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Ultraviolet absorption
of contaminants in water
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Contaminants in water were studied using ultraviolet absorption with light emitting diode and
deuterium lamp sources, and a thresholding detector. The absorption spectra of potassium hydrogen
pthalate, clothianidin, tryptophan, thiamethoxam, uric acid and metaldehyde were obtained in the
range 200-360 nm. Only metaldehyde was not suitable for detection in this range. For the other
contaminants, and mixtures of pairs of compounds, the transmitted signal could be approximately
described with a simple spectral model of the source-absorption—detector system. Combined
measurements at two wavelengths could allow relative concentrations in certain mixtures to be
determined, and real-time absorption measurements were demonstrated in a flume.

The contamination of water by human activity is a major environmental and health concern’. Contaminants
include pesticides>*, heavy metals* and sewage® while many other emerging pollutants are of concern®’, such as
pharmaceuticals and personal care products®. Significant worry has arisen over the adverse effects of neonicoti-
noid pesticides such as clothianidin and thiamethoxam on bees and other pollinators, and these are included in
EU-wide watch-lists for monitoring in surface water’. Detection methods for pollutants in water include sophis-
ticated analytical approaches such as liquid chromatography'?, electrode potentiometry'"'?, mass spectrometry'?,
UV-Vis spectrometry'* and Raman scattering'>. However, laboratory data are not necessarily needed to provide
valuable inputs to water quality monitoring and control schemes'®. Simpler methods can also be very useful,
particularly where there are practical or economic constraints on sampling, transport to a laboratory setting,
etc. There is increasing interest in distributed and continuous water quality monitoring using remote sensors for
parameters such as resistivity, temperature, pH, total suspended solids (TSS), absorbance at 254 nm (UV-254)
and total organic content (TOC)'”~"°. Such devices can provide rapidly sampled information on the behaviour
of contaminants and biochemical processes in habitats, distribution networks, catchment areas and industrial
settings?®-**. The data can be used as early-warning alerts*, on water network or process management “dash-
boards” or to manage water systems via fuzzy logic'® or machine learning.

Optical methods are widely used. UV-Vis spectrometry uses a dispersing spectrometer to measure absorb-
ance as a function of wavelength!**. Fluorescence and Raman scattering are also used, again with a dispersing
spectrometer'>?%. While field-deployable spectrometers are available, they are relatively expensive and so simpler
single-wavelength absorbance devices could be attractive for widespread sensing networks. The standard UV-254
parameter relates to absorbance at 254 nm only but water is reasonably transparent over a wide range of wave-
lengths into the visible. Pure water has a scattering-independent absorption coefficient below 0.1 m ~!in the range
250 nm to 350 nm, with a minimum below 10 =3 m ~! at the upper end of this range?”. Absorption and scattering
are strongly influenced by dissolved substances, suspended particulates, bubbles and other impurities?®*’, making
inherent optical properties difficult to extract reliably. In the low-absorption regime such effects can be exploited
in the optical detection of water contamination. The complexity of natural water means that such measurements
should ideally account for both scattering and absorption at different wavelengths. However, as inputs for fuzzy
logic or similar real-time analysis of water systems, “naive” absorbance measurements at multiple wavelengths
could be extremely useful. The advent of efficient and increasingly affordable light emitting diodes (LEDs) span-
ning the range 250 nm to 350 nm suggests that multi-wavelength UV measurements could be made without
resorting to dispersing spectrometry. The choice of light detector then becomes important: good responsivity in
the chosen wavelength ranges is important but too broad a detection band, particularly one extending into the
visible range, could increase background signal and hence limit sensitivity.

Here we present UV absorption data for several water contaminants of practical interest. We combine absorp-
tion spectra obtained using a conventional UV-Vis spectrometer and selected-wavelength transmittance meas-
urements using LEDs and a wavelength-thresholding UV detector whose photocathode operates in inert gas™.
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Figure 1. Absorption spectra for metaldehyde, clothianidin, tryptophan, thiamethoxam, potassium hydrogen
pthalate (KHP) and uric acid, at 10 mg/L for 10 mm optical path.

It is shown that the spectral discrimination of even such a simple apparatus could be sufficient to usefully
distinguish certain contaminant substances.

Results

UV absorption spectra were measured for a range of contaminants in water (concentration 10 mg/L, optical path
10 mm in silica glass cuvettes). These are shown in Fig. 1 for six substances relevant to water quality. All are trans-
parent in the soft UV and visible range. Clothianidin and thiamethoxam are neonicotinoid pesticides. Each has a
pair of broad absorption features below 280 nm. Tryptophan is an amino acid whose UV fluorescence is similar
to that of organic matter such as sewage and farm slurry®'. This shows a broad peak around 280 nm (absorption
here is also associated with fluorescence at 340 nm) and a sharper peak at 220 nm. Potassium hydrogen pthalate
(KHP) is used as a calibration standard for TOC measurements, and shows a steady increase of UV absorption
below 250 nm. Metaldehyde, a pesticide for slugs and snails, absorbs rather weakly across the UV range studied
and we found that it was not possible to reliably detect this compound with UV LEDs of wavelength 250 nm and
above. Uric acid is present in untreated sewage but is not normally found in unpolluted waters®. It shows broad
peaks at around 235 and 290 nm, and a peak or edge at 200 nm.

Total transmittance measurements were made as a function of contaminant concentration using a simple light
source and wavelength-thresholding detector. The same cuvettes were used as for UV-Vis measurements. The
detector is based on a gaseous electron multiplier (GEM) similar to those developed for use as large-area detec-
tors in particle physics experiments*~°. The responsivity of the UV detector depends on its quantum efficiency
(QE) and electron multiplication gain. The relative QE for a typical GEM detector was measured and is shown in
Fig. 2a, together with the estimated transmittance of the water and cuvette walls. Note that the precise QE curve
varies slightly from one GEM to another, but the main shared features are (1) zero QE above a threshold cor-
responding to the work function and (2) steadily increasing QE below threshold and (3) similarity to a reported
quantum yield curve for Cu®. The gain varies slightly from experiment to experiment but is a constant across
the spectrum. The detector automatically filters out visible light and soft UV light. Note that we have linearly
extrapolated the QE curve below the measurement limit of 235 nm (this only affects measurements made with
a deuterium lamp, being below the LED wavelength range).

Figure 2b shows the combined spectral characteristics for the light source-cuvette—detector system, modelled
by multiplying the spectrum of the light source by the transmittance and QE. Manufacturer data were used to
define the light source spectra for a deuterium lamp and 3 LEDs with centre wavelengths 250, 280 and 310 nm.
Because the QE is low near the threshold of the GEM detector, the spectral response of the 310 nm LED is weak-
est. It grows progressively larger for the 280 and 250 nm LEDs, with little overlap, and is strongest but broadest
for the deuterium lamp. This suggests that even simple transmittance measurements at two wavelengths could
provide some spectral information about substances with absorption peaks or edges in the 200-300 nm range.

Figure 3 shows total normalised transmitted intensity for KHP at different concentrations using two light
sources. It is immediately clear that the transmitted intensity decreases with increasing concentration much
more quickly for illumination by the deuterium lamp than for the 250 nm LED. This is explained by the dif-
ferent overlap between the spectral response function (Fig. 2) and the absorption spectrum (Fig. 1). The short
wavelength intensity of the lamp includes much of the increasing absorbance of KHP below 240 nm, whereas
the 250 nm LED only overlaps with the weaker absorbance shoulder above 240 nm. The simple, parameter-free
model describing this effect is detailed in the next section.

In order to examine the effects on total transmittance of mixtures of contaminants, two pairs of contaminants
were mixed in different ratios to a total concentration of to 10 mg/l in water. These were KHP-clothainidin and
tryptophan-thiamethoxam, and transmittance data are shown in Fig. 4a,b respectively. Both 250 and 280 nm
LEDs were used. In the case of KHP-clothainidin, as the KHP fraction increases the transmittance at both
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Figure 2. Spectral characteristics of the UV transmission apparatus. Panel (a) shows the transmittance and
detector quantum efficiency, while (b) shows the spectral response of the light source—cuvette—detector system
for three LEDs and a deuterium lamp.
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Figure 3. Total transmittance for KHP in water at different concentrations using a 250 nm LED and
a deuterium lamp. Solid lines are from the model. Experimental error bars in both transmission and
concentration are within the size of the symbols.

wavelengths increases. This is due to the low absorbance of the KHP across the 250-280 nm range compared
to clothianidin, which has a strong peak around 265 nm. The normalised response of the 250 nm and 280 nm
LEDs is very similar since they roughly straddle this broad absorption peak. In contrast, the transmittance of the
tryptophan-thiamethoxam mixtures behaves differently at the two wavelengths. As the fraction of tryptophan
increases, the 250 nm transmittance increases since the absorption of the broad thiamethoxam peak around
250 nm decreases. Conversely, the 280 nm transmittance drops due to increasing absorption by the broad tryp-
tophan peak around 280 nm.
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Figure 4. Transmittance data (symbols) and model (lines) for two mixtures of contaminants in water, with
total concentration 10 mg/L and using 250 nm (blue) and 280 nm (red) LEDs. The mixtures are (a) KHP and
clothianidin, and (b) tryptophan and thiamethoxam.

The sensor was also mounted above a 3 m long, 10 cm wide flume with a waterproofed LED light source
immersed in the channel (Fig. 5). The LED had a power output 1 mW at 250 nm. A pump created a constant
water flow in a closed loop. The flow rate was roughly 1 m/s at the surface, while at the bottom of the channel
the flow was slightly slower with more turbulence. Unpurified water (direct from the main building supply) was
used. The vertical optical path length through the water from LED to sensor was approximately 10 cm. With
no contaminants added, there is still some absorption by the unpurified water. Fluctuations in the sensor signal
were observed due to ripples and turbulence which may also involve refraction effects. 40 ml batches of contami-
nant solutions (tryptophan, uric acid and peptone) were added at the top of the flume. Typically a reduction in
signal was observed after a few seconds as the contaminant passes the sensor, with the signal not returning to
its pre-contaminated level. An example time series is shown in Fig. 5b for contamination by uric acid solution
(2 g/1). For some samples a second discrete signal dip (less pronounced than the first) was observed as a more
concentrated region of contaminant arrived at the sensor after a full loop through the flume. The “permanent”
signal reduction, when the contaminant is evenly spread through the flume water, depended on the concentration
and absorbance of the contaminant, as expected. Some further data are shown in the Supplementary Material.

Discussion

The behaviour described above can be quantified with a simple Beer-Lambert absorption model using the data
shown in Fig. 2. We write the wavelength-dependent transmission as a product of the material transmittance and
the combined spectral response of the apparatus. Setting the emission spectrum as I(4), detector responsivity
Q(4) and the apparatus transmittance as T'(4), we obtain for the detected signal S,

S= / - I()QA)T()1074® d, (1)
0

Here, A(L) = Ag(A)c/cowhere Ag = €(4)lcp is the measured absorbance spectrum. The path length /= 10 mm
is fixed, co = 10 mg/L, c is the concentration and € () is the molar absorptivity. Note that there are no free param-
eters in the model, although we believe that the detector responsivity curve can vary due to the surface condition
of the photocathodes. There may be other systematic errors in spectral parameters, which were not measured
directly. The overall detector gain could vary slightly between contaminant measurements and normalisation
measurements, which would multiply the whole transmittance curve by a fixed factor close to 1.

Results of this model are shown as solid lines in Fig. 3 and are in reasonable agreement with the data. Note
that if the QE increases more rapidly than the assumed linear dependence below 235 nm, then the decrease of
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Figure 5. Photograph (a) of the sensor setup in a flume. The plot (b) shows a time series of sensor output. The
pronounced dip at 10-12 s is due to arrival of uric acid solution deposited into the flume.

deuterium lamp transmittance would be stronger at higher KHP concentrations. However, for most of the sub-
stances of interest (Fig. 1) the short wavelength response (below 220 nm) is not as important as differences at
longer wavelengths. Also, the deuterium lamp response is rather broadband (around 50 nm FWHM) compared
to the LEDs (< 15 nm FWHM). For these reasons, we turn to measurements comparing pairs of LEDs. Because
the 310 nm LED lies close to the detector threshold its total response is weaker (Fig. 2), although some absorption
signals could be measured at this wavelength. The 250 nm and 280 nm LEDs are most promising.

For a mixture of absorbing compounds with concentrations ¢; and absorbance spectra A;(4), the total absorb-
ance becomes

A =) G A/ 2)

This model was used to produce the solid lines shown in Fig. 4 which agree reasonably well with the experi-
mental data. The model suggests a slightly higher transmittance at 280 nm than 250 nm for the KHP-clothianidin
mixture whereas the experimental data are nearly coincident at the two wavelengths. The opposite trends for
250 nm and 280 nm are nicely reproduced for the tryptophan-thiamethoxam mixtures, although the increase in
transmittance is sharper in the experiment than in the model. The error bars in the experimental transmittance
are quite small, around the size of the symbols, and so the discrepancies between model and data in Figs. 3 and
4 are likely due to systematic inaccuracies in the assumed spectral data, especially the QE curve shape, which
may vary between photocathodes or even evolve with time during UV exposure. Note that we do not distinguish
between absorption, fluorescence and scattering in the present work, presenting only normalised transmission
intensity in the concentration-dependent data. Fluorescence may be important for some contaminants such as
tryptophan and could readily be included in a more sophisticated model. Nonetheless, these experiments pro-
vide a clear demonstration of how the natural response curve of the threshold detector combined with a simple
two-colour measurement can provide discrimination between two contaminants in water.

For an unknown mixture of two contaminants with ratio r (e.g. horizontal axes of Fig. 4) and total con-
centration ¢, one can write the signal at two wavelengths as $; = f(c)g1(r) and Sy = f(c)ga2(r) where f(c), g1(r)
and g, (r) can be found experimentally or from a model. The measured ratio S;/S; = g1(r)/g2(r) then gives r,
thence ¢ via f(c) = Si/gi. More complex mixtures would require more wavelengths, and the procedure would
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be most effective where the target compounds have distinct absorption features in different parts of the wave-
length range, as in Fig. 4b. Practical limits to the number of wavelength channels would arise from the inherent
spectral width of LED sources, the minimum wavelength available (around 245 nm at present, with a significant
increase in cost at shorter wavelengths) and the wavelength window accessible within the water transparency
window defined by the detector threshold. The measurements can readily be extended to lower contaminant
concentrations by increasing the optical path length or measurement time, or by improving the signal-to-noise
performance of the sensor. As with all optical measurements, however, turbidity could be problematic. We have
also tested the absorption of natural water in the same experimental system, using local river and lake samples
(see supplementary information). For turbid water, strong broadband absorption reduces the transmittance
below the levels due to contamination, as expected, which would make measurements more difficult. Broadband
absorption due to organic matter in the less turbid natural water sample is significantly smaller, allowing more
reliable contaminant measurement at specific wavelengths. Even in the presence of natural organic absorbers,
the UV absorption measurement could be employed as a dynamic measure of changes rather than as an absolute
concentration measurement.

Conclusions

Absorbance curves for a range of contaminants in water have been measured. Clothianidin, thiamethoxam,
uric acid and tryptophan have distinct absorption features in the 250-300 nm range, where water transparency
is high and UV LEDs can be used. KHP shows increasing absorption below about 260 nm but metaldehyde is
quite weakly absorbing even down to 200 nm. Measurements of total transmittance have been made using a
thresholding detector, UV LEDs and a deuterium lamp. These suggest that some useful spectral sensitivity can
be obtained without the need for either filters or dispersing optics. In particular, through judicious choice of LED
wavelengths the concentrations of different contaminants could be inferred from an absorption measurement;
data were shown for tryptophan-thiamethoxam mixtures. Because of the simplicity of the setup, measurements
can be made in real time. A demonstration of the contaminant response in a 3 m recirculating flume was given,
showing clear changes of absorption over a timescale of seconds as regions of more contaminant pass by the
detection point before spreading out to an even concentration. This type of measurement could be performed
at all wavelengths across the water transparency window, with LED sources presently covering 250 nm and
upwards, and could find application in a range of water quality situations, from catchment water monitoring to
real-time analysis of produced water.

Methods

Solutions of various water contaminants were made at different concentrations in laboratory grade deionised
water. Some natural water data were also obtained (see Supplementary Material) and the flume data were obtained
with unpurified water from the building’s supply. The standard for UV spectrometry was 10 mg/L with several
other dilutions measured to check concentrations. A Jasco V-660 UV-Vis spectrometer was employed with the
solutions placed in standard quartz glass cuvettes of 10 mm optical path length. For the threshold absorbance
measurements, UV LEDs supplied by ThorLabs Inc. were used. Solutions were placed in the same quartz glass
cuvettes and mounted in front of a threshold UV detector. The transmitted intensity was measured for a series
of dilutions of each contaminant, and several mixtures were also studied. The UV detector is based on a gase-
ous electron multiplier (GEM) operating in atmospheric pressure of argon. Electrons photoemitted from the
GEM front face, around 10 mm by 10 mm in area and at ground potential, are accelerated through holes in the
GEM on to an anode at around 1 kV positive potential. Multiplication of the photoelectron current takes place
as electrons are accelerated through the argon gas and cause a collision cascade, providing a gain of around 10>
A picoammeter mounted directly behind the GEM housing measures the total drain current which is propor-
tional to the intensity of UV light arriving at the GEM front face, weighted by the quantum efficiency as a func-
tion of wavelength. Since photons below a wavelength threshold defined by the work function cannot generate
photoelectrons the device acts as a high-pass energy filter (low-pass wavelength filter) and can be described as
a visible-blind thresholding detector. The quantum efficiency increases as the wavelength decreases below the
threshold. No change of detector response is observed with changes in ambient lighting and even under direct
illumination by a high power white LED torch (5 W), no signal is measured.

Received: 16 September 2020; Accepted: 27 January 2021
Published online: 11 February 2021

References

1. Schwarzenbach, R. P, Egli, T., Hofstetter, T. B., von Gunten, U. & Wehrli, B. Global water pollution and human health. In Annual
Review of Environment and Resources Vol. 35 (eds Gadgil, A. & Liverman, D. M.) 109-136 (2010). https://doi.org/10.1146/annur
ev-environ-100809-125342.

2. Pietrzak, D., Kania, J., Malina, G., Kmiecik, E. & Wator, K. Pesticides from the EU first and second watch lists in the water environ-
ment. Clean Soil Air Waterhttps://doi.org/10.1002/clen.201800376 (2019).

3. de Souza, R. M. et al. Occurrence, impacts and general aspects of pesticides in surface water: A review. Process Saf. Environ. Prot.
135, 22-37. https://doi.org/10.1016/j.psep.2019.12.035 (2020).

4. Bubb, J. & Lester, ]. THE impact of heavy-metals on lowland rivers and the implications for man and the environment. Sci. Total
Environ. 100, 207-233. https://doi.org/10.1016/0048-9697(91)90379-S (1991).

5. Field, K. G. & Samadpour, M. Fecal source tracking, the indicator paradigm, and managing water quality. Water Res. 41, 3517-3538.
https://doi.org/10.1016/j.watres.2007.06.056 (2007).

6. Wells, M. J., Morse, A., Bell, K. Y., Pellegrin, M.-L. & Fono, L. J. Emerging pollutants. Water Environ. Res. 81, 2211-2254. https://
doi.org/10.2175/106143009X12445568400854 (2009).

Scientific Reports |

(2021) 11:3682 | https://doi.org/10.1038/s41598-021-83322-w nature portfolio


https://doi.org/10.1146/annurev-environ-100809-125342
https://doi.org/10.1146/annurev-environ-100809-125342
https://doi.org/10.1002/clen.201800376
https://doi.org/10.1016/j.psep.2019.12.035
https://doi.org/10.1016/0048-9697(91)90379-S
https://doi.org/10.1016/j.watres.2007.06.056
https://doi.org/10.2175/106143009X12445568400854
https://doi.org/10.2175/106143009X12445568400854

www.nature.com/scientificreports/

10.
. De Marco, R., Clarke, G. & Pejcic, B. Ion-selective electrode potentiometry in environmental analysis. Electroanalysis 19, 1987-

12.
13.

14.

15.
16.

17.

18.
19.

20.

21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.

36.

. Pal, A,, He, Y,, Jekel, M., Reinhard, M. & Gin, K.Y.-H. Emerging contaminants of public health significance as water quality indica-

tor compounds in the urban water cycle. Environ. Int. 71, 46-62. https://doi.org/10.1016/j.envint.2014.05.025 (2014).

. Yang, Y, Ok, Y. S,, Kim, K.-H., Kwon, E. E. & Tsang, Y. F. Occurrences and removal of pharmaceuticals and personal care products

(PPCPs) in drinking water and water/sewage treatment plants: A review. Sci. Total Environ. 596, 303-320. https://doi.org/10.1016/].
scitotenv.2017.04.102 (2017).

. Moertl, M. et al. Neonicotinoids: Spreading, translocation and aquatic toxicity. Int. J. Environ. Res. Public Healthhttps://doi.

org/10.3390/ijerph17062006 (2020).
Noij, T. & Bobeldijk, I. Novel monitoring concepts to acquire new water quality knowledge. Water Sci. Technol. 47, 181-188 (2003).

2001. https://doi.org/10.1146/annurev-environ-100809-1253420 (2007).

Athavale, R. et al. Robust solid-contact ion selective electrodes for high-resolution in situ measurements in fresh water systems.
Environ. Sci. Technol. Lett. 4, 286-291. https://doi.org/10.1021/acs.estlett.7b00130 (2017)

Rosen, R. Mass spectrometry for monitoring micropollutants in water. Curr. Opin. Biotechnol. 18, 246-251. https://doi.org/10.1146/
annurev-environ-100809-1253422 (2007).

Lepot, M. et al. Calibration of UV/Vis spectrophotometers: A review and comparison of different methods to estimate TSS and
total and dissolved COD concentrations in sewers, WWTPs and rivers. Water Res. 101, 519-534. https://doi.org/10.1146/annur
ev-environ-100809-1253423 (2016).

Li, Z., Wang, J. & Li, D. Applications of Raman spectroscopy in detection of water quality. Appl. Spectrosc. Rev. 51, 313-337. https
://doi.org/10.1146/annurev-environ-100809-1253424 (2016).

Osmi, S. E. C., Malek, M. A,, Yusoff, M., Azman, N. H. & Faizal, W. M. Development of river water quality management using fuzzy
techniques: A review. Int. J. River Basin Manag. 14, 243-254. https://doi.org/10.1146/annurev-environ-100809-1253425 (2016).
Namour, P, Lepot, M. & Jaffrezic-Renault, N. Recent trends in monitoring of European water framework directive priority sub-
stances using micro-sensors: A 2007-2009 review. Sensors 10, 7947-7978. https://doi.org/10.1146/annurev-environ-100809-12534
26 (2010).

Dong, J., Wang, G., Yan, H., Xu, J. & Zhang, X. A survey of smart water quality monitoring system. Environ. Sci. Pollut. Res. 22,
4893-4906. https://doi.org/10.1146/annurev-environ-100809-1253427 (2015).

Ahmed, U,, Mumtaz, R., Anwar, H., Mumtaz, S. & Qamar, A. M. Water quality monitoring: From conventional to emerging tech-
nologies. Water Sci. Technol. Water Supply 20, 28-45. https://doi.org/10.1146/annurev-environ-100809-1253428 (2020).
Glasgow, H., Burkholder, J., Reed, R., Lewitus, A. & Kleinman, J. Real-time remote monitoring of water quality: A review of current
applications, and advancements in sensor, telemetry, and computing technologies. . Exp. Mar. Biol. Ecol. 300, 409-448. https://
doi.org/10.1146/annurev-environ-100809-1253429 (2004).

Hall, J. et al. On-line water quality parameters as indicators of distribution system contamination. J. Am. Water Works Assoc. 99,
66-77 (2007).

Sutherland-Stacey, L., Dexter, R., McWilliams, B. & Watson, K. Real-time in-situ measurement of haemoglobin in wastewater.
Water Sci. Technol. 60, 1683-1689. https://doi.org/10.1002/clen.2018003760 (2009).

Bourgeois, W., Burgess, J. & Stuetz, R. On-line monitoring of wastewater quality: A review. J. Chem. Technol. Biotechnol. 76,
337-348. https://doi.org/10.1002/clen.2018003761 (2001).

Storey, M. V., van der Gaag, B. & Burns, B. P. Advances in on-line drinking water quality monitoring and early warning systems.
Water Res. 45, 741-747. https://doi.org/10.1002/clen.2018003762 (2011).

Hur, J. & Cho, J. Prediction of BOD, COD, and total nitrogen concentrations in a typical urban river using a fluorescence excitation-
emission matrix with PARAFAC and UV absorption indices. Sensors 12, 972-986. https://doi.org/10.1002/clen.2018003763 (2012).
Carstea, E. M., Bridgeman, J., Baker, A. & Reynolds, D. M. Fluorescence spectroscopy for wastewater monitoring: A review. Water
Res. 95, 205-219. https://doi.org/10.1002/clen.2018003764 (2016).

Mason, J., Cone, M. & Fry, E. Ultraviolet (250-550 nm) absorption spectrum of pure water. Appl. Opt. 55, 7163-7172. https://doi.
0rg/10.1002/clen.2018003765 (2016).

Morel, A. et al. Optical properties of the clearest natural waters (200-800 nm). Appl. Opt. 20, 177-184 (1981).

Morel, A. et al. Optical properties of the “clearest” natural waters. Linnol. Oceanogr. 52, 217-229 (2007).

Bell, G. R. & Ramachers, Y. A. Photoelectric solar power revisited. Joule 1, 639-642. https://doi.org/10.1002/clen.2018003766
(2017).

Baker, A. Fluorescence excitation emission matrix characterization of some sewage impacted rivers. Environ. Sci. Technol. 35,
948-953. https://doi.org/10.1002/clen.2018003767 (2001).

Brown, L., Braven, J., Rhead, M. M., Evens, R. & Butler, E. The use of uric acid as a method of tracing domestic sewage discharges
in riverine, estuarine and coastal water environments. Water Res. 16, 1409-1411. https://doi.org/10.1002/clen.2018003768 (1982).
Bressler, S. et al. Recent advances with THGEM detectors. J. Instrum. 8, C12012-C12012. https://doi.org/10.1002/clen.2018003769
(2013).

Coimbra, A., Henriques, C., Israelashvili, I, Mir, J. & dos Santos, J. Characterization of THGEM coupled to submillimetric induc-
tion gaps in Ne/CHy4 and Ar/CHy4 mixtures. J. Instrum. 12, P01013-P01013. https://doi.org/10.1016/j.psep.2019.12.0350 (2017).
Cortesi, M. et al. Multi-layer thick gas electron multiplier (m-thgem): A new mpgd structure for high-gain operation at low-
pressure. Rev. Sci. Instrum. 88, 013303 https://doi.org/10.1016/j.psep.2019.12.0351 (2017).

Jensen, K. L. General formulation of thermal, field, and photoinduced electron emission. J. Appl. Phys. 102, 024911. https://doi.
org/10.1016/j.psep.2019.12.0352 (2007).

Acknowledgements
This work was supported by UK Research Councils: EPSRC, through the Doctoral Training Partnership, and
STFC, through the Follow-on-Fund, Grant Number ST/R003122/1.

Author contributions
Y.R. and G.R.B. planned and led the work. J.L.B., S.J.G., P.J.M. and M.S. carried out experimental work. G.R.B.
analysed data and wrote the manuscript, which was reviewed and modified by all authors.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1038/s41598-021-83322-w.

Correspondence and requests for materials should be addressed to G.R.B.

Scientific Reports |

(2021) 11:3682 | https://doi.org/10.1038/s41598-021-83322-w nature portfolio


https://doi.org/10.1016/j.envint.2014.05.025
https://doi.org/10.1016/j.scitotenv.2017.04.102
https://doi.org/10.1016/j.scitotenv.2017.04.102
https://doi.org/10.3390/ijerph17062006
https://doi.org/10.3390/ijerph17062006
https://doi.org/10.1146/annurev-environ-100809-125342
https://doi.org/10.1021/acs.estlett.7b00130
https://doi.org/10.1146/annurev-environ-100809-125342
https://doi.org/10.1146/annurev-environ-100809-125342
https://doi.org/10.1146/annurev-environ-100809-125342
https://doi.org/10.1146/annurev-environ-100809-125342
https://doi.org/10.1146/annurev-environ-100809-125342
https://doi.org/10.1146/annurev-environ-100809-125342
https://doi.org/10.1146/annurev-environ-100809-125342
https://doi.org/10.1146/annurev-environ-100809-125342
https://doi.org/10.1146/annurev-environ-100809-125342
https://doi.org/10.1146/annurev-environ-100809-125342
https://doi.org/10.1146/annurev-environ-100809-125342
https://doi.org/10.1146/annurev-environ-100809-125342
https://doi.org/10.1146/annurev-environ-100809-125342
https://doi.org/10.1002/clen.201800376
https://doi.org/10.1002/clen.201800376
https://doi.org/10.1002/clen.201800376
https://doi.org/10.1002/clen.201800376
https://doi.org/10.1002/clen.201800376
https://doi.org/10.1002/clen.201800376
https://doi.org/10.1002/clen.201800376
https://doi.org/10.1002/clen.201800376
https://doi.org/10.1002/clen.201800376
https://doi.org/10.1002/clen.201800376
https://doi.org/10.1002/clen.201800376
https://doi.org/10.1016/j.psep.2019.12.035
https://doi.org/10.1016/j.psep.2019.12.035
https://doi.org/10.1016/j.psep.2019.12.035
https://doi.org/10.1016/j.psep.2019.12.035
https://doi.org/10.1038/s41598-021-83322-w
https://doi.org/10.1038/s41598-021-83322-w

www.nature.com/scientificreports/

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports|  (2021)11:3682 | https://doi.org/10.1038/s41598-021-83322-w nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Ultraviolet absorption of contaminants in water
	Results
	Discussion
	Conclusions
	Methods
	References
	Acknowledgements


