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NASA interest in ionic silver (Ag+) as a biocide for spacecraft potable water systems motivates the development of Ag+ concentration sensors to ensure nominal dosing. The electrolytic conductivity change of highly-purified potable water is linearly related to the concentration of chemically-dosed Ag+ and could serve as a useful proxy measurement, while the conductivity change during electrolytic dosing may be less so, depending on the influent water chemistry and electrolytic efficiency. Understanding and mitigating the potentially deleterious effects of Ag+ interaction with conductivity measurement systems requires investigation. Issues associated with traditional conductivity cells, which rely on wetted (typically metal or graphite) electrodes, and capacitively-coupled contactless conductivity detection (C4D) for this application are considered.  Traditional conductivity cells may potentially be subject to significant excitation-induced or auto-galvanic reduction of Ag+. These may result in Ag+ depletion or electrode fouling and associated measurement error. Proper selection of electrode material, excitation parameters, and cell geometry may limit such effects. C4D uses electrodes placed outside an inert, insulating material, with dielectric polarization enabling the production of an electric field and resultant current across the analyte solution.  This approach could potentially mitigate problems with Ag+ depletion and fouling by eliminating the possibility of auto-galvanic deposition and reducing the Faradaic current density. However, it is necessary to confirm C4D performance at very low conductivity levels and to determine if long-term operation produces conductive deposits, which could result in measurement error. A commercial C4D system with 1/16” (1.59 mm) outer diameter flow tubing and  claimed performance in the conductivity range appropriate for this application was identified, and its sensitivity in the upper parts of this range was confirmed in a preliminary experiment. A concept for a C4D detector that could allow for full rate flow-through using planar electrodes and thin-film dielectric layers is discussed.  
Nomenclature
°C	=	degree Celsius
”	=	inch
AC	=	alternating current
Ag	=	silver
Ag+	=	silver(I) ion
AgCl	=	silver(I) chloride
AgF	=	silver(I) fluoride
AgNO3	=	silver(I) nitrate
Bicarbonate	=	HCO3− ion (dissociation product of carbonic acid)
C4D	=	Capacitively-coupled contactless conductivity detection
carbonic acid	=	H2CO3 (hydrated CO2)
cm	=	centimeter 
CO2	=	carbon dioxide (aqueous)
COTS	=	commercial off-the-shelf
DI	=	deionized
	=	change in conductivity
ETFE	=	ethylene tetrafluoroethylene
H+	=	hydrogen ion 
H+	=	hydrogen ion 
Hz	=	hertz (cycles per second)
ISS	=	International Space Station
	=	conductivity
L	=	liter
mm	=	millimeter
nl	=	nanoliter
nm	=	nanometer
nS/cm	=	nanosiemens per centimeter
O2	=	oxygen (aqueous)
OH−	=	hydroxide ion
pH	=	acidity
μl	=	microliter
μS/cm	=	microsiemens per centimeter
ppb	=	parts per billion (mass)
ppm	=	parts per million (mass)
WPA	=	Water Processor Assembly


I. Introduction
N
ASA has selected ionic silver (Ag+) as the baseline biocide for spacecraft potable water in future exploration-class missions, as it is effective at consumable levels (ca. 400 ppb) and offers the possibility of a single biocide across various water systems. In-line monitoring of Ag+ concentration post-dosing is desired to confirm nominal operation and ensure microbial control. Previously, research efforts have focused on Ag+ specific measurement techniques. This specificity has certain advantages, but requires sensor technologies with often significant drawbacks, some of which were addressed previously in a trade study.1 These can include measurement drift over time, problematic reference electrodes, and/or frequent  replacement of consumables. An alternative approach, which has been noted1 in the literature and used in laboratory experiments2 previously, is to measure the change in electrolytic conductivity (Δκ) between the highly-purified influent and effluent water as it flows through the Ag+ dosing unit. The influent water is assumed to have been been treated, e.g., with the International Space Station (ISS) Water Processor Assembly (WPA), to remove the majority of dissolved ionic species, leaving it with minimal and well-controlled conductivity of about 1-2 μS/cm.3 Depending on the process chemistry and temperature change, Δκ is more or less straightforwardly related to dosed Ag+ concentration [Ag+]. Several cases are discussed below, including chemical and electrolytic dosing in different water chemistries below, with a more thorough analytic treatment in the Appendix. The potential presence of dissolved CO2, carbonic acid, and bicarbonate ion further complicates things, and is discussed. The appropriateness of this approach for monitoring residual Ag+ concentration in storage vessels and flow paths is discussed briefly, but the chemical complexity inherent prevents a full treatment here. In the simple case of chemical dosing with silver salt in isothermal conditions, Δκ is linearly related to [Ag+] (Δκ ≈+500 nS/cm for 400 ppb Ag+).
A Δκ of that size in highly-purified spacecraft potable water is easily measured using standard laboratory equipment, such as a traditional two-electrode conductivity cell with wetted electrodes. However, the electrochemical reactivity of Ag+ considerably complicates the situation, as potentially significant auto-galvanic (the electrodes are traditionally constructed from passive/noble metals or graphite) and excitation-induced Faradaic (redox) processes at the electrodes might result in Ag+ depletion or fouling by insoluble oxides, and resultant measurement error. Proper selection of electrode material, excitation frequency and amplitude, cell geometry, and intermittent excitation could help to mitigate such effects, but care must be taken to maintain sufficient measurement performance. The electrochemical mechanisms associated with these electrochemical processes and appropriate mitigation techniques are introduced and discussed briefly later in the work. Finally, the chemistry of the potable water, including ionic species and dissolved gas (particularly O2 and CO2), and the corresponding reactions possible at the electrodes must be understood and characterized. 
	An alternative technique that does not employ wetted electrodes has been developed4 with demonstrated performance5 near the conductivity range of interest appropriate for the application. In capacitively-coupled contactless conductivity detection (C4D), the electrodes are placed externally to the analyte solution, with an intervening inert, electrically insulating material being wetted instead. Using AC excitation of the electrodes, dielectric polarization of this insulating material produces an alternating electric field across the analyte solution volume, resulting in an electric current that corresponds to the solution conductivity. This current is then measured using a transimpedance amplifier, as with a traditional conductivity cell. Because the wetted surface is electrochemically inert (thermoplastic, fused quartz, etc.), auto-galvanic reaction does not occur, and spontaneous Ag+ depletion is largely limited to surface adsorption, which is relatively insignificant and slows appreciably as adsorption sites are saturated. In addition, excitation-induced Faradaic reduction of Ag+ at the dielectric-electrolyte interface should be much lower than with wetted electrodes due to reduced current density and the slow kinetics of electron transfer on inert insulating materials. However, the possibility of excitation-induced deposition of conductive silver or silver oxide films must be investigated further, as they could potentially result in significant measurement error by producing shunt paths. Finally, the capacitive-coupling introduces a significant impedance to the C4D device’s electrical circuit, limiting the configuration space of analyte conductivity range, cell geometry, and excitation frequency/amplitude with sufficient measurement performance. Different configurations are appropriate for different conductivity ranges and flow capacities. 
A commercial C4D system was identified with claimed performance (conductivity range: 20 nS/cm to 4 µS/cm) appropriate for this application with a 1/16” (1.59 mm) outer diameter flow tubing. The design of this detector is discussed below, and a preliminary experiment showed measurement sensitivity in the middle and high sections of this range. However, further work to optimize the operational parameters and characterize the performance of this instrument is necessary. A concept for a side-stream flow system to deliver analyte to this detector in a potable water system is described. Finally, an alternative C4D concept by the authors using planar electrodes and thin-film dielectric layers is presented. 
II. Electrolytic Conductivity Change During Ag+ Dosing and Potable Water Storage
1. Conductivity Change with Chemical Dosing
Case 1 of the Appendix covers the chemical dosing of a silver salt (such as AgCl, AgF, or AgNO3) into either deionized (DI) water or water with the bicarbonate system (CO2, H2CO3, and HCO3−) at equilibrium and free of reactive trace ions. The dosing process is assumed to be isothermal, which is appropriate if the influent water is in thermal equilibrium with an isothermal flow path, and the heat of solution or mixing is minimal given the small concentration dosed. The chemical dosing is done by either the direct injection of a concentrated Ag salt solution6 or the dissolution of a sparingly soluble silver compounds (e.g. Silver Foam,7 assuming the foam matrix does not produce trace ions nor appreciably bind with released Ag+). Other dosing processes such as dialysis across a membrane2 or Ag+-bearing ion exchange resin might also have similar behavior, but are not treated here, as the stoichiometry of these have not yet been determined by the authors. 
At low concentrations (ca. 200-400 ppb Ag+) of dissociated silver salt, chemical dosing results in conductivity contributions at the limiting molar ionic value, tabulated elsewhere,8 as solute-solute interactions are insignificant at the very low ionic strengths involved. The conductivity contribution of the CO2-carbonic acid-bicarbonate system9 is assumed to be constant as the pH is assumed not to change and the conversion between dissolved CO2 and carbonic acid should be insignificant due to slow reaction kinetics and the close proximity of the measurement to the dosing point. Additionally, any dissolved trace ions are assumed to be non-reactive and do not change in concentration or react with the silver salt. With these assumptions, 400 ppb Ag+ has a Δκ ~+500 nS/cm. This change is linearly related to the Ag+ (and counter-ion) concentration, allowing for Δκ to serve as a direct proxy for concentration. Such a Δκ is easily measured with conventional low-range conductivity sensors typically used for analysis of pure water. 
1. Conductivity Change with Electrolytic Dosing
In the case of electrolytic dosing,10 conductivity change due to Ag+ dosing depends on the pH of the influent water and the presence of reactive trace ions or dissolved CO2 (and its potential reaction products, i.e., the bicarbonate system). Influent pH and dissolved CO2/bicarbonate ion levels are controlled by the water treatment process. Electrolytic dosing results in the anodic production of Ag+ as well as the consumption of H+ and/or the production of OH−, depending on the pH, resulting in the pH increasing during the electrolytic dosing process. In this analysis, the dosing process is assumed to by isothermal, relying on the further assumption of rapid removal of the Joule heating due to electrolysis to the cabin atmosphere or other heat sink. This assumption is not necessarily realistic, and may depend on the current density of the electrolysis at the electrodes, the construction of the electrolytic cell, and convective air cooling. 
[bookmark: _GoBack]Case 2 of the Appendix covers the electrolytic dosing of silver by electrolysis of a silver electrode into influent water free of CO2/carbonic acid/bicarbonate and reactive trace ions, and any acids or bases present are fully dissociated and non-buffering. In electrolytic dosing the kinetically dominant electrochemical reaction at the cathode depends on the relative concentration of H+ and OH−, i.e., the pH. Both reactions result in an increase in pH as dosing proceeds, due to the consumption of H+ (in more acidic conditions) or the production of OH− (in more basic conditions). Three influent subcases are examined: 1) acidic with pH<5.4 (Case 2a), 2) basic with pH>7.0 (Case 2b), and 3) when the pH is in the range of 5.4<pH<7.0 (Case 2c). The pH values of 5.4 and 7.0 were chosen in response to the practical considerations of a working system. The water produced by the WPA in the absence of dissolved CO2 is ultra-pure and so has a natural pH of 7.0. The electrolytic dosing will only increase that pH and thus Case 2b represents that situation. Case 2a is when the pH is acidic and remains acidic during the electrolytic dosing. Additionally, whatever is acidifying the solution is fully dissociated and non-buffering. Case 2c is included in contrast with Case 3, where CO2 and the buffering carbonic acid/bicarbonate system is present. Case 2c is similar to case 2a except that the electrolytic dosing consumes nearly all hydrogen ions, driving pH past 7.0. This results in the cathodic reaction switching from the consumption of hydrogen ions to the production of hydroxyls and creates an inflection point in the conductivity change-dose curve.
The behavior and results of Case 2 are as follows when the Ag+ concentration is <= 400 ppb Ag+. For Case 2a when H+ is consumed, the Δκ is negatively linearly related to dosed Ag+ concentration and for 400 ppb Ag+, Δκ ~= −1,000 nS/cm. For Case 2b when OH− is produced, Δκ is positively linearly related to dosed Ag+ concentration and for 400 ppb Ag+, Δκ ~= +1,000 nS/cm. In these first two cases, Cases 2a and 2b, Δκ should be a good proxy for Ag+ concentration, as both responses are linear (although of opposite sign). For Case 2c, H+ is initially consumed until its concentration becomes negligible, and then OH− is produced. This produces a non-monotonic change in conductivity (first decreasing and then increasing). Thus, the use of conductivity as a proxy for Ag+ concentration in electrolytic dosing is not recommended when influent pH is between 5.4 and 7.0.
Case 3 of the Appendix is similar to case 2a except that significant dissolved CO2 is present and has formed carbonic acid/bicarbonate ion. It should be noted that, on the timeframe of the electrolytic dosing and subsequent conductivity measurement, the slow CO2/carbonic acid hydration reaction is assumed to not proceed significantly, although the more rapid dissociation of the carbonic acid to the bicarbonate system is still active. It should also be noted that the case where CO2 is present but has not formed any carbonic acid/bicarbonate on the timescale of the electrolytic dosing and subsequent conductivity measurement corresponds to Case 2b above.
The behavior of Case 3 is much more complex than Case 2a, as cathodic consumption of H+ shifts the equilibrium of the bicarbonate system, resulting in the production of additional bicarbonate and H+ (actual H+ concentration decreases, but by less than the amount consumed in the cathodic reaction). This results in a weak (or poorly-linear) response of Δκ vs. Ag+ concentration, and thus conductivity is not expected to be a good proxy for Ag+ concentration within this regime. 
1. Effects of Temperature Change and Compensation Methods  
The effects of temperature change during Ag+ dosing on the practicality of conductivity as a proxy measurement are discussed here and in the Appendix. The above analyses assume isothermal dosing processes, which may be inappropriate if the temperature of the influent water is significantly different from the flow hardware or cabin atmosphere, as could be the case if water processing occurs at elevated or depressed temperatures. As the water flows through the dosing process, it will tend to equilibrate, potentially resulting in a significant temperature delta between the conductivity measurement points. In electrolytic dosing, joule heating may be significant, resulting in an increase in effluent temperature vs. influent. In water free of dissolved CO2-carbonic acid-bicarbonate, accurate temperature measurement at each point could be used with a compensating calculation to identify the concentration of dosed Ag+. The effect of temperature on the conductivity (or ionic mobility) corresponding to dilute aqueous solutions of strong electrolytes is well understood, and a simple relationship corresponding to change in water viscosity has been found. A similar relationship between temperature and the kinetics of the proton transport (jumping, or the Grotthuss mechanism) exists near room temperature. Conductivity changes due to change in the dissociation constant of water,8 which increases with temperature, are relatively small. 
1. Conductivity Change of Potable Water in Storage Vessels
The usefulness of conductivity measurement as a proxy for Ag+ concentration inside and at the outlet of storage vessels or at dispensing ports is not yet known. The chemistry of Ag+ deposition can be complex, especially in metal systems, where auto-galvanic deposition and/or general corrosion may introduce significant concentrations of metal ions with inconsistent stoichiometric relationships to Ag+ loss and similar molar ionic conductivities. In highly inert thermoplastic systems, leaching of ionic species may be insignificant, particularly after initial exposure to water, potentially allowing conductivity change during storage serve as a proxy for Ag+ loss. Importantly, at longer time scales, the assumption that any dissolved CO2 present will not produce significant bicarbonate (particularly if not initially in equilibrium) is much less appropriate. Experiments are necessary to characterize such behavior for the various materials and water chemistries, including acknowledging the potential for dissimilar-metal corrosion. Investigation of such behaviors is beyond the scope of the present work, but is a logical next step once suitable measurement performance for monitoring Ag+ dosing has been demonstrated. 
III. Conductivity Cells with Wetted Electrodes, Potential Issues, and Mitigation
1. Background
The basic principles of operation and methods of optimization of traditional conductivity cells with wetted electrodes are described elsewhere.11,12 The fundamentals of electrochemical processes and experimental methods are well introduced by Bard and Faulkner.13 For the purpose of this work, it is important to note the that the electrode shape, area, and material, along with the geometric configuration of the cell, must be appropriate to the conductivity range of interest. The AC excitation parameters are also of key importance. The excitation must be of sufficient amplitude to produce a large enough current across the analyte volume such that the signal-to-noise ratio and response are large enough to be useful, but small enough that side reactions (water electrolysis, redox of ions in solution, etc.) do not occur at appreciable rates. The excitation frequency must high enough such that significant polarization of the electrodes does not occur but high enough such that the capacitative reactance (∝1/frequency) of the analyte volume remains large relative its electrolytic resistance (~independent of frequency). If the latter does not occur, the current response is dominated by dielectric polarization of the water matrix, rather than ionic migration, and sensitivity to change in conductivity is minimal. This is of particular concern for high-purity water with very low conductivity levels. As discussed below, the optimum conditions for conductivity cell performance with non-reacting solutions may not the most compatible with reactive ions such as Ag+.
1. Auto-galvanic Reduction and Surface Adsorption of Ag+
Conductivity cells electrodes are traditionally made using passive alloys, noble metals, and graphite.  The rapid depletion of dilute Ag+ solutions in contact with passive metal alloys due to auto-galvanic reactions has been observed consistently.xy Such reactions can result in localized Ag+ depletion and loss of microbial control when flow is stagnant; these are expected to be too slow to appreciably reduce Ag+ concentration when flow rates are appreciable, as would be the case during Ag+ dosing after water processing. Reduction of electrode area, replacement of passive metal alloys with polished platinum (although this has yet to be confirmed) or carbon (graphite or glassy carbon) should significantly reduce or eliminate the rate of auto-galvanic reduction. Carbon electrodes are still expected to have moderate initial Ag+ uptake due to saturation of surface adsorption sites, which should be dependent on effective surface area/porosity. 
1. Excitation-Induced Faradaic Reduction of Ag+ 
The AC excitation at the electrodes of a conductivity cell can drive two processes, electron transfer (redox) reactions with species in solution or the electrode and spatial rearrangement of ions at the electrode-solution interface (double layer charging). The thermodynamic favorability and kinetics of electron transfer reactions depends on the overpotential, or potential difference from equilibrium, and on an electrode material specific “exchange current density. Of greatest concern in this application is the reduction of Ag+ to Ag metal and the formation of silver oxides, as these are unlikely (particularly the latter) to be fully reversed by the alternating electrode polarization. The reduction of Ag+ to Ag metal is expected to result in minimal depletion of Ag+ concentration during potable water flow/Ag+ dosing but this could potentially be significant with stagnant conditions. Of greater concern is the potential for oxide fouling of the electrodes, discussed below  A straightforward way to limit the deleterious effects of excitation-induced processes without affecting measurement performance is thus to take intermittent measurements such that the duration of AC excitation is minimized. Finally, the rates of Ag+ deposition and oxide formation can be reduces by limiting the AC excitation amplitude (and thus reaction overpotentials) and by increasing excitation frequency, which favors double-layer charging over mass transport of Ag+ and electron transfer reactions at the electrodes. 
1. Fouling by Insoluble Silver Compounds, Tarnish, or Biofilms
Depending on water chemistry and excitation conditions,  the possibility exists for electrochemical (auto-galvanic or excitation-induced) reduction of Ag+ and the formation of poorly soluble oxides of various resistivities that reduce effective electrode area/add resistance to the conductivity cell circuit. However, given the very low conductivity of spacecraft potable water, the additional “electrode resistance” by a moderate areal fraction of non-conducive fouling is expected to result in relatively small error in measurement. The same approaches to limit excitation-induced reduction of Ag+ discussed above should be useful to limit electrode fouling. 
Electrode material must be selected such that significant tarnishing in potable water does not occur. Electrode material and surface finish should be selected such that the potential for biofilm formation is minimized if bacteria are expected to be present in significant quality; as an aside, AC excitation has been known to inhibit biofilm formation on metals.  
Geometric Configuration Changes and Change of “Cell-Constant”
In addition to increase in electrode resistance by fouling, changes in the geometric configuration of or the environment surrounding the conductivity cell can result in measurement errors. Deformation or relative motion of the electrodes or the conductive volume change the “cell-constant” that relates the measured current to the conductivity of the analyte solution. These behaviors can be limited by suitably rigid construction for the loading expected (e.g., vibration, gravity, or liquid flow). The environment surrounding the conductivity cell  can have significant interaction with the alternating electric field produced by the AC excitation, and care must be taken to ensure this interaction is insignificant or to calibrate the conductivity cell in its installed configuration. 
IV. Capacitively-Coupled Contactless Conductivity Detection (C4D)
1. Background and Principles of Operation
In order to remove the potential for auto-galvanic Ag+ deposition and minimize the possibility of electrolytic deposition, a search was made for conductivity measurement techniques that did not rely on wetted electrodes. Multiple commercial products relying on electromagnetic induction were found; unfortunately, inductive sensors are only suitable for use in conductivity ranges several orders of magnitude higher than is necessary. Capacitively-coupled contactless conductivity detection (C4D, described below) was identified as a technology of interest. One manufacturer, eDAQ Pty. Ltd., produces a semi-custom C4D detector with claimed performance in the range 20 nS/cm to 4 µS/cm, which would be suitable for Ag+ monitoring. In an academic work, a similar instrument by the same manufacturer was successfully used for in-line conductivity measurement with melted ice cores5 at the 0-10 μS/cm range, about ½-1 order of magnitude larger than our range of interest. A system from eDAQ was purchased in order to characterize its performance and investigate the practicality of C4D for Ag+ concentration monitoring at the 0-400 ppb range. At higher conductivity levels, C4D has frequently been used as a detector in capillary electrophoresis experiments, in which a potential gradient is used to separate analyte species by ionic mobility.4 In fact, after proposing this work, it was learned that there had been an effort at JPL to apply this technique to monitor Ag+ biocide concentration with some success.14 The JPL approach requires greater system complexity, including the use of a concentrated background electrolyte; however, it may be more suitable for measuring Ag+ concentration in storage vessels, including under dormancy conditions, where conductivity is a less suitable proxy. 
The basic principle of operation for a C4D conductivity sensor4 is similar to that of a conventional two-electrode conductivity cell.11 However, instead of immersing the electrodes in the analyte, they are placed external to a non-conductive and inert flow path. The AC excitation at the electrodes is capacitively-coupled through the dielectric polarization of an insulating material wetted by the analyte solution, again resulting in an alternating electric field and consequent current in the solution. The geometric configuration and construction of C4D sensors varies, depending on the application and performance requirements. A schematic for a typical system is shown in Figure 1. Cylindrical electrodes are located at the outer wall of a thermoplastic or glass tube, with an axial gap between the electrodes. An AC (alternating current) voltage excitation is applied across the electrodes, and the resulting current (corresponding to electrolytic conductivity) is converted to an output voltage with a trans-impedance amplifier. As with conventional conductivity cells, detector geometry, excitation frequency, and amplitude must be tuned for a given conductivity range. The presence of dielectric media between the electrodes and analyte solution introduces “coupling capacitances” and the gap between the two electrodes “stray capacitance.” These result in complex impedance, which complicates the relationship between solution conductivity and current response. Various techniques have been employed to minimize the effects of the complex impedance and stray currents. These include insertion of a ground plane centered between the electrode and tuned circuit elements to cancel out coupling capacitances.15,16 
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Figure 1. Schematic of C4D detector with tubular flow path and electrodes. 
1. Description of the eDAQ C4D System
The approach taken by eDAQ in their C4D detectors,16 or “headstages,” is shown in Figure 2. An “AC Bridge” is formed with two C4D units, allowing measurement of Δκ between two solutions using one combined instrument. Here, the excitations of the two units are inverted, and their output currents summed at the input of the trans-impedance amplifier. This essentially allows the response due to the coupling capacitances and stray capacitance to be “canceled out,” and the instrument response (in the ideal case) is then directly related to the difference in solution conductivity between the reference and sample solutions in the two flow tubes. 

[image: ]
Figure 2. Schematic for eDAQ’s “AC bridge” based C4D detector.

The full eDAQ C4D system employed here characterized consists of the headstage unit, (eDAQ, model ET125, semi-custom version, 20 nS/cm to 4 µS/cm range), and an integrated instrument control/data acquisition system (part # ER225). A personal computer running the PowerChrom software is used to interface with the ER225 unit and display captured data. The headstage is compact (6 cm x 4 cm x 3 cm), however the ER225 unit has not been optimized to minimize mass and volume, as it was designed for laboratory use. eDAQ has produced a smaller control unit on a single printed circuit board (120 mm x 160 mm), suggesting that miniaturization for flight use is possible.
1. Preliminary Experiments with the COTS eDAQ C4D system
Preliminary operation of the eDAQ C4D system was done with arbitrary (non-optimized) instrument parameters to confirm sensitivity range of interest. Conductivity standards were produced by stepwise addition of 100 μs/cm aqueous conductivity standard (47 ppm NaCl solution, ThermoFisher Orion, #011008) into deionized water (Milli-Q) that had been allowed to equilibrate with atmospheric CO2. Ambient temperature was ~24 °C. The conductivity of these standards was measured in beakers with magnetic stirring using a low-range 2-electrode conductivity probe (ThermoFisher Orion, #013016MD) and associated meter. The eDAQ C4D instrument was operated in a one-sided configuration, with a flow tube in the sample circuit and air in the reference circuit. The flow tube (IDEX-HS) was constructed with ETFE, and had outer diameter of 1/16” ( mm) and inner diameter of 0.040” (1.02 mm). The instrument parameters were 100 kHz excitation at 100% amplitude, and the high gain amplifier was used. The instrument was controlled using the eDAQ C4D Profiler V2 software. The instrument was zeroed with air in the flow tube. A ca. 0.75 ml aliquot of each conductivity standard was taken with a 1 ml plastic syringe and injected into the flow tube using a syringe pump. An initial high flow rate was used to flush the flow tube and associated fittings. The flow rate was reduced to 200 μl/minute (~2 mm/second flow velocity), and after 60 seconds the instrument reading was recorded.
The instrument response vs. conductivity probe reading is shown in Figure 3. As is evident, the instrument is sensitive over the range of ~1-5 μs/cm, although the response was not entirely monotonic. Significant drift was observed over time during each injection, but the readings generally stabilized significantly by 60 seconds. The causes of the drift and (likely related) non-monotonic response are as yet unknown and these phenomena require further investigation to quantify and minimize. It is expected that further development of experimental procedures will be beneficial. This preliminary data is insufficient to demonstrate suitability for the application described in this work, but does suggest that further effort is justified to optimize instrument parameter and experimental technique in order to determine the performance limits of the eDAQ system. 

Figure 4: Results of Preliminary Test of eDAQ C4D device with conductivity standards. 
1. Design of a Practical Side-stream Flow System for the eDAQ Detector
Currently, eDAQ produces C4D low-conductivity range headstages for flow tubing of up to 1/16” (1.59 mm) outer diameter. This severely limits flow rate capacity at reasonable pressure drop and poses clogging risks. As such, a side-stream system is required to drive potable water (pre and post-Ag+ dosing) through the flow tubing in the C4D headstage. To eliminate the requirement of additional water pumps, a conceptual design of an orifice-based side-stream system was completed, shown in Figure 4. As processed potable water flows through, the small pressure drops across plastic orifices installed before and after the dosing unit drive flow through the C4D headstage. Experiments are ongoing to determine the necessary flow rate through the headstage for proper operation. The use of two headstages to individually measure influent and effluent conductivity may be necessary if differential measurement is not consistent over the conductivity range of interest. The final design and construction of the side-stream flow system will be completed in future work.
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Figure 4. The combined Ag+ dosing and side-stream monitoring system. 

1. A Large-Diameter C4D Detector of Tubular Configuration
In a potable water system, it will be desirable to eliminate the need for a side-stream to deliver water to the C4D detector. There has been some success in development of larger diameter tubular C4D detectors (up to 7.6 mm inner diameter),15 although these have been used with much higher conductivity ranges than are relevant to spacecraft potable water. If practical for lower ranges, this would allow for full-stream flow-through of potable water through the detector, greatly reducing system complexity. However, the capacitance of a cylindrical capacitor scales as 1/ln(outside radius/inside radius) (independent of absolute tube diameter), while the conductance of the analyte volume goes as the cross sectional area (∝inner radius2)  such that the coupling capacitance may become limiting as tube diameter increases unless an impractically an thin wall thickness is used. 
1. Deposition of Conductive Films on the Flow Path Wall
One hypothetical error mode of a C4D detection system is the excitation induced deposition of continuous or semi-continuous conductive films at the interface of the flow tube wall and the analyte. Such films, whether of silver metal or oxide composition, would likely have significantly higher  (many orders of magnitude) conductivity than the potable water. The shunt paths produced could result in excessive current response, corresponding to a much higher analyte conductivity. The magnitude of effect due to conductive deposits would depend on thickness, coverage, material conductivity, and morphology of growth (e.g., continuous film, islands, or dendrites). The rate of such deposition might be reduced by limiting excitation amplitude and duration and increasing excitation frequency. In addition, materials with smaller surface porosity and greater hydrophilicity, as well as greater analyte fluid velocity during measurement, are expected to provide less favorable conditions for film adhesion. Passive adsorption of Ag+ to the surface is not expected to produce conductive deposits of significant thickness, but this must be verified. Whether this hypothetical issue is of real concern must be investigated experimentally. 
1. An Alternative Concept: C4D with Planar Electrodes and Thin-film Dielectric
Alternative geometries to the typical C4D detector setup (with tubular flow path and ring/cylindrical electrodes) have been described previously. One configuration of interest uses interdigitated platinum electrodes on a silicon wafer, capped with a thin-film dielectric layer.17 The thin-film dielectric has much larger areal capacitance (∝1/thickness) than bulk (thick) materials, allowing for superior coupling with the analyte solution. This approach also allows for a unitized sensor that can be integrated into a flow system of arbitrary capacity. Sensitivity over a wide range of conductivities has been demonstrated, but good performance with high-purity water is not guaranteed, in part due to likely stray capacitance between the electrodes. However, the thin-film dielectric could be employed over planar electrodes in a configuration very similar to the traditional two-electrode cell with wetted electrodes. If the capacitance of the thin-film is large enough, its impedance could be sufficiently low for coupling at low excitation frequencies, such that the current response is dominated by analyte conductivity rather than the capacitance of the water matrix.  
A schematic of the proposed design is shown in Figure 5. Two circular planar electrodes with a thin-film dielectric coating will be placed opposite one-another, on the sides of an insulating spacer plate with a circular cut-out for the analyte volume, circular gasket seals, and inlet and outlet ports. For ease of construction, the electrode/thin-film dielectric for initial experiments could be a highly- or degenerately-doped single-side-polished silicon wafers with thermal oxide film of ca. 300-1000 nm thickness, available COTS. The spacer plate could be constructed out of acrylic using laser cutting and solvent welding. High dielectric constant materials could enable superior performance, but long-term adhesion under immersion must be confirmed. For more robust construction, the electrodes could be made from polished metal, if suitable flatness and long-term dielectric adhesion performance can achieved. The excitation and current detection circuitry would of similar design to that used in other C4D detectors. If performance at low conductivities can be demonstrated, the potential for etching of the dielectric over long periods in high-purity water and the effects of defects in the film must be considered. 
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Figure 5. Schematic for the authors’ C4D detector concept using planar electrodes and thin-film dielectric.
V. Future Work
Work in the near future will focus on two main areas. The first is experimental studies concerning potential deleterious Ag+ interactions with conventional conductivity cells, and will consider mitigation by selection of electrode material, excitation parameters, and cell geometry. The second is optimization of operational parameters and in-depth performance characterization of the eDAQ C4D detector. If suitable performance with non-reactive conductivity standards can be demonstrated, potential interactions with Ag+ solution at biocidal concentrations will be investigated. If time and resources allow, the C4D detector design introduced in this work with planar electrodes and thin-film dielectric layers will be constructed and characterized as a proof-of-concept. After experiments with air-saturated water have been completed, a setup allowing for removal of carbonic acid/bicarbonate ion with ion-exchange resin should be developed, to allow for characterization of instrument performance at and near fully deionized water conductivity levels. When the above have been completed, an integrated testbed with high-purity water source, pump, Ag+ dosing unit, and conductivity detectors pre- and post-dosing should be built to demonstrate and characterize the performance of a practical system. 
VI. Conclusions
In this work, the use of electrolytic conductivity change as a proxy measurement for Ag+ biocide dosed into spacecraft potable water was considered. A theoretical analysis showed that conductivity change due to chemical dosing is linearly related to dosed Ag+ concentration, while that due to electrolytic dosing is more complex, and depends on influent water chemistry, including pH and the CO2-carbonic acid-bicarbonate system, and the efficiency of the electrolytic process. The conductivity change associated with the nominal dosing concentration for Ag+ biocide is easily measured with standard instruments, but the reactivity of Ag+ may potentially introduce significant complications, as summarized below. In the case of chemical dosing, effects of temperature change on conductivity are easily compensated for, while this becomes much more difficult in the case of electrolytic dosing. For these reasons, it is recommended that continuing work focus primarily on application to chemical dosing, as required technical effort and risk is expected to be much lower than for electrolytic dosing. The potential for this approach in monitoring residual Ag+ concentration in storage vessels and flow paths was discussed briefly, but the associated complexity of the problem forced it to be left for future work. 
Two promising measurement techniques for determining the conductivity change during Ag+ dosing, traditional conductivity cells with wetted electrodse and contactless capacitively-coupled conductivity detection (C4D). Potential deleterious interactions of Ag+ with associated with the traditional conductivity cell and approaches to mitigation were discussed in some depth. The principles of operation of C4D detection, and previously-employed designs were discussed. C4D’s potential for elimination of auto-galvanic deposition and significant reduction of excitation-induced Faradaic reactions, and the concern regarding error due to deposition of conductive films were noted. In a preliminary experiment, the sensitivity of a COTS C4D detector at the middle and high sections of the conductivity range of interest was demonstrated, but further experimental work is necessary to optimize instrument configuration and determine if performance is suitable.  A concept for a side-stream flow system for the eDAQ detector was described. Finally, a design by the authors for a C4D detector using planar electrodes with thin-film dielectric layers (requiring minimal design/fabrication work) was described, which may allow for greater sensitivity at low conductivity and full flow-through at realistic water production rates.  
Acknowledgments
We acknowledge the Advanced Exploration Systems – Habitation Systems Project for financial support. 
References 

1Hicks, P., Nelson, J., and Callahan, M. R., “Initial Trade Study for In-line Silver Sensor for Spacecraft Potable Water Systems,” 49th International Conference on Environmental Systems, ICES-2019-315, 7-11 July 2019, Boston, Massachusetts.
2Garcia Fernandez, R. E. and Beitle, R. R., Jr., “Dialysis-based Passive Biocide Delivery System: An Exploratory Analysis on the Development of a Silver Dosing Alternative for Spacecraft Potable Water Systems,” International Conference on Environmental Systems, ICES-2021-383, 12-15 July 2021 (virtual).
3Straub, J. E., II et al.., “Chemical Characterization of ISS Potable Water Collected in 2017,” 48th International Conference on Environmental Systems, ICES-2018-282, 8-12 July 2018, Albuquerque, New Mexico.
4Kubáň, P. and Hauser, P. C., “Ten years of axial capacitively coupled contactless conductivity detection for CZE – a review,” Electrophoresis, vol. 30, no. 1, pp. 176-188, 2009.
5Arvaniti, M., “Application of Contactless Conductivity Detection to Ice Core Analysis,” Master’s Thesis, 
Centre for Ice and Climate, Niels Bohr Institute, University of Copenhagen, 2014. Available online at
https://nbi.ku.dk/english/theses/masters-theses/maria-arvaniti/M._Arvaniti_Thesis.pdf.
6Vance, J. and Delzeit, D., “DirectINJECT: Dosing Systems for Concentrated Liquid Biocides,” 51st International Conference on Environmental Systems, ICES-2022-9, 10-14 July 2022, Saint Paul, Minnesota.
7Irwin, T., Li, W., Diaz, A., Calle, L., and Callahan, M., “Silver Foam: A Novel Approach for Long-Term Passive Dosing of Biocide in Spacecraft Potable Water Systems – Update 2021,” International Conference on Environmental Systems, ICES-2021-116, 12-15 July 2021 (virtual).
8Castellan, G. W., Physical Chemistry, 3rd Ed., Addison-Wesley, Menlo Park, pp. 778-780.
9Edsall, J. T., “Carbon Dioxide, Carbonic Acid, and Bicarbonate Ion: Physical Properties and Kinetics of Interconversion,” in CO2: Chemical, Biochemical, and Physiological Aspects, NASA Special Publication #188, 1969, pp. 15-27.
10Hicks, P. M. and Nelson, J., “Preliminary Testing of Electrolytic Silver Ion Generation for Spacecraft Potable Water Systems,” 2020 International Conference on Environmental Systems, ICES-2020-371, 2020, Conference canceled).
11Coury, L., “Conductance Measurements - Part 1: Theory,” Current Separations, vol. 18, no. 3, pp 91-96, 1999. Available online at http://www.currentseparations.com/issues/18-3/cs18-3c.pdf.
12Ferrara, E., Callegaro, L., and Durbiano, F., “Optimal Frequency Range for the Measurement of A.C. Conductivity in Aqueous Solutions,” Proceedings of the 17th IEEE Instrumentation and Measurement Technology Conference, pp. 775-779, 1-4 May 2000, Baltimore, Maryland.  
13Bard, A. J. and Faulkner, L. R., Electrochemical Methods: Fundamentals and Applications, 2nd Ed., John Wiley & Sons, New York, 2001. 
14Ferreira Santos, M. S., Noell, A. C., Mora, M. F., “Methods for onboard monitoring of silver biocide during future human space exploration missions,” Analytical Methods, vol. 12, no. 25, pp. 3205-3209, 2020. 
15Ji, H., Li, Z., Wang, B., Huang, Z., Li, H., and Yan, Y., “Design and implementation of an industrial C4D sensor for conductivity detection,” Sensors and Actuators A: Physical, vol. 213, pp 1-8, 2014. 
16“ET125 ET130 ET131 Headstage User Manual, version 1.0.1,” eDAQ Pty. Ltd., December 2019. Available online with registration at https://www.edaq.com/edaq-product-manuals.
17Huck, C. et al., “Capacitively coupled electrolyte-conductivity sensor based on high-k material of barium strontium titanate,” Sensors and Actuators B: Chemical, vol. 198, pp. 102-109, 2014. 
Appendix: Analysis of Conductivity Change during Ag+ Dosing

*Change in electrolytic conductivity in the dilute limit: , at constant temperature, where i are the ionic species involved, Ci is molar concentration ([i]), and λ is the limiting molar ionic conductivity. 
*400 ppb Ag+ corresponds to 3.7*10-6 mol/liter. 
*Limiting molar conductivities from Ref. 8 [107 (nS/cm)/(mol/liter)]: , , , , , , , , , , and .

Case 1: Chemical dosing with AgX salt: (AgF, AgNO3, or AgCl) and deionized water (or water with CO2, H2CO3, and HCO3− at equilibrium and free of reactive trace ions).
Assumptions:
1) Ag+ is a weak Lewis acid, and NO3−, F −, and Cl − are weak Brønsted-Lowry bases. They do not appreciably impact [H+], [OH −], [CO2], [H2CO3], 
.
2) Trace ions (Tr) do not precipitate Ag+ or X −and do not contribute to , as .

Result:
.

Conclusion:
At room temperature (25 C) and 400 ppb Ag+, dosed with AgF, AgNO3, or AgCl, Δ≈+500 nS/cm.


Case 2: Electrolytic dosing; water free of reactive trace ions; free of CO2, H2CO3,  acids/bases fully dissociated, const. temp.
Case 2a Assumptions:
1) Electrolytic dosing: pH  7.0).
2) Assume ideal reactions at anode and cathode: Ag → Ag+ + e−, H2O +e−→1/2 H2+OH−.
3) Assume .

Result:
 .

Conclusion:


Case 2b Assumptions:
1) Assume pHin  ~5.4 (for Ag+dose <=400 ppb).
2) Assume ideal reactions at anode and cathode: Ag → Ag++e−, H++e−→1/2 H2.
3) Assume  5.4.

Result:
 .

Conclusion:


Case 2c Assumptions:
1) Assume~5.4 < pHin  7.0.
2) Assume ideal reactions at anode: Ag → Ag+ + e−.
3) Assume ideal reactions at cathode: first H++e−→1/2 H2 and then H2O +e−→1/2 H2+OH− as pH goes from acidic to basic.

Result:
    increases from 0, as H+ is consumed, until the cathodic reaction begins consuming H2O and producing OH− , and 

Conclusion:
Because response is not monotonic, conductivity is not a good proxy for in this regime. 

Case 3: Electrolytic dosing; water with >~500 ppm CO2, pHin  CO2, H2CO3, , H+ and OH−are in equilibrium; free of other reactive ions; const. temp. 400 ppb.
Assumptions:
1) Assume ideal reactions at anode and cathode: Ag → Ag++e-, H++e−→1/2 H2. 
2) Assume dissociation of CO2/H2CO3 to H+ and 
3) Assume  5.4.

Result:
, where [H+]cons. is the molar concentration of H+ consumed by the electrolysis reaction. 

===, where [H+]dis. and [HCO3−]dis. are the molar concentrations of H+ and HCO3− produced by the dissociation of CO2/H2CO3.

 +, by substitution of the above.

=[CO2 (aq.)]+[], ⟶, where H2CO3* is the total dissolved carbon. 

The equilibrium between H2CO3*, H+ and HCO3- is governed by the equilibrium: 
= ,9

By substitution, 
 = .

, as [OH−]in and other species are not significant. 

 = =/.


By substitution, 
= 

There is one real, positive solution for  and is somewhat less than . The response of Δκ appears to be negatively monotonic (but very weak and thus difficult to measure, and more impacted by non-idealized behavior) with . 

Conclusion:
Due to this limited response, as well as the assumptions and complicated modeling required, this approach is not recommended!

Effect of temperature on : 

Case 1i: Chemical dosing, water free of reactive trace ions; CO2, H2CO3, and 
Isothermal.
· Between 18-26 λs increases approximately linearly with temperature, and this effect is easily compensated if the dosing process is isothermal.

Case 1ii: Chemical dosing, water free of reactive trace ions; CO2, H2CO3, and 
Tout≠Tin.
· In neutral water (with non-reactive trace ions) where Tout≠Tin, the effect of increasing Kw with increasing temperature is small over the nominal range, and does not appreciably contribute to .
· However, the shifting of the CO2/H2CO3/ equilibrium with temperature becomes more significant with increasing concentration equivalent partial pressure of CO2, particularly above ~400 ppm CO2 (gas).

Case 2: Electrolytic dosing; water free of reactive trace ions; free of CO2, H2CO3,  acids/bases fully dissociated.
· Between 18-26 λs increase approximately linearly with temperature, and this effect can be compensated if the dosing process is isothermal or if Tout≠Tin.

Case 3: Electrolytic dosing; water with CO2(aq), H2CO3, , H+ and  in equilibrium; free of other reactive ions; const. temp. or Tout≠Tin. 
· If the CO2/H2CO3/ system is the dominant contributor to electrolytic conductivity and in is known, the variation of K1 with temperature can be compensated for in solving the equilibrium concentrations before and after Ag+ dosing. The other concerns with this problem discussed previously remain. 


y = 0.1309x + 0.7197
R² = 0.9809
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