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Abstract

:

Optical methods such as ultraviolet/visible (UV/Vis) and fluorescence spectroscopy are well-established analytical techniques for in situ water quality monitoring. A broad range of bio-logical and chemical contaminants in different concentration ranges can be detected using these methods. The availability of results in real time allows a quick response to water quality changes. The measuring devices are configured as portable multi-parameter probes. However, their specification and data processing typically cannot be changed by users, or only with difficulties. Therefore, we developed a submersible sensor probe, which combines UV/Vis and fluorescence spectroscopy together with a flexible data processing platform. Due to its modular design in the hardware and software, the sensing system can be modified to the specific application. The dimension of the waterproof enclosure with a diameter of 100 mm permits also its application in groundwater monitoring wells. As a light source for fluorescence spectroscopy, we constructed an LED array that can be equipped with four different LEDs. A miniaturized deuterium–tungsten light source (200–1100 nm) was used for UV/Vis spectroscopy. A miniaturized spectrometer with a spectral range between 225 and 1000 nm permits the detection of complete spectra for both methods.
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1. Introduction


The application of in situ sensors permits the detection of contaminants in aquatic ecosystems with a high spatial and temporal resolution. This high data density enables the precise localization of contamination or anomalies and their rapid detection [1]. Time series analyses can contribute to the monitoring of inflows to waterworks, for example. Direct measurement in the field avoids a number of measuring errors such as undesirable transfer of volatile compounds into the gas phase, adsorption and reactions leading to non-quantifiable loss of the original substances [2]. Different water quality monitoring technologies for the in situ and real-time detection of biological and chemical contaminants are available today [3,4]. UV/Vis and fluorescence spectroscopy have proven to be versatile and reliable methods for the in situ monitoring of aquatic systems [5,6]. Both methods can detect a variety of substances or sum parameters at different sensitivities. UV/Vis sensors are mainly applied for the monitoring of nitrate [7,8] or dissolved organic carbon (DOC) and some other parameters [9], while fluorescence spectroscopy permits the sensitive detection of microbial contamination [10], cyanobacteria [11], chlorophyll [12] and a few sum parameters such as dissolved organic matter (DOM) [13]. A more detailed overview of the most common applications of both methods and the experimental parameters used are summarized in Table 1. Turbidity indicates the presence of suspended particulate matter and can be detected using UV/Vis spectroscopy at high concentrations (40–4000 FAU; Formazine Attenuation Units), while scattered light measurements permit its more sensitive determination (<0.05–400 FNU; Formazine Nephelometric Units).



Various technical developments are described in the literature with the aim of miniaturizing the sensors and measuring different parameters simultaneously [14]. A number of in situ sensors were developed in scientific projects for special applications such as turbidity sensors [15], portable fluorescence sensors [16], low-cost and smart chlorophyll-A sensors [17], fluorescence spectrometers for DOM [18], fecal contamination sensors [19] and multi-platform sensors [20].





 





Table 1. Water quality parameters measured using in situ optical sensing devices.






Table 1. Water quality parameters measured using in situ optical sensing devices.





	
Parameter

	
Wavelength

	
Proxy For

	
Calibrant

	
Ref.






	
Fluorescence Spectroscopy




	
Tryptophan-like fluorescence (TLF)

	
λex = 280 nm

λem = 365 nm

	
biological activity, microbial contamination with

	
L-Tryptophan

	
[21]




	
Humic-like fluorescence (HLF)

	
λex = 280 nm

λem = 450 nm

	
autochthonous (within stream algal and microbial activity) and allochthonous (soil-derived organic matter) generation

of small colloidal and dissolved organic matter

	
Quinine sulfate

	
[22]




	
Fluorescent DOM (FDOM)

	
λex = 325 nm

λem = 470 nm

	
total DOC concentration

	
Quinine sulfate

	
[23]




	
Chlorophyll a (f-Chl a)

	
λex = 430 (470) nm

λem = 675–750 nm

	
biomass of algae

	
Dyes, pure or extracted Chlorophyll a

	
[24]




	
Phycocyanin (f-PC)

	
λex = 590 nm

λem = 640–690 nm

	
biomass of cyanobacteria

	
Phycocyanin

	
[25]




	
Fluorescence index (FI)

	
λex = 370 nm

λem = 470 and 520 nm

	
microbial (high FI~1.8) or terrestrial (low FI~1.2) source of DOM

	
   F I =   I n t e n s i t y    λ  e m  (  470  )      I n t e n s i t y    λ  e m  (  520  )        

	
[26]




	
Scattered light measurement




	
Turbidity

	
portion of light scattered at angle 90° from the incident beam (λ > 800 nm)

	
loss of clarity in water

	
Formazin turbidity standard

	
[27]




	
UV/Vis spectroscopy




	
Nitrate

	
A217–240 nm

	
eutrophication of freshwater ecosystems

	
NO3-N

	
[7]




	
Spectral absorption coefficient (SAC254)

	
A254 nm

	
organic loads of water

	

	
[9,28]




	
Colored dissolved organic

matter (CDOM)

	
A254 nm or A370 nm

	
colored and photoactive fraction of DOM

	
  T O C = 0.492    A  250       − 1.23    A  364   + 1.83  

	
[29,30]




	
Chemical oxygen demand (COD)

	
A225–260 nm

	
pollution of water by reducing substances’

	

	
[31]




	
Phycocyanin (PC)

	
A615 nm and A652 nm

	
cyanobacterial components

	
   P C =  A  615   − 0.474    A  652     5.34     

	
[32]




	
Turbidity

	
A>800 nm

	
loss of clarity in water

	
Formazin turbidity standard

	
[27]








A: absorption coefficient, λex: excitation wavelength, λem: emission wavelength.











In addition to developments in laboratories, a number of commercially available sensor systems based on optical spectroscopy can be used for different analytical purposes. A summary of the common online UV/Vis instruments for water quality monitoring is shown in [33], while Lee et al. also summarize UV/Vis and DOM sensors [23]. Sensors for nitrate, algae, tryptophan or chlorophyll are available from different manufacturers.



However, the majority of these sensor probes are characterized by a predefined configuration, a fixed hardware setup and static data processing methods. Therefore, new applications developed in the laboratory cannot simply be realized with the existing sensors in the field.



For this reason, we developed a compact field-deployable optical instrument using fluorescence, absorbance and scattering to identify and quantify contaminants and natural substances in water bodies. The aim of this development was to simultaneously ascertain as many of the parameters listed in Table 1 as achievable. Due to the application of a broadband light source in UV/Vis spectroscopy and detection with a miniature spectrometer with a wavelength range between 225 and 1000 nm, all the parameters listed in Table 1 for UV/Vis spectroscopy can be detected by taking one measurement. Our LED module with four slots for different LEDs permits excitation with four wavelengths, while the emission spectra can be observed over the whole wavelength range, in contrast to the use of a simple photodiode. As the measurements generate data at a high velocity and in a high volume, new concepts in data processing and data transfer were realized. The sensor platform developed is characterized by the following features:




	
Synchronous data acquisition: UV/Vis and fluorescence measurements can be an-alyzed in one step. The absorbance measurement is made in a 180° configuration while fluorescence emission is measured in 90° geometry. The path length of the measurement cell is 10 mm. The water sample is pumped through the measuring cell. Due to its position inside the sensor probe, external interfering influences were minimized. The spectrometer permits detection over the entire wavelength range.



	
Adaptable hardware configuration: To adapt the sensor probe to different aquatic conditions, the sensor configuration can be easily changed. This includes the replacement of light sources and the adjustment of their intensities. The operational conditions of the spectrometer and the integration parameters can also be easily changed.



	
Open data processing platform: The integrated processing platform facilitates the further handling and fusion of the spectral data (quantification, turbidity compensation, qualitative and quantitative assessment of water quality information). All data are available and adjustable for users at each level of processing.



	
Open Data Model: Processed data, measurement methods and metainformation are stored in a holistic structure. All these data can be transferred by the user.



	
Data visualization: The data are displayed in real time on a dashboard for analysis and pattern identification.



	
Remote control: A specially programmed app enables access to the sensor probe. It allows the monitoring of operating status, the definition of measurement intervals and times, as well as the execution of functional tests on the light sources. Furthermore, the app shows quantitative results of predefined analytes.








Our developed sensor probe was tested in the lab by calibrating it with the substances mentioned in Table 1. Additionally, a field test was carried out for verifying the long-term stability.




2. Materials and Methods


2.1. Design and Development of the UV/Vis–Fluorescence Submersible Sensor Probe


2.1.1. Hardware Development


The UV/Vis–fluorescence submersible sensor probe is integrated into a watertight enclosure with a cylindrical design, which is made of acrylic glass. With a height of 590 mm and an outer diameter of 100 mm, the sensor probe can be used for measurements in water bodies and groundwater wells. The general operational principles are shown in Figure 1.



The measuring cell with a pathlength of 10 mm is located inside the submersible sensor probe. The water sample is pumped through the measuring cell and then expelled through the water outlet using a self-priming brushless micropump (MGD1000F, TCS Micropumps, Faversham, UK). A filter with a mesh size of 1 mm is integrated into the inlet in order to protect the sensor system from particles. The pump can be stopped during the measurements. This function is integrated into the automated measurement process. A miniaturized deuterium–tungsten light source FiberLight D2 (Heraeus, Hanau, Germany) is used for the measurement of transmittance in the UV/Vis range. The continuous spectra of deuterium (UV) and tungsten (Vis) are guided using an optical fiber to a collimator. Short solarization-resistant FG600AEA optical fibers (Thorlabs, Newton, NJ, USA) with a diameter of 600 µm were used, which reduce UV absorbance and aging. Due to the limited space available, a 90° PL-25-12-90SS-SLIM2-CO collimator (Plasus, Mering, Germany) is used for the optical connection to the measuring cell (see Figure 2a). The measuring cell is sealed to the collimator using a 3 mm thick fused silica disk (Suprasil 2 Grade A, Aachener Quarzglas Technologie Heinrich, Aachen, Germany).



For the fluorescence spectroscopy, a self-developed LED array circuit is used as the light source. This circuit is mounted directly onto the measuring cell, offset 90° to the UV/Vis light source. The measuring cell has slots for four LEDs (see Figure 2b). Fused silica disks with a thickness of 3 mm were also used to seal the measuring cell to the LEDs.



The UV/Vis and fluorescence spectra were taken using a Qmini AFBR-S20M2WU spectrometer (Broadcom, San José, CA, USA) with a wavelength range from 225 to 1000 nm and a spectral resolution of 1.5 nm. The spectrometer is connected to the measuring cell via a fused silica disk and a 90° collimator (see Figure 2a). Both collimators are positioned opposite each other in a 180° geometry.



The choice of a 180° configuration for the absorbance measurements and a 90° geometry for the fluorescence emission measurements resulted from the commonly used setups described in the literature [16]. UV/Vis or transmission measurements are always carried out in a 180° configuration [33]. For fluorescence detection, additional optical elements such as mirrors should be avoided in the design, and the greatest possible sensitivity should be achieved. The 90° angle between the excitation and detection is realized in almost all laboratory devices, without which our rectangular measuring cell is not feasible.



The UV/Vis and four fluorescence spectra are recorded one after the other after the pump is stopped. The entire measurement process takes less than 30 s.



All the electronic components in the submersible sensor probe are controlled by a Raspberry Pi 4 Model B (Raspberry Pi Foundation, Cambridge, UK). The spectrometer is connected with the embedded system via the USB interface. Communication with the spectrometer is facilitated using the manufacturer’s provided software development kit. Additionally, a custom-designed add-on board enables the seamless integration of all hardware components into the embedded system. Notably, the digital interfaces for the sensors are positioned along the outer edge of the add-on board for convenient accessibility and efficient operation.



On the top of the enclosure, a TSYS01 high-accuracy, fast-response temperature sensor (Blue Robotics, Torrance, CA, USA) and a Bar30 pressure sensor (Blue Robotics, Torrance, CA, USA) are integrated. These sensors can be used to measure the water temperature and the depth of the UV/Vis–fluorescence sensor probe. Both sensors are connected via the I2C interface to the add-on board. The sensor probe receives a reliable 12 VDC power supply and establishes an Ethernet connection via the DBH13MSS connection terminal (MacArtney, Esbjerg, Denmark). To oversee the LED array within the measuring cell, the add-on board incorporates a TLC59108F driver from Texas Instruments (Dallas, TX, USA). This integrated driver offers the capability to individually parameterize each LED’s current, allowing for precise adjustment of brightness across 256 gradations.



To achieve higher intensities using a higher current, the LED driver can also pulse the current. Since not every LED can be supplied with the same voltage, a separate power supply circuit is integrated into the add-on board. The LM2731 (Texas Instruments, Dallas, TX, USA) hardware component is used for this purpose and act as a boost converter. The maximum current is separately adjustable using a series of resistances for each LED. The developed LED driver is schematically shown in Figure 3.




2.1.2. Software Development


To handle the hardware configurations, the UV/Vis–fluorescence submersible sensor probe is equipped with a flexible data processing framework. This includes four steps: data collection, data processing, data storage and data visualization. These tools are integrated into an embedded system. To enable a flexible data processing framework, a Model–View–Controller architecture is used for the software development. This approach separates the software architecture into the three parts: Model, View and Controller (Figure 4). The data management is provided by the Model module. This module consists of two components, the Hardware Abstraction Layer (HAL) and the data storage.



The HAL is designed for connecting all sensors and actuators using a standardized interface for communication with all components within the UV/Vis–fluorescence sensor probe. The HAL has a web interface based on the HTTP protocol allowing flexible access to the hardware. HTTP request parameters can be used for the adaptation of the sensor and actor settings. Based on the hardware configuration, it is possible to adjust the integration time of the spectrometer, the averaging of the spectra by a user-defined number of iterations and control of the light sources with different intensities. The second component is the data storage model. The data storage model combines all spectral data. To change the settings or to manipulate the model, the user can modify the process via the Controller module. The Controller module is specified by the data processing method (DPM). The DPM provides a software framework for the integration of the methods, which have been developed in the laboratory. The software Node-RED (OpenJS Foundation, San Francisco, CA, USA, Version 3.0.2) is used for this task.



Due to the flow-based programming framework, laboratory methods can be integrated in a flexible way. DPM based on Node-RED offers also the advantage that a large library of data processing tools can be created and used. If the UV/Vis–fluorescence sensor probe is ready for use, the user can post-process (Data Fusion) and display (Dashboard) the results via the View component. With data fusion, indicators can be calculated within a spectrum but also between different spectra. This makes it possible to determine the fluorescence index (FI), as well as other indicators published in the literature. These post-processing steps can be carried out directly using the Grafana software (Version 10.1.5). In addition, self-developed scripts can also be stored and executed in the View component. This allows an individual evaluation of spectra according to self-defined parameters. A summary of the used software components is shown in Table 2.




2.1.3. Field Application Setup


The successful use of the sensor probe in the field requires some additional modifications to ensure seamless functionality and reliable acquisition and transmission of data. This includes the integration of a power supply and a data communication unit.



For this purpose, a field-deployable data and power management unit was de-signed. As it is equipped with a BlueSolar MPPT 100 solar charge controller (Victron energy, Almere, The Netherlands), an industrial NPC24-12i battery (Yuasa, Krefeld, Germany) and an MPM-90-12ST AC–DC power supply unit (MEAN WELL, New Taipei City, Taiwan), the system can be operated energy self-sufficiently as well as with conventional main voltage. The integrated RUT955 IoT gateway (Teltonika, Kaunas, Lithuania) establishes the Ethernet connection to the sensor probe and provides a Wi-Fi access point for accessing the data processing platform. When connected to this network, the user can interact with the control and display module via a web interface. A schematic structure of the field configuration is illustrated in Figure 5. The modular design of the sensor probe allows its use in different scenarios, with stationary and mobile profile measurements. Additionally, a specially designed Grafana dashboard visualizes all the water parameters recorded by the sensor probe.





2.2. Lab Validation


2.2.1. Preparation of Water Samples


As summarized in Table 1, different substances and sum parameters are routinely measured using UV/Vis and fluorescence sensor probes in aquatic systems. The determination of the sum parameters (e.g., DOM) requires calibration with suitable single compounds. Our developed sensor probe must be able to detect these substances with sensitivities as described in the literature or as they correspond to the specifications of commercial devices. For this purpose, we prepared standard solutions in water. Stock solutions of formazin turbidity standard (4000 NTU, Hach, Manchester, UK), quinine sulfate (Sigma-Aldrich, St. Louis, MO, USA), L-tryptophane (Sigma-Aldrich, St. Louis, MO, USA), humic acid (Carl Roth GmbH, Karlsruhe, Germany) and potassium nitrate (Merck, Darmstadt, Germany) were diluted, so that a series of standard solutions within a range of below 1 mg L−1 to 12 mg L−1 (100 mg L−1 in case of nitrate) was obtained.




2.2.2. LED Array Configuration


Different target analytes in fluorescence spectroscopy require different excitation wavelengths and therefore different LEDs. As described, the developed LED array can be equipped with four different light sources of different wavelengths. These can be changed easily in order to modify the sensor to changing measuring tasks. The current supplied for each LED can be adjusted in accordance with their maximum power dissipation for an optimal performance. Based on these maximum power dissipations, the current of each LED was pulsed or set constant. It is important to note that the LED driver has a maximum current capacity of 120 mA. This limit is taken into consideration when configuring the current settings for the LEDs. Table 3 summarizes the LEDs and their specifications which were used for the validation experiments. We used industrial-standard LEDs with a uniform housing.




2.2.3. Data Collection and Data Processing


The flow cell was adapted for the lab validation experiments. Before measuring the standard solutions, blank spectra were taken with pure water. These blank spectra are stored on the embedded system and are available for any further preprocessing steps. Sequentially, the prepared standard solutions were filled into the flow cell. The measurement process begins with UV/Vis spectroscopy and the activation of the deuterium–tungsten light source. After an interval of one second, 10 spectra were acquired and then averaged. The spectrometer operates with an integration time of 160 milliseconds for the UV/Vis measurements. After the measurement, the light source is deactivated and the fluorescence measurement starts. Depending on the target analyte, the corresponding LED from Table 3 is used. While the LED light source is active, the spectrometer records five corresponding spectra and an average value is computed from these five spectra. Here, the integration time is four seconds. Three series of measurements were carried out for each substance and for each spectroscopy method. The data collection and data processing method are implemented into the Control module. Therefore, Node-RED flows have been developed. The results are saved by the Model module and made available for export via the View module. The Node-RED HTTP modules are used to address the UV/Vis–fluorescence submersible sensor via the HAL. The integration time and the number of measurements per spectrum are set using the HTTP parameters. A measured spectrum is converted into a key-value pair so that it can be processed as a JavaScript object. Supplemented with meta information (time, location, water temperature, depth), the sample site is written into the database via the Node-RED Influx module. The light sources can also be controlled via the HTTP module.






3. Results


3.1. Lab Validation


All substances investigated can be clearly detected with intensities comparable to those of other lab devices or commercial sensor probes. Figure 6, Figure 7 and Figure 8 show the same examples for both UV/Vis and fluorescence spectroscopy. Figure 6 summarizes the quantitative absorbance measurements of nitrate and humic substances.



Both target analytes are among the most frequently monitored parameters in aquatic ecosystems. Humic substances must be monitored, particularly in the catchment area of drinking water reservoirs. Nitrate pollutions belong to the most challenging and costly environmental problems due to the permanent release of nitrates into natural waters. High concentrations of nitrate can promote the growth of algae and phytoplankton. With limits of detection (LODs) of 1 mg L−1 for nitrate (Calculated as NO3-N) and 0.2 mg L−1 for humic acids, our sensor probe permits the sensitive detection of these parameters. The LODs were calculated according to [34]. As can be seen from the spectra, high concentrations of humic acids complicate the evaluation of nitrate concentration. However, this is a general limitation of the method (UV/Vis spectroscopy) and not a special feature of our sensor probe. The advantage of our sensor probe is that possible interferences can be seen from the complete spectra, while simple sensor probes with photodiodes as detectors let these influences go unnoticed.



FDOM is another essential parameter for characterizing natural waters and serves as a significant proxy for the total DOC concentration. As stated in Table 1, the calibration is conducted using quinine sulfate and the FDOM concentrations can be given as quinine sulfate units (QSUs) where 1 QSU = 1 ppb quinine sulfate. The results of our measurements using fluorescence spectroscopy are summarized in Figure 7. The values for excitation wavelength were taken from the literature [23]. The fluorescence emission at 385 nm was used for calculating the calibration line. A LOD of 0.3 mg L−1 was calculated for quinine sulfate.



According to ISO 7027-1:2016, turbidity is another important parameter for the assessment of water quality. As stated above, turbidity can be measured in transmittance (850 nm) or using scattered light measurement (λex = λem = 850 nm) depending on the corresponding concentration range. As expected, scattered light measurements provide a more sensitive detection with a LOD of 0.2 FNU while transmittance measurement has a LOD of 2.4 FAU. Although our probe does not achieve the sensitivity of laboratory devices with LODs (<0.05 FNU), these LODs are well suited to sensitive turbidity measurement in the field.




3.2. Results from Field Tests


In addition to laboratory validation, the sensor probe was applied in the field as part of a water monitoring campaign along the Elbe River. During this campaign, the primary focus was on the measurement of two key parameters: turbidity and FDOM.



For this purpose, our sensor probe was equipped with the corresponding LEDs. The developed dashboard (Figure 9) permits it use as a pivotal tool for real-time data visualization and management during the campaign. Besides displaying the fluorescence measurement values, additional data on water temperature and water depth are integrated. Furthermore, the dashboard shows a map section where the current position of the measurement is displayed.



The user receives all the essential information and results in real time via this dashboard. It is also possible to download the results via data export for further post-processing procedures. A result of data processing can be seen in Figure 10, where geographical coordinates (longitude and latitude) have been combined with turbidity data to create a spatial data plot. Such procedures can be used to visualize concentration profiles, as shown in the example, and allow the user to quickly identify anomalies and significant changes in concentration.





4. Conclusions


The focus of this work was the development of an integrated sensor platform for UV/Vis and fluorescence spectroscopy which can be used for analyzing a wide range of unsaturated and aromatic compounds in aquatic ecosystems. The sensor platform is defined by the six requirements mentioned in the introduction. For simultaneous use of UV/Vis and fluorescence spectroscopy, a new measurement cell was designed, which is located inside the sensor probe to minimize external influences on the water sample. Four LEDs and a broadband light sources are attached to the measurement cell. The LEDs can be easily changed by the user for a high degree of flexibility in the configuration. The developed adjustable LED driver allows the use of various standard LEDs with the desired wavelength. An open processing framework is based on this hardware. The Model–View–Controller architecture allows for the clear separation of key features, easy modifications and independent advancements of the modules. With the capability for direct data fusion and data presentation in the View module, the measurement results can be presented in a clear and concise manner within field applications.







Author Contributions


Conceptualization, H.B., T.M. and T.G.; methodology, H.B., T.M. and T.G.; software development, T.G.; hardware development, T.M.; development of electronics, T.G.; validation, S.P. and M.R.; formal analysis, S.P.; data curation, S.P.; writing—original draft preparation, T.G. and H.B.; writing—review and editing, H.B.; supervision, H.B.; project administration, H.B. and M.R. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by funding from the Helmholtz Association within the framework of MOSES (Modular Observation Solutions for Earth Systems).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The analytical results and data are available from the corresponding author upon request.




Acknowledgments


The authors gratefully acknowledge the technical support of the mechanical workshop of the UFZ (Peter Portius, Manuel Kositzke, Julian Weber) in producing the parts of the sensor probe. Furthermore, we thank Robert Wagner from the Umweltbundesamt (Dessau, Germany) for the helpful discussions.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ruhala, S.S.; Zarnetske, J.P. Using in-situ optical sensors to study dissolved organic carbon dynamics of streams and watersheds: A review. Sci. Total Environ. 2017, 575, 713–723. [Google Scholar] [CrossRef] [PubMed]

	



Borsdorf, H.; Roland, U. In situ determination of organic compounds in liquid samples using a combined UV-Vis/fluorescence submersible sensor. Int. J. Environ. Anal. Chem. 2008, 88, 279–288. [Google Scholar] [CrossRef]

	



Mills, G.; Fones, G. A review of in situ methods and sensors for monitoring the marine environment. Sens. Rev. 2012, 32, 17–28. [Google Scholar] [CrossRef]

	



Zulkifli, S.N.; Rahim, H.A.; Lau, W.J. Detection of contaminants in water supply: A review on state-of-the-art monitoring technologies and their applications. Sens. Actuators B Chem. 2018, 255, 2657–2689. [Google Scholar] [CrossRef] [PubMed]

	



Carstea, E.M.; Bridgeman, J.; Baker, A.; Reynolds, D.M. Fluorescence spectroscopy for wastewater monitoring: A review. Water Res. 2016, 95, 205–219. [Google Scholar] [CrossRef] [PubMed]

	



Guo, Y.; Liu, C.; Ye, R.; Duan, Q. Advances on Water Quality Detection by UV-Vis Spectroscopy. Appl. Sci. 2020, 10, 6874. [Google Scholar] [CrossRef]

	



Huebsch, M.; Grimmeisen, F.; Zemann, M.; Fenton, O.; Richards, K.G.; Jordan, P.; Sawarieh, A.; Blum, P.; Goldscheider, N. Technical Note: Field experiences using UV/VIS sensors for high-resolution monitoring of nitrate in groundwater. Hydrol. Earth Syst. Sci. 2015, 19, 1589–1598. [Google Scholar] [CrossRef]

	



Pons, M.-N.; Assaad, A.; Oucacha, C.; Pontvianne, S.; Pollier, B.; Wagner, P.; Legout, A.; Guérold, F. Nitrates monitoring by UV–vis spectral analysis. Ecohydrol. Hydrobiol. 2017, 17, 46–52. [Google Scholar] [CrossRef]

	



Karanfil, T.; Schlautman, M.A.; Erdogan, I. Survey of DOC and UV measurement practices with implications for SUVA determination. J. AWWA 2002, 94, 68–80. [Google Scholar] [CrossRef]

	



Sorensen, J.P.R.; Vivanco, A.; Ascott, M.J.; Gooddy, D.C.; Lapworth, D.J.; Read, D.S.; Rushworth, C.M.; Bucknall, J.; Herbert, K.; Karapanos, I.; et al. Online fluorescence spectroscopy for the real-time evaluation of the microbial quality of drinking water. Water Res. 2018, 137, 301–309. [Google Scholar] [CrossRef]

	



Zamyadi, A.; Choo, F.; Newcombe, G.; Stuetz, R.; Henderson, R.K. A review of monitoring technologies for real-time management of cyanobacteria: Recent advances and future direction. TrAC Trends Anal. Chem. 2016, 85, 83–96. [Google Scholar] [CrossRef]

	



Zeng, L.; Li, D. Development of In Situ Sensors for Chlorophyll Concentration Measurement. J. Sens. 2015, 2015, 903509. [Google Scholar] [CrossRef]

	



Carstea, E.M.; Popa, C.L.; Baker, A.; Bridgeman, J. In situ fluorescence measurements of dissolved organic matter: A review. Sci Total Environ. 2020, 699, 134361. [Google Scholar] [CrossRef] [PubMed]

	



Silva, G.M.e.; Campos, D.F.; Brasil, J.A.T.; Tremblay, M.; Mendiondo, E.M.; Ghiglieno, F. Advances in Technological Research for Online and In Situ Water Quality Monitoring—A Review. Sustainability 2022, 14, 5059. [Google Scholar] [CrossRef]

	



Wang, Y.; Rajib, S.M.S.M.; Collins, C.; Grieve, B. Low-Cost Turbidity Sensor for Low-Power Wireless Monitoring of Fresh-Water Courses. IEEE Sens. J. 2018, 18, 4689–4696. [Google Scholar] [CrossRef]

	



Shin, Y.-H.; Teresa Gutierrez-Wing, M.; Choi, J.-W. Review—Recent Progress in Portable Fluorescence Sensors. J. Electrochem. Soc. 2021, 168, 017502. [Google Scholar] [CrossRef]

	



Chowdhury, R.I.; Wahid, K.A.; Nugent, K.; Baulch, H. Design and Development of Low-Cost, Portable, and Smart Chlorophyll-A Sensor. IEEE Sens. J. 2020, 20, 7362–7371. [Google Scholar] [CrossRef]

	



Cai, W.; Huang, H.; Li, Z.; Li, X.; Fan, J.; Zhang, S.; Feng, G.; Chen, J. Compact Fluorescence Spectrometer with Built-In In-Line Calibration: Application to Detect Dissolved Organic Matter in Water. Anal. Chem. 2023, 95, 14228–14234. [Google Scholar] [CrossRef]

	



Bedell, E.; Harmon, O.; Fankhauser, K.; Shivers, Z.; Thomas, E. A continuous, in-situ, near-time fluorescence sensor coupled with a machine learning model for detection of fecal contamination risk in drinking water: Design, characterization and field validation. Water Res. 2022, 220, 118644. [Google Scholar] [CrossRef]

	



Ng, C.-L.; Senft-Grupp, S.; Hemond, H.F. A multi-platform optical sensor for in situ sensing of water chemistry. Limnol. Oceanogr. Methods 2012, 10, 978–990. [Google Scholar] [CrossRef]

	



Sorensen, J.P.; Lapworth, D.J.; Marchant, B.P.; Nkhuwa, D.C.; Pedley, S.; Stuart, M.E.; Bell, R.A.; Chirwa, M.; Kabika, J.; Liemisa, M.; et al. In-situ tryptophan-like fluorescence: A real-time indicator of faecal contamination in drinking water supplies. Water Res. 2015, 81, 38–46. [Google Scholar] [CrossRef] [PubMed]

	



Sorensen, J.P.R.; Carr, A.F.; Nayebare, J.; Diongue, D.M.L.; Pouye, A.; Roffo, R.; Gwengweya, G.; Ward, J.S.T.; Kanoti, J.; Okotto-Okotto, J.; et al. Tryptophan-like and humic-like fluorophores are extracellular in groundwater: Implications as real-time faecal indicators. Sci. Rep. 2020, 10, 15379. [Google Scholar] [CrossRef] [PubMed]

	



Lee, E.J.; Yoo, G.Y.; Jeong, Y.; Kim, K.U.; Park, J.H.; Oh, N.H. Comparison of UV–VIS and FDOM sensors for in situ monitoring of stream DOC concentrations. Biogeosciences 2015, 12, 3109–3118. [Google Scholar] [CrossRef]

	



Rousso, B.Z.; Bertone, E.; Stewart, R.A.; Rinke, K.; Hamilton, D.P. Light-induced fluorescence quenching leads to errors in sensor measurements of phytoplankton chlorophyll and phycocyanin. Water Res. 2021, 198, 117133. [Google Scholar] [CrossRef] [PubMed]

	



Henderson, R.K.; Stuetz, R.; Bowling, L.; Newcombe, G.; Newton, K.; Zamyadi, A.; Choo, F. Performance evaluation of in situ fluorometers for real-time cyanobacterial monitoring. H2Open J. 2018, 1, 26–46. [Google Scholar] [CrossRef]

	



Cory, R.M.; McKnight, D.M. Fluorescence Spectroscopy Reveals Ubiquitous Presence of Oxidized and Reduced Quinones in Dissolved Organic Matter. Environ. Sci. Technol. 2005, 39, 8142–8149. [Google Scholar] [CrossRef] [PubMed]

	



ISO 7027-1:2016; Water Quality—Determination of Turbidity—Part 1: Quantitative Methods. ISO: Geneva, Switzerland, 2016. Available online: https://www.iso.org/standard/62801.html (accessed on 31 December 2016).

	



Kellner, K.; Posnicek, T.; Brandl, M. An Integrated Optical Measurement System for Water Quality Monitoring. Procedia Eng. 2014, 87, 1306–1309. [Google Scholar] [CrossRef]

	



Erlandsson, M.; Futter, M.N.; Kothawala, D.N.; Kohler, S.J. Variability in spectral absorbance metrics across boreal lake waters. J. Environ. Monit. 2012, 14, 2643–2652. [Google Scholar] [CrossRef]

	



Li, P.; Hur, J. Utilization of UV-Vis spectroscopy and related data analyses for dissolved organic matter (DOM) studies: A review. Crit. Rev. Environ. Sci. Technol. 2017, 47, 131–154. [Google Scholar] [CrossRef]

	



Chen, X.; Yin, G.; Zhao, N.; Gan, T.; Yang, R.; Xia, M.; Feng, C.; Chen, Y.; Huang, Y. Simultaneous determination of nitrate, chemical oxygen demand and turbidity in water based on UV–Vis absorption spectrometry combined with interval analysis. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2021, 244, 118827. [Google Scholar] [CrossRef]

	



Bertone, E.; Chuang, A.; Burford, M.A.; Hamilton, D.P. In-situ fluorescence monitoring of cyanobacteria: Laboratory-based quantification of species-specific measurement accuracy. Harmful Algae 2019, 87, 101625. [Google Scholar] [CrossRef] [PubMed]

	



Shi, Z.; Chow, C.W.K.; Fabris, R.; Liu, J.; Jin, B. Applications of Online UV-Vis Spectrophotometer for Drinking Water Quality Monitoring and Process Control: A Review. Sensors 2022, 22, 2987. [Google Scholar] [CrossRef] [PubMed]

	



ISO 11929-1:2019; Determination of the Characteristic Limits (Decision Threshold, Detection Limit and Limits of the Coverage interval) for Measurements of Ionizing Radiation. ISO: Geneva, Switzerland, 2019. Available online: https://www.iso.org/standard/69579.html (accessed on 31 December 2019).








[image: Sensors 23 09545 g001] 





Figure 1. Sensor concept and final UV/Vis–fluorescence submersible sensor probe. 
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Figure 2. Measuring cell with two 90° collimators (a) and LED array (b). 
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Figure 3. Schematic of the LED driver. 
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Figure 4. Flow diagram of Model–View–Controller architecture. 
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Figure 5. Schematic structure of sensor configuration for field applications. 
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Figure 6. Spectra of (a) nitrate and (b) humic acids and results of quantitative measurements of (c) nitrate (peak intensities at 241 nm, concentrations as NO3-N) and (d) humic acids (peak intensities at 254 nm) using UV/Vis spectroscopy. 
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Figure 7. Fluorescence emission spectra of quinine sulfate (a) as proxy for FDOM after excitation at 340 nm and calibration (b) using peak intensities at λem = 385 nm. 
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Figure 8. Results of turbidity measurements using UV/Vis spectroscopy (a) and using scattered light measurement (b). 






Figure 8. Results of turbidity measurements using UV/Vis spectroscopy (a) and using scattered light measurement (b).



[image: Sensors 23 09545 g008]







[image: Sensors 23 09545 g009] 





Figure 9. Dashboard for water monitoring campaign on the Elbe River. Water temperature, water depth, turbidity and FDOM are displayed together with the geo-position. 
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Figure 10. Spatial data plot of the turbidity measurements of the monitoring campaign at the river Elbe (315 single measurements). 






Figure 10. Spatial data plot of the turbidity measurements of the monitoring campaign at the river Elbe (315 single measurements).



[image: Sensors 23 09545 g010]







 





Table 2. Software stack for the Model–View–Controller architecture.
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	Module
	Component
	Software





	View
	Data Fusion

Dashboard
	Grafana



	Model
	HAL

Storage
	Python-FastAPI

InfluxDB 2.0



	Control
	DPM
	Node-Red










 





Table 3. LED array configuration.
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	LED
	Excitation Wavelength [nm]
	Current [mA]
	Parameter





	DUV-HL5N, Roithner LaserTechnik GmbH
	340
	40 (pulsed)
	DOM



	VL440-5-15
	440
	100 (pulsed)
	Chlorophyll a



	CY5111A-WY, Roithner
	590
	100 (pulsed)
	Phycocyanin



	OP265FAB, TT Electronics
	850
	120 (constant)
	Turbidity
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