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ABSTRACT

NMR provides unprecedented molecular information, urgently needed by environmental researchers and policy makers.
However, NMR is underutilized in environmental sciences due to the lack of available technologies, limited environmental-
specific training opportunities, and easy-to-use workflows. NMR has considerable potential as a discovery tool for novel pollut-
ants, and by-products, exemplified by the recent discovery of the degradation by-product of a rubber additive, 6PPD-quinone, now
considered one of the most toxic compounds presently known. This work represents a proof-of-concept case study highlighting
the use of NMR to profile effluents from 38 industries across Ontario, Canada. Wastewater effluents from various industrial sec-
tors were analyzed using several 1D and 2D 'H/!3C NMR and '°F experiments and were screened both unconcentrated and after
lyophilization. Common species could be identified using human metabolic NMR databases, but environmental-specific NMR
databases desperately need further development. An example of manually identifying unusual NMR signatures is included;
these resulted from phosphinic and phosphonic acids originating from the electroplating industry, for which the environmental
impacts are not well understood. Basic 'H NMR quantification is performed using ERETIC, while an optimized approach com-
bining relaxation agents and steady-state-free-precession ’F NMR, to reduce detection limits (at 500 MHz) to sub-ppb (< 1 pg/L)
in under 15min, is demonstrated. The future potential of benchtop NMR (80 MHz) is also considered. This paper represents a
guide to others interested in applying NMR spectroscopy to environmental media and demonstrates the potential of NMR as a
complementary tool to assist MS in environmental pollutant and by-product discovery.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.

© 2025 The Author(s). Magnetic Resonance in Chemistry published by John Wiley & Sons Ltd.
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1 | Introduction

Nuclear magnetic resonance (NMR) spectroscopy is non-
destructive and can be applied to unaltered samples such as
soils, water, or air particles [1], or to study molecular responses
in vivo [2]. Additionally, NMR provides unprecedented molec-
ular information on complex systems due to its unique ability
to spectroscopically solve the structures of new pollutants/
toxins and understand molecular binding (noncovalent in-
teractions and associations). However, the limited use of this
invaluable technique in environmental research has resulted
in a heavy reliance on established mass spectrometry (MS)
libraries. Consequently, a strong bias toward monitoring pre-
viously identified compounds has developed, leaving many
novel and potentially hazardous compounds unidentified
for years. For example, in 1976, various organofluorine com-
pounds were identified in human blood by F NMR |3, 4], a
discovery that was not confirmed by MS until several decades
later. As of now, fluorinated compounds are routinely de-
tected in human tissue at concentrations that far exceed those
known to be harmful to human health [5]. Another prime ex-
ample was the mystery of an unknown stressor responsible
for killing up to 90% of the wild coho salmon across the US
west coast. Ultimately, in collaboration with the University of
Washington and the Environmental Protection Agency (EPA),
the Environmental NMR Centre (University of Toronto) iden-
tified the structure of this compound using NMR. The com-
pound was identified as a completely novel chemical known
as 6PPD-quinone; the ozonation product of the major tire ad-
ditive 6PPD.The work, co-published in 2021 in Science [6] has
already had considerable impact, with 6PPD now under review
for a global ban. 6PPD-quinone is now found ubiquitously in
the environment [7], and in air particle fractions that enter
human lungs [8]. Recently, it has been closely linked to nu-
merous respiratory diseases in humans [9]. And recent work
has found that as little as 4 weeks of exposure can cause mul-
tiple organ injury in mice [10]. Without NMR, 6PPD-quinone,
which is now considered one of the most toxic chemicals ever
found, would still be undiscovered.

In 2020, a comprehensive analysis of chemical inventories
from across the world found that there are more than 350,000
chemicals and chemical mixtures produced globally, of which
nearly 70,000 have either unknown or confidential identities.
Notably, these inventories do not account for the millions of
potential precursor and transformation products that may
arise from these products [11]. This represents a massive
knowledge gap in terms of the identities of the chemical pollut-
ants that may be inadvertently released into the environment.
MS-based approaches are routinely employed for monitoring
chemical pollutants due to the exceptional detection limits of
this technique, but MS is limited in its ability to confidently as-
sign novel structures and quantify unknowns in cases where
standards are not readily available. However, NMR maps out
the connectivity of bonds within a molecule, making it ideal
for solving structures. Additionally, when run using quantita-
tive conditions, NMR sees all nuclei/molecules, equally such
that electronic referencing methods can be used to quantify
molecules even in the absence of a commercial standard. For
these reasons, there is a desperate need to expand the use of
NMR in studies of this nature, especially when used alongside

cutting-edge MS-based tools as this combination represents
the ultimate analytical powerhouse for pollutant identifica-
tion and monitoring.

Seeing as MS is already established as the gold standard for
environmental analysis it is clear that the complementary
potential of NMR needs promotion. NMR is underutilized in
environmental sciences largely due to the lack of available
technologies and access, environmental specific expertise/
experience, opportunities for hands-on training and easy to
use workflows. The authors would like to make it very clear
they are not recommending NMR be used to replace MS, but
rather that its complementary nature be utilized to help MS in
areas where limitations have been identified. For example, in
the analysis of fluorinated compounds in firefighting foams,
where MS often detects less than 10% of the total 'F content
present [12]. In these cases, NMR could be used to help iden-
tify and quantify components and, in turn, explain why MS
struggles (i.e., polymeric form, lack of ionization, and bound
unextractable species), while NMR's ability to study samples
in situ without concentration or extraction (when required)
offers the possibility to explore the impact of sample treat-
ment, which is required for many other analytical approaches,
and assist in method optimization.

This part case study and part guide represents a first step to-
ward investing in the use of NMR as a discovery tool in en-
vironmental research and to educate readers on some NMR
approaches available for these purposes. This proof-of-concept
study uses NMR to investigate effluents from 38 different
industries across the Province of Ontario, Canada. Samples
are screened both unconcentrated and after lyophilization.
Wastewater effluents from various industrial sectors were
analyzed using several 1D and 2D 'H/!3C NMR experiments
as well as 1°F NMR. Finally, low-field (benchtop) NMR spec-
troscopy [13] was explored as an accessible alternative to
high-field analysis, as in select cases, it has the resolution and
sensitivity to allow monitoring in an economical and easy to
use format.

2 | Experimental
2.1 | Sample Collection and Preparation

In the fall of 2021, wastewater effluents were collected from
a total of 38 sampling locations across Southwestern Ontario,
Canada. Several liters of each effluent were vacuum filtered
through 20-um cellulose fiber filters and stored in sterile
500mL PET bottles at 253 K. Blanks were collected by fil-
tering and storing deionized water in the same way. Each of
the effluent samples was grouped under one of nine industry
categories: containerboard, electronics, electroplating, foam
insulation, manufacturing, petrochemical, truck washing,
wastewater treatment plants (WWTPs), or other. To protect
the industries who voluntarily participated in the program
very limited information on the industries was provided to the
authors.

Sample preparation was performed as follows. Blanks and
“natural abundance” samples were prepared by combining
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1mL of filtered water with 1 mg of sodium azide in sterile scin-
tillation vials. From here, 593 uL of this solution was trans-
ferred to a new 5-mm SampleJet NMR tube along with 7uL
of 200-uM sodium trimethylsilyl propionate (TSP) in D,O.
Sodium azide was added to suppress microbial activity in the
samples, TSP was used as an internal standard for chemical
shift calibration, and D,0 was added to serve as a lock for
high-field NMR experiments. Concentrated samples were pre-
pared by first lyophilizing 1L of each effluent. This was done
in the original PET bottles to limit the risk of contamination
through unnecessary transfers. Approximately 83 mg of dried
effluent were combined with 1 mL of the respective unaltered
(“natural abundance”) effluent and 1 mg of sodium azide in a
glass scintillation vial. Like the blanks and non-concentrated
samples, 593 uL of this solution was transferred to a new 5mm
SampleJet tube for analysis, along with 7L of 200uM TSP
in D,0.

Transferring from High-Field (500MHz) to Low-Field
(80 MHz) NMR: To further limit the risk of lab-contamination,
samples were not transferred between NMR tubes. However,
5-mm SampleJet tubes (required for our high-field autosampler)
are approximately 7.4cm shorter than the standard 5mm tubes
which the 80-MHz Fourier benchtop spectrometer requires.
Thus, a custom adaptor was milled from acetal using a 5-axis
MiRA6 CNC milling machine. One end of this adapter is in-
serted into the open end of a Sample Jet tube, and the other end
is inserted into a cap, providing the additional length needed to
position the sample in the coil region inside the 80-MHz Fourier
benchtop NMR spectrometer.

2.2 | High-Field NMR Experiments

High-field spectra were recorded using a 11.7-T Bruker Avance
III-HD spectrometer equipped with a triple resonance (*H,
13C, and ®N) cryogenic prodigy TCI probe. The spectrometer
was tuned to observe frequencies for 'H, °F, and !3C at 500.3,
470.73, and 125.8 MHz, respectively. All spectra were acquired
at 278 K.

Concentrated samples: A range of 1D and 2D NMR experi-
ments were run on all preconcentrated samples for compound
identification.

Water suppressed 'H NMR: Two different types of water
suppression were used in the 1D 'H experiments. The first of
these was presaturation utilizing relaxation gradients and
echoes (PURGE) [14], which provides excellent baseline prop-
erties with a very narrow water suppression bandwidth, ideal if
resonances of interest fall close to the water signal. In this case
an RF field of 50Hz (0.1 ppm) was applied during the relaxation
delay. Collected were 32,768 time domain points with 256 scans,
8 dummy scans, and time of 13.2s between scans. The latter was
calculated using the longest measurable T, in any of the sam-
ples (via inversion recovery), such that fully quantitative con-
ditions of 5X T, were met for all samples. The second sequence
was shaped presaturation W5 water suppression by gradient-
tailored excitation (SPR-W5-WATERGATE) which is extremely
efficient at suppressing broad and intense water common in
natural environmental samples that have not been pretreated or

concentrated [15]. This approach was included to allow direct
comparison between the concentrated and natural abundance
samples, the latter which required (SPR-W5-WATERGATE)
to suppress the broad and intense water signal. Data were col-
lected identically to PURGE. In addition, specific to SPR-W5-
WATERGATE 125-us binomial delay were used putting the
W5 sidebands at ~12 and —2ppm and a perfect echo between
the double echo to refocus J-modulations [16]. Both PURGE and
SPR-W5-WATERGATE were processed with an zero filling fac-
tor of 2 and apodization via an exponential function correspond-
ing to 0.3Hz line in the transformed spectrum.

Diffusion editing: Additionally, a 1D diffusion-edited experi-
ment utilizing a stimulated echo and LED sequence along with
bipolar gradient pulses, two spoil gradients, and presaturation
during the relaxation delay was acquired [17]. Diffusion-edited
experiments were collected with a diffusion time of 200ms and
a 2.5-ms square shaped diffusion gradients corresponding to
~52G/cm, 512 scans, 32 dummy scans, and 32,768 time domain
points. Data were processed with a zero filling factor of 2 and
apodization via an exponential function corresponding to 5Hz
line in the transformed spectrum.

2D homonuclear NMR: Both COSY and TOCSY experiments
were acquired to provide 2D 'H-'H correlation information for
structure elucidation and matching. COSY was acquired uti-
lizing presaturation during the relaxation delay as well as a
WS5-WATERGATE with a 125us binomial delay for solvent sup-
pression, along with gradient pulses for selection, 128 increments,
each with 32 scans. Data were processed in magnitude mode
using unshifted sine-squared functions and zero filling factors
of 2 in both F1 and F2. A phase-sensitive TOCSY experiment uti-
lizing zero quantum suppression was used.'® W5-WATERGATE
with a 125us binomial delay was added for solvent suppression.
Data were collected using a homonuclear Hartman-Hahn trans-
fer (DIPSI2 sequence) of 120ms for mixing over 128 increments,
each with 32 scans [18]. Data were processed in a phase sensitive
mode using sine-squared functions that were phase shifted by /2
in both F1 and F2, and zero filling factors of 2. Additionally, a J-
resolved 'H-'H (JRES) spectrum was obtained. JRES spectra were
used to cross confirm the matching processes, and in many cases
understand overlap caused by overlapping multiplets. JRES were
collected with 16 scans, 128 increments, 80 Hz spectral width in
F1. Data were processed in magnitude mode using unshifted sine-
squared functions and zero filling factors of 2 in both F1 and F2.

2D 'H-13C heteronuclear NMR: Heteronuclear 2D experi-
ments are extremely important for 2D NMR given the increased
spectral dispersion. Here two heteronuclear NMR experiments
are employed for compound identification. The first of these is
a phase-sensitive, sensitivity-enhanced 'H-3C Heteronuclear
Single Quantum Coherence (HSQC) experiment that correlates
the proton chemical shift to that of any directly attached carbons.
Heteronuclear correlations were obtained via a double inept trans-
fer [19] with Echo/Antiecho-TPPI gradient selection [20]. All in-
versions and refocusing on the 3C channel were achieved using
a matched adiabatic pulse pair (Crp60,0.5,20.1 and Crp60comp.4,
respectively). Data were collected using a'J H-C of 145Hz, 4096
time domain points, 64 scans, and 8 dummy scans. Data were pro-
cessed in phase sensitive mode using sine-squared functions phase
shifted by /2 in both F1 and F2, and zero filling factors of 2.
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The second 'H-'3C 2D experiment used was a phase sensitive
Heteronuclear Multiple Bond Correlation (HMBC) experiment
[21]. Heteronuclear correlations were obtained via heteronuclear
zero and double quantum coherence using phase sensitive Echo/
Antiecho gradient selection [20]. Refocusing on the 3C chan-
nel was achieved using an adiabatic Chirp (Crp60comp.4). Data
were collected using a 23] H-C of 8 Hz, 4096 time domain points,
64 scans, and 8 dummy scans. Data were processed in phase
sensitive mode using sine-squared functions phase shifted by
n/2 in F1, while F2 is processed in magnitude mode (i.e., xfb
followed by xf2m).

F NMR: In addition, to the 'H and *C experiments, 1°F NMR
was also performed given the importance of fluorinated and per-
fluorinated chemicals in environmental analysis. For general
screening, the samples were analyzed using 186,000 time domain
points, 51,200 scans, 1.54s between scans, and16 dummy scans,
resulting in a 22.5-h-long experiment. These conditions are not
fully quantitative but were necessitated for screening given the
very low concentration of '°F containing species. As discussed in
specific sections within this manuscript, additional fully quan-
titative experiments (delay between scans 30.54s, 10240 scans,
experiment time 3days 15h) were performed on select samples,
and are discussed in section “3.6.2 °F Quantitative Analysis.”
Furthermore, section on “3.6.3 Detection Limits” considers the
use of steady-state free precession NMR [22, 23] in combination
with a relaxation agent (10-mM gadolinium chloride) to optimize
data acquisition, where sub-ppb detection can be achieved in
under 15min. Conditions were used as reported by Gauthier et al.
[24]. Due to the presence of a large probe background, spectra were
processed using a complete reduction to amplitude frequency table
(CRAFT). For this, a Bayesian approach was used to convert the
time-domain FID to a frequency-amplitude table.

Processing of 1D SSFP 1°F NMR spectra using CRAFT: The
use of fluorinated compounds in the construction of the cryo
probe resulted in a significant probe background that effectively
obscured the much smaller signals from the °F containing spe-
cies that are present in the samples themselves. To overcome this,
a complete reduction to amplitude frequency table (CRAFT) was
used. Briefly, this technique utilizes Bayesian analysis, rather than
a traditional Fourier Transformation to separate the individual
signals from a single FID [25, 26]. A detailed outline of the work-
flow involved in the CRAFT processing used here can be found in
Gauthier et al. [24] and an example shown in Figure S1.

31p NMR: A triple resonance (‘H, 3C, X) broadband probe at
298K was used to investigate coupling between 'H and 3'P for
the identification compounds producing the unusual NMR sig-
nals in electroplating effluents (see Section 3.3). For this, a 1D
31P inverse-gated-decoupling experiment was acquired with
24,576 time domain points, 2048 scans, 8 dummy scans, and a
time of 3.2s between scans. Experiments were acquired with
and without WALTZ-65 decoupling. Similarly, 1D 'H SPR-W5-
WATERGATE experiments with a 125us binomial delay were
acquired with and without 3'P WALTZ-65 decoupling. These
used 32,768 time domain points, 128 scans, 8 dummy scans, and
a time of 3.2s between scans. Data was processed with an zero
filling factor of 2 and apodization via an exponential function
corresponding to 0.3Hz (*H) and 5.0Hz (*'P) line in the trans-
formed spectrum.

H experiments at natural abundance: Quantitative 1D
'H NMR experiments were acquired on blanks and non-
concentrated samples. Due to the intense water signal, W5-
WATERGATE was used for solvent suppression. All conditions
for acquisition and processing were identical to those used for
the concentrated samples with the exception that 6000 scans
were collected (experiment time of ~23h) given the lower con-
centration of analytes at natural abundance.

2.3 | Low-Field NMR Experiments

Low-field spectra were acquired using a gradient equipped
H-13C Bruker Fourier 80 Benchtop (80 MHz) NMR spectrom-
eter. Both the magnet and coil temperature were maintained
at 298K. A 1D 'H NMR experiment was run on all precon-
centrated samples using SPR-W5-WATERGATE with an 800-
us binomial delay for water suppression and 5-Hz RF field
for presaturation. Additionally, various non-concentrated
samples were examined utilizing a 1D 'H experiment with
WS5-WATERGATE (800-us binomial delay) for solvent sup-
pression and a 13.2s recycle delay for quantification. This was
performed to demonstrate that despite the lower sensitivity
available through benchtop spectrometers, they still have the
potential for examining complex samples in their natural, un-
altered states.

2.4 | Compound Identification

Spectra were calibrated using TSP as the internal standard.
Once calibrated, compound identification was done primarily
through pattern matching against the Bruker Biofluid Reference
Compound Database (versions 2.0.0 through 2.0.9). This was
done using Analysis of MIXtures (Amix, v 3.9.15, Bruker
Biospin). Matching was done for each preconcentrated sample
using the COSY, HSQC, and HMBC experiments. Identified
compounds were grouped under different assignment categories
depending on the criteria met. To be considered a reasonable
candidate, compounds were required to meet the specifications
described in Table S1. Pattern matching was done following a
very similar method to that described by Anaraki et al. [27].

2.5 | Quantification

Following the identification of compounds in the preconcen-
trated samples, select analytes were quantified using Electronic
to Access In-Vivo Concentration (ERETIC2). ERETIC2 refers
specifically to a version of ERETIC that does not require spe-
cific hardware for electronic references and is best described in
Bruker's ERETIC2 manual [28]. ERETIC is well documented
in literature [29] and ERETIC2 has even been previously show-
cased as a tool for environmental quantification [30]. The
approach uses the PUCLON relationship that correlates the ab-
solute intensities of two different spectra, such that if the con-
centration of one is known precisely, the unknown in the other
sample can also be calculated using the following equation [29]

UNK
AunkTunkOg9  Drer

Cunk = kCrer REF
AgprTrer99 Nunk
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where the UNK and REF stand for unknown and reference re-
spectively, C is the concentration, T is the temperature, 0, is
the 90° pulse length, n is the number of scans used, and k is a
correction factor (accounts for different receiver gains and other
technical factors). This equation is valid when the experiments
are recorded with the same NMR probe and have been tuned
and matched. ERETIC2 only needs a 1D spectrum measured on
a sample of known concentration, under “quantitative” condi-
tions: a tuned and matched probe, a calibrated 90° pulse, a re-
laxation delay equal to at least 5X T, an acquisition time longer
than T,, and a sufficient signal-to-noise ratio. However, given
that all concentrations are related back to an “ERETIC stan-
dard” the authors recommend testing the approach on a num-
ber of “known unknowns” prepared by other lab members in a
blind fashion to ensure the approach gives the expected values.
Aswater suppression was acquired for the studies reported here,
the ERETIC standards for 'H were run using the identical pulse
program and spectrometer settings as the environmental sam-
ples. In this study numerous test samples for both 'H and 1°F
and were confirmed to give the correct absolute value within
<1% error. YF Quantification is considered in more detail in
Section 3.6.2 and more considerations as to 'H Quantification
are discussed below.

3 | Results and Discussion
3.1 | Basic Characterization and NMR Techniques

The unrivaled structure elucidation capabilities of NMR make it
a powerful technique in discovery-based research [31, 32]. This
is especially true when it is used to complement more routinely
employed MS-based approaches, which typically require pre-
existing databases in order to confidently identify unknowns
[33, 34]. Despite this, NMR is currently underutilized in investi-
gations into environmental media [35].

. 1,2-propanediol
. Acetic acid

. Propanol

. Propionic acid

N

Ui s

E

Structural information available in 1D 'H NMR includes chemi-
cal shifts, relative integrals, and J-coupling information [36, 37].
The chemical shift of a specific nucleus describes its chemical
environment (reported in units of ppm), whereas J-coupling (re-
ported in Hz) describes indirect interactions between nuclei [36].
Finally, relative integrals can be used to determine the number
of protons represented by a specific signal from the molecule
of interest [37]. When examining simple samples with limited
spectral overlap, it may be possible to identify and quantify com-
pounds based on the 1D 'H spectrum alone. This significantly
reduces acquisition times, allowing for a higher throughput. An
example of this can be seen in Figure 1a. Here, the industrial ef-
fluent from a manufacturing (Manufacturing—site 1) company
is dominated by only a few, non-complex molecules. Thus, com-
pound identification could be done using only the chemical shift
information, relative integrals, and J-coupling constants; all of
which are provided by the 1D 'H NMR spectrum.

However, most environmentally relevant samples are far more
complex, such as the industrial effluent (Other—site 4) shown
in Figure 1b. In this case, the number of compounds represented
in the 1D 'H spectrum is much higher, and the extent of spec-
tral overlap increases dramatically. In cases such as this, reliable
identification requires improved spectral dispersion as well as
additional information. This can be obtained through the incor-
poration of supplemental NMR experiments. Some key NMR
experiments for compound identification are discussed below,
and a summary is included in Table 1. For further discussion see
Simpson et al., 2018 [31].

Diffusion editing: Slow-diffusing molecules can be empha-
sized through the application of a diffusion-edited experiment.
To do this, the position of all molecules is encoded at the start
of the experiment. Following a diffusion period these positions
are decoded such that molecules that move rapidly, or diffused
through the sample will not be recovered [38, 39]. Thus, the

1. Aceticacid 1
2. Alanine
3. Benzoic acid 10
4. Butyricacid
5. Formic acid
6. Lacticacid 9
7. Leucine
8. Long-chained
acids
9. Methylamine
10. Propionic acid
11. Scyllo-inositol
12. TSP

(c) ,
Si-C groups

Glycerol-related
structures

Complexing
(d ) agents
Glycerol-related
structures
—_

Si-C groups

—_

Emulsifiers
—

9 8 7 6 5 4 3 2 1 (]
1H (ppm)

4
1H (ppm)

FIGURE1 | Highlighting the spectral overlap present in samples of varying complexity in standard 1D 'H NMR experiments (a,b) and diffusion

editing experiments (c,d). In relatively simple samples, such as the effluent from manufacturing—site 1 (a,c), very little overlap is shown, allowing

for a straightforward analysis, while more complex samples such as Other—site 4 (b,d), have a much higher degree of overlap and require additional

2D NMR information for characterization.
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resulting spectrum emphasizes the slow-moving compounds
present in a sample. These slow-moving compounds are typi-
cally large molecules or aggregates [40], both of which result
in broad line shapes [41]. In both examples shown in Figure 1,
the slow-diffusing compounds responsible for these broad res-
onances have a relatively low abundance relative to the faster
diffusing components, which are seen clearly in the conven-
tional 1D 'H spectra. This indicates that these mixtures are
comprised predominately of small molecules rather than
larger molecules such as polymers or enzymes. In these par-
ticular samples, due to the weak signals from the larger com-
ponents, identification is challenging, though some tentative
possibilities are labeled in Figure 1. However, in cases where
larger molecules such as enzymes, polymers, glues (all com-
mon in some manufacturing processes) are present in notable
concentrations, diffusion editing could be an excellent tool to
quickly assess their presence.

Homonuclear 2D NMR: Another frequently used method for
compound identification is the application of 2D homonuclear
and heteronuclear NMR experiments. One of the simplest 2D
experiments is "H-'H Correlation Spectroscopy (COSY). Like
all 2D experiments, this technique improves spectral dispersion
through the introduction of a second dimension. The diagonal
of the COSY provides the same information as the conventional
1D 'H spectrum, while the cross peaks on either side of this di-
agonal indicate 'H-'H interactions between neighbors [42]. This
can be useful for identifying neighboring protons; an important
step in the process of structure elucidation. Total Correlation
Spectroscopy (TOCSY) similarly provides a 2D spectrum with
the 1D information stored along the diagonal. However, with the
introduction of a mixing period, long-range interactions are vis-
ible on either side of the diagonal. Thus, entire spin systems can
be identified, serving as a relatively simple method of identify-
ing all signals that arise from a molecule (or spin system) [36]. As
COSY detects only neighboring protons, the resulting spectrum
is very similar irrespective of spectrometer setup making it also
ideal for database matching. Conversely, the number of correla-
tions in TOCSY depends on the user selected mixing times (and
sample specific conditions such as relaxation). As such TOCSY
is complementary and useful for manual confirmation of data-
bases, or key for manually assigning components that are not
present in the databases (overlap and sensitivity permitting)
given its rich information content covering entire spin systems.

Heteronuclear 2D NMR: Despite the improved dispersion
brought about by the second 'H dimension in both COSY and
TOCSY experiments, the relatively narrow chemical shift range
accessible by 'H NMR (~10 ppm) [36, 43], means that spectral
overlap can still be problematic in highly complex samples.
However, 13C NMR has a chemical shift window of ~200 ppm
[43, 44]. As a result, 2D 'H-13C experiments provide far greater
spectral dispersion. For example, Hertkorn reports the peak ca-
pacity 1D 'H NMR to be ~3000, whereas 'H-'3C HSQC can reach
~2,000,000 [45]. Heteronuclear Single Quantum Coherence
(HSQC) spectroscopy probes the short-range interactions be-
tween 'H and '3C nuclei. Thus, the resulting spectrum shows
the short-range interactions between 'H nuclei and the '3C nu-
clei to which they are directly bound [31]. Similar to '"H-'H COSY
it produces results that are largely independent of spectrometer
parameters making it ideal for database matching. Long-range

interactions between 'H and '3C nuclei can be obtained through
the application of heteronuclear multiple bond correlation
(HMBC) spectroscopy. HMBC correlates proton chemical shifts
to carbons that are 2-3 bonds away (including quaternary car-
bons) and are critical for helping confirm database assignments
and mapping out the connectivity of the carbon backbone of a
molecule during manual assignment [31].

J-resolved NMR: An additional method that can be used to
reduce spectral overlap is a J-resolved (JRES) experiment. A
JRES spectrum is acquired as a 2D experiment where the chem-
ical shift information is stored along the horizontal axis, and
the coupling information is preserved in the second dimension
[46, 47]. A tilted projection of the resulting spectra can give rise
to a 'H spectrum devoid of coupling which can be useful for re-
ducing spectral overlap from superimposed multiplets [46].

By combining the aforementioned experiments, it is possible
to solve for chemical structures, even in cases of more complex
samples. A simple example of the processes involved in man-
ual structure elucidation is shown in Figure S2. This unique ca-
pability of NMR makes it highly beneficial in discovery-based
investigations of environmentally relevant media, such as the in-
dustrial wastewater effluents investigated here. However, even
in relatively simple samples, manual identification is immensely
time and labor-intensive. In the case of very complex mixtures,
this is much more challenging and may require additional sep-
arations, or the incorporation of higher order (3D-4D) NMR ex-
periments. Such approaches have been proven successful in the
analysis of some of the most complex environmental samples.
For example, using a combination of 2D hydrophilic interaction
chromatography (HILIC) with 2D and 3D NMR experiments,
highly oxidized sterols were identified as a major component of
dissolved organic matter (DOM) [48]. However, when available,
databases offer a quick alternative where previously identified
molecules may be of interest.

Database matching provides an effective method for accelerating
the characterization of environmentally relevant samples like
industrial wastewater effluents. This compound identification
strategy has traditionally been used with MS-based methods of
analysis. However, the same approach can be applied to NMR
by using chemical shifts and coupling information to identify
specific molecules. For the most irrefutable assignments, data-
base matching by NMR is done utilizing a series of 2D exper-
iments. The primary experiments used for database matching
(Figures S3 and S4) are the 'H-'H COSY, 'H-13C HSQC, and 'H-
13C HMBC, though this list is not exhaustive. Compound iden-
tification was done following a rigorous procedure developed by
Anaraki et al. [27].

Figure 2 shows two HSQCs where chemical components were
identified using this database-matching approach. An example
of a relatively simple spectrum is shown on the left of this fig-
ure. In this example, a large portion of the most abundant com-
pounds was identifiable with available databases. The spectrum
on the right represents an industrial effluent with a more com-
plicated chemical makeup. In this case, the majority of contours
visible in the spectrum could not be attributed to a specific an-
alyte following the matching procedure. While this kind of da-
tabase matching shows great potential, current NMR databases
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FIGURE 2 | Two example 'H-13C HSQC spectra from samples of varying complexity to highlight the compounds that could be identified when

matching against a biofluid reference database. In the simple sample from Manufacturing—site 1 (left) many of the most abundant compounds were

identified in this way. In the case of the more complex sample from Other—site 4 (right), a wide range of compounds were left unidentified, high-

lighting the need for further development of environmentally relevant NMR databases.

are geared toward human metabolites. Thus, further develop-
ment of environmental specific databases is required for future
investigations into environmentally relevant samples. As such,
a substantial portion of the compounds present in the industrial
wastewater effluent samples could not be identified in this way.

Despite the requirement for further developed databases, when
current databases are used alongside manual structure elucida-
tion the two approaches provide a feasible workflow for iden-
tifying the components of complex mixtures like industrial
wastewater effluents. With increased users and applications of
NMR in environmental research, it would be feasible to generate
global open-access databases via collaborative networks which,
in turn, would facilitate further use of NMR as a discovery-
based tool [49].

Quantification using 'H NMR: For this study the 'H NMR
quantification was performed on the unconcentrated samples
to demonstrate the feasibility of such analysis. Results are dis-
cussed later in specific parts of the manuscript and are included
in Table S2. The advantage of collecting data on unconcentrated
samples being that the sample is unchanged from its natural
state, and any changes from concentration (e.g., loss of volatiles)
on drying are avoided. In many ways, the lack of sample prepa-
ration required for NMR is one of its great strengths. However,
the significant disadvantage is that, given the lower concentra-
tion of analytes, analysis at natural abundance demands a much
longer analysis time (22h per sample in this study for natural
abundance 'H NMR). Further, given that 38 different effluents
were studied here, running them in triplicate without concen-
tration was not feasible given that this would have taken an
extra 2.5months of dedicated NMR time just for the 'H analy-
sis. As such, while we are confident that the analytical error is
less than 1% given blind tests on standards (see methods), the
environmental and biological variability in the samples cannot
be accounted for in this study given that they could not be run
in triplicate. Later in this study °F quantification is also con-
sidered (Section 3.6.2), in this case using standard NMR (i.e.,
no relaxation agents) the concentrations of species were so low

that even after concentration the T,'s could not be measured.
Therefore, attempts at quantification had to use an overly con-
servative relaxation delay of 30s leading to 3.5days of analysis
time on each of the examples. On the flipside, as a proof of prin-
ciple, when optimal relaxation agents were added to a spiked
sample and the analysis combined with steady-state free preces-
sion NMR (which optimizes signal per unit time), sub-ppb detec-
tion limits were possible in under 15min (see Section 3.6.2). The
take home message being that it is often a trade off with NMR
between keeping the sample intact versus optimizing the anal-
ysis time for high throughput. The authors would argue here
that the unique abilities of NMR for quantification (a) no-need
to add internal standards (i.e., ERETIC2), (b) every spin (i.e., 'H
or 1F) gives an equal response (i.e., no need for isotopically en-
riched standards which are often needed by MS), and (c) and the
ability to run samples as is (i.e., not concentrated if absolutely
essential) provides significant potential for environmental anal-
ysis. However, these capabilities are most sensibly employed as a
complementary analytical tool.

3.2 | Effluent Types and Characterization

Like many other environmental samples, the composition of
industrial wastewater effluents can vary significantly. In this
study the authors found the samples fall into four categories: (a)
relatively simple, (b) medium complexity, (c) ultra-complex, and
then (d) samples containing signals of specific interest. Examples
of different spectral profiles that may arise from the analysis of
industrial effluents are shown in Figure 3. The spectrum shown
in (a) is from an electroplating effluent (Electroplating—site 1).
This sample represents a simple spectral profile consistent with
the sample being dominated by only a few abundant compounds
which give rise to minimal spectral overlap. This type of spec-
tral profile is somewhat uncommon in environmentally relevant
samples and is fairly simple to interpret.

Figure 3b (Other—site 8) shows a spectral profile that is more
typical of environmental samples. In cases such as this, the
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FIGURE 3 | Exploring the varying complexity and resulting spectral profiles of environmentally relevant samples. Electroplating—site 1 is used

as an example of the simplest spectral profile (a), Other—site 8 shows a more typical environmental sample with increased complexity (b), and
Other—site 9 provides an example of a DOM-like spectral profile (c), which represents the most complex samples. An example of the final type of
spectral profile is shown in (d), this sample is from Electroplating—site 5 and is characterized by the presence of very unique NMR signals which

are highlighted in purple.

NMR spectrum is characterized by an increase in complexity
due to contributions from a wide range of compounds. As is
common in many industrial locations, in this case the effluents
are mixed with domestic waste prior to discharge into the en-
vironment. As a result, spectral overlap becomes increasingly
problematic and signals from the industrial processes are mixed
in with biological waste complicating the analysis.

An example of the third type of spectral profile that may be ob-
served in environmental samples is shown in Figure 3c. This
effluent is from stormwater (Other—site 9) and displayed a
DOM-like spectral profile, which is characterized by a very high
degree of overlap [50, 51]. This could be in part due to the diver-
sity and complexity of inputs as-well as from reactions [52] and
oxidations [50] that can occur in nature.

Spectra with this kind of DOM-like profile represent the most
complex environmental samples. The continuous overlap makes
it near impossible to identify specific signals in a 1D spectrum,
and often even the improved dispersion of 2D experiments is not
enough to separate the signals from individual compounds. As a
result, the characterization of these kinds of samples is typically
limited to the general categories represented by chemical shift

ranges [53]; although detailed NMR analysis of DOM has been
possible through the incorporation of hyphenated 2D and 3D
NMR approaches [48, 54].

The fourth and final type of spectral profile is defined not by
the relative complexity of the sample, but rather by the presence
of atypical or unexpected signals. Unique signals, such as those
highlighted in Figure 3d (Electroplating—site 5), are indicative
of an unexpected or unique pollutant. The presence of atypical
signals like these can serve as an indicator that is specific to a
particular process, with potential to be used to identify a point
source of contamination in the environment.

3.3 | Spectral Fingerprints “as Clues”

Often a key question in environmental research is “where did
the pollution come from?” If unique spectral NMR fingerprints
exist, they could be used to not just understand the source but
also the environmental mixing and reactivity. For example,
Figure 3d contains some very interesting and unusual NMR
spectral features (see purple highlights), which the authors have
never previously seen in environmental samples. This sample
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is shown again in Figure 4 along with the 1D 'H spectra of ef-
fluents from several other electroplating industries. Distinct
differences can be easily observed in the 1D spectra of these
electroplating sites, providing additional insight into the types
of processes used at each location. Most interestingly, spectra
(@) and (b) have the same unique characteristic signals strongly
suggesting these chemicals are directly related to a particular
plating process. Given that they are being discharged directly
into the environment the identification of these signals becomes
an important scientific challenge.

L — Phosphinic acid
Phosphinic acid =

Phosphonic
| acid

(a)

3.3.1 | An Example of Discovery

Figure 4a,bshare avery distinct signal pattern in the 6.0-8.0 ppm
region, suggesting a common electroplating process that is not
observed in the remaining sites. These signals did not corre-
spond to any compound present in current NMR databases but
were symmetrical between the sets of peaks highlighted in blue
and red. This suggests two doublets with J-couplings of 520 and
570 Hz. However, coupling constants this large are very unusual
[55], and are indicative of heteronuclear coupling. This is further
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FIGURE4 | Demonstrating how even within the same overall industrial sector, spectral fingerprints can be used to identify the different process-

es used at separate sites. The electroplating sector is used as an example to highlight the similarities and differences between the processes used as

(a) Electroplating—site 5, (b) Electroplating—site 4, (c) Electroplating—site 3, (d) Electroplating—site 1, and (e) Electroplating—site 2.
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supported by the 1D JRES projection and the 2D COSY and
TOCSY spectra, which do not provide any indication of 'H-'H
interactions between these peaks. Additionally, coupling con-
stants as large as these are highly unlikely to be the result of
couplings to most of the NMR-active nuclei that are common to
organic compounds, such as 1*C and '°N. This presented an im-
portant opportunity to apply a manual approach to compound
identification, once again highlighting the power of NMR for
discovering the identities of novel and unexpected pollutants.

The signals in blue (Figure 4) are separated by 520Hz while
those in red are separated by 570 Hz in both spectra (a) and (b).
As mentioned above, this suggests the presence of two doublets
with very large J-couplings, which appears to be supported by
the shared intensity patterns that seem to link the two signals
highlighted in red and the two in blue. However, it is also possi-
ble that the signals instead arise from four unique singlets.

While there are various ways to confirm J-couplings the sim-
plest approach is to compare the 1D spectra across different
field strengths. When investigating spectra from varying field
strengths, there are two things to consider. The first is related to
chemical shift. As discussed above, a chemical shift describes the
precession frequency (Hz) of a specific nucleus which is impacted
by its magnetic environment and thus is field dependent (i.e., it
changes based on strength of NMR magnet used) [36]. To account
for this field dependency, chemical shifts are described in units
of ppm (Hz/MHz), meaning that chemical shifts will remain
constant and are characteristic to specific chemical moieties. The
second thing to consider is that J-couplings (Hz) are constant
across all field strengths since they are not proportional to the ap-
plied magnetic field. As an example, consider a doublet with a J-
coupling of 500Hz. On a 500-MHz NMR the two peaks would be
1ppm part. But the same doublet on an 80-MHz benchtop system
would have peaks 6.25 ppm apart. With this information in mind,
if we assume that the four peaks are the result of two doublets,
then low-field data at S0MHz can be used to confirm this.

Figure 5 provides an overlay of a 1D spectra obtained at high
field and one at low field. At 500MHz, the doublet highlighted
in red is centered around its chemical shift of ~6.73 ppm. This
value will not change with field strength if left in units of ppm,
but will be different if reported in Hz. Thus, at 80 MHz, 6.73 ppm
is an alias for a chemical shift of 539 Hz. Using the J-coupling
value of 570Hz, we can deduce that the two peaks of the dou-
blet should appear at +285Hz from this value. This would put
the two peaks at 824Hz (10.3ppm) and 254Hz (3.2ppm). The
same logic can be followed for the doublet highlighted in blue,
which is centered around 7.05ppm (564 Hz at 80 MHz) with a J-
coupling constant of 520 Hz. In this case, the two signals should
appear at +260Hz from 564 Hz, putting the signals at 824 and
304 Hz (10.3 and 3.8 ppm respectively).

Using this as evidence, the 80-MHz data (Figure 5) can be easily
interpreted. At 80 MHz, the left-most peaks from both the red
and blue doublets fall at 824 Hz (10.3 ppm) giving rise to a single
peak with a much larger amplitude. These overlapping peaks
are highlighted in purple (Figure 5). The right-most peaks from
the two doublets do not overlap, leaving clear peaks at 3.2 and
3.8 ppm. This provides concrete evidence that the signals arise
from two sets of doublets rather than individual singlets.

500 MHz

10 9 8 7 6 5 4 3 2 1 0
1H (ppm)

FIGURE 5 | Using a comparison between a high-field (a) and a low-
field (b) spectrum to determine the multiplicity of the unique signals
highlighted in red and blue. Based on the results of low-field analysis, it
could be determined that these signals arise from two separate doublets.
The differences in bandwidths (Hz) result in the left-most peaks of both
multiplets overlapping at when analyzed at 80 MHz, this is highlighted
in purple.

Despite this progress in the investigation, the structures respon-
sible for these signals remained unknown. None of the standard
experiments discussed above provided any clues toward the spe-
cific identity of the compounds responsible for the two doublets.
However, the standard NMR experiments investigated so far did
provide numerous leads that aided in the discovery of the mys-
tery compounds. The first came from the 'H-'H TOCSY, which
confirmed the presence of two independent compounds as well
as the absence of other proton signals in either spin system. The
second was from 'H-13C HSQC which indicated the protons are
not attached to carbons. The third was provided by the 'H-13C
HMBC, which suggested that no carbon atoms were within 3
bonds of the protons that give rise to these doublets. The fourth
clue was in the absence of these signals in the 1D diffusion-
edited experiment. Collectively, these clues indicate the signals
of interest likely resulted from two relatively small, inorganic
compounds.

From here, the most significant clues available to the investiga-
tion were the J-couplings and chemical shift values. This infor-
mation, along with insights from the Association of Managers
in Magnetic Resonance (AMMRL users group, see acknowledg-
ments) indicated protons directly bonded to a phosphoryl group
[56-58]. To confirm, various 1D 'H and 3'P experiments were
acquired both with and without decoupling. When examining
the 'H spectrum with 3!P decoupling on (Figure S5), both dou-
blets collapse into singlets, confirming the large coupling con-
stants are the result of 'H-3'P interactions. A literature review
was conducted to identify compounds that are used in electro-
plating practices and contain this specific functional group.
This, along with the 3P NMR chemical shifts, and coupling
constants identified the compounds as: phosphonic and phos-
phinic acid [59-63], Both phosphonic and phosphinic acid are
used in copper and nickel electroplating processes, primarily
in the production of solar cells. These compounds are added

11 of 23

85U017 SUOWIWOD 8AITER1D) 3dealdde sy Ag peusenob afe sejoiie YO ‘sn JO Sa|nJ oy Ariqi 8UljUO 8|1 UO (SUOTPUOD-pUe-SLLIBYLID A3 | 1M Afe.q1[pU1|UO//SANY) SUOIIPUOD PUe SWB | 3U1 38S *[GZ02/S0/7T] UO ARiq1Tauliuo A8|IM *£2SS 21W/200T 0T/I0p/ioo" A3 | Afeiq 1 jeul|uo's euIno kous 1os o A feue//sdny Wiouy pepeojumoq ‘0 exg5i/60T



to electroplating baths to be electrolytically reduced in the cell
[59, 60]. The 3'P experiment (Figure S5) revealed two multiplets.
The first of these was a doublet with a J-coupling of 570 Hz. This
is consistent with the doublet with a chemical shift of 6.7 ppm in
the 'H spectra and is indicative of phosphonic acid. The second
was a triplet with a J-coupling of 520 Hz, as was the case for the
proton doublet centered around 7.1 ppm, which was confirmed
to be phosphinic acid. To our knowledge little is known as to
the toxicity or fate of phosphinic and phosphonic acids in the
environment. This shows how incorporating evidence from a
variety of NMR-based approaches can allow for the discovery
of unknowns. This rather underutilized strength of NMR has
the potential to bridge the gap between monitoring known com-
pounds in the environment and discovering the unexpected
such as new pollutants and transformation products [64, 65].
Indeed a similar approach was used recently in the discovery
of 6PPD-quinone [6] in the case discussed in section 1. In this
case MS provided clues to a problematic chemical being present
and NMR was used to search within the mixture and solve the
structure of the novel chemical.

3.3.2 | Investigating Differences Within the Same
Industrial Sector

The signals from phosphonic and phosphinic acid are unique
to the two sites shown in spectra (a) and (b) of Figure 4
but were present at different concentrations. In spectra (a)
(Electroplating—site 5) phosphonic acid was present with a con-
centration of approximately 0.666 mM and phosphinic acid at
about 0.385mM, while in (b), Electroplating—site 4, the same
compounds were present in at 0.082mM and 0.024 mM respec-
tively. Despite the similarities these two samples share in regard
to these unexpected signals, interesting differences between
them point toward contrasting processes and procedures.

For example, (a) (Electroplating—site 5) has notable contribu-
tions from saccharin, which is used to improve corrosion resis-
tance when electroplating Ni-Cr alloys [66], and impacts surface
hardness when electroplating with Ni [67, 68]. Saccharin was
determined to have a concentration of approximately 0.022 mM.
Additionally, signals from choline (0.018mM) and ethylene
glycol (6.599uM) are also observed in this sample. These two
compounds are used together in a solution to influence hard-
ness during Ni deposition onto a brass surface [67, 69]. None
of these compounds were detected in (b) (Electroplating—site
4). However, lactic acid, which is used in plating baths for
the electroless plating of Ni [70], or to increase Zn deposition
during plating processes through complexation [71], was de-
tected in (b) with an approximate concentration of 0.040 mM.
The presence of these different compounds strongly suggests
that Electroplating—site 4 (b) is involved primarily in electro-
less plating processes, while Electroplating—site 5 (a) employs a
more traditional electroplating process.

The sample represented in Figure 4c (Electroplating —site 3)
contains ethylene glycol (2.613 uM), much like the sample rep-
resented in (a). However, in the case of (c), choline is not present,
suggesting that this site does not employ the same Ni plating pro-
cess as (a). This is supported by the standard metals analysis pro-
vided by the Ontario Ministry of Environment, Conservation,

and Parks (MECP) for these two samples. Neither Cr nor Ni were
detected in the effluent from Electroplating—site 3. However, in
the effluent from Electroplating—site 5, Ni was detected with
a concentration of 0.113mgL~! and Cr at a concentration of
0.247mgL"L. In the absence of choline, ethylene glycol is used as
a solvent for non-aqueous electrodeposition [72]. Additionally,
site (c) contained notable contributions from long-chain (C>5)
acids, which are used in electrocoating processes that protect
metals from corroding [73]. These were determined to be pres-
ent in this sample with a concentration of 2.736 uM. The general
description for this site listed electrocoating as one of the pri-
mary processes being employed, whereas no other electroplat-
ing site fits this description, or contained notable contributions
from long-chain acids.

The sample shown in Figure 4d (Electroplating—site 1) was
described as employing processes such as powder coating and
screen printing. In this case, the 'H spectrum is dominated by
glycerol, which was not detected in any other electroplating
effluents. Glycerol is used as a plasticizer and is applied prior
to a powder coating [74], it was found to have a concentration
of 1.118 mM. Additionally, glycerol is often a component of the
conductive inks that are used in various printing processes [75].

Finally, Electroplating—site 2 (¢) was unique from the other
electroplating samples due to the presence of benzoic acid, which
was present with a concentration of 0.011 mM. Benzoic acid is
typically used to recover chromium from electroplating sludges
by separating Fe and Cr through complexation [76, 77]. This is
supported by the site description which listed chrome coating as
one of the primary operations. Additional details related to the
compounds identified in electroplating samples and the concen-
trations of some such compounds can be found in Table S2.

Ultimately, applying non-targeted NMR based molecular finger-
printing has the potential to help understand source apportion-
ment, mixing and fate of industrial media in the environment.
Such approaches would benefit greatly if databases containing
intact environmental mixtures and pure sub-components were
developed over time.

3.4 | Sample Preparation and Considerations

One of the primary benefits of using NMR for environmen-
tal research is its ability to examine complex samples without
the need for pretreatment [31]. This eliminates the possibility
of unintentionally altering the sample composition during the
extraction processes that may be required for other analytical
techniques. Additionally, this provides the potential for the real-
time monitoring of effluent compositions or the probing of inter-
actions between different phases [1, 31].

Despite this great benefit, one of the drawbacks of NMR can be its
perceived insensitivity compared to techniques like MS. [78] This
is less so for 1D NMR of sensitive nuclei such as (*H and '°F), for
example, see section 3.6.2 where sub-ppb (<1 ug per L) is demon-
strated in under 15min on a modest 500MHz NMR using steady
state free precession detection. However, for nuclei such as 13C,
sensitivity is more of a challenge. 13C has a gyromagnetic ratio that
is approximately one-fourth that of 'H, and a relative abundance
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of only 1.1% [44, 79]. As a result, '3C NMR is far less sensitive
than 'H NMR. This can become problematic when attempting
to identify compounds in a mixture or elucidate the structures of
complex molecules if the spectral dispersion provided by 'H NMR
alone is insufficient. In these cases, 2D experiments such as 'H-
13C HSQC, and HMBC, can provide the additional spectral disper-
sion required for structural elucidation, but typically require some
form of pretreatment (i.e., lyophilization, SPE etc.). Lyophilization
is often considered one the least invasive concentration methods
and is commonly used for environmental sample preparation. As
'H NMR can be collected before concentration and after concen-
tration it provides an excellent tool to investigate how (or if) the
sample preparation changes a sample.

In many cases, concentrating a sample through lyophilization
does not dramatically alter its spectral profile [15]. For example,
the spectrum shown in Figure 6a is the unconcentrated effluent
collected from Manufacturing—site 6. Following the lyophiliza-
tion process, the spectral profile of the concentrated effluent
(Figure 6¢) is not significantly altered. There are slight changes
in intensities of some peaks likely due to the loss of volatiles that
can sublime during the freeze-drying process.

In contrast, there is a dramatic change in the spectral profile of the
effluent collected from stormwater discharge (Other—site 9) before
and after concentration by lyophilization. At first glance it seems
the sample is being completely changed during the freeze-drying
process; however, this is not the case. Closer inspection shows the
sharp signals that dominate the spectrum before freeze-drying
are still present, but they are significantly broadened and super-
imposed on a classic DOM NMR profile. DOM is highly oxidized,
highly functionalized organic material with a very high binding
capacity and ability to aggregate [80]. On freeze drying one liter of
material the DOM is being concentrated from the ug/mL (at nat-
ural abundance) to the mg/mL after freeze drying. At this high
concentration DOM is known to aggregate and this, along with
binding in the mixture, broadened the sharper signal which in
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turn make the broader DOM profile more prominent in the spec-
trum. As such, sample preparation requires careful consideration
depending on the objective of the study as well as the benefits
and limitations of each approach. The approach taken here is to
run both natural abundance samples, and concentrated samples,
with the natural abundance samples providing a snapshot of the
samples “as is” while the concentrated sample provide the mass
required for the less sensitive 2D NMR experiments required for
confident assignment. Once assigned in the concentrated samples,
the same signal can be assigned in 1D NMR at natural abundance.
As such this “dual approach” to sample preparation, made possible
by the versatility of NMR, provides potential for sample treatment
approaches (possibly required by other analytical approaches) to
be assessed and optimized.

3.5 | Other Industry Types

Similarly to the previous discussion of the electroplating efflu-
ents, comparisons can be made using the NMR fingerprints of
industries that fall under different sectors. In addition to electro-
plating, 8 separate industrial classes were examined: wastewater
treatment plants (WWTPs), containerboard, electronics, manu-
facturing, commercial truck washing, petrochemical, foam in-
sulation, and “other”. A brief analysis of each of the remaining
sectors is provided below. However, additional information and
the specific concentrations for some identified compounds can
be found in Table S2.

3.5.1 | Wastewater Treatment Plants

Samples from two independent WWTPs were included in this
study. For each of these sites, a sample of the raw influent and
the treated effluent were collected. Figure S6 shows an overlay
of the influent and effluent from both sites and includes a bar
chart showing the relative changes in concentration following
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FIGUREG6 |
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Examining how the NMR spectra of unaltered wastewater effluents (a,b) compared with the NMR spectrum of preconcentrated sam-

ples (c,d). In most cases, such as Manufacturing—site 6 (a,c), little no to change is visible in the resulting spectrum aside from an obvious increase

in concentration. In rare cases, such as Other—site 9, which was collected from stormwater runoff (b, d) spectral profiles can change dramatically.
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treatment. Similarities were observed between the two sites in
terms of the compounds that were identified. However, treat-
ment impacted the relative concentrations of various com-
pounds differently at each site.

Both sites 1 and 2 saw an increase in the concentration of for-
mic acid following treatment. However, while acetic acid in-
creased in site 1 (Untreated influent—1 & Treated effluent—1)
from 0.013mM to 0.016 mM, it decreased in site 2 (Untreated
influent—2 & Treated effluent—2) from 0.319mM to 0.038 mM.
Similarly, the concentration of glycolic acid decreased in the
treated effluent at site 1 but increased in concentration follow-
ing treatment at site 2. In both cases, the concentrations of ala-
nine, benzoic acid, and long-chain acids decreased following the
treatment of raw influents.

While it is impossible to discuss the contrasting processes in
depth without additional insights into the types of processes
applied at the different sites, it should be noted that there are
various stages of wastewater treatment, and the practices
used at one site may differ significantly from those at another
[81, 82]. Thus, it is reasonable to assume that the inconsisten-
cies in the impacts of treatment at sites 1 and 2 likely arise
from the differences in the types of treatment employed at
each site. For readers interested in more details related to the
NMR of WWTPs authors recommend referring to a recent re-
view by Anaraki et al. [79]

3.5.2 | Containerboard

The containerboard industry covers the production of both
corrugated and solid cardboard. Three samples were collected
from separate sites that fall under this category. The 1D 'H
spectra for these three sites are shown in Figure S7. In all
three cases, the majority of identified signals can be attributed
to short-chain (<5 carbon) acids. This aligns with previous
studies, which have documented high concentrations of short-
chain fatty acids in the wastewater derived from container-
board production [83]. All three samples also indicate a large
number of signals in the carbohydrate region (3.2-4.5ppm)
[15, 84], likely due to the fiber used to make containerboard
[85]. Sites (a) and (b) both contained a notable amount of eth-
ylene glycol, which was not identified in site (c). Additionally,
(a) had contributions from tromethamine which is used in the
production of paraffin-based waxes [86] that can be used to
coat containerboard [87].

3.5.3 | Electronics

Three samples were collected from sites that fell under the in-
dustrial sector of electronics. An overlay of the 1D 'H NMR
spectra from these samples is shown in Figure S8. Sites (b)
and (c) shared a relatively similar composition in terms of
the compounds identified by database matching. Compounds
such as formic acid, dimethylamine, and 2,3-butanediol were
identified in these two sites, but not in (a). This suggests that
sites (b) and (c) may employ similar processes and procedures.
In (b) (Electronics—site 2), these compounds had concen-
trations of 6.690uM, 8.858uM, and 1.260uM respectively,

while formic acid and dimethylamine were present in concen-
trations of 0.547mM and 0.025mM in the sample shown in
spectrum (c) (Electronics—site 3). Based on the presence of
2,3-butanediol in both sites, it is possible that these sites are
involved in the production of conductive silver inks [88]. In
contrast, sample (a) appears to have a major contribution of
1-methyl-2-pyrrolidone (4.415mM), a compound that is some-
times used as a ligand in the production of semiconductor
nanoparticles [89].

3.5.4 | Manufacturing

Six samples were collected from different manufacturing indus-
tries. The resulting 1D spectra (Figure S9) range in complexity.
The spectrum shown in Figure S9(a) fits the description of a sim-
ple spectrum, as discussed in section 3.3. In this case, the spec-
trum is dominated by the presence of only a few non-complex
molecules. A similar story can be told for the spectrum shown
in (b), which is slightly more complex than (a) but has very little
spectral overlap. The remaining spectra (c-f) increase in com-
plexity and spectral overlap.

Spectrum (d) shows a sample with moderate complexity. In
this case, while some overlap is present, specific compounds
such as 2,3-butanediol (3.356 uM), and diglycolic acid can be
easily identified, as well as various signals indicative of long-
chain acids (2.989 uM). The most complex of the samples col-
lected from the manufacturing sector appears to be (f). The
resulting spectrum contains a great deal of overlap in the
carbohydrate region (3.2-4.5ppm) [15, 84], which has contri-
butions from glucose, as well as various other, unidentified
carbohydrates.

Aside from discussions pertaining to the general spectral pro-
files of each of these samples, an in-depth explanation or jus-
tification for the identified compounds present in each is not
possible without more information. Additional insight into the
type of products being manufactured (not available to the re-
searchers, to protect the anonymity of the manufacturers who
voluntarily participated) at each site would be required to ex-
plore the sources of each identified compound.

3.5.5 | Industrial Truck Washing

Similar to that observed for the wastewater samples collected
from industrial manufacturing sites, samples collected from
truck-washing industries ranged in complexity. Figure S10(a)
shows the most complex 1D 'H spectrum from a truck washing
facility. Here, the carbohydrate-region and aliphatic region show
a great deal of overlap. In the case of (b), the overlap is reduced
noticeably, and finally, (c) shows a relatively simple spectrum.
In all three cases, signals from long-chain acids were observed,
likely from the application of soaps. Curiously, (c) shows a much
lower relative abundance of these long-chain acids compared to
(a) and (b).

Additionally, various amines were identified in all three sam-
ples. In both (a) and (b), methylamine and dimethylamine
were detected in relatively high concentrations. However, in
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(c) the tertiary amine, choline was identified as one of the most
concentrated components present in the sample. It is possible
that this difference is related to the types of detergents used
at each site as long-chain amines are common surfactants
[90]. These long-chain amines can degrade into varying de-
grees of short-chain amines. One additional difference worth
noting is the presence of terephthalic acid in (a), which had
a concentration of 0.075mM. This acid can be formed by the
hydrolysis of waste polyethylene terephthalate [91], which is
sometimes used to absorb polycyclic aromatic carbons (PAHs)
in the wastewater generated from vehicle washing industries
[92]. This suggests the use of some environmental protection
processes at site 1 (a).

3.5.6 | Petrochemical

Figure S11 shows a comparison between the two wastewater
samples collected from petrochemical industries. Both samples
have complex 1D 'H spectra, however, (b) has a spectral profile
approaching the complexity of DOM. Various acids were identi-
fied in both samples. For example, lactic acid, which is formed
by the microorganisms that are used to degrade n-alkanes when
treating petrochemical wastewater, [93] was identified in both
() and (b). In spectrum (a), it was present with a concentration
of 7.861 uM. In site (b) it was present at 0.012mM. Ethylene gly-
col was also found in both samples and has previously been ob-
served in petrochemical wastewater as it is used as an additive
in fuel [93, 94]. The sample shown in (a) contains benzoic acid
(2.309 uM), which is also sometimes used as a fuel additive [94].

3.5.7 | Foam Insulation

Samples from two different foam insulation industries were
collected and analyzed. A comparison of the 1D 'H NMR
spectra from these two sites is shown in Figure S12. In (a),
2,5-furandicarboxylic acid was detected. This compound is a
biomass-derived alternative to terephthalic acid used in the
production of foam insulation in the form of glycol furan di-
carboxylate [95]. Urethane was also identified, suggesting the
presence of polyurethane foams, which are commonly used as
insulation [96].

Various signals from lactic acid, as well as different amino acids,
were detected in both samples. It is likely that these originate
from greener alternatives to polyurethane or polystyrene foams.
For example, alanine and leucine are present in palm kernels
[97], rapeseed oil [98], and mustard seeds [99], all of which are
used as sources for plant-based polyols [100]. In addition to these
compounds, terephthalic acid, which is used in the manufactur-
ing of polyurethane foams [95, 101], was also identified in (b).
Overall, the identified compounds suggest that the effluents
from both (a) and (b) may be from industries that are involved in
the production of various types of foam insulation.

3.5.8 | Other

The final industrial sector included in this study is a general cat-
egory used to define industries that did not fit under any of the

previously discussed industrial sectors. This contained 10 indus-
trial sites ranging from cannabis production to linen cleaning
and automotive (Figure S13). Due to the wide range of indus-
tries included in this group, a detailed comparison of the simi-
larities and differences between sampling sites is not included.
However, a list of the compounds identified in each can be found
in Table S2.

3.6 | YFNMR

Compound discovery is typically done using 'H and '3C NMR
due to their abundance in organic structures [102]. However,
in some instances, other NMR-active nuclei merit additional
interest. In terms of environmental research, °F is of high
importance given that per- and polyfluoroalkyl substances
(PFAS)are ubiquitous in soil, water, and air [103]. A myriad of
fluorinated chemicals have been introduced into the environ-
ment through anthropogenic activities. The use of fluorinated
compounds has become widespread across a variety of indus-
trial sectors; such as pharmaceuticals [104], agrochemicals
[105], firefighting foams, and many others [106]. As a result,
fluorinated compounds have become ubiquitous in the envi-
ronment and are a frequent topic of discussion. Specifically,
PFAS have incurred a great deal of interest due to their per-
sistent and pervasive nature [107-109].

In terms of NMR, 'F is the second most sensitive nucleus after
'H and is 100% naturally abundant [79]. Additionally, F NMR
has a chemical shift range of ~700ppm, resulting in signifi-
cantly reduced spectral overlap relative to 'H NMR. In addition,
organo-fluorine compounds do not naturally occur the envi-
ronment therefore there is no natural background in '°F NMR
beyond natural occurring fluoride and some of its salts. This
makes '°F NMR a relatively simple analysis that is specific to
environmentally relevant compounds [110]. For these reasons,
the wastewater effluents examined here were also investigated
via F NMR.

3.6.1 | F Qualitative Analysis

As previously described, a triple resonance (*H, '3C, 1°N) cryo-
genic prodigy probe was used to analyze these samples. The pro-
ton channel is designed to be tuned to 1°F, but it is not a dedicated
I9F probe, and as a result, components used to build the probe
(such as Teflon) give rise to a large '°F background signal, some-
thing not occurring in dedicated '°F probes. This background
signal overwhelmed the 1D spectrum, effectively burying the
smaller, pollutant signals. To overcome this, an alternative pro-
cessing method to Fourier Transform was employed.

This method, known as complete reduction to amplitude fre-
quency table (CRAFT), utilizes a Bayesian approach to model
the decays from individual signals within the FID directly [25].
This allowed the large broad background signals from the probe
construction to be filtered out and discarded while still retaining
all signals from sharper dissolved species that may be hidden or
masked by the probe background (Figure S1). For more informa-
tion at to the use of this approach for environmental '°F NMR
please see Gauthier et al. [24]
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After CRAFT processing, the data have excellent baselines al-
lowing signals to be easily discriminated (see Figure 7). In some
cases, such as the Electroplating sample shown in 7(a), species
ranging from simple fluorinated salts to more complex per- and
polyfluorinated chains can now be observed. In other examples,
only a few signals are observed. This is the case for the effluent
from a manufacturing industry shown in 7(e).

Identifying the exact structure of the compounds responsible for
the observed signals is not trivial [110]. Some can be identified
based on the authors experience, and a recently published da-
tabase developed at the University of Toronto [110]. However,
many other compounds can only be described in terms of gen-
eral characteristics (e.g., aromatic F, fluorinated ether, alkyl
CF,, etc.)

All wastewater effluent samples were analyzed and the subse-
quent data processed using this method. Table S3 includes a list
of the fluorinated groups identified in each sample with their
corresponding chemical shifts. It was found that nearly every
sample of industrial effluent analyzed here contained signals
from fluoride and trifluoroacetic acid (TFA). The presence of
fluoride in these samples in unsurprising given that it is often
released through anthropogenic activities and is naturally oc-
curring in high concentrations [111]. The presence of TFA was
similarly unsurprising as it is known to be ubiquitous in the en-
vironment. Despite the common belief that TFA is a naturally
occurring compound, sufficient evidence has not been found to
support this claim. However, a range of anthropogenic activities
have been shown to result in the formation and release of TFA
into the environment, and notably, industrial sites have been

~
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FIGURE 7 | Showing the 1D !°F spectra obtained from (a)
Electroplating—site 5, (b) Other—site 4, (c) Treated effluent—site 2, (d)
Other—site 2, and (e) Manufacturing—site 1 after using CRAFT to pro-
cesses the raw data.

highlighted as both primary and secondary sources of TFA.
While TFA is thought to have a relatively low toxicity, limited in-
vestigations have been done to understand the impact of chronic
exposure to low concentration of TFA [112]. The detection of
TFA in nearly all samples analyzed here highlights the need for
this knowledge gap to be addressed.

As seen in Figure 8, the industrial effluent with the high-
est relative concentrations of fluoride and fluoride salts is
Electroplating—site 3. This site also contained various signals
from both long- and short-chain PFAS.

Of additional interest was the impact of WWTP processes on the
distribution of fluorinated species. In sites 1 and 2, signals from
additional organofluorine species were present in the treated efflu-
ents relative to the raw influents. However, the treatment of Raw
Influent—1 resulted in a slight decrease in the relative integral de-
scribing all fluorinated species as well as a decrease in the contri-
bution from organofluorine compounds. In contrast, site 2 saw an
increase in both the total °F integrals and the overall contribution
from organofluorine species with treatment. Previous studies have
documented low removal efficiencies or increased concentrations
of perfluoroalkyl acids following treatment at municipal WWTPs
[113]. This is consistent with the findings for WWTP—site 2,
which saw an increase in the number of fluorine signals from
short-chain fluorinated acids specifically.

3.6.2 | F Quantitative Analysis

To show the potential of using a conventional 1D F exper-
iment for quantitative analysis, two samples were selected for
this type of analysis. The samples selected for this analysis
were Containerboard—site 1 and Other—site 4. To determine
the absolute concentrations of the different signals present in
each of these samples, as was previously described for the 'H
spectra, the electronic reference to access in vivo concentrations
(ERETIC2) was used. Table S4 shows the results of this analysis.

However, due to the very low concentrations of fluorinated spe-
cies present in these samples, and the difficulties associated
with the large probe background, this analysis was done using
pre-concentrated samples. Once the concentrations of the spe-
cific signals were determined using ERETIC2, a back calcula-
tion was done to determine their concentrations in the unaltered
effluents. This introduced an additional source of error into the
determination of the concentrations in unaltered effluents. The
same analysis could theoretically be done using the unaltered
samples but would be extremely time consuming and not fea-
sible for routine analysis at least using “standard” NMR ap-
proaches. However, the incorporation of more advanced 1D '°F
experiments could make the quantitative analysis of fluorinated
species that are present at low concentrations much more feasi-
ble. One such example is explored below.

3.6.3 | Detection Limits
Given that F NMR holds considerable potential for the char-

acterization of unknown PFAS species, limits of detection
are well worth considering. In fact, one of the reasons many
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FIGURE 8 | Relative contributions of fluoride and its salts and organofluorine species to the overall absolute integrals of the 1D '°F spectra for

each of the industrial effluents examined here.

environmental researchers are hesitant to use NMR for pollut-
ant discovery is its perceived lack of sensitivity. The traditional
approach to study an unknown sample by NMR, is to try collect
quantitative NMR without introducing any additives to a sam-
ple. The issue being that as the analytes are at very low concen-
tration, the T, relaxation times cannot be measured. As such,
the only option is to use an overly conservative recycle delay
(needed to maintain quantitative conditions) which uses spec-
trometer time very inefficiently and can lead to compromised
limits of detection.

However, it is relatively simple to improve detection limits
considerably, by most importantly (a) adding an effective re-
laxation agent to reduce the T, time and (b) optionally using
steady state acquisition [22]. To demonstrate the impact of
such a combined approach, we prepared a 1 uM sample of TFA
(equivalent to 34ng in the coil region, ~114 ppb) and added
a relaxation agent (10mM GdCl, [114]). Under these condi-
tions there was enough signal to measure the T, relaxation
time which was only 144 ms. Gd is ideal as it greatly reduces

T, but has less impact on T,, meaning the peaks retain their
sharp line shape [115]. As such, a recycle delay of only 720 ms
is required to achieve the 5x T, conditions required for fully
quantitative NMR. To further boost the signal, steady-state
conditions can be used. Briefly, spins are subject to a fast train
of radiofrequency (RF) pulses spaced by much less than the
transverse relaxation time (T,). This leads to conditions where
the signal never decays to zero and the most intense part of the
FID can be acquired continuously. When applied to the TFA
sample (see Figure 9), it can be seen that when using SSFP it is
possible to obtain sub-ppb detection limits within 15min; with
a detection limit of 80 ppt possible in a 1day 23 h experiment.
Even without SSFP acquisitions, and just the optimal relax-
ation agent, it was still possible to break the sub-ppb barrier
in ~2h for TFA using standard fully quantitative NMR. It is
also important to note that this is on a relatively old 500 MHz
NMR system with a nitrogen-cryoprobe. With a modern
>800MHz system (helium cooled cryo), a factor of 5-10 im-
provement could be expected. In addition, with state-of-the-
art approaches such as CI-DNP further enhancements of ~500
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FIGURE9 | Table showing the detection limits achieved for TFA in the presence of 10-mM GdCl, using Steady State Free Precession acquisition.

Spectra show the spectrum collected in 13s and 1day 23h, which are identical with the exception of the noise, which is averaged over time and is

much lower in the longer experiments.

times have been reported for fluorinated species such as flu-
orophenol [116]. This suggests that at present, ppt levels are
relatively easy to achieve with modest hardware and optimal
acquisition, while ppq detection is on the horizon with fur-
ther development of hyperpolarization methods [117]. Thus,
while we would never recommend NMR be used for routine
pollutant detection when MS methods are already developed,
it is important to document the respectable limits of detection
that can be achieved when NMR is needed as a complemen-
tary tool [6, 102], and to help dissipate the myth that NMR
is too insensitive for environmental contaminant discovery.
It is important to note that the values reported here are the
instrument detection limits for TFA in the absence of any pre-
concentration procedures.

3.7 | Low-Field NMR

The previous sections have explored the potential of using
high-field NMR for the analysis of complex, environmentally
relevant samples. Both the identification and quantification
of specific chemical pollutants were examined, along with a
discussion of the potential of using NMR fingerprints for pol-
lutant tracing. However, this detailed analysis may not always
be required. In many instances, process monitoring or simple
target screening may be all that is needed. In these cases, it
may not be favorable for industries to seek out the expensive
and specialized analysis discussed above. Instead, it may be
beneficial to explore the potential of low-field NMR for ana-
lyzing industrial effluents, due to their simpler operation and
reduced cost [23].

Before delving into the potential of low-field NMR for the anal-
ysis of industrial effluents, there are two main limitations to
take into consideration: sensitivity and resolution. The sensitiv-
ity of NMR is related to the energy difference between differ-
ent spin states. Because this energy difference is proportional
to the applied magnetic field (B,), a magnet with a higher field
strength will have higher sensitivity [118]. Thus, low-field mag-
nets (<100 MHz) [23] will have much lower sensitivity relative

to their high-field counterparts. The second limitation is due to
the decreased bandwidth of a low-field spectrometer as this re-
sults in decreased signal dispersion. Consequently, there may be
a dramatic increase in spectral overlap at low field. However,
with these drawbacks comes with some major benefits, namely,
(1) Low-field benchtop NMR spectrometers use permanent mag-
nets without the need for cryogens, making them (a) economical
to purchase and run, (b) accessible in countries where funds and
infrastructure for high-field magnets (e.g., cryogens) may not be
available, and (c) compatible with those with metal implants and
wheelchairs (field typically contained within the spectrometer
housing) (2), are small enough to be potentially placed in the
field, with future potential for direct environmental monitoring,
(3) commonly include an external lock (separate circuit within
the instrument) so liquid samples can be examined as is, (4) are
simpler to operate than high-field systems making them ideal
for non-expert users.

A comparison of the spectra obtained on the effluent from
a Manufacturing plant (Manufacturing—site 1) at 500 and
80MHz is shown in Figure 10a. In this example, the signals are
well resolved at high field, but the reduced bandwidth at S0 MHz
results in a broadening of the multiplets. This is because the J-
couplings (Hz) remain constant across different field strengths,
as discussed in section 3.3, and the reduced bandwidth means
that there is less separation between the signals at 80 MHz.
However, even despite this, it clear that once assigned at high
field, the lower field spectrum retains enough resolution to
allow all of the chemicals to be monitored.

Because of the spectral overlap at low field, a common miscon-
ception is that it cannot be used to analyze complex mixtures.
However, in the most complex samples (i.e., those with a DOM-
like profile), the reduced spectral overlap at low field does not
give rise to any additional barriers. For example, Figure 10b
compares the DOM-like profile of the concentrated effluent
collected from Other—site 9 at high and low field. Due to the
significant overlap that was observed at high field, the low-field
results are comparable in resolution. Thus, if only broad changes
in the spectrum are of interest, a low-field analysis can be done
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FIGURE 10 | Comparing the high-field (500MHz) spectra (top) to low-field (80 MHz) spectra (bottom) for a simple sample collected from
Manufacturing—1 (a) and a sample with a DOM-like spectral profile (b) collected from Other—?9 (storm water).

with comparable success to one at high field. Additionally, if
only specific target compounds (or spectral regions) are of in-
terest, previous studies have found great success when applying
selective experiments to target compounds in complex samples
using low-field spectrometers [119]. This means that in many
cases, low-field NMR is a promising and affordable alternative
for examining industrial effluents, especially if mobile sys-
tems are developed in the future. Such systems have potential
to screen heavily contaminated media in the field which could
then be brought to labs for more traditional MS based profiling.

4 | Conclusion

When a combination of 1- and 2D NMR experiments are used,
it is possible to identify a wide range of components in en-
vironmentally relevant samples. The unique structure eluci-
dation capabilities of NMR offer the potential for discovering
novel and unexpected compounds, such as the phosphoryl
acids identified in the two different electroplating effluents,
or 6PPD-quinone in the past [6]. The presence of these spe-
cific combinations of experiments that lead to NMR spectral
fingerprints could improve the understanding of not just what
is in the environment, but how they react and disperse; an im-
portant step toward understanding source apportionment and
pollutant fate.

Currently, there is an urgent need for environmentally relevant
NMR databases to better facilitate large scale studies. Not only
would the incorporation of database matching protocols greatly
increase throughput, but it could also allow researchers to
quickly eliminate all previously identified species thus focusing
on the unknown or novel components for manual assignment,
a critical step in the discovery of new pollutants and their trans-
formation products.

The results discussed here highlight the potential of using NMR
to analyze samples of varying degrees of complexity. For example,
sample composition can be compared across different industrial
sectors, or, between different processes that occur at sites that
fall under the same overarching sector. Similarly, °F NMR was
explored for its potential in environmental research for the iden-
tification and quantification of fluorinated compounds. Results
indicate that 1°F NMR can provide a relatively simple method of
analysis for environmentally relevant issues, with many known
and unknown compounds being detected. This is especially valu-
able for investigations into PFAS, which is a topic of increasing
concern. Additionally, using advanced experiments and relax-
ation agents can give rise to limits of detections that reach the
sub-ppb threshold in less than 15min at a modest 500-MHz field.
This demonstrates that when fully optimized, NMR sensitivity is
sufficient for pollutant discovery, when needed. While NMR can
be fully quantitative (without the need for internal standards) the
authors would argue these capabilities are best reserved for when
cheaper, robust, MS methods are not available or feasible. In such
cases NMR could help explain what MS is missing (i.e., lack of
ionization), understand association and bindings that may prevent
extraction for MS analysis, and target macromolecular species
such as polymers of microplastics that can become increasingly
challenging to analyze using MS as molecular weight increases
[120]. NMR's ability to study samples in situ without concentration
or extraction (when required) offers the possibility to explore the
impact of sample treatment (required for many other analytical ap-
proaches) and assist in method optimization.

Finally, low-field NMR provides a powerful and accessible al-
ternative to high-field analysis. Despite the reduced sensitivity
at lower field strengths, improved NMR approaches such as
CI-DNP or SSFP can be used to offset these [23, 116]. Consider,
for example, if fitted with a flow cell and in combination
with ERETIC, a benchtop NMR has the potential to monitor
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concentrations continuously without internal standards or user
intervention. Thus, low-field NMR analysis opens the potential
for real-time monitoring and the potential for portable spectrom-
eters for in field analysis in the future, or a portable method to
identify contaminated media (e.g., total organo-fluorine) in the
field that could then be brought to labs for more traditional MS
based profiling. Furthermore, the development of an environ-
mentally relevant low-field NMR database would greatly benefit
the information provided by in-field analysis.

Ultimately, NMR is an ideal tool for discovery-based research.
Combining a range of experiments can allow for a comprehen-
sive overview of all components of a complex sample and makes
the discovery of novel and unexpected compounds possible.
Thus, NMR shows great potential for environmental research,
especially when used alongside other methods of analysis as a
complementary technique.
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