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An electrochemical sensor is proposed to measure silicate concentration, in situ, in the ocean without any addition of liquid reagent. From the analytical principle to the laboratory prototype toward the first in situ, immersible sensor, the evolution of the mechanical design is presented and discussed. The developed in situ electronics were compared to the commercial potentiostat and gave promising results to detect low silicate signals with a limit of quantification of 1 μmol L−1.The flow rate of the pump appeared to be a crucial parameter in order to transfer the silicomolybdic complex formed from the “complexation cell” to the “detection cell” without dilution as well as to fill and rinse the whole circuit. The study of temperature effect revealed no influence on the electrochemical signal between ~7° and ~21°C. Finally the sensor was successfully deployed for the very first time on a mooring off Coquimbo, Chile and also integrated onto a PROVOR profiling float in the Mediterranean Sea off Villefranche-sur-Mer, France. The data collected and/or sent through satellite were in good agreement with the 2 reference samples and previously published values illustrating the great potential of this electrochemical sensor. A 7 days silicate time series from the mooring deployment off Chile is also presented.
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INTRODUCTION

Among all macronutrients in the ocean, silicate (Si(OH)4) is assimilated by specific planktonic functional types such as diatoms to build their skeletal structures. Diatoms are estimated to contribute up to 45% of the total ocean primary production (DeMaster, 1981; Tréguer et al., 1995; Mann, 1999; Yool and Tyrrell, 2003; Tréguer and De La Rocha, 2013; Bristow et al., 2017). Like the other nutrient cycles (nitrogen, phosphorus), the silicate cycle is linked with the global carbon cycle and participates in carbon dioxide (CO2) sequestering in the ocean (Dugdale et al., 1995; Dugdale and Wilkerson, 1998; Falkowski et al., 1999; Yool and Tyrrell, 2003; Arrigo, 2005; Matear et al., 2010; Frings et al., 2016). To better understand the biogeochemical cycles, and the global carbon cycle and evaluate the consequences of anthropogenic nutrients releases and climate change, oceanic data are required with a very high spatio-temporal resolution. With this novel knowledge, climate models could be improved to accurately predict responses to future climate forcing events. The development of in situ sensors and oceanic observing systems to be deployed on autonomous underwater vehicles will provide extensive data-bases and unprecedented opportunity to study the ocean at much wider spatio-temporal scales than what was possible only a few years ago (COCA Working Group, 2014).

Oceanographic nutrient measurements are commonly made using traditional, discrete shipboard sampling techniques and on-board analyses (Patey et al., 2008; Ma et al., 2014). Over the past decade, significant progress has been made in the development of in situ nutrient sensors and a few sensors are commercially available to measure nitrate and phosphate (Thouron et al., 2003; Johnson et al., 2013; Legiret et al., 2013; Grand et al., 2017). Silicate is traditionally analyzed by spectrophotometric/colorimetry methods requiring liquid reagents addition (wet chemical techniques) (Thouron et al., 2003; Ma et al., 2014). We propose to use an electrochemical sensor to detect silicate without any liquid reagent addition using an in situ oxidation of a molybdenum electrode to form the silicomolybdic complex detectable on gold working electrode, thanks to a special design of the electrochemical cell using Nafion® membrane. The limit of quantification achieved using a 2 mm diameter working electrode and commercial potentiostat was 0.5 μmol L−1 (Lacombe et al., 2008; Aguilar et al., 2015).

This work presents the optimization of electrochemical parameters, the development of the in situ electronics and the transition of the mechanical design from the laboratory electrochemical cell to the first in situ immersible silicate sensor. The sensor will be characterized and validated. We will discuss the effect of temperature on the electrochemical detection as well as on the silicate complexation reaction. Finally the results obtained during the silicate sensor deployments on a mooring in the Chilean upwelling in the Pacific Ocean and also in the Mediterranean Sea off Villefranche-sur-Mer implemented on a PROVOR float will be shown.

EXPERIMENTAL SECTION

Chemicals and Material

All solutions were prepared in Milli-Q water (Millipore Milli-Q water system) and put into plastic containers (polymethylpentene or polypropylene); glass is not used in order to avoid silicate contamination in solution. Silicate solutions were prepared either with sodium hexafluorosilicate (Na2SiF6, from Carlo Erba) or from certified standard solution of sodium silicate (Na2SiO3, H2O, from Alfa Aesar) at 1001 ± 5 μg mL−1 in the concentration range between 5 and 65 μmol L−1 for sensor calibration.

The electrolytes for prepared solutions were either sodium chloride solution, pH ≈ 4.5, (NaCl supplied by Merck) at 34.5 g L−1 ([Cl−] = 0.6 mol L−1), or artificial seawater, pH ≈ 7 made with 30.36 g of sodium chloride ([Cl−] = 0.52 mol L−1), 6.74 g of magnesium sulfate heptahydrate (MgSO4, 7H2O, VWR) and 0.16 g of sodium hydrogenocarbonate (NaHCO3, VWR).

All metals were purchased from GoodFellow (molybdenum, silver, gold, platinum, titanium). A conventional three-electrode system was used for all experiments with gold working electrodes (for the silicomolybdic complex detection) made with gold wire inserted into epoxy resin. Prior to experiments, gold electrodes were first polished with aluminum oxide (0.3 μm diameter). Then, they were electrochemically cleaned in 0.5 mol L−1 sulphuric acid solution (prepared from a 98% H2SO4 solution supplied by Merck) by polarizing the electrode 10 s at +2 V and 10 s at −2 V to form O2 and H2 bubbles, respectively, at the electrode surface. Then, cyclic voltammograms were recorded between E1 = 0 V and E2 = 1.5 V at 100 mV s−1 until reproducible cycles were obtained. The reference electrode was a silver-silver chloride (Ag/AgCl/Cl−) either a commercial electrode (with [Cl−] = 3 mol L−1, Metrohm®) or made with silver wire potted into epoxy resin covered with silver chloride layer and immersed into chloride solution ([Cl−] concentration depending on the electrolyte/seawater being used). The design/geometry of the molybdenum electrodes used to form the reagents was adapted to the corresponding cell. Platinum or titanium grids acted as counter electrodes.

Electrochemical Cells and Designs

Two electrochemical cells (i.e., “open cell” and “small volume laboratory prototype”) were used to validate the method and optimize all the parameters before transferring them on the in situ electrochemical sensor. All the electrochemical measurements using the 2 laboratory cells were carried out at room temperature, under atmospheric conditions with μ-Autolab III potentiostat (Metrohm) using the NOVA software.

The “open cell” (not shown) corresponds to a 20 mL beaker separated into two compartments. In the first compartment of 2 mL, a molybdenum electrode was oxidized at 1V in order to produce molybdates ([image: image]) and protons (H+) according to Equation (1). To reach the acidic pH needed (pH ≈ 1.5) to form the silicomolybdic complex (Equation 2), the counter electrode was isolated from the molybdenum electrode behind a 180 μm thick non-proton exchange membrane (N117 Du Pont™ Nafion® PFSA Membrane) to limit the reduction of formed H+ (Lacombe et al., 2008). The solution was stirred using a magnetic stirrer after the molybdenum oxidation during 6 min to complex 100% of silicate in solution. The silicomolybdic complex was then detected on a gold working electrode by cyclic voltammetry.
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The small volume (<400 μL) laboratory prototype made in PMMA (poly(methyl methacrylate)) in Figure 1 was designed in collaboration with the Groupe d'Instrumentation Scientifique (GIS) of Midi-Pyrénées Observatory of Toulouse. The machining of PMMA pieces was subcontracted. It is divided into 2 cells of 365 μL (Figure 1A) and 91 μL (Figure 1B) connected with a 4 cm long tube. The schematic arrangements of the electrodes inside the cells are drawn below each cell on Figure 1. The complexation cell (Figure 1A) is divided into 2 compartments linked through a Nafion® membrane. The molybdenum electrode was oxidized to produce molybdates ([image: image]) and protons (H+) and the counter electrode, placed in the cylindrical reservoir on the top, was isolated behind the membrane to reach the acidic pH as previously explained. The silicomolybdic complex formed was then transferred to the detection cell (Figure 1B) using a solenoid pump from Lee Company® (LPL solenoid pump) to be detected by cyclic voltammetry on homemade working electrode built with gold wire (Au, Ø = 1 mm) inserted into epoxy resin. Gold working electrode was cleaned in situ (in seawater) before each experiment by applying a fixed potential E = −0.2 V during 200 s. A silver wire inserted into epoxy resin (Ag, Ø = 1 mm) covered with silver chloride (AgCl) acted as a reference electrode and a platinum grid placed in the reservoir on the top was used as counter electrode on the detection cell (Figure 1B).
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FIGURE 1. Small volume prototype to detect silicate in seawater with on the left the solenoid Lee-Co® pump, (A) complexation cell and (B) detection cell and the corresponding schematic representation of the electrodes.



The solenoid pump used to fill and clean the whole circuit as well as to transfer the solution to the detection cell injects 50 μL at each pulse. It is controlled by an electronic card connected to the μ-Autolab III potentiostat (Metrohm®).

The in situ silicate sensor presented in Figure 2 is an anodized aluminum cylindrical sensor of 2.2 kg in air, 90 mm diameter and 250 mm height without the connector. The bottom of the sensor with the connector and the electrochemical cells are designed in PEEK (polyether ether ketone) pieces. The top of the sensor is made of polyamide PA 6.6 GF30. The machining of plastic and anodized aluminum pieces were subcontracted, the assembly of the sensor as well as the pressure and waterproof tests were made by nke Instrumentation. The solenoid pump is placed into a reservoir equipped with a membrane and filled with dielectric oil in order to be in equipressure. The electronics were inserted into a dry compartment and the electrochemical cells (with the electrodes) are on the top of the sensor. The housing has been validated up to 60 bars (600 m) using pressure column. The two cells, namely the complexation cell and the detection cell, have almost the same size as the laboratory prototype i.e., 376 and 94 μL, respectively, and the same optimized tubing set up is used for the pump. The molybdenum electrode for reagents formation is placed at the bottom of the complexation cell. The silver wire reference electrode and the titanium grid counter electrode are behind the Nafion® membrane, directly in contact with the open ocean. Inside the detection cell, the three electrodes: gold working electrode, silver reference electrode and platinum counter electrode are inserted in the same PEEK piece with epoxy resin and all three are 2 mm diameter (Figure 2, bottom right). All electrodes are plugged and can be easily recovered for reconditioning or cleaning, making this sensor very handy. The sensor is also equipped with pressure and temperature sensors which measured the pressure at the beginning and at the end of the sampling and the temperature when the sensor measures the silicomolybdic complex signal.
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FIGURE 2. Silicate electrochemical in situ sensor.



The peak intensity corresponding to silicate concentration in seawater is measured on the first reduction wave obtained around 0.35 V/Ag/AgCl/Cl−. A tangent is drawn before the peak (higher potential) continuously to the baseline and the peak intensity is measured from the highest intensity (peak, in absolute value) to tangent's interception.

RESULTS AND DISCUSSION

Design and Electronics Validations

In both the laboratory prototype and the in situ sensor, the silicomolybdic complex formed in the complexation cell is transferred into the detection cell with the Lee Company® pump. The flow rate of the Lee-Co® pump used is a critical parameter that needs to be optimized in order to transfer the complex without any dilution and also to fill and rinse the whole circuit properly.

Using the small volume prototype presented in Figure 1, the pH of the solution at the exit of the complexation cell as well as the silicate signal in the detection cell for each fraction of 50 μL injected by the pump have been measured. Two different set up of the Lee-Co® pumps were tested corresponding to 200 μL s−1 and 3.3 μL s−1 flow rates. The highest flow rate (200 μL s−1) corresponds to the conventional set up of the pump using tubes of identical internal diameter (Øint. = 0.8 mm) before (inlet) and after (outlet) the pump allowing a maximum operating frequency of 2 Hz (0.25 s to inject 50 μL). In this case, the tube between the complexation cell and the detection cell is 4 cm long and 0.8 mm diameter. The lowest flow rate (3.3 μL s−1) is obtained by increasing the back pressure using the same 0.8 mm internal diameter tube at the entrance of the pump (inlet) and a 0.3 mm internal diameter tube with a substantial length (≈50 cm) at the exit of the pump toward the cell. In this configuration, the injection of 50 μL of solution took approximately 15 s. The tube in between both cells has also been replaced with a Øint. = 0.3 mm tube (same length = 4 cm). The fractions giving the highest silicate signal (most concentrated fraction) for each flow rate (50 μL: 1 impulsion for 200 μL s−1 and 100 μL: 2 impulsions for 3.3 μL s−1) are compared with the signal obtained with the open cell (no transfer, homogeneous solution) in Figure 3. A waiting time after the molybdenum oxidation of 30 min was allowed in order to be sure to complex 100% of silicate.


[image: image]

FIGURE 3. Cyclic voltammograms at 100 mV s−1 on gold homemade working electrode (Ø = 1 mm) for [Si(OH)4] = 101.1 μmol L−1 in NaCl solution at 34.5 g L−1. Comparison of signals obtained with (—) the open cell and with the prototype on Figure 1 for the fractions giving the highest signal obtained at flow rate (- - -) 200 μL s−1 (50 μL transferred) and at (– · –) 3.33 μL s−1 (100 μL transferred).



The signal obtained with 200 μL s−1 is much lower as compared to the signal obtained with the “open cell,” the flow rate is too high. It clearly indicates a dilution of the sample when it has been transferred. This resolution is not suitable for in situ sensor development as it would be impossible to measure low silicate concentration. However the lower flow rate (3.3 μL s−1) shows identical signal for the 1st peak at E = 0.33 V than the one obtained with the “open cell,” validating this set up for the pump (and low flow rate value). We are close to a laminar flow (plug flow), allowing to transfer the silicomolybdic complex into the detection cell without dilution. These results are in good agreement with the study of the most concentrated fraction observed for both flow rates (same results were obtained with the pH measurements). At 200 μL s−1, the highest signal was observed after 1 pump impulsion corresponding to only 50 μL transferred whereas the total volume to fill in (tube + detection cell) is 111 μL. At 3.3 μL s−1, the 2nd and 3rd pump impulsions (100 and 150 μL, respectively) gave the same highest signal for both pH and silicate signal measured. No dilution was observed as the total volume to replace is 94 μL with this set up. The same experiment has been performed with a smaller concentration and led to the same conclusions.

The in situ electronic board of the sensor, developed in collaboration with nke Instrumentation, controls pump actions, in situ electrochemical cleaning of gold working electrode, molybdenum oxidation, complexation time and detection by cyclic voltammetry. The performances and the current sampling parameters have been optimized in order to obtain the best detection signal possible. A comparison of the signal recorded (same electrodes) using the “open cell” for silicate solution at 101.1 μmol L−1 with the electronic card and the commercial Metrohm® potentiostat is presented in Figure 4. The same shape is obtained and the peak intensity (at E = 0.36 V) is even 18% higher with the in situ electronics (Ielectronics = 0.215 μA) than with the commercial potentiostat (Ipotentiostat = 0.182 μA) which is very promising to detect small concentrations in the ocean. The reproducible limit of quantification obtained with the in situ electronics and a 2 mm diameter working electrode was 1 μmol L−1. This exact same version of the electronics is included in the in situ silicate sensor.
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FIGURE 4. Cyclic voltammograms obtained at 100 mV s−1 on gold homemade working electrode (Ø = 1 mm) (open cell) for 101.1 μmol L−1 silicate in NaCl solution at 34.5 g L−1 using (—) nke electronics and (- - -) commercial Autolab Metrohm potentiostat.



The design of the in situ immersible silicate sensor has been directly adapted from the optimized laboratory prototype presented in Figure 1. The same pump set up is also used (Øint. = 0.8 mm (inlet), Øint. = 0.3 mm/l = 50 cm (outlet)). However the tube in between the complexation cell and detection cell no longer exists and has been replaced by a 0.5 mm internal diameter channel directly machined in the PEEK. All parameters validated with the laboratory prototype have been checked with the in situ version. At least 80 pump impulsions are needed to sample/clean the whole circuit and 3 or 4 pump impulsions are required to transfer the complex into the detection cell and a minimum of 10 min of complexation time to record a measurable signal.

In situ Sensor Characterization and Deployments

The influence of temperature was studied for 20 and 30 min complexation time with the sensor immersed in a tank filled with cold artificial seawater (stored at 4°C prior to experiment) containing 65.4 μmol L−1 silicate. The sensor measured silicate concentration continuously from the coldest temperature (around 8°C) until the temperature reached room temperature. This procedure was repeated twice. The temperature is measured by the in situ sensor before each silicate detection. All other parameters remained constant. In total, 11 different temperatures were studied between 8° and 17.3°C using 20 min complexation time and 22 temperatures between 7.7° and 20.6°C for 30 min complexation time. For both complexation times no influence of temperature on the electrochemical signal was observed. The peak intensities measured are the same on the whole temperature range. The averages of peak intensities over all the recorded temperatures of the 2 trials give:

[image: image]

From 30 to 20 min complexation time, the signal has decreased by about 12%. Since temperature has no effect on the analytical signal, the sensor can only be calibrated once prior deployment. In addition, the calibration can be performed at room temperature, even if the ambient temperature of the deployment environment is significantly different.

Deployment on a Mooring off Chile

A calibration has been done prior to in situ deployments in a seawater tank provided by the University of Coquimbo (Facultad de Ciencias del Mar), Chile using standard additions of silicate in the concentration range between 16 and 70 μmol L−1. The temperature of the tank was set at 17°C since it was fueled by surface seawater and the complexation time used was 20 min. The calibration obtained is presented in Figure 5.


[image: image]

FIGURE 5. Calibration prior to deployment off Coquimbo (Chile) for 20 min complexation time.



The in situ silicate electrochemical sensor connected to a battery pack was assembled on a stainless steel cage and deployed at 55 meters depth at Talcaruca point, off-shore Coquimbo, Chile (30° 27.2′ S, 71° 42.7′ W) between the 16th April and the 29th April 2017 (Figure 6). This observation site is the most intense center of upwelling of the central-northern zone of Chile (Strub et al., 1998; Thiel et al., 2007). The complexation time chosen for this deployment was 30 min. The whole procedure took 62 min, so the silicate concentration (peak intensity) was measured almost every hour and 140 data files were recorded from the 16th to the 22nd April 2017 (Figure 7A).


[image: image]

FIGURE 6. Stainless steel cage equipped with the silicate electrochemical sensor (Bottom) and its battery pack (Top) ready to be deployed at 55 m depth on a mooring off-shore Coquimbo, Chile at Talcaruca Point shown on the sea surface temperature and winds map derived from the Multi-scale Ultra-high Resolution (MUR) (0.01°) and ASCAT (0.25°), respectively. Average for the deployment period 16/04/2017-23/04/2017 - [image: image] indicates the location of the meteorological station (Punta Lengua de Vaca) of CEAZA.
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FIGURE 7. (A) Time evolution of silicate concentration and temperature recorded by the sensor at 55 meters depth at Talcaruca point between the 16th and the 22nd of April 2017 (local time: UTC-4 hours). (B) Time evolution of hourly mean value of surface wind speed from Punta Lengua de Vaca meteorological station. (C) Cyclic voltammogram (forward cycle) at 100 mV s−1 on gold working electrode (Ø = 2 mm).



A discrete sample was taken at the same depth and same time as the first sensor measurement to validate the sensor measurement. The sample was analyzed in triplicate after deployment by colorimetric method at Universidad Católica del Norte and gave a silicate concentration of 11.4 ± 0.1 μmol L−1 (Grasshoff et al., 1999). The corresponding cyclic voltammogram recorded by the sensor is presented in Figure 7C as well as the tangent drawn to measure the peak intensity. To recalculate the real concentration of silicate using the calibration made (Figure 5), we need to consider the signal drop of 12% from 30 to 20 min determined earlier. It gives a silicate concentration of 11.3 μmol L−1 which is in good agreement with the reference value.

The evolution of silicate concentration and seawater temperature at 55 m depth through time (local time, UTC-4 hours) is given in Figure 7A. The mean hourly value of surface wind speed from the nearby meteorological station (see location on Figure 6) recorded between the 15th and the 30th of April 2017 is shown in Figure 7B. The first peak of silicate recorded on April 16th could be interpreted as resulting from upwelling favorable wind peak on the 15th of April that could either uplift waters of higher values of silicate concentration or produce vertical mixing (Figures 7A,B). Then, the silicate concentration decreased to ~3.5 μmol L−1 correlated with an increase of the local temperature (at 55 m depth). This result is in agreement with the sea surface temperature (SST) observations from Multi-scale Ultra-high Resolution (MUR) shown in Figure 8. The SST map for the 16th of April shows a lower temperature (silicate rich seawater) at Talcaruca point (■ black squares on the maps) than on the maps corresponding to the 17th and 18th of April. The intense silicate peak recorded on April 18th (~13 μmol L−1) is probably due to eddy advection of silicate rich seawater since the upwelling favorable winds do not exhibit a clear enhancement and the SST is experiencing an slight increase. Restratification processes are also possible for explaining the SST warm peak on the 18th of April (Renault et al., 2009).
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FIGURE 8. Evolution of sea surface temperature from the Multi-scale Ultra-high Resolution (MUR) (0.01°) between the 16th and 28th of April 2017 – ■ indicates the mooring position.



Then, the evolution of SST between the 19th and the 29th of April 2017 (Figure 8) shows the establishment and progression of the upwelling toward Talcaruca point correlated with strong winds recorded between the 20th and 27th (Figure 7B). Results obtained with the electrochemical sensor show also the decrease of the temperature at 55 m depth from April 20th and a slight increase of silicate concentration centered around 2.8 μmol L−1 (Figure 7A). The memory card of the sensor was full on the 22nd of April and did not save (erase) the following data measured by the sensor. The original plan was to recover the sensor on the 21st of April. However the wind increased drastically the day before, and the weather and sea state conditions prevailing during several days made impossible the recovery before the 29th of April. A second discrete sample was taken when the sensor was recovered and analyzed in triplicate given a concentration of 6.7 ± 0.2 μmol L−1. As expected, the silicate concentration continued to increase after April 22nd due to the upwelling progression (Figure 8).

Deployment on a PROVOR Float in the Mediterranean Sea

After deployment in Chile, the sensor has been directly adapted and implemented on a PROVOR float (Figure 9, inset) and deployed off Villefranche-sur-Mer in the Mediterranean Sea on Wednesday 10th May 2017 from the Sagitta III, CNRS – DT INSU ship. The float drifted until Monday 15th May 2017 afternoon when it has been recovered. The weather conditions were not favorable as the wind and current pushed the float toward the coast instead of offshore as we were expecting prior to deployment. Since the float remained close to the shore throughout the deployment period, no data deeper than 160 m were obtained. Nevertheless, the sensor measured silicate concentration when the float was at parking depth. The whole process took 45 min as a complexation time of 20 min was used. Therefore the calibration on Figure 5 can be directly used. Data were sent through satellite when the float reached the surface. We managed to analyse only few data as the signal shifted toward more negative intensities (baseline drop). Due to an automatic cut off of the electronics if intensity goes below −13 μA, the cyclic voltammograms recorded were not complete and it was not possible to analyse them. This parameter setting will be changed on the next electronics version. An example of cyclic voltammogram recorded at 14°C and 160 m depth is presented in Figure 9 and gives a silicate concentration of [Si(OH)4] = 5.94 μmol L−1 which is close to previously published historical silicate concentrations from this area, depth and season (Pasqueron de Fommervault et al., 2015).
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FIGURE 9. Silicate sensor implemented on PROVOR float (inset) transmitted through satellite cyclic voltammogram (forward cycle) at 100 mV s−1 on gold working electrode (Ø = 2 mm) recorded at 14°C and 160 m depth off Villefranche-sur-Mer, France (May 2017).



CONCLUSIONS

A significant increase in TRL (Technological Readiness Level) has been operated over these last years of sensor developments starting from the reagentless silicate detection principle, to the first laboratory prototype and to the first in situ, autonomous silicate electrochemical sensor. The mechanical design led to build a sensor with dimensions and energy consumption (25 mAh for 1 sample per hour configuration) allowing its deployment on moorings as well as its implementation on under-water vehicles such as a PROVOR float. Both deployments were world firsts, and they provided satisfactory results as compared to reference sample and literature. The potential of this sensor to measure silicate concentrations in situ in the open ocean has been proven (TRL of 7) and after a complete characterization of its life time and accuracy statistics, it will be ready for commercialization.
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