72 hours. The coefficients were confirmed using a horizontal diffusion cell (area = 3.46 cm2)
The thickness of the dialysis membrane after pre-treatment and the Fe p(AMPS/AMA) hydrogels was
measured using a WILD M38 Microscope (Heerbrugg, Switzerland) with a Nikon Digital Sight DS-U1
camera (Tokyo, Japan), and analysed using Image-Pro Plus (Media Cybernetics, Maryland, USA).
4.2.7 Colour Determination and Stability
To determine the optimal AuNP and AuNP concentration for colour development a series of
experiments were conducted. Firstly, nitrite solution, prepared from NaNO2, was added to vials of
freshly prepared AuNP-chitosan and AuNP-rGO suspensions, to provide NO2- masses from 0 – 145 µg
and AuNP concentrations of 1, 3, and 5 g L-1. The maximum nitrite mass were chosen because it was
similar to the previously reported binding capacities of the standard nitrate DGT (Corbett et al., 2019;
Huang et al., 2016a). Secondly, the AuNP suspensions were re-analysed 7, 14 and 21 days after the
initial analysis to determine the stability of the AuNP suspensions when reacted with nitrite.
Liquid binding layer AuNP-chitosan DGT, Figure 4.1B, were deployed in a range of nitrite solutions
(volume = 6 L) to determine whether a colour change could be induced within the DGT probe.
Furthermore, the extent to which the AuNP-chitosan liquid binding layer met the theoretical
requirements for DGT, of rapid and strong adsorption to maintain the concentration gradient through
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the material diffusion layer (MDL) (Davison, 2016), was assessed. AuNP-chitosan DGT were deployed
in triplicate for 5 days in nitrite solutions from 0-1000 mg L-1 NO2- (prepared from NaNO2).
UV-vis spectroscopy was performed on the AuNP-chitosan and AuNP-rGO suspensions, and AuNP-rGO
hydrogels to determine the colour intensity, and blue shift when reacted with nitrite. Plastic cuvettes
were cut to size, so that when hydrogels were placed on the outside of the cuvette fitted within the
instrument.
The AuNP suspensions were photographed using a Samsung S10 mobile phone camera. The RGB (red,
green, blue) composition was analysed with using ImageJ. The colour intensity was determined by
subtracting the RGB values of the blank. The RGB composition related to the mass of nitrite bound to
the colour change binding layer.
The effective intensity (Ax) was calculated using the following equations (Das & Sarkar, 2016), where
Rs, Gs and Bs are the sample RGB values, and Rb, Gb and Bb are the blank RGB values (Das & Sarkar,
2016).
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4.2.8 Analysis

𝑨𝑨𝑩𝑩 = − 𝐥𝐥𝐥𝐥𝐥𝐥 �

(2)

Scanning Electron Microscope (SEM) images, using a Hitachi S-4700 Field Emission SEM, were taken
of the Fe impregnated p(AMA/AMPS) hydrogels, and the AuNP. The Fe hydrogels were imaged prereduction to Fe(0), and post nitrate reduction.
SEM, Fourier-transform infrared (Perkin Elmer Spectrum 100), and powder x-ray diffraction
(Panalytical Empyrean) spectroscopy of the AuNP-chitosan, AuNP-rGO, rGO, GO, GiO, and graphite
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were performed to ensure the desired products were synthesised and to assess the colour response
of the AuNP-rGO to nitrite.
Analysis of nitrate and nitrite masses bound to the standard Purolite A520E DGT were performed using
a Dionex ICS-200 Ion Chromatograph (Dionex, California, United States), as outlined by Corbett et al.
(2019). Analysis of solution nitrate and nitrite concentrations were also performed using ion
chromatography as outlined by Corbett et al. (2019). Ammonium/ammonia concentrations were
determined using a Spectrophotmeter (Jenway 7300, United Kingdom) (EPA, 1993). Two reagent
solutions were prepared for colourimetric determination ammonium/ammonia. Reagent solution 1
was 1 L of 10 g L-1 phenol and 50 mg L-1 sodium nitroprusside (EPA, 1993). Solution 2 contained 5 g
NaOH and 8.4 mL of 5 % NaOCl, which was made to 1 L with deionised water. Both solutions were
stored in brown Schott bottles, refrigerated, and aged for 2 days before use. 2 mL of both reagents
were added to 2 mL of the sample, which was subsequently heated in a temperature bath (37 °C) for
15 minutes, before being transferred to 5 mL cuvettes for spectrophotometric analysis alongside
calibration samples.
Calculation of the time weighted average DGT concentration (CDGT, mg cm-3) was determined using the
full DGT equation (Davison, 2016) (Equation 2), where M = accumulated mass, mg; Aeff = effective area,
cm2; t = time, length of deployment, s; Dmdl, DFe, Dw = diffusion coefficients of the material diffusion
layer (MDL = APA diffusive gel and polyethersulfone filter membrane), Fe impregnated p(AMPS/AMA)
hydrogel), and water respectively, cm2 s-1; Δgmdl, ΔgFe, δ = thickness of material diffusion layer, and
Diffusive Boundary Layer respectively, cm (Davison, 2016).

𝑪𝑪𝑫𝑫𝑫𝑫𝑫𝑫 =
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𝜹𝜹
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+ �
𝑨𝑨𝒆𝒆𝒆𝒆𝒆𝒆 𝒕𝒕 𝑫𝑫𝒎𝒎𝒎𝒎𝒎𝒎
𝑫𝑫𝑭𝑭𝑭𝑭
𝑫𝑫𝒘𝒘

(4)

The diffusion coefficients through the polyethersulfone filter membrane and APA diffusive layer are
indistinguishably different (Davison, 2016), and as such were combined to the material diffusion layer
(MDL). The diffusion coefficient through the Fe impregnated gel and dialysis membrane required
determination, as discussed above. The diffusion coefficients of nitrate and nitrite were treated as the
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same. The diffusion coefficient of nitrate through the APA diffusion layer was 1.46 x 10-5 cm2 s-1 at 25
o

C (Huang et al., 2016b). The diffusion coefficient of nitrate and nitrite through water was 1.70 x 10-5

cm2 s-1 at 25 oC (Picioreanu et al., 1997). Diffusion coefficients were temperature corrected, and
Diffusive Boundary Layer (DBL) calculation were performed as described by Davison (2016) (Equation
3). T = temperature (oC), DT = diffusion coefficient at temperature T (cm2 s-1), and D25 = diffusion
coefficient (cm2 s-1) at 25oC (Davison, 2016).

𝒍𝒍𝒍𝒍𝒍𝒍𝑫𝑫𝑻𝑻 =

4.3. Results

𝟏𝟏. 𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑(𝑻𝑻 − 𝟐𝟐𝟐𝟐) + 𝟎𝟎. 𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎(𝑻𝑻 − 𝟐𝟐𝟐𝟐)𝟐𝟐
𝑫𝑫𝟐𝟐𝟐𝟐 (𝟐𝟐𝟐𝟐𝟐𝟐 + 𝑻𝑻)
+ 𝒍𝒍𝒍𝒍𝒍𝒍
𝟏𝟏𝟏𝟏𝟏𝟏 + 𝑻𝑻
𝟐𝟐𝟐𝟐𝟐𝟐

(5)

4.3.1 AuNP-chitosan Development and Colour Response
An AuNP-chitosan suspension was developed, which provided a quantitative colour response to
varying nitrite masses (0 – 145 µg of nitrite in 1.5 mL of the AuNP-chitosan suspension) (Figures 3-5).
The colour response was dependent on the AuNP-chitosan concentration.

Increasing
(0 –µg)
145 µg)
NitriteNitrite
Mass Mass
(0 – 145

A

B

C

D

Figure 4.3: Image of the (A) 1 g L-1, (B) 3 g L-1, and (C) 5 g L-1 chitosan stabilised Au nanoparticles (AuNPchitosan), and (D) 5 g L-1 reduced graphene oxide supported Au nanoparticles (AuNP-rGO) reacted with a
range of nitrite masses (0 – 145 µg).
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Increasing the AuNP-chitosan concentration made visual determination of the colour change easier
(Figure 4.3). The colour change was more distinct, providing stronger UV-vis absorption at 523 nm,
and 683 nm, as the suspension became blue shifted in the presence of nitrite (Figures 4.5A-C). The
higher concentration of AuNP-chitosan also provided stronger UV-vis calibration curves – greater R2
values (Figures 4.3A-C). There was no significant colour change within the AuNP-rGO suspensions
(Figure 4.3D) and yielded poorly correlated UV-vis and RGB regression curves (Figures 4.4D and 4.5D).
AuNP-hydrogels were also developed, but they did not change colour in the presence of nitrite,
determined visually and via UV-vis, as such, they were not pursued.
As the mass of nitrite approached the maximum detection limit, the AuNP precipitated out of solution,
accumulating in the bottom of the vials (Figure 4.3). The intensity of the colour of the AuNP suspension
decreased, until all AuNP precipitated and the solution became colourless - the UV-vis peaks
disappeared (Figure not supplied). Increasing the concentration of the AuNP suspension increased the
mass of nitrite required for all AuNP to precipitate out of solution, and therefore the upper detection
limit.
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Figure 4.4: UV-vis absorption for (A) 5 g L-1, (B) 3 g L-1, and (C) 1 g L-1 chitosan stabilised Au
nanoparticles (AuNP-chitosan), and (D) 5 g L-1 reduced graphene oxide supported Au nanoparticles
(AuNP-rGO) reacted with a range of nitrite masses (0 – 145 µg). The UV-vis peak for the AuNP-rGO
was at 586 nm. Only one curve was presented for the AuNP-rGO because no other peak formed with
increasing nitrite mass.
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Figure 4.5: The red, green and blue (RGB) intensities versus the nitrite mass for (A) 5 g L-1, (B) 3 g L-1, and
(C) 1 g L-1 chitosan stabilised Au nanoparticles (AuNP-chitosan), and (D) reduced graphene oxide
supported Au nanoparticles (AuNP-rGO) suspensions.
The formation of layers in the AuNP-rGO system (Figure 4.3D), made consistent sampling for both UVvis and RGB analysis difficult, resulting in calibration curves with low R2 values (Figures 4.4D and 4.5D).
There was little variation in the RGB analysis between data points (Table 4.1), which made accurate
determination of nitrite mass more difficult than the AuNP-chitosan systems. The reaction of the
AuNP-chitosan with large (> 100 µg) nitrite masses formed a precipitate which settled to the bottom
of the vials; however, layers within the suspension were not formed (Figure 4.3A-C). It was, therefore,
easier to take consistent samples for UV-vis and RGB analysis, producing regression curves with higher
R2 values (Figures 4.4 and 4.5).
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Figure 4.6: (A) The ratio of red to blue intensity for varying concentrations of chitosan stabilised Au
nanoparticles (AuNP-chitosan) (1, 3, and 5 g L-1) reacted with different masses of nitrite, and the linear
regression of the red:blue ratio to nitrite mass. (B) 3-Dimensional plot of the red and blue intensities
versus nitrite mass for the 5 g L-1 AuNP-chitosan calibration curve.
The best-fit regression curves for the RGB analyses were cubic polynomials (Figure 4.5). RGB analysis
therefore required the combination of at least two components, because single components could
provide multiple different nitrite masses. The components chosen were red and blue, because they
provided the greatest difference in intensity compared to the blank AuNP suspension (Table 4.1),
except for 1 g L-1 AuNP-chitosan and 5 g L-1 AuNP-rGo. The ratio of the red to blue components
provided the strongest correlation to mass as the AuNP-chitosan concentration increased (Figure
4.6A). Figure 4.6B illustrates how the red and blue components change in relation to each other as
nitrite mass increases.
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Table 4.1: RGB Intensities for 5 g L-1, 3 g L-1, and 1 g L-1 chitosan stabilised Au nanoparticles (AuNPchitosan, and 5 g L-1 reduced graphene oxide supported Au nanoparticles (AuNP-rGO) suspensions
determined using Equations 1-3. Note: values determined for nitrite data presented above, 0 – 145 µg).
Component
Red

Green

Blue

5 g L-1

3 g L-1

1 g L-1

rGO 5 g L-1

Minimum

-0.0487

-0.0325

-0.0627

-0.1531

Maximum

0.2279

0.1127

0.0447

0.0000

Range

0.2766

0.1452

0.1074

0.1531

Minimum

-0.0567

-0.0887

0.0000

-0.1453

Maximum

0.0325

0.0000

0.0769

0.0733

Range

0.0892

0.0887

0.0769

0.2186

Minimum

-0.1062

-0.1448

0.0000

-0.1349

Maximum

0.0243

0.0000

0.0700

0.0501

Range

0.1305

0.1448

0.0700

0.1850

Due to the improved colour reaction of the 5 g L-1 AuNP-chitosan suspension, compared to lower
concentrations and the AuNP-rGO suspension, subsequent colour development experiments (stability
and solution) utilised the 5 g L-1 AuNP-chitosan suspension alone.

110

4.3.2 AuNP-chitosan Stability
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Figure 4.7: Stability of 5 g L-1 chitosan stabilised Au nanoparticles (AuNP-chitosan) suspensions
determined by UV-vis at 523 and 683 nm, and the 683:523 nm ratio compared to the initial 5 g L-1 AuNPchitosan suspensions (Figure 4.4C). Stability was determined as the ratio of these components for (A)
one-week after initial analysis, (B) two-weeks after the initial analysis, and (C) three-weeks after the initial
analysis.
The colour development continued after the initial analysis (Figure 4.7). The absorption ratio of one
week, two weeks and three weeks after initial analysis to the initial analysis are < 1 for all components
(red 523 nm, blue 683 nm, and 683:523). The 523 nm ratio decreased as the nitrite mass increased,
because the higher nitrite mass vials continued developing to a greater extent (blue shifting). One
week after the initial analysis the lower nitrite mass vials began forming ‘globules’, the same colour as
the suspension. The globules formed due to the agglomeration of chitosan and not the nanoparticles.
The ‘globules’ were not significantly blue shifted, which would result from the precipitation of the
AuNP-chitosan. The increased mass of nitrite appears to stabilise the AuNP suspension by reducing
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the aggregation of the chitosan. The AuNP-rGO suspension and lower AuNP-chitosan provided much
weaker curve fits (Figures not included).
4.3.3 AuNP-chitosan DGT Development and Solution Trials
5 g L-1 AuNP-chitosan suspensions, as presented above, were determined to be the optimal
concentration for use within the liquid binding layer DGT. Subsequent solution trials of the assembled
AuNP-chitosan DGT, therefore, utilised 1.5 mL of 5 g L-1 AuNP-chitosan suspension per DGT as the
liquid binding layer. Colour change within the liquid binding layer was achieved in situ during solution
trials (Figures 4.8 and 4.9). The colour development was not rapid enough to meet the theoretical
requirements of DGT, as development occurred over several days, for combination of the AuNPchitosan DGT with the Fe(0) reducing layer (results presented below).
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Figure 4.8: (A) UV-vis, and (B) RGB analyses of chitosan stabilised Au nanoparticles (AuNP-chitosan)
DGT for laboratory deployments in synthetic solutions of various nitrite concentrations. Nitrite mass is
the mass of nitrite within the binding layer. The same curve types were fitted as for the AuNP suspension
data (Figures 4.4 and 4.5).
The AuNP-chitosan suspension colour change was clearly detectable visually after deployment (Figure
4.9A). The colour change was also clearly detectable in the DGT probes, after the material diffusion
layer (MDL) was removed (Figure 4.9B). The blue shift due to the decrease in AuNP distance in the
presence of nitrite was easily detectable visually (Figures 4.8A and B). The formation of AuNP-chitosan
aggregates occurred at high nitrite (90 – 120 µg) masses (Figures 4.9A and B). AuNP-chitosan
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aggregates formed on the dialysis membrane after deployments in high concentration nitrite solutions
(Figure 4.9C).
Dilution of the AuNP-chitosan suspension occurred during solution deployments, the UV-vis (523 and
683 nm) ratio of AuNP-chitosan suspension in AuNP-DGT deployed in 0 mg L-1 nitrite to the undeployed AuNP-chitosan suspension were 0.69 and 1.01 respectively.

A

B

C

Figure 4.9: (A) Au nanoparticle suspension in 3D printed liquid binding layer DGT. (B) AuNP suspensions
after deployment in liquid binding layer DGT in nitrite solutions (0 and 90 µg). (C) Formation of AuNP
precipitates on the dialysis membranes where the nitrite mass in the binding layer was large (> 90 µg).
4.3.4 Nitrate Reduction and Diffusion Layer Properties
Figure 10 shows the production of nitrite by the Fe(0)-p(AMPS/AMA) hydrogel. Reduction began
immediately upon introduction of the Fe(0) hydrogel to the reaction vessel. Ammonia and ammonium
production was determined experimentally (figure not shown), and lagged behind nitrite production
by 60 minutes – in the absence of an A520E binding layer. A full nitrogen mass balance indicated NOx
species were likely produced, beginning at approximately the same time as the ammonia and
ammonium production. NOx species, however, were not determined experimentally. When an A520E
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binding layer was included, removal of nitrite meant that further reduction to NH3/NH4+ and gaseous
species did not occur.
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Figure 4.10: Nitrate reduction (nitrite production) with Fe(0) impregnated poly-2-acrylamido-2-methyl-1propanesulfonic acid/acrylamide copolymer hydrogel (10 % AMPS), and inset of linear reduction.
The diffusion coefficients of nitrite and nitrate through the Fe(III)-p(AMPS/AMA) hydrogel were both
1.24 x 10-5 cm2 s-1 at 20.6 °C, temperature corrected to 25 °C they were 1.40 x 10-5 cm2 s-1. This is 95.8
% of the diffusion coefficient of nitrite through water at 25 °C (14.6 x 10-6 cm2 s-1) (Picioreanu et al.,
1997). The thickness of the Fe(III)-p(AMPS/AMA) hydrogel after washing and swelling was 1.1 mm.
The diffusion coefficients of nitrite and nitrate through the dialysis membrane were 4.65 x 10-6 cm2 s1

at 21.9 °C and 4.56 x 10-6 cm2 s-1 at 20.4 °C, temperature corrected to 25 °C they were 5.05 x 10-6 cm2

s-1 and 5.15 x 10-6 cm2 s-1 respectively. This is 34.6 % and 35.4 % of the diffusion coefficient of nitrite
through water at 25 °C. The thickness of the dialysis membrane after pre-treatment was 43 µm.
4.3.5 Formation of Au nanoparticles
The formation of the AuNP-rGO and AuNP-chitosan composites were confirmed via FTIR and XRD
(Figure 4.11). The broad and intense -OH stretch at 3380 cm-1, strong C=O stretching at 1734 cm-1, C=C
conjugated ketone stretching at 1628 cm-1, C-O phenol stretch at 1228 cm-1, and C-O primary alcohol
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stretch at 1058 cm-1, present in sample 2 and not 1 (Figure 4.11A), are indicative of the formation
graphite oxide from pure graphite (Emadi et al., 2017).
The rGO spectra is a combination of the chitosan and graphite oxide spectra (Emadi et al., 2017). The
loss of the carboxylic acid C=O stretch at 1734 cm-1 of the graphite oxide upon reaction with chitosan,
and the presence of HN-CO stretching vibrations at 1648 cm-1, support the formation of amide linkages
between the NH and COOH groups of the chitosan and graphene oxide (Figures 4.2, and 4.11A) (Emadi
et al., 2017). The intensity of the interaction of -OH groups of the graphene oxide and chitosan resulted
in a more intense C-O primary alcohol stretch at 1093 cm-1 for the rGO, compared to the stretch at
1058 cm-1 for the graphite oxide (Emadi et al., 2017). The chitosan strong C-H stretch at 2880 cm-1 was
also present in the rGO, and persisted in the AuNP-chitosan and AuNP-rGO. The AuNP-chitosan and
AuNP-rGO spectra were largely the same, and the intensity was diminished in comparison to the
parent materials.
XRD analysis further confirmed the formation of the AuNP composites (Figure 4.11C) and precursors
(Figure 4.11). A very strong peak at 9.8 ° and weak peak at 20 ° in the graphite oxide replaced the
peaks present in the pure graphite. Chitosan provided a weak peak at 10.6 ° and a strong peak at 19.9
°. The reduced graphene oxide peaks were a combination of the graphite oxide and chitosan peaks
(9.9 °, and 19.8 ° with shoulder at 21.8 °).
AuNP-rGO peaks at 38.0 °, 44.3 °, 64.5 ° and 77.5 °, and AuNP-chitosan peaks at 38.2 °, 44.4 °, 64.7 °
and 77.4 ° (Figure 4.11C) confirm the reduction of Au(III) to Au(0) (Ramasamy & Maliyekkal, 2014).
They are indicative of the (111), (200), (220) and (311) planes of face centred cubic Au (Amanulla et
al., 2017). The peaks at around 27 °, 32 °, 54 °, 57 °, 66 °, 73 ° and 75 ° correspond to NaCl (Ramasamy
& Maliyekkal, 2014). The rGO peaks in the AuNP-rGO composite were significantly reduced in
intensity. The chitosan peaks in the AuNP-chitosan composite largely disappeared (10.6 °), and the
peak at 19.9 ° broadened and flattened from 17 ° to 25.6 °.
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Figure 4.11: (A) Fourier-transform infrared chromatography, and (B) and (C) XRD: graphite (1), graphite
oxide (2), reduced graphene oxide (3), chitosan (4), chitosan stabilised Au nanoparticles (5) and reduced
graphene oxide supported Au nanoparticles (6). The spectra in (A) and (C) were artificially separated so
the components were easily discernible, the relative transmittances and intensities were unchanged.
SEM imaging and elemental analysis (Figure 4.12) further confirmed the formation of the AuNPchitosan and AuNP-rGO composites. The two-dimensional graphene oxide and irregular spherical
chitosan were present in the AuNP-rGO (Figures 4.12A and C). The irregular spherical/globular
chitosan structure was clearly visible in the AuNP-chitosan (Figure 4.12B). Elemental analysis (Figures
4.12E-F) of the bright areas in the back scattering images (Figures 4.12C-D) confirmed the presence of
gold. It was considerably more difficult to find and analyse gold in the AuNP-chitosan composite,
requiring much greater magnification, because the gold particles were much smaller than in the AuNPrGO. This size difference resulted in different optical properties (Figure 4.3), due to the different
surface plasmon resonance.
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Figure 4.12: SEM images of reduced graphene oxide supported Au nanoparticles (AuNP-rGO) (A and C),
and chitosan stabilised Au nanoparticles (AuNP-chitosan) (B and D). Elemental analysis of the marked
spots of the AuNP-rGO (E) and AuNP-chitosan (F). Example AuNP circled in (D).
4.3.6 Fe p(AMA/AMPS) Hydrogel
Iron impregnated hydrogels were successfully synthesised based on the method developed by Sahiner
et al. (2010). The light areas in Figure 4.13 are the Fe particles suspended in and on the p(AMPS/AMA)
hydrogel. Iron particles on the surface of the hydrogel are significantly larger than those within the
polymeric network. The Fe particles are smaller in the hydrogels after reduction to Fe(0) and oxidation
to Fe(III) by reaction with nitrate. The wrinkles in Figures 4.13B and D are likely due to the rapid drying
and shrinking of the hydrogels.
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Figure 4.13: SEM images of iron impregnated p(AMA/AMPS) hydrogels. (A) and (C): hydrogels before iron
reduction with NaBH4. (B) and (D): hydrogels after reduction of nitrate to nitrite. (E) Elemental analysis of
the site marked by the arrow in D.

4.4. Discussion
An AuNP-chitosan colourimetric technique was developed, and incorporated into a custom designed
and 3D printed DGT probe, as a liquid binding layer. This approach provided quantitative nitrite masses
between

0

–

145

µg.

A

poly-2-acrylamido-2-methyl-1-propanesulfonic

acid/acrylamide

(p(AMPS/AMA)) copolymer hydrogel was developed and impregnated with Fe(III) which was reduced
to Fe(0) nanoparticles. The Fe(0)-p(AMPS/AMA) hydrogel was used to reduce nitrate to nitrite, for
determination with the AuNP-chitosan suspension. Despite the success of the individual steps, there
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are a number of challenges remaining (discussed below), such as resolving the insufficiently fast
reaction rate of the AuNP-chitosan suspension so that DGT theory is met. When these challenges are
overcome and the AuNP-chitosan and Fe(0) systems successfully combined, offer a new DGT that
could quantitatively form colour in situ in response to nitrate in water bodies.
4.4.1 AuNP-chitosan DGT
Colour change within the binding layer of the AuNP-chitosan DGT was achieved in situ in lab-based
experiments, during deployment in nitrite solutions of various concentrations (0 – 1000 mg L-1). The
determined masses were significantly lower, however, than the expected masses. This was likely due
to the dilution of the AuNP-chitosan suspension, and the rate of reaction of the AuNP-chitosan
suspension not being rapid enough to meet the theoretical requirements of DGT (discussed below).
The colour change was most easily discernible, via both UV-vis and RGB analysis, at nitrite masses
greater than 40 µg, however, nitrite masses from 0 - 120 µg could be successfully determined.
Pre-concentration of the AuNP-chitosan suspension with small mass of nitrite (< 40 µg), prior to
construction of the DGT, would make determination of low nitrite concentrations easier. The colour
change was greatest above ~40 µg of nitrite, and it was difficult to visually discern differences in nitrite
masses below ~40 µg (Figures 4.4 – 4.8). The presence of nitrite also appeared to stabilise the AuNPchitosan suspension (discussed in section 4.4.2). High nitrite masses, however, appeared to be a
potential issue for the deployment of AuNP-chitosan DGT due to the precipitation of the AuNPchitosan on the dialysis membrane (Figure 4.9C).
Aggregation of the AuNP due to the presence of large masses of nitrite led to the precipitation of blue
shifted AuNP on the dialysis membrane. As further discussed in section 4.4.3, this precipitation will
affect the MDL thickness and present practical challenges for the field deployment of AuNP-chitosan
DGT – although these affects were not examined in this study.
A DGT base for housing the AuNP suspension, and other liquid binding layers, was designed and 3D
printed with total volume (excluding the volume created by extrusion of the rubber O-ring) of 2 mL
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(Figure 4.9B). The AuNP-chitosan volume used in the DGT was 1.5 mL, the added volume meant that
layering the dialysis membrane and other layers of the MDL was simple. Smaller volume probes were
also constructed, but it was difficult to stop the AuNP suspension from being drawn out whilst the
MDL was assembled. This meant that the AuNP-chitosan DGT needed to be deployed with the
aperture window facing down, so that the AuNP-chitosan suspension was in full contact with the MDL.
The base was designed to operate with the push-fit standard DGT solution probe cap. A screw on cap
was also designed and tested, however the torsion force required to seal the dialysis membrane and
rubber O-ring lead to tearing of the dialysis membrane.
The seal of the push-fit cap provided a strong seal, when combined with the low molecular weight cutoff dialysis membrane (< 15 kDa). The DGT remained sealed during vigorous shaking. There was,
however, dilution of the AuNP-chitosan suspension during deployment, most clear in the decrease in
the adsorption at 523 nm of the AuNP-chitosan suspension of DGT deployed in 0 mg L-1 nitrite solution.
The volume within the DGT did not change. The dilution was either due to leakages between the
rubber O-ring and dialysis membrane, or diffusion of AuNP-chitosan particles through dialysis
membrane. The dilution was likely a consequence of sonicating the AuNP-chitosan during the
preparation of the suspension. Sonication has been reported as a method for the fragmentation of
chitosan (Kasaai et al., 2008), producing smaller particles that could diffuse through the dialysis
membrane. Formation of the AuNP-chitosan suspension in stronger solvent, instead of deionised
water, may remove the need for sonication.
4.4.2 Colour Reaction
Colour development occurred slowly, all samples were initially analysed seven days after the
introduction of nitrite. Perceivable colour change did not occur until about four days. The colour
change is induced by the shortening of the AuNP interparticle distance (Lee et al., 2008), in the
presence of nitrite. Whether the AuNP-chitosan suspension meets the theoretical requirements for
application in DGT, rapid and strong binding (Davison, 2016), is determined by the rate at which nitrite
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is bound by to the AuNP-chitosan. Presently, colour development of the AuNP-chitosan suspension
must occur after nitrite is bound, and nitrite must be bound strongly, to meet the theoretical
requirements of DGT. It seems, however, that the binding of nitrite and the colour change is
simultaneous, meaning that the binding of nitrite is not rapid. If this is correct, then the AuNP-chitosan
DGT likely operate under Diffusional Equilibrium Theory (DET) and functionally similar to pore-water
samplers, whereby the nitrite concentration in the binding layer is in equilibrium with the
concentration of the bulk solution (Davison et al., 1991; Teasdale et al., 1995).
Coagulation of the AuNP-chitosan suspension occurred at low nitrite concentrations - likely due to the
agglomeration of chitosan and not the nanoparticles. The coagulants were not significantly blue
shifted, which would result from the precipitation of the AuNP-chitosan. Chitosan is soluble in acidic
solutions (pH < 6), acids protonate the deacetylated units of chitosan, enabling the formation of thin
chitosan coatings in solution (Pigaleva et al., 2014). Dissolved chitosan chains however, may preserve
a degree of aggregation due to the presence of residual N-acetyl groups in the chitosan chain (Pigaleva
et al., 2014). The deacetylated groups may also form intra and intermolecular bonds via hydrogen
bonding (Pigaleva et al., 2014). This deterioration in the chitosan coating of the AuNP could lead to
agglomeration (Pigaleva et al., 2014). The increased mass of nitrite, furthermore, appeared to stabilise
the AuNP suspension, potentially by reducing the agglomeration of the chitosan. The formation of
coagulants in deployed AuNP-DGT is a good and immediate test as to whether the DGT will provide
quantitative data.
4.4.3 Advantages and Disadvantages
Liquid binding phase DGT were pursued to retain the necessary mobility for the AuNP systems. Liquid
binding phase DGT have been reported previously (Li et al., 2003; Liu et al., 2016); the system
developed here builds on this previous work. Utilising a liquid binding phase DGT presents its own
advantages and disadvantages compared to the standard hydrogel based DGT binding layers.
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Standard DGT commonly utilise an analyte specific resin suspended in a polyacrylamide hydrogel as a
binding layer (Davison, 2016). Suspension of AuNP in an APA network was also explored here. AuNP
hydrogels were successfully produced via the hydrogel formation in particle suspension method, and
analysed via UV-vis with altered plastic cuvettes. The AuNP hydrogels, however, did not produce a
colour change in the presence of nitrite. This was likely due to the decreased mobility of the AuNP in
the hydrogel framework, even though swelled APA gels are ~90 % water. The AuNP systems utilised
were based on the aggregation mechanism, and the decreased mobility meant the inter-particle
distance could not decrease in the presence of nitrite, necessary to illicit a colour change.
A potential advantage of the liquid binding phase DGT is that they may better meet the assumption
that analyte concentration is zero, or negligibly small, at the diffusion layer (Davison & Zhang, 2012)
– binding layer interface. As adsorption sites are occupied on the binding layer, target species would
need to travel further into the binding layer to become bound, potentially extending the concentration
gradient into the binding layer. If the AuNP-DGT are not absolutely fixed during deployment, the
movement of DGT continually mixes the AuNP suspension, ensuring there are a greater number of
binding sites at the diffusion layer/binding layer interface. Mixing of the AuNP suspension could also
be diffusion driven. There is also no waste of potentially expensive reagents, unlike when cutting disks
from sheets as with hydrogel binding layers – the specific volume of binding reagents/colour reagents
can be pipetted into DGT base.
As previously reported, A520E-DGT were stable for several days and the binding layer can be dried
before or after deployment and provide the same concentration (Corbett et al., 2019). This is an
advantage of the standard nitrate-DGT over the AuNP systems. Colour development was a continuous
gradual process, therefore the samples need to be analysed after a specific time period (seven days
after the introduction of nitrite) or the samples calibrated against calibrations of the same age. The
strongest calibrations, however, were produced after seven days, as the samples degenerated the
colour and the suspensions became less stable. As discussed in section 4.4.2, coagulation of the
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chitosan can occur if the samples are left for long periods before analysis or the AuNP could
precipitate.
Coagulation will have practical implications for the deployment of AuNP-DGT. For example, if the
deployment period is long, and/or nitrate concentration high, an AuNP-nitrite precipitate could form
on the dialysis membrane as it did during the laboratory testing, extending the diffusion layer.
Diffusive Gradients in Thin Films studies have reported biofouling on the membrane, where it meets
bulk solution, which affected the analyte mass that diffused through to the binding layer and therefore
the calculated concentration (Uher et al., 2012). This could potentially be overcome through the
calculation of an effective diffusive boundary layer (DBL), whereby the effect the fouling has on the
boundary layer is added to the DBL.
4.4.4 Formation of AuNP
High molecular weight chitosan was used to ensure the final product was sufficiently large that it
would not diffuse through the MDL. Although the dialysis membrane had a molecular weight cut-off
of 15 kDa, and the chitosan used had a molecular weight of 150 kDa, dilution of the AuNP-chitosan
suspension occurred when the AuNP-DGT were deployed in solution. As discussed above this was
likely due to fragmentation of chitosan due to sonication (Kasaai et al., 2008). Dissolution,
furthermore, of the high molecular weight chitosan required the addition of acid. HCl was chosen
because the chloride would not interfere in the reaction. The addition of HCl to dissolve the chitosan
necessitated the addition of OH- (from NaOH). The dissolution of chitosan requires increasingly acidic
conditions as the molecular weight increases (Sogias et al., 2010), use of lower molecular weight
chitosan may reduce the need for an acidic solvent and sonication of the AuNP-chitosan product, while
still be sufficiently large that it cannot diffuse through the dialysis membrane.
4.4.5 Conclusion
A new DGT system, based on a liquid binding layer containing a chitosan stabilised gold nanoparticle
suspension, was tested for the colourimetric determination of nitrite.
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A chitosan stabilised gold nanoparticle system was developed for the in-situ determination of nitrite,
which was quantitative over a large nitrite concentration range. A Fe(0)-p(AMPS/AMA) hydrogel used
as the diffusion layer, for the reduction of nitrate to nitrite, was also developed. Nitrate rapidly
reduced to nitrite, the further reduction to NH3/NH4+ and NOx (g) was avoided by the binding of nitrite
to the binding layers. The diffusion characteristics were also determined. This work lays the
foundations for the coupling of colourimetric techniques and DGT, for the infield quantitative
determination of target species, such as nitrate.
Faster colour reaction rates would improve the ability of the colourimetric nitrate DGT to provide
quantitative nitrate concentrations, by better meeting the theoretical requirement of DGT for rapid
and strong anaylte binding to maintain the steady-state and concentration gradient (Davison, 2016).
Alternative binding layers to the AuNP-chitosan system could be pursued, conversely methods for
increasing the reaction rate of the AuNP-chitosan system, which may be preferable, given the
specificity of the AuNP system for nitrite. Removing the need for reduction of nitrate to nitrite for the
colourimetric determination within the binding layer, by development of a nitrate selective Aunanoparticle for example, would simplify the preparation of the DGT system. Development of a nitrate
specific rapid AuNP colour reaction is difficult due to the unreactive nature of nitrate, but it would
remove the need for the Fe(0)-p(AMPS/AMA) hydrogel. The Fe(0)-p(AMPS/AMA) hydrogel can be
difficult to handle due the high degree of water swelling and relatively poor mechanical stability in
comparison to standard DGT APA hydrogels. Alternatively, incorporation of colourless or white
reducing agents, such as nitrate-reductase or Zn(0), into the liquid binding layer would similarly
overcome this.
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Chapter 5

Chapter 5 - Development of Bromide-Selective Diffusive Gradients in
Thin-Films for the Measurement of Average Flow Rate of Streams.
Adapted from:
CORBETT, T. D. W., HARTLAND, A., HENDERSON, W., RYS, G. J. & SCHIPPER, L. A. 2021. Development
of Bromide-Selective Diffusive Gradients in Thin-Films for the Measurement of Average
Flow Rate of Streams. Science of the Total Environment.

Highlights
-

A novel bromide selective DGT (Br--DGT) was developed.

-

The theory for using DGT for flow measurements was established.

-

We developed a new method for quantitative water flow measurements using DGT.

-

Flow rates were determined by combination of Br--DGT and the trace-dilution method.

-

The novel Br--DGT provided quantitative bromide concentrations.

Abstract
Diffusive Gradients in Thin-Films (DGT) have traditionally been used to measure time-weighted
average concentration in water. We tested whether Br--DGT in combination with the trace-dilution
flow rate method, could be used as a new approach for measuring water flow rate. A novel bromide
selective DGT based on the Purolite Bromide Plus anion exchange resin (Br--DGT) was developed,
which provided environmental bromide concentrations comparable to grab samples. The Br--DGT
provided quantitative bromide concentrations at a range of pH, competing ion concentrations, and in
synthetic natural solution. The uptake efficiency was 95.7 ± 3.4 %, and the elution efficiency was 95.5
± 4.7 %. The absorption maximum/saturation point of each binding disk was 0.684 ± 0.001 mg.
Bromide adsorption to the binding layer was linear to 44.1 % of the total binding capacity, 0.302 mg.
The determined diffusion coefficient through the agarose cross-linked polyacrylamide (APA) hydrogels
was 1.05 x 10-5 cm2 s-1 at 17.9 °C, temperature corrected to 25 °C was 1.29 x 10-5 cm2 s-1. Diffusive
Gradients in Thin Films flow rates were between -14.7 and 6.50 % of the flow independently
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monitored flow rate (weir). In comparison, grab sample flow rates diverged by 5.52 to 58.9 % from
the weir flow rate.

Graphical Abstract

5.1. Introduction
Anthropogenic alterations of natural systems have affected local and global hydrological regimes,
altering ecosystem responses (Vogel et al., 2015). Given the importance of fresh water systems to not
only human wellbeing but also their supporting ecosystems and ecosystem processes, fresh water
systems need to be monitored locally and globally (Karr, 1991). Numerous methods exist for the
measurement of nutrient and contaminant concentrations in freshwater systems, ranging in expense,
simplicity, and data quality - for example continuous automated monitoring/sampling, manual
sampling, and passive sampling (Kianpoor Kalkhajeh et al., 2019). Similarly there are a multitude of
methods for the measurement of flow rate, including, direct measurement, velocity-area, formed
construction, and non-contact, each presenting challenges and advantages (Dobriyal et al., 2017).
Diffusive Gradients in Thin-Films (DGT) (Figure 5.1) was designed to be analyte-specific, and can
provide quantitative concentration data at low concentrations (Panther et al., 2013; Zhang & Davison,
1995; Zhang et al., 1998). Diffusive Gradients in Thin Films are also capable of providing concentration
measurements of nutrients comparable to high frequency grab sampling (Corbett et al., 2019; Huang
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et al., 2016a). They overcome many of the limitations associated with grab sampling, such as the
analytical requirements, and the expense of on-site monitoring equipment (Corbett et al., 2019;
Maxwell et al., 2018).
DGT operate on the application of Fick’s First Law (Zhang & Davison, 1995), whereby molecules move
in the direction of decreasing concentration due to their random heat motion (King et al., 2013). A
diffusive gel and membrane filter ensure that transport of analytes to a specific binding layer, which
rapidly and strongly bound the analyte, was restricted to diffusion (Davison, 2016). Measurement of
the accumulated mass enabled the calculation of the average concentration for the deployment
period (Davison, 2016).

A

Figure 5.1: (A) Diffusive Gradient in Thin-films (DGT) solution probe exploded view (Corbett et al.,
2019), and (B) cross-sectional view of the concentration gradient of bromide through the Diffusive
Boundary Layer, and Material Diffusion Layer (Filter Membrane and Diffusion Layer).
DGT were originally designed for the measurement of trace metals (Zhang & Davison, 1995). Since
then, DGT have been specifically designed for determining NO3- and PO43-, and have been shown to
provide a useful measure of the concentrations of these major nutrient contaminants in water (Huang
et al., 2016b; Zhang et al., 1998). Beyond concentration, it is important to consider the loading of
nutrients in receiving waters (Pinckney et al., 2001). Loading is important because ecosystem
responses can depend on the net export and import of nutrients, and is often expressed as tons of X
per year by multiplying concentration by discharge or flow rate (Pinckney et al., 2001). The
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measurement accuracy of these two variables and the frequency of the measurements determines
the accuracy of the calculated loading rate (Pinckney et al., 2001). While DGT are well established for
the measurement of environmental contaminants, we propose they can also be adapted for flow rate
determination – as discussed in section 2.1.
A number of methods for determining flow exist, but each have a number of constraints. Direct
measurement via the time volume method is only suitable for small narrow streams (Dobriyal et al.,
2017). Formed constriction methods (weirs and flumes) are operationally difficult, expensive and their
construction can alter hydrological regimes and local habitat (Bonacci et al., 2016). Non-contact
measurement methods (remote sensing and particle image velocity) are also operationally difficult
and expensive, and can have variable accuracy (Dobriyal et al., 2017). Velocity-area methods (float,
dilution gauging, trajectory, current meters, acoustic doppler, and electromagnetic) vary in expense
and accuracy, and the systems in which they can be applied (Dobriyal et al., 2017). Instantaneous
tracer injection works well in steep and highly turbulent streams (Moore, 2005), however this
approach is often thought to be of low accuracy and can cause environmental damage (Dobriyal et al.,
2017). Constant-rate tracer injection has provided more accurate flow measurements at low flows
(Moore, 2005).
Here we propose that a combination of constant-rate bromide injection coupled with downstream
deployment of bromide-specific DGT can allow the calculation of time-weighted average flow rate,
which accounts for flow rate changes due to episodic events. The theoretical basis was developed in
the methods section (2.1). Briefly, the sum of the tracer concentration multiplied by the flow of the
injection and the upstream (of the injection point) concentration multiplied by the upstream flow,
equals the concentration multiplied by flow downstream. Diffusive Gradients in Thin-Films are robust,
and when properly secured, can operate under various system conditions (Davison, 2016). In contrast,
traditional measurement instrumentation can be damaged and water samples not collected due to
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the risk to personnel safety (Pinckney et al., 2001). In loading events, the input of large analyte masses,
are therefore missed or approximated to low accuracy (Pinckney et al., 2001).
Bromide (Br-) is widely used as a tracer for water and solute tracer studies because it does not adsorb
onto negatively charged soil particles and moves about as fast as water (Flury & Papritz, 1993). Br- has
therefore been reported to act as a conservative tracer. It is however important to note that some
tracer studies have reported uptake of Br- (< 10 %) by emergent plants (Parsons et al., 2004).
Combined with the low natural background concentration, low toxicity to mammals, most freshwater
organisms, and most plants, Br- is an ideal tracer (Flury & Papritz, 1993). To avoid the risk of chronic
toxicity to the environment, the concentration of bromide should not exceed 1 mg L-1 (Canton et al.,
1983; Flury & Papritz, 1993). Toxicity studies of sodium bromide for algae (Scenedesmus pannonicus),
crustaceans (Daphnia magna), and fish (Poecilia reticulata and Oryzias latipes), found the acute toxicity
varied from 44 to 5800 mg Br- L-1, and the no observed effect concentration in long-term studies to
vary from 7.8 to 250 mg Br- L-1 (Canton et al., 1983).
Development of a bromide-selective DGT for quantification of average flow rates represents a novel
extension of the DGT technique, which have primarily been focussed on quantifying concentrations of
specific analytes. The objectives of this study were to (i) develop a novel DGT selective for Br-, and (ii)
test whether these can be used to determine average flow rates when coupled with the tracer dilution
method.
A bromide selective DGT could also provide an effective tool for bromide monitoring, particularly
where concentrations may be environmentally harmful, such as reproduction, growth, behaviour and
mortality of algae, crustaceans, and fish (Canton et al., 1983).
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5.2. Methods
5.2.1 Theory
DGT have not previously been utilised to determine flow rates. Figure 5.2 provides a schematic of a
tracer experiment for determining flow rate. Instead of an instantaneous injection of bromide and
measurement via grab sampling, bromide was added at a constant rate and concentration and was
measured continuously by DGT.

Cx, Qx

Br- Tracer Injec�on
(Cin, Qin)

FLOW

C0, Q0

C1 = CDGT, Q1

Cy, Qy

Figure 55.2: Schematic of the Bromide-DGT (Br-DGT) tracer experiment, and flow partitioning of
stream branches (Equations 1 - 6). C0, Cin, C1, and Cx and Cy = concentration upstream of the tracer
injection, bromide tracer injection, downstream of the tracer injection, and the branches of the
steam (x and y). Q0, Qin, Q1, and Qx and Qy = flow rates of upstream of the tracer injection, injection,
downstream of the tracer injection point, and the branches of the steam (x and y) respectively.
When water with a flow rate of Q0 (flow before tracer injection) with tracer concentration (C0), and a
tracer with concentration Cin (tracer concentration) is injected with flow rate Qin (flow rate of tracer),
the sum is the mixed flow rate Q1 and concentration C1 (CDGT) downstream (Lee et al., 2007).
Importantly this assumes complete mixing of the injected tracer, such that at the downstream
measurement location the concentration is uniform (Lee et al., 2007), as shown in the following
equations (Lee et al., 2007).
𝑪𝑪𝟎𝟎 𝑸𝑸𝟎𝟎 + 𝑪𝑪𝒊𝒊𝒊𝒊 𝑸𝑸𝒊𝒊𝒊𝒊 = 𝑪𝑪𝟏𝟏 𝑸𝑸𝟏𝟏
𝑸𝑸𝟎𝟎 + 𝑸𝑸𝒊𝒊𝒊𝒊 = 𝑸𝑸𝟏𝟏

(1)
(2)

By combining and rearranging these two equations, the following equation for Q0 was obtained.

𝑸𝑸𝟎𝟎 =

𝑪𝑪𝟏𝟏 − 𝑪𝑪𝒊𝒊𝒊𝒊
× 𝑸𝑸𝒊𝒊𝒊𝒊
𝑪𝑪𝟎𝟎 − 𝑪𝑪𝟏𝟏

(3)
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Adapting the trace-dilution flow rate method for use with DGT requires three conditions. Firstly, Qin
and Cin must be constant. Diffusive Gradients in Thin Films deployment must occur after the bromide
injection initiates and has begun flowing past the point of DGT deployment (Q1). Lastly, the length of
deployment (time) must be known. Diffusive Gradients in Thin Films provides time-weighted average
concentration (C1), the calculated flow rate (Q1) was the time-weighted average flow. The contribution
of the tracer injection to the total flow was so small it was effectively zero; hence, the flow at Q1 could
be treated as equal to Q0.
An extension to determining the flow rate at a single point is the partitioning the contribution of
tributaries to the total flow (Figure 5.2). To calculate the proportion of the flow that each branch of
the stream contributed to the total flow in the main stream, C0 and Q0, and Cin and Qin were treated
as the concentration and flow of each branch (Cx, Cy, Qx, and Qy). The sum of the flow from the
branches equals the total flow (Q1). This yielded the following equations, for calculating the flow
contributions of each branch feeding into the main stream.
𝑪𝑪𝒙𝒙 𝑸𝑸𝒙𝒙 + 𝑪𝑪𝒚𝒚 𝑸𝑸𝒚𝒚 = 𝑪𝑪𝟎𝟎 𝑸𝑸𝟎𝟎
𝑸𝑸𝒙𝒙 =

𝑸𝑸𝒚𝒚 =

𝑪𝑪𝟎𝟎 𝑸𝑸𝟎𝟎 − 𝑪𝑪𝒙𝒙 𝑸𝑸𝟎𝟎
𝑪𝑪𝒚𝒚 − 𝑪𝑪𝒙𝒙

𝑪𝑪𝟎𝟎 𝑸𝑸𝟎𝟎 − 𝑪𝑪𝒚𝒚 𝑸𝑸𝟎𝟎
𝑪𝑪𝒙𝒙 − 𝑪𝑪𝒚𝒚

(4)
(5)
(6)

5.2.2 General Procedures and Br--DGT Preparation

Solutions were prepared with deionised water (18.2 MΩ). All equipment was washed in 10 % (v/v) HCl
for a minimum of 24 hours, and thoroughly rinsed in deionised water. Experiments were conducted
under clean laboratory conditions, and at least in triplicate. All reagents were sourced from Sigma
Aldrich (Merck), New Zealand, unless stated otherwise. Materials (stakes, pegs, barrels, hose, nylon
and rope) for deployments of bromide-DGT were sourced from local hardware stores, the constant
rate drippers were produced by Aquadrip, Växjö, Sweden.

138

To our knowledge there were no reports of bromide selective DGT, hence a bromide selective DGT
(Br--DGT) needed to be developed and tested. The following section details the preparation of the Br-DGT.
Gel solution, agarose cross-linked polyacrylamide (APA) diffusive gels, filter membranes, and anionic
exchange binding resin impregnated binding hydrogels were prepared and stored using the same
methods as stated in Corbett et al. (2019). Purolite Bromide Plus was dried, ground, and sieved to
≤90µm.
The background Br- mass for each deployment was determined, to ensure that any potential
contamination was taken into account (Davison, 2016). The detection limit was calculated as three
times the standard deviation of the background mass (Cai et al., 2017).
5.2.3 Uptake/Elution Efficiency and Saturation Point
DGT relies on the binding layer having certain characteristics to provide quantitative concentration
data. The uptake and elution efficiency define how well the binding resin adsorbs the analyte, and the
recoverability of the bound mass (Davison, 2016). Saturation point, or adsorption maximum, is the
total adsorbable mass and constrains the total deployment time. If the binding gel becomes saturated,
it no longer adsorbs bromide, does not maintain the concentration gradient through the diffusive
layer, and does not meet the theoretical requirements for the application of Fick’s First Law to back
calculate concentration (Davison, 2016).
Uptake efficiency was measured by placing resin disks in 10 mL bromide solutions (0.1-10 mg L-1),
prepared from 1000 mg L-1 bromide solution from NaBr, and agitated for 24 hours on a shaker plate.
Then the resin disks were transferred into fresh containers and eluted in 4 mL of 2 mol L-1 NaCl for 24
hours, and finally diluted to 10 mL. Bromide was measured as described below. Uptake efficiency was
calculated as percentage of bromide removed from solution, while elution efficiency was calculated
as percentage of the bromide removed from solution during uptake, in the eluent removed from the
resin (Huang et al., 2016b).
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Saturation point was determined by placing resin disks in 10 mL of 1000 mg L-1 bromide solution for
24 hours, and then eluted as stated above. The Br- mass present is greater than the binding disks were
able to adsorb. The saturation point was taken as the total Br- mass present on the binding
layer/removed from solution.
Previous research has found that the adsorption of target analytes is not linear to the saturation point
(Corbett et al., 2019). Linear mass accumulation of the target analyte is necessary for DGT to provide
quantitative concentrations (Davison, 2016). Adsorption isotherm experiments were performed to
determine the adsorption of bromide through time, as binding sites are occupied. Bromide binding
hydrogels were deployed in 50 mL of 100 mg Br- L-1, from NaBr. NaCl (0.001 mol L-1) was used as an
ionic stabiliser. 1 mL samples were taken for 6 hours, and the bromide concentration analysed via ion
chromatography, discussed in section 2.7.
5.2.4 Diffusion Coefficient
The diffusion coefficient for bromide through the APA diffusive layer and filter membrane was
previously undefined, and was required for concentration calculations. The diffusion coefficient was
measured via diffusion cell (area = 3.46 cm2), detailed below. The diffusion coefficient was confirmed
by deploying sets of four bromide-DGT with material diffusion layer (MDL) thicknesses of 0.015, 0.055,
0.079 and 0.095 mm for 12, 18 and 24 hours in a synthetic bromide solution of known concentration
(15 mg Br- L-1). pH for both methods was ~6. Deployment of gels with different MDL thicknesses
enabled calculation of the diffusive boundary layer – the area of solution at the MDL solution interface
with decreased concentration in relation to the rest of solution (Davison, 2016), see below.
The high concentration chamber of the diffusion cell contained 130 mL of 80 mg L-1 bromide; the low
concentration chamber contained 130 mL of deionised water at time zero. NaCl (0.001 mol L-1) was
used as an ionic stabiliser. Subsamples (1 mL) were taken from both chambers hourly for 12 hours.
The diffusion coefficient measured using the diaphragm diffusion cell was calculated using the
following equation.
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𝑱𝑱 =

𝑫𝑫𝒈𝒈 𝑪𝑪
𝑴𝑴
=
𝑨𝑨𝒑𝒑 𝒕𝒕
𝜹𝜹𝒈𝒈

(7)

Where J = flux (mg cm-2 s-1), M = mass (mg), Ap = diffusion window area (cm2), t = time (s), Dg = diffusion
coefficient through gel (cm2 s-1), c = concentration (mg cm-3), and δg = thickness of hydrogel (cm)
(Davison, 2016).
The bromide concentration was analysed when each set of gels were removed. The concentration
determined by DGT (CDGT) was expected to be the same as Csolution (Davison, 2016), after the elution
factor and background gel mass were applied. The relationship between the accumulated mass and
Csolution provided a calibration curve with the following slope equation, where Aeff = effective area due
to lateral diffusion (cm2), t = time/length of deployment (s), Dmdl, Dw = material diffusion layer and
water diffusion coefficients respectively (cm2 s-1), and δmdl, δdbl = material diffusion layer and diffusive
boundary layer thicknesses respectively (cm) (Davison, 2016).
𝑫𝑫𝒎𝒎𝒎𝒎𝒎𝒎 𝑫𝑫𝒘𝒘
�
𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺 = 𝑨𝑨𝒆𝒆𝒆𝒆𝒆𝒆 𝒕𝒕 �
𝜹𝜹𝒎𝒎𝒎𝒎𝒎𝒎 𝑫𝑫𝒘𝒘 + 𝜹𝜹𝒅𝒅𝒅𝒅𝒅𝒅 𝑫𝑫𝒎𝒎𝒎𝒎𝒎𝒎

(8)

Diffusion coefficients through the polyethersulfone filter membrane and APA diffusion layer are
indistinguishable (Davison, 2016), as such they were treated as the same for bromide. Temperature
was monitored throughout using temperature loggers; to temperature-correct the diffusion
coefficients using the following equation (T = temperature; DT = diffusion coefficient at temperature
T; D25 = diffusion coefficient at 25oC) (Davison, 2016).
𝟏𝟏. 𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑(𝑻𝑻 − 𝟐𝟐𝟐𝟐) + 𝟎𝟎. 𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎(𝑻𝑻 − 𝟐𝟐𝟐𝟐)𝟐𝟐
𝑫𝑫𝟐𝟐𝟐𝟐 (𝟐𝟐𝟐𝟐𝟐𝟐 + 𝑻𝑻)
𝒍𝒍𝒍𝒍𝒍𝒍𝑫𝑫𝑻𝑻 =
+ 𝒍𝒍𝒍𝒍𝒍𝒍
𝟏𝟏𝟏𝟏𝟏𝟏 + 𝑻𝑻
𝟐𝟐𝟐𝟐𝟐𝟐

(9)

5.2.5 Ionic Strength, pH and Competing Ion Effects
For the Br- selective DGT to provide environmental concentrations they needed to be capable of
providing quantitative bromide concentrations at a range of solution pH and in the presence of
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competing ions. For laboratory testing, temperature, pH, and conductivity were measured using an
Xplorer GLX (PASCO, Washington, United States).
Firstly, DGT sets with different material diffusion layer thicknesses (0.055, 0.079 and 0.09 cm) were
deployed in 8 L of 10 mg L-1 bromide and 0.002 mol L-1 NaCl solutions (pH = 3.5, 5.0, 7.0, 8.5) for 48
hours. Deploying in a large volume and at a relatively high concentration ensures the bromide mass
adsorbed to the binding layer does not measurably decrease the overall bromide concentration. 1 mol
L-1 NaOH and HCl were used to adjust the pH.
Secondly, to determine the effect of competing ions on CDGT, DGT sets of three different MDL
thicknesses were deployed in bromide solutions (10 mg L-1) containing one of HCO3-, SO42-, H2PO4-, Cland NO3- (5 and 50 mg L-1) from NaHCO3, Na2SO4, KH2PO4, NaCl and NaNO3, for 48 hours. These
concentrations were chosen as they represent reasonable and high concentrations of possible
competing ions in freshwater bodies (Cole & Prairie, 2014; Organisation, 2017; Reddy, 2020).
To determine the effect of ionic strength on bromide concentrations determined by DGT, DGT sets of
three different MDL thicknesses were deployed in bromide solutions (10 mg L-1) with varying ionic
strengths. The solutions contained varying concentrations of NaCl (0.00001 mol L-1 to 0.1 mol L-1), to
alter the ionic strength/conductivity.
Lastly, to ensure bromide selective DGT could provide quantitative concentrations in freshwater, they
were also deployed in quadruplicate (MDL = 0.015, 0.055, 0.079, and 0.095 cm) in 8 L of soft synthetic
freshwater, as prepared in Smith et al. (2002). Three stock solutions were prepared. Solution 1 was
500 mL of 1000 mg Br- L-1, from NaBr. Solution 2 was 100 mL of 5.699 mg L-1 MgCl2, 17.50 mg L-1
CaCl2.6H2O, and 3.542 Ca(NO3)2.4H2O (Smith et al., 2002). Solution 3 was 100 mL of 16.33 mg L-1
Na2SO4, 2.502 mg L-1 KHCO3, and 1.678 mg L-1 NaHCO3 (Smith et al., 2002). From 8 L of deionised water
(18.2 mΩ) appropriate volumes were removed so that when spiked with solution 1 (to provide Brconcentrations from 0.2 to 10 mg L-1) and solutions 2 and 3 (8 mL each) the total volume remained 8
L. CaCO3 85.10 mg was then added and dissolved, before solutions 1-3 were added. The solution
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compositions and order of combination ensured insoluble solids were not formed upon mixing.
Temperature was logged throughout.
Previous research has reported the semi-quantitative adsorption of sulfate to the Purolite A520E
nitrate specific binding layer (Corbett et al., 2019). It was expected, therefore, that nitrate and sulfate
would adsorb to the Purolite Bromide Plus binding layer. To investigate if the DGT concentrations of
nitrate and sulfate were quantitative, their bound masses were determined and the CDGT were
compared to the solution concentrations determined via grab sampling. The nitrate and sulfate
diffusion coefficients through APA hydrogels used in this study were 1.46 x 10-5 cm2 s-1 and 9.83 x 106

± 0.35 x 10-6 cm2 s-1 at 25 °C respectively (Hanousek et al., 2016; Huang et al., 2016a).

5.2.6 DGT Deployment
After development of the Br--DGT, they were deployed at multiple points along Mangaharakeke
Stream, Hamilton, New Zealand (Figure 5.3A). Diffusive Gradients in Thin Films were deployed at six
sites prior to running the tracer experiments to determine the background bromide concentration.
During the first tracer study Br--DGT were deployed at sites 3, 4, and 5. During the second tracer study
DGT were deployed at all six sites. Sites 4 and 5 were ~17 m and ~40 m downstream of the tracer
injection respectively. Diffusive Gradients in Thin Films were deployed upstream (~10 m) of the
injection point (site 3) to determine the bromide concentration before the injection point and to
ensure there was no diffusion upstream, as well as determine the background concentration.
Calculation of the distance to achieve complete tracer mixing is detailed in the supplementary
material, the DGT were deployed well beyond the minimum distance of 3.6 m (Dingham, 1993;
Kilpatrick & Cobb, 1985). Well within the distance to the Br--DGT deployment sites, which were ~17
and ~40 m downstream.
Each set consisted of four DGT with different MDL thicknesses (0.015, 0055, 0.079 and 0.95 cm), to
provide replicates and calculate the diffusive boundary layer (discussed later). Bromide (46.2 g L-1,
from NaBr) was added at (6 L h-1 for deployment 1 and 3.8 L h-1 for deployment 2) from a reservoir
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using pressure regulated drippers (Aquadrip, Växjö, Sweden). Bromide was added for 1 hour before
the DGT were deployed, to ensure the tracer bromide was flowing past the downstream DGT
locations.
Tracer study DGT probes were deployed for 12 hours, to ensure the total bromide mass and volume
did not exceed the regulated values for tracer volume and mass (10 kilograms of salt or 100 litres of
salt solution). Separate grab samples were taken at three intervals at each site - DGT deployment and
removal, and halfway through the deployment. Background DGT were deployed for 24 hours. Grab
samples were taken at DGT deployment and upon removal, at each location, during the background
deployment. Temperature was logged at each deployment location using temperature iButtons
(Thermochron, Wisconsin, USA). The Waikato Regional Council, as part of their freshwater monitoring
network, independently monitored flow via a weir at site 5 (Waikato Regional Council, 2021). The
rating curve, determined via manual velocity area gauging is provided in the supplementary
information (Supplementary Material - Figure 5.7).
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Figure 5.3 (A) Map of Mangaharakeke Stream (-37.80611, 175.33046) deployments, and numbered
DGT (circles) and tracer injection (arrow) locations. (B) Image of the bromide injection. (C) A DGT
deployment (site 5). Full site details provided in the supplementary material.

5.2.7 Analysis
DGT were analysed as previously reported (Corbett et al., 2019), briefly, eluted DGT samples (eluent
was 4 mL of 2 mol L-1 NaCl) and grab samples were analysed alongside commercial anion standards
(Dionex Seven Anion Standard) using a Dionex ICS-200 Ion Chromatograph (Dionex, California, United
States) and a gradient concentration method.
Concentration was converted to mass after elution and application of the elution factor, to give the
total mass accumulated, M (mg) – and inserted into the full DGT equation, below.
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𝑪𝑪𝑫𝑫𝑫𝑫𝑫𝑫 =

∆𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈 ∆𝒇𝒇
𝜹𝜹
�
+
+
�
𝑨𝑨𝒆𝒆𝒆𝒆𝒆𝒆 𝒕𝒕 𝑫𝑫𝒈𝒈𝒈𝒈𝒈𝒈
𝑫𝑫𝒇𝒇 𝑫𝑫𝒘𝒘
𝑴𝑴

(10)

Where, CDGT = DGT concentration (mg cm-3); t = length of deployment (s); Dgel, Df, Dw = diffusion
coefficients for the diffusive gel and filter membrane respectively (cm2 s-1); Δg, Δf = thickness of
diffusive gel and filter membrane respectively (cm); and, δ = thickness of the diffusive boundary layer
(Davison, 2016).
The errors bars in the figures are the standard deviation (a), calculated using the following equation,
where b, c and d are the standard deviation of the components. For example, for the calculation of
the standard deviation of the solution and DGT concentration ratio, b, c, and d were the concentration
determined by DGT and grab sampling, and the diffusion coefficient respectively.
𝒂𝒂 = � 𝒃𝒃𝟐𝟐 + 𝒄𝒄𝟐𝟐 + 𝒅𝒅𝟐𝟐 . . .

(11)

5.2.8 Diffusive Boundary Layer
The diffusive boundary layer is an important component of the full DGT concentration equation. It
represents the area of solution at the aperture window with reduced bromide concentration in
relation to the rest of solution (Corbett et al., 2019; Davison, 2016). The inverse of the accumulated
mass, minus the background mass, was plotted against the combined gel and filter membrane
thickness, the slope and intercept of the least squared equations were combined to give the equation
below for DBL thickness (δ) (Zhang et al., 1998).

𝜹𝜹 =

𝒚𝒚𝑫𝑫𝒘𝒘
𝒔𝒔𝑫𝑫𝒎𝒎𝒎𝒎𝒎𝒎

(12)

Where, Dmdl = material diffusion layer diffusion coefficient, y= y intercept, s = slope (Davison, 2016).
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5.3. Results
5.3.1 Field Deployments
Table 5.1: Flow rates calculated using DGT and grab sampling calculated using equation 3, versus the
independently determined flow (Weir Flow). Note: the percentage difference of DGT and grab
sampling to the independently determined (weir) flow is bracketed.
Deployment
1

2

Site
4

Weir Flow (m3 s-1)
0.665

5

0.665

4

0.615

5

0.615

Br--DGT (m3 s-1)
0.666
(0.23 %)
0.708
(6.50 %)
0.525
(-14.7 %)
0.643
(4.41 %)

Grab Sampling (m3 s-1)
0.702
(5.52 %)
0.764
(14.8 %)
0.978
(58.9 %)
0.734
(19.3 %)

Data from the Br--DGT resulted in flow rate calculations generally within 6.5 % of the independently
monitored weir flow rate (Waikato Regional Council, 2021), except at deployment 2 site 4 (-14.7 %)
(Table 5.1), when combined with the trace-dilution flow rate method. Diffusive Gradients in Thin Films
provided flow rates closer to the weir flow than grab sampling, which were up to 58.9 % greater than
the weir flow rate (Table 5.1).

The weir-based flow during the field deployments fluctuated

throughout the tracer injection experiments by about 0.015 m3 s-1 (Figure 5.4A).
The bromide-selective DGT provided bromide concentrations closely matching the grab sample
concentrations (Figure 5.4B). The background concentrations at each site were between 0.05 and 0.08
mg L-1, the concentrations at sites 4 and 5 during the tracer studies were up to ~0.2 mg L-1 (Figure
5.4B).
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Figure 5.4 (A) Independently monitored weir flow regimes for DGT tracer studies. (B) DGT and grab
sampling determined concentrations with standard deviations at all sites (1 to 6) for the background
(B) and tracer deployments (1 and 2).
5.3.2 Flow Partitioning
The contribution of the branches of the Mangaharakeke Stream to the total flow were calculated for
the background DGT deployment, using the independently determined flow rate, and tracer
deployment 2 using both the weir and the DGT derived flow rates. It was presumed that anion
concentrations were constant from sites 1 and 2 to sites 3, 4, and 5 (downstream of the intersection)
(Figure 5.3). The sum of the flows and concentrations from each branch equalled the flow downstream
of their intersection.
The Br--DGT derived flow contributions from both stream branches, were similar to the flow rates
determined via grab sampling, for the background deployment (Table 5.2). For the background
deployment, the weir flow rate was used as the total flow rate, to partition the contributions of the
feeder streams (from sites 1 and 2).
Br--DGT derived total flow and the weir-based total flow rate were used to compare the partitioning
of flow contributions using DGT, for the second tracer deployment. The weir flow was used alone for
partitioning via grab sampling. The Br--DGT provided contributing flow rates similar to those calculated
using the independently measured flow as the total flow (Table 5.2). Flow partitioning, for the
background and second tracer deployments, suggest that the bulk of the flow (60 to 85 %) originates
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from the southern branch (site 2) of the Mangaharakeke Stream (Table 5.2). Diffusive Gradients in
Thin Films were not deployed for flow partitioning for the first tracer study.
Table 5.2: Contributing flow rates from sites 1 and 2, calculated using the average flow rate for all
anions measured (Br-, Cl-, NO3-, SO42-, and PO43-), and bromide DGT (Br--DGT)using equations 5 and 6.
Br--DGT1 – total flow was DGT derived. Br--DGT2 – total flow was weir-based flow.
Deployment

Site

2

1
2
5 (sum)
1
2
5 (Sum)

B

Flow Rate Method (m3 s-1)
Br -DGT1 Br--DGT2
Anion Average
0.156
0.149
0.188
0.487
0.466
0.497
0.643
0.615
0.615
0.306
0.284
0.466
0.488
0.772
0.772
-

5.3.3 Synthetic Freshwater Test of Br—DGT
Laboratory validation of the Br---DGT, before in-field deployments could begin, involved the
deployment of DGT in synthetic freshwater, evaluation of the pH and competing ion effects on CDGT,
determination of the binding characteristics, and the diffusion coefficient of bromide through the
material diffusion layer. The results of which are reported in the following sections.
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Figure 5.5 Ratio of bromide concentration determined by DGT to grab sampling when deployed in a
synthetic natural solution.
The Br--DGT provided quantitative bromide concentrations in synthetic soft freshwater solution
(Figure 5.5). As seen in Figure 5.5, the mean ratio of the bromide concentration determined by DGT
to grab sampling sits near 1 concentrations above 0.25 mg L-1 bromide. The 0.9 to 1.1 window is widely
used in the DGT literature as the metric to establish whether the DGT provide quantitative
concentration data for the target analyte (Cai et al., 2017; Huang et al., 2016a; Price et al., 2013).
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5.3.4 Ionic Strength, pH and Competing Ion Effects
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Figure 5.6: Ratio of bromide concentration determined by DGT to grab sampling at (A) various pH,
(B) 5 and 50 mg L-1 of nitrate, sulfate, phosphate, bicarbonate and chloride, and (C) various
conductivities over 48 hour deployments.
The Br--DGT provided quantitative bromide concentrations at a range of pH, potential competing
anion concentrations (nitrate, sulfate, phosphate, chloride, and bicarbonate) ranging from low to high
values (5 and 50 mg L-1), and conductivities (0.041 to 1.86 mS cm-1). As seen in Figure 5.6, the mean
ratio of the bromide concentration determined by DGT to grab sampling sits within the 0.9 to 1.1
window for all pH and competing ions analysed, and for conductivities < 1.9 mS cm-1.
The binding resin also adsorbed nitrate and sulfate, and phosphate during field experiments
(Supplementary Material - Figure 5.10). Unlike sulfate and nitrate, phosphate was not adsorbed during
the laboratory testing (Supplementary Material - Figure 5.10). Carbonate was not adsorbed in either
the field or laboratory experiments (Supplementary Material - Figure 5.10). The calculated DGT
concentrations of nitrate were generally significantly higher than the concentrations determined via
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grab sampling (except 50 mg L-1 NO3-), and hence had large DGT to grab sampling ratios (CDGT:Csolution >
5.7) (Supplementary Material - Figure 5.10). In contrast, the calculated CDGT for sulfate was well below
the concentration of the solution with ratios between 0.19 and 0.62, but were > 40 for the first tracer
field study (Supplementary Material - Figure 5.10). The phosphate CDGT to Csolution ratios were between
0 and 1.2 for field deployed DGT. The background mass of nitrate, and sulfate on the Br--DGT were
0.0724 ± 0.0050, and 0.0751 ± 0.0279 mg respectively, for all deployments. The background phosphate
on the binding resin was immeasurable. There was no carbonate adsorption to the Br--DGT. Chloride
adsorption data was not available because NaCl was used to elute the bound bromide – an alternative
elution procedure would be required to analyse chloride adsorption.
5.3.5 Binding Gel Properties
The background bromide mass was measured for each set of Bromide Plus DGT (Br--DGT) gels made.
The background bromide mass of the gels used for determination of the diffusion coefficient, and pH
and competing ion effects was 0.0213 mg, with standard deviation of 0.0027 mg, which provided a
detection limit of 0.0081 mg (STD x 3).
The uptake efficiency was 95.7 ± 3.4 %, while the elution efficiency was 95.5 ± 4.7 %. The saturation
point/adsorption maximum was 0.684 ± 0.001 mg. Bromide adsorption to the binding layer was linear
to 0.302 mg Br-, which was 44.1 % of the total binding capacity (Supplementary Material - Figure 5.9).
5.3.6 Diffusion Coefficient
The diffusion coefficient was determined by deploying sets of DGT with different material diffusion
layer thicknesses, and removing at set intervals, and was confirmed using a diffusion cell. The diffusion
coefficient through the APA hydrogel was 1.05 x 10-5 cm2 s-1 at 17.9 °C, which temperature corrects to
1.29 x 10-5 cm2 s-1 at 25 °C. This was 62.1 % of the value of the diffusion coefficient of bromide through
water at 25 °C (2.08 x 10-5 cm2 s-1) (Vanysek, 2003).

151

5.4. Discussion
A method for the determination of flow rates using DGT was established by the development of a
bromide selective DGT method, and in combination with the tracer-dilution flow rate methodology.
Flow rates determined using the bromide selective DGT were generally within 6.5 % of the weir flow
rate. In contrast, flow rates determined via grab sampling ranged from -14.7 to 58.9 % of the weir
flow. This initially required the development of bromide specific DGT, which involved the
determination of the binding characteristics to the binding layer, the diffusion coefficient through the
material diffusion layer, and the effects of pH and competing ion concentrations on CDGT – fully
discussed below. Discussion of the efficacy of the developed Br--DGT follows the discussion of the flow
rate determination using the Br--DGT and constant rate injection method.
5.4.1 Bromide Concentration and Flow Rates
The development of a DGT method for the determination of flow rates is a novel extension of the DGT
technique. The injection of bromide at a known concentration and flow rate, combined with a newly
developed bromide selective DGT, enabled the calculation of the average flow rate. The flow rates
determined via DGT were within 6.5 % of the weir flow rate, this was significantly better than the grab
sampling flow rates which overestimated the flow by 5.42 % to 58.9 % (Table 5.1).
It is unsurprising that DGT provided more accurate flow rates, compared to grab sampling. Diffusive
Gradients in Thin Films constantly accumulate the target analyte over the deployment period
(Davison, 2016). Diffusive Gradients in Thin Films are therefore able to account for temporal changes
in concentration, in this study due to changes in flow, and outperformed grab sampling which provide
instantaneous spot measurements (Corbett et al., 2019; Davison, 2016). The ability of DGT to integrate
the changes in concentration due to fluctuations in flow over the deployment period, meant that the
DGT-derived flow rates were more accurate than the (infrequent) grab sampling derived flow rates
(Table 5.1).
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Although the flow rates were relatively consistent, 0.655 to 0.672 m3 s-1 in deployment 1 and 0.609 to
0.624 m3 s-1 in deployment 2 (Figure 5.4A), grab sampling was not able to accurately account for the
changes in flow, unlike DGT. Bromide concentrations measured via DGT and grab sampling were
similar for all deployments and sites. The marginal difference in average concentrations determined
via DGT compared to grab sampling accounted for the accuracy of the derived flow rates.
Theoretically, DGT would outperform grab sampling to a greater extent as the variability in flow rate
increased, because grab sampling would capture even less of the change in tracer concentration due
to the changes in flow rate.
5.4.2 Flow Rate Partitioning
Establishment of the efficacy of DGT for determining flow rates enabled the extension of the
methodology to differentiate the flow contributions of both branches feeding into the
Mangaharakeke Stream (sites 1 and 2) (Figure 5.3).
Bromide selective DGT were used to determine the background bromide concentrations along both
branches feeding into the Mangaharakeke Stream, sites 1 and 2 (Figure 5.3). The sum of the
concentration and flow equalled the concentration and flow in the main stream body (Equation 1),
enabling the calculation (Equations 5 and 6) of the contributions of both branches to the total flow
(Table 5.2). During the background deployments, grab sampling and DGT were used to calculate the
contributions of each branch to the total flow, which was independently measured. For the second
tracer study, DGT were also used to the calculate total flow and each branch’s contribution, and
compared to the weir flow (Table 5.2). Site 2 provided the bulk of the flow compared to site 1 (Table
5.2).
These calculations were based on the assumption that there were no significant inputs between sites
1 and 2, and their intersection. There were likely flow inputs between sites 1 and 2, and the
intersection – future bromide DGT deployments for measuring the contribution of feeder streams
should be closer to the intersection for this assumption to be more accurate.
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This method for partitioning flow could be extended up a catchment from a flow monitoring site, such
as the bromide tracer-injection site, to determine the changes in flow along a stream and the inputs
from other feeder streams. Bromide was perhaps the most appropriate of the common anions for this
because it behaves as a conservative tracer (Parsons et al., 2004), and because it moves about as fast
as the carrying waters (Flury & Papritz, 1993).
The implications of using DGT to determine and partition flow rates of streams and their tributaries,
are that they could enable the calculation of nutrient loading and loading contribution from
tributaries. This could help the targeting of nutrient mitigation strategies, as not only concentration
would be known, but load also. This targeted approach to interventions has the potential to have
greater downstream consequences, because ecosystem responses can depend on load (Pinckney et
al., 2001).
5.4.3 Strengths and Weaknesses
The major strength of DGT is their ability to provide accurate analyte concentrations, with
considerably less on-site time and operational expense compared to other monitoring methods, such
as high frequency grab sampling and automated multiplexed pumping systems (Corbett et al., 2019).
This was further evidenced in this study, where DGT provided more accurate flow rates than grab
sampling when coupled with the constant-rate tracer injection method. As discussed above, this was
because DGT continuously adsorb the target analyte over the deployment period, providing a time
weighted average concentration (Davison, 2016). The DGT were inexpensive, and deployment and
removal required a few minutes on-site, rather than the number of hours involved in high frequency
grab sampling for example. As previously reported, DGT reduce the number of samples for analysis
compared to high frequency grab sampling methods (Corbett et al., 2019).
The bromide-DGT and constant rate injection combined method also presents advantages to other
flow rate methods. Formed construction methods (weirs and flumes) can be expensive and
operationally difficult, and their construction can alter hydrological regimes and local habitat (Bonacci
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et al., 2016). Alternative methods such as remote sensing are also operationally difficult and
expensive, and variable in accuracy (Dobriyal et al., 2017). The DGT flow method is operationally
simple, inexpensive, and as discussed is capable of providing accurate stream flow rates.
Constant rate tracer injection flow rate methods have been reported to provide more accurate flow
measurements than instantaneous injection methods (Moore, 2005). As we have shown, when
combined with DGT the constant rate tracer injection method provided more accurate data with less
on-site time, than when combined with grab sampling.
Instantaneous injection methods are an alternative approach that provide a snap shot of the flow rate.
In contrast, constant rate tracer injection flow rate methodologies provide flow rates over a longer
measurement period. Tracer injection generally involves the addition of a high volume/mass of a salt
or dye tracer (Moore, 2005), this approach can be of low accuracy and cause environmental damage
(Dobriyal et al., 2017). Diffusive Gradients in Thin Films constantly accumulate the target analyte, preconcentrating the target analyte. As such, DGT reduce the total tracer salt mass required at any one
time for accurate determination of concentration. This can be taken advantage of to ensure that the
tracer concentration remains well below environmentally toxic levels.
The constraint of any tracer dilution method is the quantity of salt required to raise the concentration
of a stream or river to levels that provide accurate derived flows. While DGT may be able to decrease
the quantity of salt required, the mass of salt was still relatively large. Local regulations also limit the
total volume and mass of tracer that can be added, combined these limit the length of deployment
and the size of the stream or river measureable. This likely means that the method as developed here
would not be suitable for determining the flow rate of large rivers due to the dilution of the salt tracer.
A further challenge was that the bromide selective DGT adsorbed other anions (nitrate, sulfate, and
phosphate) (Supplementary Material - Figure 5.10). The adsorption of competing ions could
potentially decrease the possible length of deployment – discussed in the following section. This was
not an issue during our study because of the relatively short 12 and 24 h deployments. The
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concentrations of these anions measured using the bromide selective DGT were not, however,
quantitative during field or laboratory experiments. Other specific DGT are required if nutrient loading
was to be calculated using DGT.
For longer deployments other challenges, such as the formation of bio-films on the filter membrane
have been reported (Feng et al., 2016; Uher et al., 2012). The biofilms altered the diffusive pathlength, and biased the accumulation of some analytes (Uher et al., 2012). Biofouling was not an issue
for this study, because the deployment period was not sufficient for films to form.
The Br--DGT also provides a tool for the environmental monitoring of bromide in systems where
bromide pollution may be an issue. The largest natural source of bromide is the ocean, and due to the
low natural abundance of bromide in earth materials, the bromide present in terrestrial ecosystems
is assumed to be derived from seaborne aerosols (Flury & Papritz, 1993). There are, however,
numerous potential anthropogenic sources. Until the mid-1980s bromide was used as a fuel additive,
bromide is widely used in flame retardants, methyl bromide is used as a pesticide, and brominated
substances have been widely used for water treatment, and in the gas, oil and photography industries
(Vainikka & Hupa, 2012). Natural gas extraction via hydraulic fracturing has also been reported to
produce brines of high halide concentration (Parker et al., 2014).
5.4.4 Validation of the Bromide Plus DGT (Br--DGT)
Laboratory validation experiments confirmed that the Br--DGT are capable of providing quantitative
bromide concentrations, and should be able to provide time weighted average flow rate when coupled
with a continuous trace injection method.
The performance of the Br--DGT in synthetic soft freshwater was examined, by deploying DGT in
synthetic freshwater spiked with different masses of bromide. The CDGT to Csolution ratio of 0.92 to 1.12
between 0.5 and 104 mg Br- L-1 (1.20 at 0.22 mg Br- L-1) suggested the Br--DGTs were capable of
providing quantitative bromide concentrations in freshwaters. Supporting their use in freshwater
systems. Importantly the Br--DGTs were quantitative when deployed in solutions with bromide
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concentrations < 1 mg L-1, used for the tracer-flow field experiments. Field deployments of the Br-DGTs, furthermore, accurately determined the background bromide concentration in the
Mangaharakeke Stream, when compared to grab sampling.
5.4.5 Ionic Strength, pH and Competing Ion Effects
The effect of pH on the DGT bromide concentration was examined (Figure 5.6A) at a range of pH that
could be expected in natural systems. The CDGT to Csolution ratio were within 0.9 to 1.1 ratio cut-offs,
suggesting the Br--DGTs operated independently of pH between 3.0 and 8.0.
The effect of ionic strength on the DGT bromide concentration was examined (Figure 5.6C) by
deploying Br--DGT in solutions with a range of conductivities. The CDGT to Csolution ratio were between
0.9 to 1.1 for conductivities between 0.041 and 1.9 mS cm-1, however, at high conductivities (9.3 mS
cm-1) the CDGT to Csolution ratio was ~0.5. The wide range of conductivities over which the Br--DGT
provided quantitative bromide concentrations suggests they are suitable for determining bromide in
most freshwaters (< 1.5 mS cm-1) (ANZECC, 2000), however they are not suitable for deployment in
highly saline environments.
Bromide adsorption to the Bromide Plus resin was driven by ionic exchange and hence determination
of the effects of major potential competing anions (5 to 50 mg L-1 of either Cl-, NO3-, PO43-, SO42-, and
HCO3-) was important (Figure 5.6B). It is unlikely higher concentrations of the ions would be
encountered in freshwaters, excluding geothermal streams where SO42- concentrations could be
higher due in part to increased dissolution due to higher temperatures (Gude, 2018). NaCl (2 mol L-1)
was used to elute the binding gels, similarly to the nitrate selective A520E-DGT method (Huang et al.,
2016a). As such, deployment of the Br--DGT is also likely restricted to freshwater (Huang et al., 2016a).
The CDGT to Csolution ratio was 0.92 to 1.05, well within 0.9 to 1.1 ratio cut-offs. This suggests the Br-DGTs operated independently of competing ion concentration, further supporting the use of Br--DGTs
for determination of bromide concentration in freshwater systems.
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Interestingly, the Br--DGTs adsorbed nitrate and sulfate in the field deployment, synthetic natural
solution and competing ion experiments (Supplementary Material - Figure 5.10). Br--DGT also
adsorbed phosphate in the field experiments (Supplementary Material - Figure 5.10). Adsorption of
the competing ions was not quantitative. Adsorption of competing ions to the ion exchange resin is
not surprising, since, semi-quantitative sulfate adsorption to the A520E nitrate DGT has previously
been reported (Corbett et al., 2019).
Competing ion adsorption has practical implications for the deployment of Br--DGT. Adsorption of
competing ions could reduce the total binding capacity, and therefore the potential length of
deployment, for bromide by occupying binding sites on the resin, unless adsorbed ions exchange for
bromide preferentially. The quantitative adsorption of bromide suggests this was the case, however
further investigation is required. The deployment of Br--DGT should be restricted to freshwater
systems until further efficacy studies in systems with high competing ion concentration can be
conducted (e.g. nutrient mitigation, saline, and geothermal systems).
5.4.6 Uptake and Elution Efficiencies
Reproducible uptake and elution efficiencies are crucial to the precision and accuracy of DGT (Zhang
& Davison, 1995). The uptake needed to be rapid and strong for the application of Fick’s First Law of
Diffusion. Rapid and strong uptake ensures the free bromide concentration at the diffusive
layer/binding layer interface is zero, maintaining the concentration gradient through the material
diffusion layer. The recoverability of the bound mass needs to be high and consistent to ensure the
error in the mass used to determine CDGT and subsequently the error in CDGT is low. The uptake (95.7 ±
3.4 %) and elution (95.5 ± 4.7 %) efficiencies met these requirements – supporting the use of Br--DGTs
for the quantitative determination of bromide concentrations.
5.4.7 Binding Layer Adsorption
The saturation point/adsorption maximum was 0.684 ± 0.001 mg. This is comparable to previously
reported adsorption maximum of anionic exchange resins for nitrate 1.03 ± 0.01 mg (Corbett et al.,
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2019). The reduction in the deviation in the saturation point is either due to the intrinsic binding
capacity of the each resin (Purolite Bromide Plus and A520E), or to slight differences in the binding gel
preparation (same mass of resin, different sizes). Although both share the same polymer structure
(macroporous polystyrene cross-linked with divinylbenzene) and reported capacity, the functional
groups differ – Purolite A520E functional group was a quaternary ammonium, the Bromide Plus
functional group was undisclosed (Purolite, 2021). The Bromide Plus was ground to at least 90 µm,
whereas the A520E was ground to at least 125 µm, 4 g of resin was used in both binding layer
preparation methods (Corbett et al., 2019). The extra grinding should have increased the surface area
and binding capacity as more sites are readily available, however, it may also have resulted in the loss
of functional groups.
Bromide adsorption to the bromide-specific binding layer was linear to 0.301 mg, which was 44.1 %
of the adsorption maximum/saturation point. This is similar to the 55 % reported for nitrate-specific
A520E DGT (Corbett et al., 2019). As discussed above, the difference was likely due to the difference
in functional groups.
Linear accumulation of bromide to the binding layer was necessary to meet the requirements of DGT
and provide quantitative bromide concentrations (Davison, 2016). The binding sites on the binding
layer were occupied as mass was accumulated, which lead to adsorption of bromide diverging from
linearity. It follows that the bromide masses accumulated on binding resin should not exceed 0.301
mg for the bromide-selective DGT to provide quantitative bromide concentrations. Deployment
lengths should be sufficiently short that 0.301 mg is not exceeded. The mass of all deployed DGT in
this study were well below the 0.301 mg cut-off, because the deployment lengths were short and
solution concentrations were low.
The background mass (0.0213 ± 0.0027 mg) was consistent and provided a low limit of detection
(0.0081 mg Br-). A low limit of detection is a requirement for the accurate determination of
concentration when the adsorbed mass on the binding layer is low. A low bromide mass may be a
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result of low solution concentration, short experiment duration, a large DBL due to poor solution
mixing/low flow, or a low diffusion coefficient due to low temperatures.
5.4.8 Diffusion Coefficient
The diffusion coefficient of bromide through the APA hydrogels was 62.1 % of the value of the diffusion
coefficient of bromide through water at 25 °C. This is considerably lower than the diffusion coefficients
of other anions through the APA diffusive gel compared to water – nitrate (97 %), sulfate (91 %) and
phosphate (99 %) (Hanousek et al., 2016; Huang et al., 2016a; Zhang et al., 1998). This highlights the
necessity for each laboratory using DGT to confirm the diffusive properties of the analytes being
measured, as recommended by Davison (2016). Accurate determination of the diffusion coefficient is
fundamental to the accuracy of the concentration determined by DGT (Davison, 2016). This is because
the diffusion coefficient depends on the swelling characteristics of the hydrogels used - a less swollen
hydrogel network results in a more restrictive diffusive pathway and lower diffusion coefficient. The
degree of swelling is dependent on the monomers and the relative concentrations used, the
polymerisation method used, and the degree of cross-linking (Ahmed, 2015). The time for
polymerisation depends on, but is not limited to, the temperature and redox initiator molarity
(Ahmed, 2015) – 45 °C , and TEMED (25 µL) and ammonia peroxidisulfate (75 µL of 10 % m/v) in this
study. Variations in these factors will result in different hydrogel properties (Ahmed, 2015), which will
affect the diffusion coefficient.
5.4.9 Conclusions
A bromide-selective DGT was developed and combined with the trace-dilution flow method. This
proved capable of providing quantitative environmental bromide concentrations, and flow rates. The
theoretical basis for using DGT to determine flow rates was established. The technique was expanded
to provide approximations of the contribution of different parts of a catchment to the downstream
flow, expanding the applicability of DGT for environmental flow measurements.

160

Funding
The University of Waikato, DairyNZ and the New Zealand Ministry for Primary Industries funded this
study.

Acknowledgements
We would like to acknowledge the financial support of The University of Waikato, DairyNZ and the
Ministry for Primary Industries; Purolite for the Bromide Plus anionic exchange resin; and The Waikato
Regional Council for the weir-based flow data. Adam Hartland was also supported by a Rutherford
Discovery Fellowship award [grant number: RDF-UOW1601]. Special thanks to Jacob Shrubsall and
Tiffany Bale for their invaluable help with the fieldwork.

161

References
AHMED, E. M. (2015). Hydrogel: Preparation, characterization, and applications: A review. Journal of
Advanced Research, 6(2), 105-121. doi:https://doi.org/10.1016/j.jare.2013.07.006
ANZECC. (2000). Australian and New Zealand Guidelines for Fresh and Marine Water Quality.
Canberra: Australian and New Zealand Environment and Conservation Council/Agriculture
and Resource Management Council of Australia and New Zealand
BONACCI, O., BUZJAK, N., & ROJE-BONACCI, T. (2016). Changes in hydrological regime caused by
human intervention in karst: the case of the Rumin Springs. Hydrological Sciences Journal,
61(13), 2387-2398. doi:10.1080/02626667.2015.1111518
CAI, C., WILLIAMS, P. N., LI, H., DAVISON, W., WEI, T.-J., LUO, J., ZHU, Y.-G., & ZHANG, H. (2017).
Development and Application of the Diffusive Gradients in Thin Films Technique for the
Measurement of Nitrate in Soils. Analytical Chemistry, 89(2), 1178-1184.
doi:10.1021/acs.analchem.6b03609
CANTON, J. H., WESTER, P. W., & MATHIJSSEN-SPIEKMAN, E. A. M. (1983). Study on the toxicity of
sodium bromide to different freshwater organisms. Food and Chemical Toxicology, 21(4),
369-378. doi:https://doi.org/10.1016/0278-6915(83)90090-X
COLE, J. J., & PRAIRIE, Y. T. (2014). Dissolved CO2 in Freshwater Systems. In Reference Module in Earth
Systems and Environmental Sciences: Elsevier.
CORBETT, T. D. W., DOUGHERTY, H., MAXWELL, B., HARTLAND, A., HENDERSON, W., RYS, G. J., &
SCHIPPER, L. A. (2019). Utility of ‘Diffusive Gradients in Thin-Films’ for the measurement of
nitrate removal performance of denitrifying bioreactors. Science of The Total Environment,
135267. doi:https://doi.org/10.1016/j.scitotenv.2019.135267
COUNCIL, W. R. (2021). Waikato Regional Council - River Flow at Dreadnought. Retrieved from
http://riverlevelsmap.waikatoregion.govt.nz/cgibin/hydwebserver.cgi/points/details?point=815&catchment=17
DAVISON, W. (2016). Diffusive Gradients in Thin-Films for Environmental Measurements. Cambridge,
UNITED KINGDOM: Cambridge University Press.
DINGHAM, S. L. (1993). Physical Hydrology. New York: Macmillan College Publishing.
DOBRIYAL, P., BADOLA, R., TUBOI, C., & HUSSAIN, S. A. (2017). A review of methods for monitoring
streamflow for sustainable water resource management. Applied Water Science, 7(6), 26172628. doi:10.1007/s13201-016-0488-y
FENG, Z., ZHU, P., FAN, H., PIAO, S., XU, L., & SUN, T. (2016). Effect of Biofilm on Passive Sampling of
Dissolved Orthophosphate Using the Diffusive Gradients in Thin Films Technique. Analytical
Chemistry, 88(13), 6836-6843. doi:10.1021/acs.analchem.6b01392
FLURY, M., & PAPRITZ, A. (1993). Bromide in the Natural Environment: Occurrence and Toxicity.
Journal of Environmental Quality, 22(4), 747-758.
doi:10.2134/jeq1993.00472425002200040017x

162

GUDE, V. G. (2018). Chapter 4 - Geothermal Source for Water Desalination—Challenges and
Opportunities. In V. G. Gude (Ed.), Renewable Energy Powered Desalination Handbook (pp.
141-176): Butterworth-Heinemann.
HANOUSEK, O., MASON, S., SANTNER, J., CHOWDHURY, M. M. A., BERGER, T. W., & PROHASKA, T.
(2016). Novel diffusive gradients in thin films technique to assess labile sulfate in soil.
Analytical and bioanalytical chemistry, 408(24), 6759-6767. doi:10.1007/s00216-016-9801-8
HUANG, J., BENNETT, W., TEASDALE, P. R., GARDINER, S., & WELSH, D. (2016a). Development and
evaluation of the diffusive gradients in thin films technique for measuring nitrate in
freshwaters. Analytica Chimica Acta, 923, 74-81. doi:10.1016/j.aca.2016.04.006
HUANG, J., BENNETT, W. W., WELSH, D. T., & TEASDALE, P. R. (2016b). Determining time-weighted
average concentrations of nitrate and ammonium in freshwaters using DGT with ion
exchange membrane-based binding layers. Environmental Science: Processes & Impacts,
18(12), 1530-1539. doi:10.1039/c6em00260a
KARR, J. R. (1991). Biological Integrity: A Long-Neglected Aspect of Water Resource Management.
1(1), 66-84. doi:10.2307/1941848
KIANPOOR KALKHAJEH, Y., JABBARIAN AMIRI, B., HUANG, B., HENAREH KHALYANI, A., HU, W., GAO,
H., & THOMSON, M. L. (2019). Methods for Sample Collection, Storage, and Analysis of
Freshwater Phosphorus. Water, 11(9), 1889.
KILPATRICK, F. A., & COBB, E. D. (1985). Measurement of Discharge Using Tracers. In Techniques of
Water-Resources Investigations (Vol. 3, pp. 1-91). Washington, DC: U.S. Geological Survey.
KING, R. C., MULLIGAN, P. K., & STANSFIELD, W. D. (2013). Diffusion. In A Dictionary of Genetics (8 ed.,
pp. 122). Oxford: Oxford University Press.
LEE, S.-K., CHUNG, S.-C., & PARK, S.-K. (2007). Chemical Tracer Method for Measurement of Flow
Rates in Closed Conduits. Journal of Nuclear Science and Technology, 44(11), 1467-1473.
doi:10.1080/18811248.2007.9711394
MAXWELL, B. M., BIRGAND, F., SMITH, B., & AVENI-DEFORGE, K. (2018). A small-volume multiplexed
pumping system for automated, high-frequency water chemistry measurements in volumelimited applications. Hydrology and Earth System Sciences, 22(11), 5615-5628.
doi:10.5194/hess-22-5615-2018
MOORE, R. D. (2005). Slug Injection Using Salt in Solution. Streamline Watershed Management
Bulletin, 8(2), 1-6.
ORGANISATION, W. H. (2017). Guidelines for Drinking-Water Quality (4 ed.). Geneva, Switzerland:
World Health Organization.
PANTHER, J. G., STEWART, R. R., TEASDALE, P. R., BENNETT, W. W., WELSH, D. T., & ZHAO, H. (2013).
Titanium dioxide-based DGT for measuring dissolved As(V), V(V), Sb(V), Mo(VI) and W(VI) in
water. Talanta, 105, 80-86. doi:https://doi.org/10.1016/j.talanta.2012.11.070
PARKER, K. M., ZENG, T., HARKNESS, J., VENGOSH, A., & MITCH, W. A. (2014). Enhanced Formation of
Disinfection Byproducts in Shale Gas Wastewater-Impacted Drinking Water Supplies.
Environmental Science & Technology, 48(19), 11161-11169. doi:10.1021/es5028184
163

PARSONS, D. F., HAYASHI, M., & VAN DER KAMP, G. (2004). Infiltration and solute transport under a
seasonal wetland: bromide tracer experiments in Saskatoon, Canada. Hydrological
Processes, 18(11), 2011-2027. doi:10.1002/hyp.1345
PINCKNEY, J. L., PAERL, H. W., TESTER, P., & RICHARDSON, T. L. (2001). The role of nutrient loading
and eutrophication in estuarine ecology. Environmental health perspectives, 109 Suppl
5(Suppl 5), 699-706. doi:10.1289/ehp.01109s5699
PRICE, H. L., TEASDALE, P. R., & JOLLEY, D. F. (2013). An evaluation of ferrihydrite- and Metsorb™-DGT
techniques for measuring oxyanion species (As, Se, V, P): Effective capacity, competition and
diffusion coefficients. Analytica Chimica Acta, 803, 56-65.
doi:https://doi.org/10.1016/j.aca.2013.07.001
PUROLITE. (2021). Strong Base Anion Ion Exchange Resins. Retrieved from
https://www.purolite.com/product-type/ion-exchange-resin-strong-base-anion
REDDY, P. (2020). Resource Management (National Environmental Standards for Freshwater)
Regulations 2020. Wellington: Parliamentary Counsel Office.
SMITH, E. J., DAVISON, W., & HAMILTON-TAYLOR, J. (2002). Methods for preparing synthetic
freshwaters. Water Research, 36(5), 1286-1296. doi:https://doi.org/10.1016/S00431354(01)00341-4
UHER, E., ZHANG, H., SANTOS, S., TUSSEAU-VUILLEMIN, M.-H., & GOURLAY-FRANCÉ, C. (2012). Impact
of Biofouling on Diffusive Gradient in Thin Film Measurements in Water. Analytical
Chemistry, 84(7), 3111-3118. doi:10.1021/ac2028535
VAINIKKA, P., & HUPA, M. (2012). Review on bromine in solid fuels – Part 2: Anthropogenic
occurrence. Fuel, 94, 34-51. doi:https://doi.org/10.1016/j.fuel.2011.11.021
VANYSEK, P. (2003). Ionic Conductivity and Diffusion at Infinite Dilution. In D. R. Lide (Ed.), CRC
Handbook of Chemistry and Physics (84 ed., pp. 95-97). London: CRC Press.
VOGEL, R. M., LALL, U., CAI, X., RAJAGOPALAN, B., WEISKEL, P. K., HOOPER, R. P., & MATALAS, N. C.
(2015). Hydrology: The interdisciplinary science of water. 51(6), 4409-4430.
doi:10.1002/2015wr017049
ZHANG, H., & DAVISON, W. (1995). Performance Characteristics of Diffusion Gradients in Thin Films
for the in Situ Measurement of Trace Metals in Aqueous Solution. Analytical Chemistry,
67(19), 3391-3400. doi:10.1021/ac00115a005
ZHANG, H., DAVISON, W., GADI, R., & KOBAYASHI, T. (1998). In situ measurement of dissolved
phosphorus in natural waters using DGT. Analytica Chimica Acta, 370(1), 29-38.
doi:https://doi.org/10.1016/S0003-2670(98)00250-5

164

Supplementary Material
Determination of complete mixing distance was calculated using the following equation (Dingham,
1993; F.A. Kilpatrick, 1985):

𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑘𝑘𝑚𝑚𝑚𝑚𝑚𝑚

𝐶𝐶𝑋𝑋 2
𝑔𝑔1/2 𝑌𝑌

𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚 = 0.140 ×

0.05×102

9.81/2 ×0.5

= 3.6 m

Where Lmix = the length to complete mixing (m), kmix = the mixing coefficient, C = Chézy’s constant, X =
the average reach width (m); g = gravitational acceleration (m2s-1), and Y = average reach depth (m)
(Dingham, 1993; F.A. Kilpatrick, 1985).
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Chapter 6

Chapter 6 - The Temperature and Flow Dependence of Nitrate
Concentration and Load Estimates based on Diffusive Gradients in ThinFilms.
Under Review at Journal of Environmental Quality:
CORBETT, T. D. W., HARTLAND, A., HENDERSON, W., RYS, G. J. & SCHIPPER, L. A. 2021. The
Temperature and Flow Dependence of Nitrate Concentration and Load Estimates based on
Diffusive Gradients in Thin-Films. Journal of Environmental Quality.

Core Ideas
-

DGT nitrate loadings were compared to the loads calculated using high/low frequency sampling.

-

Bias in DGT loads approached 30 % as flow/concentration correlation approached -1 / 1.

-

Increased correlation between temperature and concentration increased DGT concentration bias.

Abstract
Concentrations determined using Diffusive Gradients in Thin-Films (DGT) have been used to derive
time-averaged loads in streams and rivers. Diffusive Gradients in Thin Films, however, provide timeweighted average concentrations that assume the independence of concentration and flow.
Additionally, dynamic and coordinated changes in temperature, flow, and concentration, are potential
sources of bias in concentration and load calculations. We modelled scenarios in which temperature
and flow were correlated to varying degrees with nitrate concentration, and evaluated the
consequences for DGT nitrate concentration and load calculations. As the correlation between
solution flow and concentration moved towards 1 and -1, the nitrate load determined by DGT either
over or underestimated the actual load by as much as 30 %. In DGT-based load estimates, the degree
of potential bias should be assessed, and the concentration-flow relation characterised. As the
correlation of analyte concentration and temperature approached 1 and -1, the deviation of the
concentration determined by DGT (CDGT) from the actual concentration increased. In most cases, this
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bias was less than 2 %, however, if the changes in concentration and temperature were large (~10 mg
L-1 and ~10 °C) the bias exceeded 5 %. Concentration and temperature are unlikely to be perfectly or
strongly correlated or anti-correlated in natural systems and thus should not affect the accuracy of
DGT concentration calculations in most circumstances. The more uncorrelated solution temperature,
flow and concentration, the closer DGT derived nitrate concentration and load were to the actual
solution concentration and load.

6.1. Introduction
Diffusive Gradients in Thin-Films (DGT) were developed for the passive in situ determination of analyte
concentrations in solution and soil (Panther et al., 2010; Zhang & Davison, 1995; Zhang et al., 1998).
Diffusive Gradients in Thin Films have been developed for a wide range of analytes (inorganic and
organic) based on hydrogel-supported resins and commercially available membranes (Huang et al.,
2016c; Panther et al., 2013; Zhang & Davison, 1995; Zhang et al., 1998). More recently, development
of alternative binding layers, such as liquid binding layers, has further extended the DGT technique (Li
et al., 2003; Liu et al., 2016).
The development of DGT was founded on application of Fick’s First Law of Diffusion (Zhang & Davison,
1995), which describes the tendency of molecules to move from high to low concentration areas due
to their random heat motion (King et al., 2013). Increases in temperature increase the molecules’
random heat motion, and therefore the rate of diffusion. Conversely, decreases in temperature
decrease the rate of diffusion. Diffusive Gradients in Thin Films passively accumulate the target
analyte on the specific binding layer, the transport to which is restricted to diffusion by the material
diffusion layer (MDL) (Davison, 2016). The rapid and strong adsorption of the target analyte maintains
the concentration gradient through the material diffusion layer (MDL) (Davison, 2016). The elution
and measurement of the accumulated mass enables the calculation of the time-weighted average
concentration (Davison, 2016).
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DGT are theoretically capable of accounting for changes in temperature, and are flow independent if
the diffusive boundary layer is included in the DGT equation (Eq. 1) (Davison, 2016). Accurate
measurement of temperature is necessary for the accurate determination of the analyte diffusion
coefficient (Eq. 2) (Davison, 2016), a key component of the CDGT equation. There is an underlying
assumption that there is no correlation between temperature and concentration in the water body.
To our knowledge, however, there has been no investigation of how the DGT-determined
concentration changes as solution concentration and temperature co-vary.
DGT have also been used to calculate analyte loading although this is not common practice (Corbett
et al., 2019; Søndergaard et al., 2014). The use of passive samplers, including macro-organisms, for
determining loading is more widely tested to varying degrees of success (Audet et al., 2014; Müller et
al., 2008; Søndergaard et al., 2014), however, to our knowledge this is the first time the term DGT load
has been used. Given the growth in the use of DGT it is pertinent to raise potential issues with using
DGT to determine loads, to avoid potential misuse. The importance of correlation between solution
flow and concentration and the extent to which it affects loads determined by DGT has also not been
investigated. Loading, calculated as the product of concentration and flow rate, is important because
ecosystem responses depend on the total export and import of nutrients, not concentration alone
(Pinckney et al., 2001).
We hypothesised that the degree of correlation and the degree of variability in concentration,
temperature, and flow would potentially bias the DGT concentration and subsequent load
calculations. For example, we evaluated the effect on CDGT, if solution temperature and concentration
both linearly increase by ~ 10 °C and 10 mg L-1 over 24 hours. While this is extreme, we wanted to
provide an insight as to what the bias could be, to identify sensible operational environments. This
study focused on a theoretical investigation into these effects. We also sought to highlight the
challenges of using DGT for determining nutrient loading, when combined with methods for
measuring flow rate.
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6.2. Methods
Two different modelling scenarios were investigated. Firstly, we examined the effect of rapid and large
concentration and temperature changes, with varying degrees of correlation, on CDGT. Secondly, we
explored the effect of concentration and flow fluctuation, with varying degrees of correlation, on DGT
derived loads compared to high and low frequency grab sampling. Correlation was defined as the
Pearson Product-Moment Correlation. Modelling was performed in Excel 2016 (Microsoft,
Washington, USA).
While nitrate analysis via DGT is a relatively new addition to the DGT analytical portfolio, there is a
growing body of evidence to the efficacy of using DGT to determine nitrate concentrations in
freshwater and soils (Cai et al., 2017; Corbett et al., 2019; Huang et al., 2016a; Huang et al., 2016b;
Huang et al., 2016c; Ren et al., 2020). Our access to high frequency nitrate concentration and flow
data, with coupled successful DGT deployments, enabled the confirmation of the modelled load data
with real DGT data.
6.2.1 Temperature and Concentration
For DGT to provide quantitative environmental concentrations and loads, DGT must be responsive to
both rapid changes in concentration and temperature. Temperature controls the diffusion
coefficients, a fundamental component of the DGT equation (Eq. 1).

𝑪𝑪𝑫𝑫𝑫𝑫𝑫𝑫 =

𝑴𝑴. ∆𝒈𝒈
𝑫𝑫. 𝑨𝑨. 𝒕𝒕

(1)

Where, CDGT = DGT concentration (mg cm-3); M = analyte mass on binding layer (mg); A = area of
diffusion (cm2); t = length of deployment (s); D = diffusion coefficient through the material diffusion
layer (cm2 s-1); and, ∆g = the thickness of the material diffusion layer (Davison, 2016; Zhang & Davison,
1995).
Diffusion coefficients for numerous trace metals, anions, oxyanions, and organic molecules have been
determined and reported for the standard material diffusion layer (MDL) (Davison, 2016; Hanousek et
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al., 2016; Huang et al., 2016a; Zhang & Davison, 1995; Zhang et al., 1998). The MDL consists of an
agarose cross-linked polyacrylamide hydrogel of various thicknesses and a polyether sulfone filter
membrane (Davison, 2016). The MDL diffusion coefficients for specific analytes are generally reported
for the temperatures at which they were determined and temperature corrected to 25 °C (Davison,
2016). The diffusion coefficient of nitrate used in this study was 1.46 x 10-5 cm2 s-1 at 25 °C (Huang et
al., 2016a). For DGT deployments, as in this study, the diffusion coefficients must be temperature
corrected to the average temperature for the DGT deployment using the following equation, where,
T = temperature; DT = diffusion coefficient at temperature T; D25 = diffusion coefficient at 25 °C
(Davison, 2016).

𝒍𝒍𝒍𝒍𝒍𝒍𝑫𝑫𝑻𝑻 =

𝟏𝟏. 𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑(𝑻𝑻 − 𝟐𝟐𝟐𝟐) + 𝟎𝟎. 𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎(𝑻𝑻 − 𝟐𝟐𝟐𝟐)𝟐𝟐
𝑫𝑫𝟐𝟐𝟐𝟐 (𝟐𝟐𝟐𝟐𝟐𝟐 + 𝑻𝑻)
+ 𝒍𝒍𝒍𝒍𝒍𝒍
𝟏𝟏𝟏𝟏𝟏𝟏 + 𝑻𝑻
𝟐𝟐𝟐𝟐𝟐𝟐

(2)

Here, we modelled the responsiveness of DGT and the inherent bias due to rapid and slow
concentration and temperature changes of solution over 48 hours using theoretical systems where
there were both large and small concentration and temperature changes. Field deployment periods
of 18 to 48 hours have been reported for A520E nitrate specific DGT (Corbett et al., 2019; Huang et
al., 2016a), 48 hour deployment period were chosen for this study because it is the upper limit of
successfully reported field deployments.
Solution parameters were generated for each run in hourly increments, to enable the calculation of
the time-weighted average solution concentration and temperature. The average solution
concentration and temperature for each time period was used to calculate the mass flux to the DGT
binding layer (Eq. 2), by rearranging Eq. 1. The diffusion coefficient was calculated using the average
temperature for each hour.

𝑴𝑴 =

�𝑪𝑪𝒕𝒕𝒏𝒏 + 𝑪𝑪𝒕𝒕𝒏𝒏+𝟏𝟏 �
. 𝑫𝑫 (𝑻𝑻𝒏𝒏 +𝑻𝑻𝒏𝒏+𝟏𝟏 ) . 𝑨𝑨. 𝒕𝒕
𝟐𝟐
�
�
𝟐𝟐

(3)

∆𝒈𝒈
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Where, M = mass for the hour time period (mg); Ctn and Ctn+1 = solution concentration at the beginning
and end of the hour respectively (mg cm-3); D(Tn…/2) = diffusion coefficient (cm2 s-1), for the average
temperature over the hour, temperature corrected using Eq. 2; (Tn+Tn+1)/2 = average temperature of
the hour which was inserted into Eq. 2, Tn and Tn+1 are the temperatures at the beginning and end of
the hour respectively (°C); A = area of diffusion (3.1416 cm2); t = length of time (3600 s); and, ∆g =
thickness of the material diffusion layer (0.095 cm). The standard material diffusion layer (MDL)
thickness was utilised (Davison, 2016). Calculations to determine the effect of changes in MDL
thickness were not performed, because, as discussed later, it was presumed steady state was reached
immediately, which negates the effects of the rate of response to solution concentration changes
based on MDL thickness.
The DGT concentration was calculated using Eq. 1, however the mass (M) component equal to the
sum of the masses for each time period calculated using Eq. 3. The percentage difference
(%difference) of the DGT concentration (CDGT) form the solution concentration (Csolution) was calculated
using Eq. 4. Csolution was the time-weighted average concentration of the solution.

% 𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅 =

𝑪𝑪𝑫𝑫𝑫𝑫𝑫𝑫 − 𝑪𝑪𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔
. 𝟏𝟏𝟏𝟏𝟏𝟏
𝑪𝑪𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔

(4)

The correlation of solution temperature and concentration were varied between 1, 0 and -1. The
concentrations in scenario one used were 1 to 10.6, 5.8, 0.58, and 0.1 to 1.06 mg NO3-_N L-1. The
associated temperatures were 10 to 22, 16, 10 to 12.4, and 11.2 °C. These regimes were combined
such that concentration and/or temperature increased and decreased linearly, or were held constant
over the modelled deployment period (Figure 6.1A). In the second scenario, either one or both of
concentration and temperature cycled through the same regimes (Figure 6.1B). Changes in
concentration and temperature within each run increased or decreased linearly, i.e. the change
between each hour period was the same, to simplify the calculation of the time-weighted average
solution concentrations and temperatures.
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Figure 6.1: Diagrams of (A) scenario one and (B) scenario two models. Not all variants within each
scenario are included. The arrows denote the change in temperature and concentration through
time.
6.2.2 Flow, Concentration and Load
The accuracy of load calculations are dependent on the accuracy of both flow and concentration
measurements (Pinckney et al., 2001). Here, the efficacy of using DGT for determining the load was
modelled using nitrate concentration and flow data measured over 1 month from a denitrifying
bioreactor (Corbett et al., 2019; Maxwell et al., 2018). The bioreactor data was used because it
provided a data set with pronounced variations in concentration and flow, and the high frequency of
sampling enabled an accurate calculation of the load. Nitrate concentrations were determined by grab
sampling at 30 and 60-minute intervals, while flow measurements were independently measured at
the same interval (Corbett et al., 2019; Maxwell et al., 2018). Denitrifying bioreactors are anaerobic
carbon rich systems, designed to support the microbial transformation of excess nitrate to N2 (g) (Addy
et al., 2016; Rivett et al., 2008; Schipper et al., 2010). Diffusive Gradients in Thin Films have been
successfully been deployed in bioreactors, providing quantitative nitrate concentrations when
compared to high frequency grab samples (Corbett et al., 2019).
The model created was compared to the real data from DGT deployments in the bioreactor (Corbett
et al., 2019), to confirm the differences of the DGT determined load to the ‘actual’ load. High
frequency nitrate concentration measurements in the bioreactor were made using an automated
multiplexed pumping system and UV-vis field spectrophotometer coupled system (MPS-UV Vis)
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(Maxwell et al., 2018). The in-field measurements made via UV-vis were calibrated via regular grab
samples (Maxwell et al., 2018). Comprehensive testing of the efficacy of the system ensured the
degree of uncertainty, due to matrix effects for example, was minimal (Maxwell et al., 2018). The
accuracy and frequency of the measurements provided a nitrate concentration data set that should
closely describe the real nature of the system, and was thus used to represent the ‘actual’ solution
values. The diffusive boundary layer was accounted for by deploying three DGT with different material
diffusive layer thicknesses, in the inlet and outlet chambers, and the three centre wells (Corbett et al.,
2019).
The modelled load data were generated by rearranging the flow and concentration regimes as
measured in the bioreactor. The average concentration and flow, remained constant, but the flow and
concentration values were redistributed to provide flow and concentration regimes of varying
correlation (1 to -1). The ‘actual’ load was determined by summing the load (flow x concentration x
time) for each time interval. The DGT determined load was calculated in a similar fashion, except the
concentration used at each time interval was the average concentration (CDGT), the load for each time
interval was summed and compared against the ‘actual’ load. The percentage difference (%difference)
was determined using the following equation. .

% 𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅 =

𝑳𝑳𝑳𝑳𝑳𝑳𝒅𝒅𝑫𝑫𝑫𝑫𝑫𝑫 − 𝑳𝑳𝑳𝑳𝑳𝑳𝒅𝒅𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂
. 𝟏𝟏𝟏𝟏𝟏𝟏
𝑳𝑳𝑳𝑳𝑳𝑳𝒅𝒅𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂

(5)

In standard regulatory measurement regimes, grab samples are taken monthly or fortnightly
(Kronvang & Bruhn, 1996; Moatar & Meybeck, 2005; Tulagi, 2019). To represent this, each
concentration data point was taken individually to represent the concentration for the month period,
and as for the DGT calculated load the low frequency grab sampling concentration was used to
determine the load for each time interval. Total nitrate-N was determined by multiplying load by time.
For the purposes of modelling, it was assumed that when solution concentration changed, the steady
state between the DGT and bulk solution was reached immediately. This is unlikely to be true,
particularly as the MDL thickness increases, because of the time it takes for analyte to diffuse through
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the MDL. This effect becomes negligible, however, where the change in concentration occurs gradually
over hour timescales (Davison, 2016). The time to reach steady state, and the associated percentage
error have been investigated (Eq. 6) (Davison & Zhang, 2012).

𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷 𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆 =

𝒈𝒈𝟐𝟐 𝟏𝟏𝟏𝟏𝟏𝟏
.
𝟔𝟔𝟔𝟔 𝑻𝑻

(6)

Where, g = MDL thickness (cm), D = temperature corrected diffusion coefficient (cm2 s-1) and T =
deployment time (s). The transient period, the period before steady state is met (Lehto et al., 2006),
is generally associated with the deployment of the DGT and not concentration changes during the
deployment. It is recommended that DGT deployments are sufficiently long that the associated error
has little or no meaningful effect on the calculated DGT concentration (Davison, 2016). This approach
implicitly assumes that changes are gradual such that the steady state is reached quickly and does not
affect CDGT. This is not an unreasonable assumption, because as previously shown, DGT are able to
account for rapid changes in nitrate concentration, providing concentration data that closely matches
very high frequency grab sampling concentrations (Corbett et al., 2019). The decision to exclude the
time to steady state, in this exercise, was made to simplify the model, excluding other factors that
may make the effects of solution temperature and concentration indistinguishable. To empirically
justify disregarding the transient periods the percentage error in the average concentrations was
calculated. The errors were applied to the average DGT concentrations as detailed in Eq. 7, and the
load calculations were re-run with higher and lower concentration for each flow regime. The
percentage error in the load bias (% ELB) due to the transient period was then calculated using Eq. 8.
Where CDGT error = the upper and lower DGT concentrations after the percentage error is applied; and
LoadDGT error = the load calculated using CDGT error.

𝑪𝑪𝑫𝑫𝑫𝑫𝑫𝑫 𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆 = 𝑪𝑪𝑫𝑫𝑫𝑫𝑫𝑫 ±
% 𝑬𝑬𝑬𝑬𝑬𝑬 =

𝑷𝑷𝒆𝒆𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬
. 𝑪𝑪𝑫𝑫𝑫𝑫𝑫𝑫
𝟏𝟏𝟏𝟏𝟏𝟏

𝑳𝑳𝑳𝑳𝑳𝑳𝒅𝒅𝑫𝑫𝑫𝑫𝑫𝑫 𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆 − 𝑳𝑳𝑳𝑳𝑳𝑳𝒅𝒅𝑫𝑫𝑫𝑫𝑫𝑫
. 𝟏𝟏𝟏𝟏𝟏𝟏
𝑳𝑳𝑳𝑳𝑳𝑳𝒅𝒅𝑫𝑫𝑫𝑫𝑫𝑫

(7)
(8)
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6.3. Results
6.3.1 Temperature and Concentration
Temperature modelling showed that large rapid increases and decreases in concentration and
temperature, whether correlated or anti-correlated (1 and -1 correlation), produced the largest
difference (3 to 7.3 %) between the DGT determined concentration and solution concentration
determined by high frequency grab sampling (Table 6.1). All other permutations, outlined in the
methods section, produced very small differences between 2 and -2 %.
Table 6.1: Summary of the differences of concentrations determined by Diffusive Gradients in ThinFilms (DGT) to the actual concentration determined by high frequency grab sampling, when
temperature and concentration completely correlate (R2 = 1) and anti-correlate (R2 = -1). Note: all
values are not reported, only those with differences ≥ 2 and -2 %.
Temperature

Concentration

Correlation

(°C)

(mg L-1)

(R2)

𝑪𝑪𝑫𝑫𝑫𝑫𝑫𝑫 − 𝑪𝑪𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔
× 𝟏𝟏𝟏𝟏𝟏𝟏
𝑪𝑪𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔
(%)

Increasing (10 to 22)

Increasing (1 to 10.6)

1

5.3

Increasing (10 to 22)

Decreasing (10.6 to 1)

-1

-4.7

Decreasing (22 to 10)

Increasing (1 to 10.6)

-1

-4.7

Decreasing (22 to 10)

Decreasing (10.6 to 1)

1

5.3

Cycling (10 to 22)

Cycling (1 to 10.6)

1

7.3

Cycling (22 to 10)

Cycling (1 to 10.6)

-1

-3
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6.3.2 Flow, Concentration, and Load
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Figure 6.2: (A) Measured nitrate concentration and flow rate hydrograph for the modelled period,
where DGT concentration (CDGT) and DGT flow (FlowDGT) = DGT/average concentration and flow
respectively. (B) The difference in total nitrate-N determined by high frequency grab sampling
(actual) and DGT, for real flow/concentration regimes and modelled load data (redistributed real
nitrate concentration and flow data). (C) Total nitrate-N for loads determined by infrequent grab
sampling when projected for the whole month, versus DGT and high frequency grab sampling. Grab
samples that provided total nitrate-N values closer to the actual than DGT, or equal to DGT were
circled.
Over the one month analysis period, both flow and concentration varied by an order of magnitude
(Figure 6.2A), from 0.025 to 0.146 L s-1 and 4.53 to 0.35 mg N L-1, respectively. As the correlation
between flow and concentration moved towards 1 and -1, the total nitrate-N (mg N) calculated by
DGT moved away from the actual total nitrate-N, calculated from high frequency flow and
concentration data, i.e. the percentage difference in calculated load from actual increased (Figure
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6.2B). The error in the calculated DGT load due to the transient period, the time before steady state
was reached, in the modelled data was < 0.1 %.
The number of individual spot samples (grab samples) which allowed calculation of loads equivalent
to, or better than DGT, i.e. closer to the actual determined by high frequency grab sampling and flow
measurements, was relatively small - 45 out of 447 samples (Figure 6.2C). While this represents ~10
% of the samples, they were not randomly distributed through time and fell within short windows of
time. The total sampling time was 734.3 hours. The total sampling time which provided loads
equivalent to DGT or closer to the actual load than DGT was 51.9 hours, equivalent to 7.1 % of the
sampling time. These sampling times predominantly occurred between late afternoon and very early
morning.

6.4. Discussion
Through modelling scenarios of varying degrees of correlation between concentration and other field
variables (flow and temperature) we showed that temperature fluctuations produce little effect on
the concentration determined by DGT. In contrast, as the correlation between flow and concentration
approached 1 and -1, load calculations determined by DGT overestimated or underestimated the
actual load by up to 30 %.
The determined conclusions drawn here likely translate to other DGT methods. This should be
confirmed with other analytes, such as phosphate and transition metals (e.g. Cd, and As), however,
this requires it the creation of a high frequency concentration and flow data set with coupled DGT
deployments.
6.4.1 Flow, Concentration and Load
DGT were designed to determine time-weighted average analyte concentration independent of
solution flow (Davison, 2016). Solution flow/mixing, in part, determines the diffusive boundary layer
(DBL), the area of solution at the DGT window with decreased concentration relative to the rest of
solution. The full DGT equation incorporates the DBL, maintaining the flow independence of CDGT.
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Diffusive Gradients in Thin Films, therefore, do not capture the degree of correlation between flow
and concentration. When using DGT to calculate load, furthermore, the correlation of analyte
concentration to flow was important for determining the accuracy of calculated loadings (Figure 6.2B).
The greater the correlation or anti-correlation, the greater the potential bias, as large as 30 %, in the
DGT determined load (Figure 6.2B). Conversely, the bias will reduce as the flow and concentration
become uncorrelated (Figure 6.2B). This may not be an issue in perturbed systems where chemostasis
has been observed for anthropogenic nitrate, due to the release of legacy stored nitrate at a constant
concentration, resulting from long-term, distributed land application from fertiliser, effluent, nitrogen
fixation, and atmospheric deposition (Basu et al., 2010; Duncan et al., 2017; Musolff et al., 2015;
Thompson et al., 2011).
The accuracy of load calculations are determined by the measurement accuracy and frequency of both
flow and concentration measurements (Pinckney et al., 2001). The standard approach adopted by
monitoring authorities is to monitor and log water flow continuously, and take fortnightly or monthly
grab samples for concentration measurements (Tulagi, 2019). The infrequency of sampling is unlikely
to provide accurate nutrient loads, particularly in fluctuating systems such as the system used in this
study (Figure 6.2A). The accuracy of the mean concentration values over time and therefore loads,
determined by grab sampling, when extrapolated to the whole month were low. For example, in the
system measured and modelled in this study ~ 90 % of grab samples would not estimate NO3--N loads
within 16 % of the actual load (Figure 6.2C). This error of grab sampling estimates was greater than
the error in the load estimate based on DGT (16 %) – which decreased to < 10 % if load is calculated
as CDGT multiplied by the flow for each time interval (30 or 60 minutes) instead of the average flow.
The timing and frequency of manual grab sampling required to provide loadings closer to the actual
load than DGT were also impractical, being between late afternoon/evening and early morning. The
impracticality of the sampling timings may not be the case in other systems, but unless high frequency
sampling or passive long-term sampling is undertaken, the extent to which load is under or
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overestimated could not be known. The uncertainty of the extent of the divergence from the actual
load reinforces the need for measurement accuracy of both flow and concentration.
If using infrequent grab sampling to calculate long-term loading, the risk of over or underestimating
the actual load increases, furthermore it is not possible to know whether the load is over or
underestimated and to what extent. Using DGT to measure concentration, and subsequently calculate
load, over a month period was an improvement upon standard monitoring practices (continuous flow
and infrequent grab sampling) (Figure 6.2C).
DGT have been shown to be capable of providing accurate time-weighted nitrate concentrations in
highly variable denitrifying bioreactor systems, when compared to hourly grab sampling (Corbett et
al., 2019). Diffusive Gradients in Thin Films therefore have the potential to resolve one of the major
challenges facing monitoring authorities, and individuals – affordable and accurate determination of
average nutrient concentration in water bodies. It is critical, however, that the correlation between
flow and concentration is known before load estimates are made to avoid potential bias when
correlation approaches 1 and -1.
6.4.2 Temperature and Concentration
A fundamental variable component of DGT is the temperature dependence of diffusion. We used a
theoretical scenario of temperature and concentration correlation to investigate the difference
between CDGT and Csolution (the actual concentration of the solution). Temperature and concentration
were varied in order to achieve correlation coefficients from 1 to -1. Variation of temperature and
concentration was large or small, and rapid or slow.
For the most part, temperature caused little difference between CDGT and Csolution, particularly when
the concentration and temperature varied little and slowly irrespective of correlation (Table 6.1). CDGT
diverged from Csolution most in scenarios with large and rapid temperature changes with correlations
approaching 1 and -1 (Table 6.1). Diffusive Gradients in Thin Films field deployments generally require
the measurement of temperature, so that the diffusion coefficient can be appropriately corrected –
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but often temperature is only measured at DGT deployment and removal (Davison, 2016; Huang et
al., 2016a). In isothermal or near isothermal systems, even if there is significant concentration
variation it seems that constant temperature monitoring is not necessary (Table 6.1). In systems where
temperature varies significantly it should be monitored throughout, regardless of the correlation to
concentration. For example, large rivers have enough water mass such that the temperature does not
rapidly fluctuate. In contrast, small streams may experience large and rapid diurnal temperature
fluctuations. If the temperature is not accurately determined, CDGT may differ significantly from Csolution.
DGT provides time-weighted average analyte concentration by integrating short-term analyte
concentration changes over the deployment period (Davison, 2016). Diffusive Gradients in Thin Films
therefore provides an improvement of the standard infrequent grab sampling methodology, by taking
into account the changes in analyte concentration. Monitoring temperature throughout the DGT
deployment, similarly, provides improved DGT derived concentrations.
If DGT are to be used by monitoring authorities and the general public it may be impractical and too
expensive to monitor temperature continuously at each deployment site. Understanding the
characteristics of the deployment site, such as flow and daylight exposure, will help determine
whether temperature needs to be monitored throughout.
6.4.3 Conclusions and Implications
The divergence of the DGT derived load from the actual load has implications for the use of DGT for
contaminant monitoring. Diffusive Gradients in Thin Films are likely not capable of providing accurate
loadings in systems where concentration and flow are more tightly linked. For example, high
correlation of nitrate concentration to flow has been reported, due to snowmelt and after rainfall
events (Lucey & Goolsby, 1993; Perrot et al., 2014; Wang et al., 2015). In large rivers and streams this
may not be an issue, as the river volume could moderate the effects of any flash events.
Finally, the divergence of CDGT from the actual concentration, with high correlation/anti-correlation of
concentration and temperature, is less likely to hinder the field deployments of DGT. Even in the most
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extreme cases where concentration and temperature co-vary by more than 10 °C and 10 mg L-1, the
bias was only ~ 7 %.
DGT concentration and load calculations approached the actual solution concentration and load as
temperature and concentration, and flow and concentration were more uncorrelated. Solution
temperature and concentration covariance produced little effect on the concentration determined by
DGT. In contrast, as flow and concentration became more correlated and anti-correlated the DGT
derived load diverged by up to 30 % from the actual load, which is problematic if DGT are used to
determined analyte loadings.
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Appendices

Chapter 7 - Summary, Conclusions and Recommendations
7.1 Summary and Conclusions
The following section summarised the conclusions of each individual study, linking them back to the
objectives of this research project (Figure 7.1). In the process demonstrating how each study alone,
and the research project as a whole, improves our understanding of DGT and resolves some of the key
monitoring issues facing regulators, researchers, and the community.

Can DGT be easily deployed and used to
determine concentra�ons and ﬂow rates?

Deploy DGT in freshwaters and
denitrifying bioreactors.

Can DGT concentra�ons be
determined in-ﬁeld?

Can DGT be used to determine
stream ﬂow rates?

What are the poten�al biases in DGT
concentra�on and load calcula�ons?

Determina�on of nitrate
removal performance.

AuNP-DGT and
Fe(0)-p(AMPS/AMA) hydrogel.

Br--DGT and constant rate
tracer injec�on.

Strong concentra�on and ﬂow correla�ons
produce signiﬁcant bias in load.

Yes

Colour development in principle.
Field tes�ng is needed.

Yes

DGTs can be easily deployed and used to determine
concentra�ons and ﬂow rates in freshwaters.

Figure 7.1: PhD Schematic.

7.1.1 Utility of DGT for Measuring Nitrate in Freshwaters and Mitigation Strategies
The first study of this research project focused on establishing the utility of nitrate-DGT for
environmental monitoring in New Zealand. The National Policy Statement for Freshwater
Management states the need for widespread and constant monitoring of waterways (Government,
2020), however, current methods are either too expensive or cannot provide the necessary data.
Using DGT to measure nitrate concentrations in the chemically and physically challenging denitrifying
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bioreactor systems successfully demonstrates the utility and efficacy of nitrate-specific DGT (A520EDGT) (Corbett et al., 2019). The main conclusions of this study were (Corbett et al., 2019):
-

DGT were successful deployed along two different denitrifying bioreactor systems, one
treating agricultural run-off and the other treating effluent and grey-water from a commercial
facility, in the centre wells, and inlet and outlet structures;

-

The NO3- concentrations determined via DGT were in strong agreement with the high
frequency grab sampling concentrations, while concentration determined via low frequency
grab sampling missed the temporal fluctuations in NO3-;

-

DGT more easily accounted for the temporal variation in NO3- than both grab sampling
methods, because as passive samplers DGT were essentially set-and-forget while grab
sampling required considerable on-site time to take the required number of samples, which
also increased the number of samples for analysis and therefore analysis costs;

-

DGT enabled the determination of bioreactor performance via calculation of average nitrate
removal rates, which were between 1.2 and 30.8 g N m-3 d-1 for the two bioreactors; and

-

The ability of A520E-DGT to determine NO3- concentrations in the chemically (high
concentrations of potentially competing species) and physically (low flow and poor mixing)
bioreactor systems demonstrated that nitrate-specific DGT provided a low cost, accurate, and
easy-to-use method for monitoring NO3-.

As discussed in the following section, continued studies utilising DGT for nitrate monitoring will be
needed to provide a sufficient body of evidence required for regulatory authorities to consider using
DGT. As outlined by the National Policy Statement for Freshwater Management, there is significant
need for tools to meet the enable the widespread monitoring required to improve the health of our
waterways. Current methods are generally limited by the need for laboratory analysis, expensive onsite equipment, or low accuracy (Corbett et al., 2019). The democratisation of water quality
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monitoring, furthermore, requires the development of DGT which do not require laboratory analysis
such that the general public can perform quantitative analyses.
7.1.2 Colourimetric DGT
The second study sought to incorporate colour reagents into the DGT binding layer specific such that
in-field analysis of nitrate-DGT could be performed. The main conclusions of this study were (Chapter
4):
-

An chitosan-stabilised Au nanoparticle suspension, with molecular weight > 150 kDa, was
developed for the colourimetric determination of nitrite, providing quantitative
concentrations (0 to 1000 mg L-1) and masses (0 to 145 µg);

-

A DGT probe was designed and 3D printed (3D images in appendix 1), which could be used
with the standard DGT solution probe caps and dialysis membrane (molecular weight cut-off
< 15 kDa), to house the AuNP-chitosan suspension for deployments in solution;

-

An Fe(0) impregnated poly-2-acrylamido-2-methyl-1-propanesulfonic acid/acrylamide
copolymer hydrogel Fe(0)-p(AMPS/AMA) was developed for the reduction of nitrate to nitrite,
which produced a total nitrite mass of ~110 µg;

-

The Fe(0)-p(AMPS/AMA) was produced by hydrating a synthesised poly-2-acrylamido-2methyl-1-propanesulfonic acid/acrylamide copolymer hydrogel (p(AMPS/AMA)) (10 % AMPS,
and 90 % AMA) with an Fe(III) solution to form an Fe(III)-p(AMPS/AMA) hydrogel, which was
then treated with NaBH4 to form an Fe(0)-p(AMPS/AMA) hydrogel;

-

The AuNP liquid binding layer DGT provided distinct colour changes when deployed in
synthetic nitrite solutions of varying concentrations (0 – 1000 mg L-1), however, they operated
more as Diffusive Equilibrium Theory (DET) due to the slow reaction rate of the AuNP-chitosan
suspension; and,
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-

The slow reaction rate of the AuNP-chitosan also prohibited the combination with the Fe(0)
reducing hydrogel, because, the uptake of nitrite was not sufficiently rapid stop further
reduction of nitrite to NH3/NH4+ (aq) and NO(x) (g) species.

Incorporation of colour reagents and reductants into DGT represents a novel approach to the
extension of the DGT methodology. Determination of concentrations alone, however, do not
necessarily provide the whole picture (as discussed in Chapters 2, 5 and 6). Loading can determine the
ecosystem response (Pinckney et al., 2001).
7.1.3 Br--DGT Development and Flow Rate Measurement
Study three focussed on the development of a bromide-selective DGT (Br--DGT) and the combination
with the constant-rate trace dilution method, for the determination of bromide concentrations and
stream flow rates. The main conclusions of study three were (Corbett et al., 2021a):
-

A novel bromide-specific DGT (Br--DGT) which provided quantitative bromide concentrations
at a range of pH and competing ion concentrations was developed, based on the Purolite
Bromide Plus anion exchange resin;

-

Key DGT parameters were quantified, such as uptake (95.7 ± 3.4 %) and elution (95.5 ± 4.7 %),
adsorption maximum (0.684 ± 0.001 mg), and the diffusion coefficient of bromide through the
APA diffusion layer (1.29 x 10-5 cm2 s-1 at 25 °C);

-

The theory for using DGT to measure flow was established, and quantitative infield flow
measurements were made at stream using the Br--DGT when combined with the constantrate trace-dilution flow rate method;

-

The Br--DGT flow rates were between -14.7 and 6.50 % of the flow independently monitored
flow rate (weir), in comparison, grab sample flow rates diverged by 5.52 to 58.9 % from the
weir flow rate; and,

-

Measurement of background bromide concentrations enabled the calculation of the
contributions of tributaries to the total flow at the measurement point, this could enable the
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calculation of flows and loads up a catchment from a flow monitoring site when combined
with other DGT (e.g. nitrate or phosphate DGT), which could aid in the targeting of mitigation
strategies.
Development of a bromide-selective DGT, and the combination with the constant-rate trace dilution
method, are novel extensions of the DGT methodology. Diffusive Gradients in Thin Films, for the first
time, can be used to determine analyte concentration, stream flow, and therefore analyte loading.
There are numerous implications of using DGT to determine flow rates and concentrations, chiefly,
DGT can potentially be used to partition concentration and load contributions within a catchment.
Providing an easy-to-use, affordable and accurate tool for the targeting of mitigation strategies.
Utilising DGT to determine loads, however, requires an understanding of the potential sources of bias
in DGT concentration and load calculations.
7.1.4 Potential Sources of Bias in DGT Concentration and Load Calculations
Study four utilised a modelling approach to understand the effects of the covariance of temperature
and concentration on the DGT determined concentration, and covariance of flow and concentration
on the DGT determined nitrate load, compared to the actual stream concentration and load. The DGT
method is theoretically flow independent if the diffusive boundary layer is accounted for, and if the
temperature is accurately measured so that the analyte diffusion coefficients can be accurately
calculated (Davison, 2016). The main conclusions were (Corbett et al., 2021b):
-

The effects of varied correlation of concentration and temperature, as they changed
dynamically, on the DGT determined concentration were modelled, yielding biases generally
less than 5 % even as the correlation approached 1 and -1;

-

The effects of dynamic changes in flow and concentration, with correlations between -1 and
1, on the DGT determined concentration were modelled and compared to the actual load,
yielding biases approaching 30 % as the correlation approached -1 and 1;
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-

Flow and concentration correlations between -0.2 and 0.1 resulted in biases in the modelled
loads less than 5 %; and,

-

The bias in DGT determined load is potentially problematic if DGT are to be used to determine
analyte loadings. The nature of the system needs to be understood before embarking on using
DGT to determine loads, DGT are likely not capable of providing accurate loads where
concentration and flow are large and more tightly linked (e.g. due to snowmelt or rainfall).

Modelling the effects of dynamic changes in concentration, flow and temperature, with varying
degrees of correlation, on DGT determined loads and concentrations had previously not been
explored. Generally, irrespective of the relationship between concentration and temperature, DGT
are capable of providing accurate nitrate concentrations. Diffusive Gradients in Thin Films are also
capable of providing accurate nitrate loads, if concentration and flow are not highly correlated. An
acceptable correlation, whereby the potential bias is < 10 %, is likely between -0.35 and 0.25.
Concentration and flow correlation is unlikely problematic in most cases, however, understanding of
the system prior to using DGT for load calculations is best practice.
7.1.5 Thesis Aims
The aims of this thesis were to illustrate the utility of nitrate-DGT as a monitoring tool, and the
expansion of the DGT methodology to increase the number of potential uses and users. Each research
chapter of this thesis addresses a different component of these aims. Importantly when considered
together these chapters provide solutions to some of the challenges for the widespread adoption of
DGT. Deploying DGT in the chemically and physically challenging denitrifying bioreactors
comprehensively demonstrated that the A520E nitrate-specific DGT are a capable and useful tool for
monitoring nitrate concentrations, and for determining the performance of nutrient mitigation
strategies. Development of the colourimetric liquid binding layers and reducing hydrogels/diffusive
layers, lay the foundations for a quantitative nitrate-specific DGT that can be analysed easily infield. It
also creates a framework for the development of colourimetric DGT specific for other analytes.
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Development of the bromide selective DGT, and combination with the constant tracer method,
enables DGT to be utilised for determining flow rates and therefore analyte loading. Loading is a key
determinant of potential ecological damage. Finally, understanding the limitations and the
relationships of key components for using DGT for environmental monitoring (flow, temperature,
concentration, and load) draws attention to the considerations required for using DGT for
environmental monitoring.

7.2 Recommendations and Future Research
DGT have shown they can overcome many of the methodological limitations of other nutrient
measurement techniques, and provide affordable and accurate data more easily, however, their use
remains limited to researchers. To encourage the uptake of DGT by regulators and the general public,
testing and validation within large-scale monitoring regimes of a range of aquatic systems could be
undertaken. This monitoring approach should include stakeholders, such as Iwi, farmers, and regional
councils. These studies could also include user driven monitoring programmes to ascertain the
limitations and challenges that they face, to establish clear user protocols. In the New Zealand context,
work is also required to create space for the use of DGT in the Resource Management Act.
7.2.1 Improving Colour Development in DGT
Incorporation of colourimetric reagents into the DGT methodology was achieved, through the
development of an AuNP-chitosan liquid binding layer. As discussed above, the slow rate of reaction,
however, meant the AuNP-chitosan DGT operated more as a DET. Increasing the reaction rate of the
colour reagents is the primary obstacle to the successful development of colourimetric DGT for infield
determination of nitrate, and other analytes. Nitrate to nitrite reduction was achieved within the Fe(0)
reducing gel, there are however, further opportunities to improve the efficacy of the developed
nitrate colourimetric DGT. Further research opportunities include:
-

There are numerous requirements of any colourimetric method for incorporation into a DGT
binding layer, these include: selectivity for the target analyte(s); quantitative over a range of
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solution pH, conductivity, and temperatures; stability; visually determinable colour change
over a large range of analyte masses; and, a fast reaction rate, so that the steady-state is
maintained through the diffusion layer. Catalysts could be explored to improve the reaction
rate of the AuNP-chitosan system developed here. Determining the reaction kinetics/reaction
order would help in the further development of the AuNP-chitosan method, and in the
development of alternative methods.
-

Development of a ‘one-pot’ liquid binding layer, which includes the colour reagent and the
reducing agent, could overcome many of the issues arising from the variable concentration
gradients of nitrate and nitrite within the diffusive layers. Reduction of nitrate to nitrite
creates a concentration gradient through the first layers of the diffusion layer, which may
trend to zero as nitrate is rapidly reduced within the Fe(0)-hydrogel reducing layer.
Traditionally the binding layer drives the concentration gradient of the determined analyte,
however, in effect the reducing hydrogel acts as the nitrate binding layer. The nitrite
concentration increases in the reducing layer, and decreases to zero as it diffuses to and is
bound by the binding layer, creating another concentration gradient. This may make it difficult
to determine nitrate concentrations, because the nitrite masses in the binding layer are the
product of two concentration gradients.

-

Development of a ‘one-pot’ liquid binding layer has important implications for the reductant
used. Transition metals such as Cd, Co, V, Fe, Cu and Zn, are traditionally used to reduce nitrate
(Hydes & Hill, 1985; Morita & Nakamura, 2008; Nydahl, 1976), alternative methods have also
involved nitrate reductase (Campbell, 1999). There are numerous important considerations
to take into account when selecting the reductant, including the particle size, stability, toxicity,
specificity, colour, and matrix effects. Use of the transition metals will also require binding to,
or immobilisation on a polymer to exceed the molecular weight cut-off of the dialysis
membrane. Zn or nitrate reductase are likely the better options due to the colour and toxicity
of other potential reductants.
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-

Luminescent and fluorescent bio-marking (Bakker et al., 2019; Stepanenko et al., 2008) of
nitrate reducers or nitrate reductase, and incorporation into the binding layer could remove
the need for colour reagents. This represents a significant change in approach, moving away
from the current inorganic chemistry driven development, to biochemical based methods.

-

Development of nitrate specific nanoparticles (Daniel et al., 2009), alternatively, could remove
the necessity for the reducing diffusive layer altogether. As discussed above, however, the
rate of reaction any alternative colour reagents must be sufficiently fast for the developed
system to operate as a DGT not a DET.

-

The successful development of a colourimetric DGT requires deployment of the DGT in a range
of natural systems (stream, lakes, mitigation strategies). As described above, this could be
inclusive of stakeholders, and take into account the limitations and challenges of the standard
nitrate-specific DGT identified by stakeholders.

Colourimetric determination of nutrients and contaminants holds considerable promise for enabling
the general public to monitor their local systems independently, affordably and accurately. As such,
the development of systems for phosphate, ammonia, organic contaminants, and specific trace metals
could be addressed. Colourimetric DGT for the determination of phosphate, for example, does not
require the reduction of phosphate and could proceed via an altered molybdenum blue method.
7.2.2 Use of DGT to Determine Flow Rates
Determination of the efficacy of the Br--DGT and constant-rate tracer injection flow method in other
freshwater bodies, and mitigation strategies could be assessed. For example, increased dilution of the
bromide tracer in larger rivers may result in immeasurable increases in the bromide concentration.
Alternative tracers and binding layers could also be assessed. The development of highly sensitive
organics-DGT present an interesting alternative, when combined with newly developed DNA tracers.
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7.2.3 Potential Biases
Further field and laboratory studies are also required, to determine the extent to which, and the
systems in which it is significant, concentration, temperature and flow correlation affects DGT
calculated concentration and loads. This would require the deployment of DGT alongside high
frequency samplers, or considerable on-site time to achieve the necessary resolution for comparisons
via manual grab sampling. Achieving analyte concentrations of varying correlations to flow may be
difficult, and could include the incorporation of the tracer dilution method to create highly correlated
flow and concentration systems.
Overall, there are numerous opportunities for the future development of DGT, for the determination
of nutrient concentrations, stream flow, loadings, mitigation strategy performance, and the
widespread use by the public and regulatory authorities.
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Appendices
Appendix A – Liquid DGT 3D Model

Figure A0.1: 3-dimensional model of the liquid binding phase Diffusive Gradients in Thin-Films
solution probe base.
The liquid binding phase DGT were designed to hold 2 mL of liquid, and for the standard push fit DGT
cap. A rubber O-ring fits in the outer groove, which seals the liquid binding layer when the dialysis
membrane is pushed against it by the cap and material diffusion layer. A twist on cap was designed to
make the unit more easily reusable, however, the torsion force applied to seal the liquid layer ripped
the dialysis membrane. Twist DGT may be more appropriate for standard hydrogel based DGT.
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