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Highlights

e Magnetic resonance sensors work over an environmentally relevant range of
temperatures.

e Signal losses at the temperature range extremities are characterized and
explained.

e Data is recorded in an operational wetland over 203 days.

Abstract

Constructed wetlands are now accepted as an environmentally friendly means of
wastewater treatment however, their effectiveness can be limited by excessive clogging
of the pores within the gravel matrix, making this an important parameter to monitor. It
has previously been shown that the clog state can be characterised using magnetic
resonance (MR) relaxation parameters with permanent magnet based sensors. One
challenge with taking MR measurements over a time scale on the order of years is that
seasonal temperature fluctuations will alter both the way that the sensor operates as
well as the relaxation times recorded. Without an understanding of how the sensor will
behave under different temperature conditions, meaningful information about the clog
state cannot be successfully extracted from a wetland. This work reports the effect of
temperature on a permanent magnet based MR sensor to determine if the received
signal intensity is significantly compromised as a result of large temperature changes,
and whether meaningful relaxation data can be extracted over the temperature range of
interest. To do this, the central magnetic field of the sensor was monitored as a function
of temperature, showing an expected linear relationship. Signal intensity was measured
over a range of temperatures (5 °C to 44 °C) for which deterioration at high and low
temperatures compared to room temperature was observed. The sensor was still
operable at the extremes of this range and the reason for the signal loss has been
studied and explained. Spin-lattice relaxation time measurements using the sensor at
different temperatures have also been taken on a water sample and seem to agree with
literature values. Further to this, measurements have been taken in an operational
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wetland over the course of 203 days and have shown a linear dependence with
temperature as would be expected. This work concluded that the sensor can perform
the task of measuring the spin-lattice relaxation time over the required temperature
range making it suitable for long-term application in constructed wetlands.

Keywords: constructed wetlands; time domain magnetic resonance; clog state; spin-
lattice relaxation; embedded sensor; temperature dependence

1. Introduction

Constructed wetland (CW) technology began to proliferate heavily in Europe during the
1980’s and 90’s, as well as in North America, and now is a commonly employed method for
water treatment in both regions, as well as in China where the CW has gained increasing
interest since the late 1990’s [1], [2]. A CW comprises of an aggregate matrix, typically
gravel, through which the wastewater is mechanically filtered and where microorganisms
grow. Over time a build-up of particulate and excessive biofilm growth occludes the pores
preventing successful transfer of the wastewater through the bed. Eventually a critical point is
reached where the bed can no longer treat wastewater and floods, typically after a decade
[3]. Reconditioning of a wetland after it has become critically clogged is a time consuming and
expensive process, and should therefore be avoided if possible. As a result, it is important to
monitor the clogging level of systems to allow for optimal treatment efficiency. Ascertaining
the clog state is also a useful research tool when examining wetland operation and design.

A number of methods exist to characterize the clog state in the literature and these fall into
three general categories, the measurement of hydraulic conductivity [4], determining the
hydrodynamics of the system on a larger scale using tracer dyes (such as Rhodamine WT)
[5], [6], or by determining the quantity of solids present within the pores by drying out a
wetland sample [7]. Each of these techniques have their own strengths and weaknesses, and
this has been well covered by others [8]. One limitation for all of these methods is that they
cannot be automated and require human input either in extracting a sample and analyzing it
in a laboratory, or running experiments on site. This ultimately makes taking the
measurements costly over the lifetime of a wetland or research study when labor is
considered.

An alternative to these methods is by using pulsed (time domain) magnetic resonance (MR)
sensors. MR works by a careful manipulation of the magnetic moments of certain nuclei,
including the hydrogen in water molecules, using radio frequency (RF) pulses. These typically
determine parameters called relaxation times, T, or spin-lattice relaxation and Tz, or spin-
spin relaxation; although another parameter T2¢ is more commonly measured than T2 with
this type of sensor owing to the inherent field inhomogeneity. Sensors like this have found a
disparate range of applications in recent years partly due to the reducing cost of micro-
electronics [9].

Determining the clog state of both model systems and wetland samples have been
extensively investigated in the laboratory setting using relaxation measurements [10], [11],
[12], [13], [14]. The parameter T2¢" has been previously used to successfully characterize
clogging in a model system where a highly homogeneous magnetic field has been used for
MR measurements [11], [12], howeVer this was not possible with the inhomogeneous
magnetic field of a low-cost permanent magnet system such as the type used in this work
[14]. Therefore this work focusses on Ti relaxation measurements which have also been
used to determine the clog state with a similar sensor in the past [10], [13], [14].



Further investigation has seen a series of MR sensors constructed and permanently
embedded into the gravel matrix of a constructed wetland for long term monitoring of the clog
state, proving that the sensors can successfully operate in a functioning wetland. To validate
their operation over these time scales, selected probes have been extracted and re-tested on
known samples in the laboratory environment after a number of months: The only observed
change to the sensors was discoloration of the plastic housing of the probes. Fig. 1 shows
some example data taken from two probes embedded in mature, operational wetlands
(operated by ARM Ltd., Rugeley, UK).
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Fig. 1. Example T, relaxation data taken from two
probes embedded in established constructed
wetlands.

Probe A represents a probe in a well-established operational bed, while probe B was in a
different bed in a location where significant clogging was believed to be present. There is a
factor of ~6 difference between these two values showing a great sensitivity to clog state.
This difference would be greater when investigating a newly commissioned bed compared to
one that was critically clogged, which would represent the extreme ends of potential clogging
scenarios. While useful to validate the technique, there are additional considerations when
monitoring an operational wetland over long time scales.

An important consideration is temperature. While a constructed wetland’s water temperature
is not necessarily the same as the air local temperature [15], seasonal variation will mean
that a constructed wetland will be subject to a range of temperatures which depends on
location. In order to better validate the sensor technology, the effect of temperature on the
operation of the physical sensor and how temperature may affect the sample explored must
therefore be understood.



MR measurements are sensitive to the temperature of the sample under test. Temperature is
known to heavily affect spin-lattice (T1) relaxation times in water [16], [17], [18] with a strong
linear relationship between the Ti times and temperature observed between the boiling and
freezing points of water. This holds true for the range of temperatures that would typically be
encountered by a device left outside (-5 °C to 40 °C) although it should be noted that it is not
possible to obtain a signal from water below freezing. This relationship is well understood and
has led to the development of MR thermometry [19], [20], [21].

Within an unclogged wetland, the majority of the bed will be free water and aggregate. In the
case of a typical aggregate such as gravel only the free water would be detectable by the MR
probe, hence T1 values recorded in an unclogged wetland would be expected to vary with
temperature in the same way that it does for water. Clogging occurs within the wetland due to
a build-up of sediment and the growth of biofilms, both of which are useful to the treatment of
water in the correct quantity. In a clogged wetland these other components representing
water with high concentrations of particulate in it, or water comprising biofilms would be
detectable by the MR probe [13]. The relaxation times of these components (i.e. particulate
associated water and water in biofilm) might not be affected by temperature in the same way
as water, however these components are known to have shorter relaxation times than water,
so the influence on a final T1 relaxation time would likely be less significant than the effect of
free water. Additionally the root and rhizome network of the aquatic plants growing within the
wetland would also be measureable by the MR sensor, however there should be no other
materials or pollutants within normal domestic wastewater that would significantly alter the
recorded T1 value. This is not necessarily the case for all wastewater types such as those
containing large quantities of hydrocarbons although these are not considered in this work.

The physical effects that temperature has on the sensor must also be considered, as
temperature changes are known to effect the magnetic field strength of permanent magnets
[22]. In this work we use a ‘Helmholtz-style’ sensor (shown in Fig. 2) and sensors of a similar
design to this have been presented elsewhere [10]. A probe of a comparable design was
used to collect a set of preliminary measurements exploring the temperature effects [23]
however the design and construction technique has been refined since then. This design
used two NbFeB magnets to generate a field in the magnet gap where a six-turn solenoid
was placed for the transmission and reception of RF signals. Steel disks were used on each
magnet to reduce the magnetic field inhomogeneity however, the magnetic field gradient was
still very large. This made the collection of a free induction decay (FID) impossible and
rendered many magnetic resonance techniques ineffectual. As a result, signal must always
be obtained by collecting an echo [24].

With regards to the constituent magnets of the sensors, a variety of widely available magnet
types were considered including ceramic, samarium-cobalt (SmCo) or neodymium-iron-boron
magnets (NdFeB). The literature shows that both SmCo and NdFeB have similar properties,
producing comparable field strengths and having a similar degree of resistance to a reduction
in field due to the application of an external magnetic field [25]. Two major advantages exist
for SmCo magnets over NdFeB in that they do not lose their permanent magnetic properties
until they reach a comparatively high temperature (800 °C for SmCo compared to 310 °C of
NdFeB) [25] and that their magnetic field strength is fairly resilient to changes in temperature,
a factor of 3.5 less than for NdFeB magnets. While the resistance of the magnetic field to
temperature makes this type of magnet favorable for use outside, where it will experience
significant seasonal temperature variations, the typically greater cost of SmCo magnets and
their fragility are both poor qualities for an embedded sensor. Additionally, SmCo magnets of
a size desirable for these MR sensors were difficult to source off-the-shelf. As a result,
NdFeB magnets were initially used for these sensor.



Small increases in the temperature of a NdFeB magnet cause reversible losses in the nuclear
magnetisation. Literature dealing with reversible flux losses in NbFeB magnets show small
changes at low temperatures [22] compared to the overall magnetic field strength.

The magnetic resonance probes require a tuned radio frequency circuit to be created using
the sensor RF coil. This must be tuned and matched to the equivalent magnetic field as
determined by the Larmor frequency [26]. The frequency transmitted by the RF coil is
sometimes known as the excitation frequency, and where the excitation frequency and
Larmor frequencies are the same or very close the on-resonance condition is said to have
been achieved. In these cases the greatest signal intensity is often produced. When this is
not the case off-resonance excitation is said to have occurred, which can be detrimental to
the collected signal intensity in some cases.

Even small changes in the magnetic field strength (as low as 0.015 T) may shift the Larmor
frequency outside of the range that the RF coil is capable of transmitting and receiving
signals (the bandwidth of the RF coil). It is also possible that due to the magnetic field
gradient present between the magnets, that regions may move into and out of the detectable
range of the RF coil depending on the temperature of the magnets.

In this work the suitability of a ‘Helmholtz style’ permanent magnet MR sensor over a range of
temperatures was examined to ensure the long term viability of an embedded sensor. The
suitability was evaluated at different temperatures to see if the shift in the field intensity of the
NdFeB magnets had a significantly detrimental effect on the MR signal strength. This was
then extended to a study of different operating Larmor frequencies at three temperatures of
interest. T1 values for water were then recorded with the sensor over a range of temperatures
to validate its use at acquiring meaningful relaxation data.

Further to this, measurements were taken in an operational wetland over the course of
around 200 days, and the shift in collected T1 values with respect to temperature changes
have been assessed. Ultimately this work determined the viability of these sensors under the
conditions they will encounter over their lifetime in situ.

2. Experimental Section
2.1. MR sensor design

This study was conducted using sensors in a Helmholtz style configuration, very similar to a
design previously presented [10]. Two N42 neodymium magnets (height = 20.0 mm, radius =
17.5 mm; HKCM Gmbh, Germany) were arranged with parallel magnetisation and spaced by
20 mm, generating a magnetic field in the magnet aperture (center field strength = 0.2468 T
at 292 K), as shown in Fig. 2. Steel disks were used on the faces of the magnets to improve
field uniformity (2.0 mm thick; St. Anns Sheet Metal, Nottingham, UK; note that the magnet
spacing given is from the top of the steel disk, not the top of the actual magnet).

The magnetic field gradients were recorded within the coil region in three dimensions at room
temperature (22 + 1 °C) using a gaussmeter (Coliy handheld gaussmeter model G93; Coliy
Technology GmbH, Duesseldorf, Germany). Measurements were taken from the center of the
coil to the extreme edge of the coil in each direction finding that Gx = 0.29 + 0.03 Tm™, Gy =
0.15+0.06 Tm?, Gz =0.46 + 0.06 Tm™. As an FID could not be collected using this
experimental set-up, it was not possible to determine the gradient strengths by analyzing the



spectrum. At this temperature the magnetic field strength at the center of the coil region was
0.2468 T, corresponding to a resonant frequency of 10.5 MHz.

The RF transmit-receive coil took the shape of a six-turn solenoid (i.d. = 12 mm, length = 14
mm) made from enameled copper wire (0.d. = 0.5 mm; Rowan Cable Products Ltd., Potters
Bar, UK) attached to parallel-series tuning boards with two variable capacitors (5.5 - 50 pF;
Johanson Manufacturing, NJ, USA) and a 2.5 m inductive tuning element (BNC cable)
completing a resonant circuit capable of operating between 10.2 — 11.5 MHz depending on
the values that the variable capacitors were set to. A network analyser (E5S061A ENA Series
Network Analyser; Agilent Technologies, Santa Clara, USA) was used to find the bandwidth
of the coil (full width at -3 dB), which was determined to be 0.5 MHz. The spectrometer
receiver bandwidth was set to 1.0 MHz.

The system was initially tuned and matched before each experiment and was subsequently
re-tuned as needed throughout this study. The pulse length used was calibrated for each
frequency explored, ranging from between 3.8 and 8.1 us for a 90° pulse. The RF pulse
amplitude was doubled for a 180° pulse. The optimal pulse length was not observed to alter
with changes in temperature. The different pulse lengths used gave a range of transmission
bandwidths from 0.2 MHz up to 0.5 MHz.
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Fig. 2. Schematic representation
of the sensor design used in this
work. Figure is not to scale.

A second sensor of the same design was used for the wetland study. This probe
operated at 11.4 MHz, with an optimal pulse length of 6.8 ps.

2.2. MR measurement protocol

Magnetic resonance experiments were performed using a commercial Kea? spectrometer
(Magritek, Wellington, New Zealand) running Prospa 3.22 software. The only MR sequence
used in this work was a Carr Purcell Meiboom Gill (CPMG) sequence [27]. For signal
intensity measurements, 64 echoes were summed to reduce the number of averages
required and an integral over the echo sum was taken to determine an amplitude (Te = 150
MS). A repetition time of 15 s was used to ensure the system fully returned to equilibrium
before the next experiment. T1 measurements were taken using a variable repetition time
method (uneven intervals between 25 ms and 15 000 ms) as performed in previous work
[10], [13], [14]. When taking readings at the wetland 128 echoes were summed to provide a
greater signal intensity.



Laboratory MR experiments were performed with the MR probe submerged in tap water. For
the experiments presented, MR measurements saw the probe, sample, and associated
electronics located within a copper shielded box to reduce RF noise from the surrounding
laboratory environment, where 16 scans were used for all measurements with the exception
of the data collected in the wetland, where a copper box could not be utilized necessitating
128 scans. Typically only 32 scans were needed to acquire good relaxation data in the
laboratory from the probes when not using the shielding box. Fittings were performed with
IGOR Pro (Version 6.3.4.1; Wavematrics, OR, USA) which was also used to produce the
figures.

2.3. Inducing temperature changes

In this study the probe and sample were brought to a given temperature using four methods
depending on the desired temperature: a domestic refrigerator, leaving the probe outdoors,
leaving the probe indoors, and using a convection oven (FED 53, Binder GmbH, Tuttlingen,
Germany) set to two different temperatures (typically 40 °C or 50 °C). The probe and sample
would be held at temperature for at least one hour prior to the commencement of MR
experiments to ensure a state of thermal equilibrium. The temperature was measured using a
type-K thermocouple attached to an electronic thermometer (either from Comark Instruments,
Norwich, UK or Omegaette, Karvina, Czech Republic).

For the data shown in Fig. 3, the magnet assembly was first heated using the convection
oven and left to cool naturally as required to reach the desired temperature by equilibrating
with room temperature (typically around 22 °C). The magnet assembly was then cooled using
the refrigerator and left to heat up to room temperature.

For data collected in a wetland, temperature changes were due to actual seasonal variation,
and therefore the probe would have normally been held at temperature for many hours
beforehand. The wetland used was a mature vertical-flow system located at the main ARM
facility (ARM Ltd, Rugeley, UK) which is constructed with gravel with an average diameter of
10 mm.

Errors in the temperature were taken using the standard error of the temperature variations
observed over the course of a given set of experiments (temperature measurements were
always taken at least four times).

3. Results and Discussion
3.1. Magnetic field strength as a function of temperature

The magnetic field strength at the center of the sensors detection region was investigated as
a function of temperature between 2.5 °C and 44.5 °C using the gaussmeter discussed
previously (accurate to £ 0.005 mT). While MR can be a powerful tool to determine the field
strength of a magnet, the large field gradient produced by the magnet arrangement made an
MR based determination of the field strength unnecessarily challenging.

Throughout the experiments described later, it was observed that the tuning and matching
electronics remained unaffected by temperature changes in this regime.

It should be noted that the the probe required moving between taking results when the probe
was heated, and taking them when the probe was cooled. The gaussmeter was carefully



realigned to the same geometrical point with the magnet gap using a bespoke ABS holder,
allowing for repositioning with a high degree of accuracy (within 1 mm in each dimention).
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Figure 3. Magnetic field strength in Tesla as a function of temperature. The
Larmor frequency of protons is shown on the right. For measurements above
25.5 °C the magnet was heated and left to cool, while for temperatures below
22.0 °C the magnet was cooled and then left to warm.

Fig. 3 showed a close to linear relationship, in keeping with the theory, with the linearity
breaking down slightly at the extremes of the temperature range explored. The relationship
showed a change of 0.0003 T/°C.

3.2. Magnetic resonance response as a function of temperature

When the magnetic field gradients of the magnet assembly and the range of frequencies that
the RF coil could transmit and receive signal at were considered, it was apparent that at no
time would the entire volume of the solenoid be detectable through MR measurements.
Therefore, assuming that the resonant circuit was tuned roughly to the center frequency of
the magnets at the center of the coil at room temperature, then the volume being detected by
the coil would decrease at comparatively high and low temperatures. A short study was
conducted investigating the signal intensity as a function of temperature at a fixed frequency.
Ultimately 10.7 MHz was chosen as a rough frequency calibration showed that this frequency
provided the greatest signal intensity at room temperature (as opposed to the center
frequency of 10.5 MHz); the results are shown in Fig. 4.
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Figure 4. Signal intensity as a function of temperature on a
water sample. Each point shown was the average of four
measurements with the standard error used to generate error
bars.

It was seen that signal intensity at relatively high and low temperatures resulted in a signal
reduction of roughly a factor of two and a half compared to the fairly stable region around 20
°C. The optimal signal intensity was due to the overlap between the volume within the
magnet gap where the magnetic field strength corresponded to the excitation frequency used
to drive the RF coil. Signal would only be collected from nuclei where these conditions were
satisfied within the excitation range allowed by the probes transmission bandwidth (0.3 MHz
for a 6.1 us pulse). A drop-off in the signal would then occur at both high and low
temperatures where the Larmor frequency, due to the magnetic field strength, would not
correlate well with the range of excited frequencies.

As evident in Fig. 3, the Larmor frequency at the center of the magnet changed with
temperature. Optimal operating conditions should have been achieved when the magnetic
field near the center of the solenoid was close to the RF coils resonant frequency, however
this was not strictly true due to the size of the gradients in the magnet gap (discussed in the
MR sensor design section). It was already observed that an excitation frequency of 10.7 MHz
provided a superior signal intensity at room temperature than when the actual frequency at
the center of the coil, 10.5 MHz was used. This made sense based on the geometry of the
field gradient, as the center of the coil was the point furthest away from either magnet,
leading to most of the volume inside of the solenoid experiencing a higher magnetic field than
at the center.

One cause for signal loss in a system such as this (where there was a large static magnetic
field gradient) would be contributions due to off-resonance excitation. Here, multiple
coherence pathways could contribute to each overall echo amplitude. These effects have
been investigated thoroughly in the literature [28] partly due to their importance for well-
logging applications [29]. In a sample where the diffusion in the stray field gradient was non-
negligible, contributions from the coherence pathways that are off-resonance would decay
rapidly compared to the on-resonance contributions [28]. As the on-resonance regions within
the RF coil moved with temperature changes, the contribution from off-resonance coherence



pathways would increase. The more rapid decay of these pathways would therefore lead to a
smaller overall signal intensity in these cases.

With the aim of better understanding the observed relationship as well as how the probe
would be operated at high and low temperatures, a range of excitation frequencies were
explored at different temperatures to see if changing the excitation frequency significantly
altered the signal intensity. In this experiment three temperatures were explored (2 £ 0 °C, 18
+1°C, or 46 = 1 °C). The probe was intentionally tuned off-resonance and a signal intensity
was collected (using a pulse length correctly calibrated for that frequency). The frequency
was then incrementally increased with a signal intensity taken at each frequency. It was
expected that eventually the optimal resonant frequency would be reached, providing the
highest signal, followed by the probe being detuned from frequency again.

Ultimately the range 10.2 MHz - 11.5 MHz was explored at three different temperatures. The
raw results are shown in Fig. 5(a). The matching of the resonant circuit, which is a factor that
affects the overall collected signal intensity, was recorded for each experiment and found to
be on average higher for the room temperature measurements (-8.78 + 0.33 dB for 2 °C, -
12.26 £ 0.55 dB for 18 °C, -9.51 £ 0.37 dB for 46 °C). The results after this correction are
shown in Fig. S1. Additionally the bandwidth of the probe changed along with the pulse
length depending on the frequency used. It was seen that the transmit bandwidth of the
probe increased with frequency (shown in Fig. S2). This meant that with a greater bandwidth
a larger volume within the coil to be excited. This led to a higher signal intensity. Bother of
these effects have been compensated for, with the results shown in Fig. 5(b).
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Fig. 5. Signal intensity as a function of frequency on a water sample with the sensor and
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for the discrepancy in the resonant circuits matching as well as for the bandwidth of the
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It can be observed (from Fig. 5(a)) that at higher and lower temperatures the signal intensity
was less than at room temperature, as seen earlier in Fig. 4. This was also true for when the
probe was tuned to its optimal frequency at a given temperature, however it appeared that
when colder an overall higher signal intensity could be achieved compared to when warmer.
When the inconstancies with the matching of the resonant circuit where corrected for it was
seen that the best signal was achieved when the sample was cold (Fig. S1), followed by
when it was at room temperature, and finally a generally weaker signal intensity was
observed when the system was warm. At warmer temperatures the field strength of the
sensor would decrease, as seen in Fig. 3. Field strength is known to have a square
dependence with respect to the signal intensity collected [30] so at higher temperatures the
signal intensity would be lower.

It was shown that for each temperature there was a frequency where the signal intensity was
optimal. This frequency did not corresponded directly to the Larmor frequency at the center of
the coil as shown in Fig. 3, with the optimal frequencies observed in Fig. 5 being higher. This
was to be expected as the center of the coil was the point furthest from the either of the
magnets, leading to the field strength at the center being lower than the surrounding volume.
The RF probe was only able to excite a certain range of frequencies (which was dependent
on the transmission bandwidth) so as the frequency was changed less of the sample could
be successfully excited and therefore detected.

The achievable signal intensity substantially improved with different frequency settings.
However, over the range of temperatures of interest the optimal frequency range was only
10.5 MHz to 11.0 MHz. If a frequency at the center of this range was to be selected (10.7 to
10.8 MHz) then a signal intensity close to the intensity at the optimal frequency would still be
achievable. Therefore the idea of retuning the probe based on the temperature was seen to
be unnecessary. Given the long term nature of clogging it would also be possible to only take
T1 measurements from a wetland during the months where the temperature was such that
favorable signal intensity was achievable, however this might not be desirable or viable for
certain applications.

A short study was conducted to try and localize the position of the regions within the RF coil
that were not contributing signal. An 1.15 + 0.05 mm ID capillary tube (Hawksley, Lancing,
UK) was filled with water and magnetic resonance measurements were taken with it at
different locations in the coil at room temperature (20 + 0 °C), and while the system was both
warm (52 £ 1 °C) and cool (9 £ 1 °C). For these experiments, additional averages were run in
order to allow for a favorable signal to noise ratio (SNR). The tube, which ran the length of
the coil in the z-axis, was placed at the extremes of the coil edge (top, bottom, far left, far
right), and also moved through the entire height in the x-axis in 2 mm increments. Ultimately
no significant change in the signal intensity was observed, suggesting that the sensitive
region was fairly well distributed throughout the coil region. It was impractical to perform
these experiments with a smaller sample tube.

3.3. Relaxation measurements as a function of temperature

It was of the most interest to confirm that the probe would provide representative Tz
relaxation data at different temperatures of operation, as the T1 relaxation time would be used
to monitor the wetlands clog state. Four T1 measurements were taken at five different
temperatures, where the probe was submerged into the water sample as before, and are
shown on Fig. 6. Also presented on Fig. 6 are literature values of Simpson and Carr [17] from
their comprehensive study of T1 as a function of temperature for oxygen-free water between
0 and 50 °C.
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Fig. 6. T, relaxation of water with both the sensor and the sample
held at five different temperatures#. Values from work by Simpson
and Carr’'s study on oxygen-free water [15] have been plotied
between 0 and 50 °C W,

For data taken using the sensor presented in this work, the linear fitting had a gradient of
58.9 + 3.8 ms/°C and an intercept of 1320 £ 100 ms. Fitting the values reported by Simpson
and Carr gave a gradient of 84.6 £ 2.3 ms/°C and an intercept of 1380 £ 70 ms.

It was clear that the general trend was the same, and that the intercept for both datasets
were within the error of one another, with the gradient being slightly different. There were a
number of potential reasons for the discrepancy in the gradient, the use of oxygenated water
being the most likely candidate. As highlighted by Krynicki [18], earlier work often
disregarded the important role that dissolved oxygen (which is highly paramagnetic) might
cause on the relaxation values.

Comparing these results to ones where non-deoxygenated water was used [16], good
agreement between the value at room temperature of 2.49 + 0.01 s and their value of 2.3 s
was seen. Ultimately, this agreement between data collected by the ‘Helmholtz style’ probe
and literature values showed that the T1 values collected at different temperatures were
consistent.

Further to this, the validity of T1 measurements in an actual wetland were investigated.
Measurements were taken from a bed with insignificant levels of clogging over the course of
203 days, giving a temperature range from 7 — 16 °C. T1 as a function of time has been
plotted in Fig. 7(a), and against temperature in Fig. 7(b).
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Fig. 7. T, relaxation recorded from a sensor embedded in an operational vertical flow
wetland. Errors were extracted from the error in the mono-exponential fitting of the data.
(a) T, relaxation measurements as a function of time. (b) T, relaxation measurements as
a function of temperature. — shows the fitting of the T, values inthe wetland against
temperature, - - - shows the fitting of T, against temperature for water in the laboratory as
previous shown in Fig. 6.

A functional relationship between the T1 relaxation time and the date of the experiment was
not apparent from Fig. 7(a), implying that significant clogging did not occur over this time
scale (as would be expected, as clogging is a very long-term effect). Fig. 7(b) shows a strong
linear relationship between the T relaxation time and temperature with a gradient of 100.15 £
13.5 ms/°C. This value was in agreement with the literature for water [17] within the error. It
was further worth noting that the data only showed mono-exponential behaviour. It had
previously been seen that the presence of water with significant concentrations of particulate
in it, or water that makes up biofilm, would provide bi-exponential and tri-exponential
components [13]. A single exponential suggested only the presence of free water, which
supported the above result. It was therefore very unlikely that clogging had any notable
influence on the recorded T1 relaxation times, making the changes seen in Fig. 7 exclusively
due to temperature.

The intercept of the fitting was lower than for the free-water datasets at 962 + 162 ms. There
were two likely reasons for this. The first reason was that the data in Fig. 7(b) covered a far
smaller temperature range (7 to 16 °C) compared to the data in Fig. 6 (5 to 44 °C for the data
collected on a comparable sensor), additionally the T1 values had significantly larger errors.
One factor that may have contributed to the larger T1 errors in situ was the flow of water
through the wetland, however this was very slow. It has been previously observed in the
laboratory, using a model wetland system, that a slow flow has a minor effect on the SNR,
and negligible effect on the value of Ti.

Both the shorter temperature range and higher T1 errors may have led to a slightly inaccurate
fitting, where the fitting errors where smaller than what was representative. This was
supported by plotting the data fitting collected in the laboratory onto the graph. The fitting



from the laboratory data (shown in red in Fig. 7(b)) went through all of the data points within
their errors.

Further to this, it was conceivable that a very small amount of water with particulate existed in
the part of the bed examined, but not a sufficient enough amount to be separately extracted
in the fitting of the data. This may have reduced the overall T1 values collected, creating an
offset on the intercept. Previous work showed that the quantity of solid material within the
wetland sample reduced the T1 relaxation time [13], [14].

4. Conclusions

The aim of this work was to validate the ability to operate a permanent magnet MR clog state
sensor design over a wide range of temperatures, covering the maximum likely scope that a
constructed wetland deployed in Europe would experience. It was shown that this sensor was
still able to collect MR measurements at high and low temperatures, confirming its suitability
for long-term use in a wetland system.

An investigation was conducted into the signal loses at non-optimal frequencies at different
temperatures; the optimal frequency being when the greatest signal intensity was achieved.
Signal losses were incurred due to the limited bandwidth of the probe and the large magnetic
field gradient within the volume of the solenoid. Different optimal frequencies were observed
at different temperatures, as would be expected by the theory. Signal was seen to drop when
the system was tuned to a non-optimal frequency, with reductions increasing as the
frequency got further away from the ideal.

The validity of T1 measurements at various temperatures have been shown with a water
sample, with the recorded values agreeing with the literature. Further to this, measurements
taken in an operational wetland were recorded over the course of 203 days. The data
collected was in agreement with literature as well as with the laboratory results.
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Supplementary materials for ‘Temperature
dependence of magnetic resonance probes for
use as embedded sensors in constructed
wetlands’

Supplementary materials contains two additional graphs relating to the acquired signal intensity
of the magnetic resonance sensor. Fig. S1 shows the signal intensity for the probe submerged
in water at three different temperatures, after the data had been corrected for a discrepancy in
the matching of the radio frequency transmit-receive electronics. This is an intermittent step
between Fig. 5(a) and Fig. 5(b).
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Fig. S1. Signal intensity as a function of frequency on a water sample with the sensor and
sample held at three different temperatures: # 2 + 0°C 18+ 1°C® 46 +1 °C. The
collected signal intensity has been corrected to account for the discrepancy in the resonant
circuits matching.

As highlighted in the experimental section, pulse lengths ranging from 3.8 us to 8.1 us were
used depending on the resonant frequency, with longer pulse lengths typically being used for
lower frequencies. The bandwidth was plotted as a function of the frequency (Fig. S2). This
has been used to correct the data in Fig. 5(b) to also account for the fact that at certain
frequencies different volumes of the sample would be detectable.
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Fig. S2. The transmission bandwidth of the RF coil at different frequencies depending on the
frequency being examined.



