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Abstract— REDOX and conductivity sensors are metal
electrodes that are used to detect ionic species in solution
by measuring the electrochemical cell current as the
voltage is scanned. The simplicity and robustness of these
sensors allows their use in the analysis of ionic species
found in natural and drinking water. The measurements
include conductivity measurements which provide give a
gross indication of the ions present in solution, Cyclic
Voltammetry which provide a survey of electroactive
species, and Anodic Stripping Voltammetry (ASV) which
allow ion identification and quantification. The ions
detected are Zn, Fe, Pb, Cu, and Ag and the methodology
for their extraction is discussed. Also discussed is the
dependence of ASV results on the deposition time and
voltage scan rate. This paper describes the construction of
the sensors, the potentiostat electronics, the measurement
methodology, and applications to water quality
measurements.
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1. INTRODUCTION

This paper extends the work reported at last year’s IEEE
Acrospace conference where the design principles for the
fabrication of Electronic Tongue No. 1 [Bue02] were
described. In this effort, measurements from the REDOX
and conductivity sensors on E-Tongue 2, as seen in Fig. 1,

' 0-7803-7231-x/01/$10.00 © 2003 IEEE

are described. The REDOX sensors were characterized
using Cyclic Voltammetry (CV) [Kis96] and Anodic
Stripping Voltammetry (ASV) [Wan00].

N
REDOX(Y)
N\,

REDOX(X)

@ CONDUCTIVITY
SENSOR

f.l::

GAL CELL /
\ ARRAY
N o 00 P
. e
N
N
\\\_,/ ///

Figure 1. Schematic view of E-Tongue 2 3.3-cm (1.3-
inch) diameter substrate with 20 electrochemical sensors
and one heater.

This effort is an outgrowth of the 25-cm® electrochemical
cell developed for the MECA (Mars Environmental
Compatibility Assessment) project [Wes99] which
included 20 prefabricated Ion Selective Electrodes, a
conductivity sensor, a temperature sensor and an
oxidation reduction potential sensor. Traditional
electrochemical sensors are fabricated at the end of a
pencil-like cylindrical tube. Such sensors cannot be
configured easily in a multi-sensor array nor can they be
miniaturized.

The goal of this effort is to develop long-life sensors for
water quality measurements for use on the International
Space Station Alpha and Martian habitates. A list of the
trace elements found in drinking water is given in Table
1. The allowable contamination limits are given in mg/L
and uM along with the standard reduction potentials, E°.
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Table 1. Drinking Water Trace Contaminates

Molecular E
Com- | Weight | EPA | EPA Y
Name pound| g/mol |mg/L| pM | [cp)
Inorganic Chemicals
Zine Zn 65.38 70] 1070.664| -0.762
Barium Ba 13733 7.5 54.613] -2.912
Nickel Ni 58.69 1| 17.039] -0.257
Lead Pb 2072 1.5] 7.239| -0.126
Arsenic As 75.9216] 0.5 6.586| -0.608
Chromium Cr 51.996| 0.33 6.347| -0.913
Silver Ag 107.868] 03[ 2.781 -0.8
Selenium Se 7896| 0.16) 2.026| -0.924
Antimony | Sb 121.75] 0.19 1.561f -0.51
Beryllium Be 9.01218{ 0.01 1.110| -1.847
Cadmium Cd 11241} 0.05] 0.445] -0403
Thallium Tl 204.383; 0.02] 0.098] -1.899
Mercury Hg 200.59] 0.009] 0.045] 0.851
Secondary Standards (Aesthetics)
Chloride Cl 35.45{ 250]7052.186] 1.358
Sulfate S04 96.07) 250)2602.269 0.172
Copper Cu 63.54 1| 15.738] 0.153
Iron Fe 5585 03] 5.372] -0.447
Manganese Mn 2432 0.05] 2.056| -1.185
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Figure 2. ASV data for three heavy metals with 1 mM
concentration. The sweep rate was 100 mV/s, Tdep =5 s
for CuSQ,, Tdep = 100 s for FeSQ,, and Tdep = 100 s for
ZIISO4.

The measurements in this paper represent a start at
developing the methodology that will be directed toward
detecting the target ions such as K™ (340 mg/L), Ca** (30
mg/L), Mg®" (50 mg/L) and CI” (200 mg/L) which
represent some of the NASA Spacecraft Maximum

Contaminant Levels (MCL) for potable water for
International Space Station Alpha.

Typical results obtained from the REDOX sensor is
shown in Fig. 2. Here the sensor was sequentially exposed
to 1 mM CuSO,, FeSO,, and ZnSO,. The data were
acquired using ASV, (Anodic Stripping Voltammetry) at
the stated deposition time, Tdep and scan rate, S. In the
figure two curves are shown for each ion to delineate
repeatability issues. The red curve was taken first
followed by the blue trace. For the data shown in Fig. 2, a
negative potential of -1.5 V was applied to the working
electrode, WE, for a deposition time, Tdep. The voltage
was than scanned to +1 V and the ions deplated at a
potential that is related to the ion’s position in the
Electrochemical Series. Thus, the possible chemical
identity of an unknown ion can be tentatively determined
by this techmique. The tentative nature of the
identification has to due with the lack of uniqueness of the
redox potential. That is, there are a number of ions or
molecules that can have the same potential.

2. E-TONGUE SENSORS

The substrate used in this experiment is seen in Fig. 3. It
contains locations for eight ISE (Ion Selective
Electrodes), eight galvanic cells, two REDOX sensors,
one conductivity sensors, one thermometer and one
heater. Only the REDOX and conductivity sensors will be
discussed in this paper.

Figure 3. E-Tongue 2 3.3-cm (1.3-inch) diameter ceramic
substrate; see Fig. 1 for sensor identification.

The substrate was fabricated using hybrid microelectronic
fabrication methods where each layer is screen printed
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The key feature of this design is the shared CE that is in
common with both sensors. This feature reduces the
number of pins or wires from the sensor pair and reduces
the wire count when the sensors are connected in large
arrays. In addition, the CE is grounded and this provides
an intrinsic isolation of each sensor in that their electric
fields do not interfere. Another advantage of a grounded
CE is that it provides a ground plane for the entire cell
that acts like an electrical shield that reduces noise. The
common, grounded CE is a unique feature of this REDOX
sensor design.
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Figure 6. Circuitry for two REDOX sensors.
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Figure 7. Circuitry for the conductivity sensor.

In operation, the output of the IA (Instrumentation
Amplifier) connected between WE and RE is presented to
the OA (Operational Amplifier). Using feedback, the OA
forces a current through the REDOX sensor until the
output if 1AS5, for example, and the DAC are equal.

Circuitry used in measuring the conductivity sensor is
shown in Fig. 7. It is configured as a galvanostat and is
used to force a current through adjacent electrodes found

in the conductivity sensor seen in Fig. 5. The voltage drop
is measured between the other two electrodes.

An overview of the apparatus used in these experiments is
shown in Fig. 8. Tt consists of the ceramic substrate
mounted in a Delrin chamber. Several types of chambers
were constructed including a flow-through (~I1-mL
capacity) and open top chamber (~5-mL capacity). In this
figure, an open top chamber is displayed and mounted in
a ZIF (Zero-Insertion-Force) socket that is mounted on a
printed circuit board containing the circuitry. Using one
of the connectors seen on the left of the board, the board
is connected to a data acquisition card (NI-DAQ-1200)
that contains a 12-bit ADC (Analog-to-Digital-Converter)
and a 12-bit DAC. The instrument is programmed in
Visual Basic.

Figure 8. E-Tongue 2 electronics apparatus fabricated on
a 10-cm by 15 cm printed circuit board.

The chamber has a double O-ring design where the O-
rings are positioned on the top and bottom of the ceramic
and clamped into place using the six screws visible on the
top of the chamber. This provides for a water-tight seal
that does not place a bending stress on the ceramic
substrate. The ceramic will crack if subjected to a bending
moment. In operation, the chamber is first sonicated in
water for 10 minutes. The ceramic substrate was
mechanically scrubbed and rinsed with water to remove
surface deposits. The electrolyte is introduced into the
chamber and the chamber capped with tap during the
often 4-hour measurement period.

4. WAVEFORMS

In the measurements there were three waveforms:
Triangle Step Wave, Ramp Step Wave, and Ramp Square
Wave. Each waveform is associated with a particular
measurement method. The Triangle Step wave is used
with CV (Cyclic Voltammetry) method, the Ramp Step
Wave is used with the ASV method and termed ASVst.
Finally, the Ramp Square Wave is used with ASV and
termed ASVsq. This measurement is under development
and will be presented when its analysis is more fully
developed. Another method was developed; it consisted
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of calculating the second derivative of the ASVst
response and is termed D2ASVst.

The wave shapes used in these measurements are shown
in Fig. 9 where the positive voltage is E1 and the negative
voltage is E2. The waves were created using a 12-bit
DAC with a resolution of 2.5 mV. A total of 100 data
points were taken between E1 and E2. For a span (E1 -
E2) of 2 V, each step was 20 mV. For the square wave, a
100-mV peak-to-peak square wave was superimposed on
the step wave. The difference in the currents measured on
either side of the square wave was plotted in the ASVsq
graphs. The measurements were conducted at a stated
scan rate, S, and seven Tdep times which varied from 10 s
to 1000 s in a 1, 2, 5 sequence. The overall measurement
time was of the order of 4 hours.

€— CV —> & — ASVst —> < —ASDsq—>
E1 [~

E2 |

Tdep Tdep Tdep Tdep

Figure. 9. Overview of the wave shapes for the three
measurement methods used in this study.

5. CONDUCTIVITY MEASUREMENTS

The conductivity measurements utilized the circuitry seen
in Fig. 7. The conductivity was determined using an ac
ramp triangle wave. It is well-known that conductivity
cells can not be measured using dc [Kis96, 249]. This is
due to the fact that the conducting carriers in solution are
ions, not electrons. For conduction to occur ions must
continually exchange electrons with an electrode through
electrochemical oxidation or reduction and this requires
ac.

In operation ac was generated using the DAC seen in Fig.
7. It produced a voltage triangle wave with a sweep rate
of 1 V/s that was proportional to the current through the
sensor. The circuitry produced a current ramp of 10 pA/s
through the sensor. Results, shown in Fig. 10 for a
number of HC] solutions, have a current span of + 1 pA.
As seen in the figure, the zero-current intercept voltage
was different for each electrolyte.

It is essential to turn the conductivity sensor off when not
in use by specifying zero current. The zero-current
condition, forces the sensor to be in an electrochemically
inactive state. An alternate approach is to drive the sensor
with a potentiostat where the turn-off state is zero volts.
As seen in Fig. 10, at zero volts significant currents flow

and this can cause deposition of the electroactive species
on the driven electrodes of the conductivity sensor.

- 21016169 SigmaPureH20Ilv4c14
~om=21016173 10uMHClivac14sigmapure
—=21016176 100uMHCllv4c14sigmapure
=o=21016179 1000uMHCIv4c14siamapure|
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VOLTAGE, V23 (V)

Fig. 10 Conductivity sensor response to pure water and
three HCI solutions.
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Figure 11. Conductivity sensor HCl response.

The solution resistivity, p, was determined from the
resistance, R, determined from the slope of the data seen
in Fig. 10 using a least squares fitting technique. The
resistivity for the four-probe seen in Fig. 5 is assumed
[Bue76] to follow:

p=GdR (1)
where d = 0.125 cm is the distance between adjacent
probes seen in Fig. 5 and the geometrical factor, G =

10.726. The results are shown as measured data points,
RhoMeas, in Fig. 11.
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onto the ceramic substrate and fired in an air atmosphere
at 900°C. The substrate is 1-mm thick and is 96%
alumina. Electrical contact to the sensors is achieved by
using 0.25-mm vias that are created using a laser. The
vias are made conducting by screen printing a layer that is
drawn through the via using a mild vacuum which is
followed by a firing cycle. The vias are connected to
wires screen printed on the underside of the substrate and
connected to pins. The location of the pins is visible on
the substrate shown in Fig. 3 as blue dots. These are
screen printed dielectrics that are used to seal the head
from exposure to the electrolyte that will eventually cover
the sensors. The substrate contains 39 electrical contacts

(pins).

Photomicrographs of the REDOX sensors are shown in
Figs. 4a and 4b. The inner electrode is a Au(12)Pt(88)
working electrode, WE, the inner ring is a Pd(12)Ag(88)
reference electrode, RE, and the outer ring is a
Au(12)Pt(88) counter electrode, CE. The WE diameter is
0.75 mm, the RE is 0.25 mm wide and separated from the
other electrodes by 0.25 mm, and the inner diameter of
the CE is 2.75-mm in diameter. As far as the author’s can
tell this design is unique in that it is planar and has a
common CE that is shared between the two sensors.

The Ag electrodes turned out to be a problem in that the
silver readily forms dendrites in solution. These dendrites
proceed to grow to the adjacent electrodes causing shorts.
Attempts were made to chloridize the Ag electrodes but
these were not successful. In future versions, the
electrodes will be fabricated from more noble metals such
as Au or Pt.

s

Figure 4a. Photomicrograph of REDOX(X) sensor. The
diameter of the WE, center dot, is 0.75 mm.

In operation the REDOX sensor is biased so that ions
flow between the WE and the AE in a three-dimensional
pattern. The RE senses the potential between the WE and
AE. Thus the measured voltage consists of the potential

consists of the potential drop across the double layer at
the WE and the series resistance of the electrolyte
between the WE and RE.

A photomicrograph of the conductivity sensor is seen in
Fig. 5. It consists of four electrodes that are 0.5-mm in
diameter. The electrodes are separated by 1.25-mm and
are fabricated using Au(12)Pt(88) screen printed metal.

Figure 4b. Photocrograph of DO(Y) sensor

Figure 5. Photomicrograph of the conductivity sensor
where the electrode spacing is 1.25 mm.

3. APPARATUS

The electronics used to measure the REDOX and
conductivity sensors is shown in Figs. 6 and 7,
respectively. The REDOX circuitry shown in Fig. 6 is a
dual potentiostat. That is, each REDOX sensor is driven
from a common DAC (Digital-to-Analog-Converter) but
the current through the two REDOX sensors is measured
independently. In practice it was found that the current
and voltages through both devices were most often within
a few percent of each other.

AeroRedox2A20 -3
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A simple model was developed to fit the results seen in
Fig. 11. Two resistors are placed in parallel. One resistor
represents the clean water resistance, Ry, and the other
resistor represents the electrolyte resistance, R.. The total
resistance, R, is:

Ry

1+-2
RC
The water resistance is given by:
R = pp/(10.726-d) 3)

The electrolyte resistance was formulated from a
combination of Eq. 1 subscripted for the electrolyte and
the definition of the electrolyte resistivity [Kis96]:

pe = 1000/(A, -Cy) 4)

where A, is the electrolyte’s equivalent ionic conductivity.
The combination of equations yields:

1000
R (Q) =

5 (5)
10.726 - d(cm) - A [ cm
Q.

molJ'Ce(M)

Substituting Eqs. 1, 3 and 5 into Eq. 2 yields the fitting
equation:
Po

p=——"—
Y

1+ PO "e Ce
1000

The result of the curve fitting process yields pp,= 140 kQ-
cm and A, = 988 cm’(Q-mol). The resistivity of clean
water should be near 18 MQ-cm so the low value for p,
indicates that the water contains residual contamination.
The formal value for A, is 421 cm’(Qmol) at 1 mM
[HCP]. Both extracted values are sensitive to the G-d
product. Future investigations are directed at determining
a suitable value for the G-d product to allow quantative
measurements.

6

6. CY MEASUREMENTS

The CV method provides a survey of high-concentration
species in solution. An example is seen in Fig. 12 for
clean water. In our methodology, this curve is acquired
seven times, once after each Tdep cycle. In principle the
set of curves should be independent of the Tdep and so
provides insight into the stability of the solution over the
four-hour measurement cycle. This wave shape is unique
to the E-Tongue 2 electrodes where all three electrodes
are planar. The peaks that appear at -0.1 and -0.75 V grow
with Tdep and are tentatively attributed to the
accumulation of oxygen or carbon dioxide in the sample
chamber. This observation is consistant with the

conductivity sensor measurements that indicate that the
sample chamber contains residual contamination.

=t==Tdep(s)=10
e Tdep(s)=100
~-Tdep(s)=1000

=

-o—Tdepz ;—20

-D-Tdepis}=50
= Tdep(s)}=200  ~<-Tdep(s

=500

CURRENT, IWOX(uA)
o -
n N 0

o

S(mV/s)=20

: sigmapureH20ver4ceramic
_o.slnnnn:--n.:n.-.:lnn.

1 0.5 0 0.5 -4
PIt22622 VOLTAGE, VWRX (V)

Figure 12. CV response for Sigmapure water

7. ASV MEASUREMENT CONDITIONS

The ASV  measurement provides a method of
accumulating ions on the WE and thus this method is
known to have sensitivities in the pM range [Wan98]. The
operating conditions for the ASV method are well
described by the data seen in Fig. 13. This data was was
acquired from 100 pM CuSO, and was scanned at four
dfferent rates and seven deposition times.

CURRENT, IWOX(uA)

20731511
S(mV/g=10
100u|V.ICuSO4V3C

4 <
1 0.5 0 0.5 -1
Plt22622 VOLTAGE, VWRX (V)

Figure 13a. ASVst response for 100 uM CuSO, scanned
at 10 mV/s.
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Figure 13b. ASVst response for 100 pM CuSO, scanned
at 20 mV/s.
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Figure 13c. ASVst response for 100 uM CuSO4 scanned
at 50 mV/s.

The ASV method begins with a deposition time, Tdep.
Referring to the voltage waveform, seen in Fig. 9, the
voltage is scan starts at the most negative voltage, E2, and
proceeds to the most positive voltage, E1, at a linear scan
rate of S. The process is repeated twice inorder to observe
the stability of the measurement. Most of the time the
second trace overlaps the first trace. Except for the data
seen in Fig. 2, the results reported in this study are for the
second trace.
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Figure 13d. ASVst response for 100 pM CuSO, scanned
at 100 mV/s.
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Figure 14a. Analysis of the data seen in Fig. 13 showing
the dependence of the current peak on the square root of
the scan rate.

The peak currents are are plotted Fig. 14a as a function of
scan rate and in Fig. 14b as a function of deposition time.
The effect of the scan rate on the current peak height,
IpWO, is seen in Fig. 14a. The data generally has a slope
of 0.5 on this log-log plot. The behavior of the slope and
the fact that the voltage peak is scan rate dependent as
seen in Fig. 13 leads to the choice of the of a totally
irreversible system [Bar01, 236] to explain this behavior:

Ip =2.99-10°-a"*A-D"%C-S"? (7

AeroRedox2A20 - 7



Draft: 20 Oct 2002: 2003 IEEE Aerospace Conference Proceedings, 2003, Cat No.

0
24
-~ 4T
5
2 671 \
a E
X L
< S T
m >
o [
- 10 ¢ 20729
z b
u 1
E 12 % =T S(MV/g)=10
8 b -5 (MV/5)=20
14 + tyee S (MV/5)=50
—O=8(mV/s)=100
-16 T
3 100uMCuSO4v3c
-18 o 2 A A : A s l+ A 'y a : 2 s ry : 2 e 1
0 200 400 600 800 1000
PIt22622/ChalT Tdep(s)

Figure 14b. Analysis of the data seen in Fig. 13 showing
the linear dependence of the current peak on deposition
time.

where o is the transfer coefficient, A the area of the WE,
D the diffusion coefficient, C the concentration of the
electroactive species, and S the scan rate. The data in Fig.
14b provides an indication that the deposition time, Tdep,
is a linear function that is proportional to concentration.
This linear behavior on concentration is also described by
Eq. 7.

Operating principles for ASV measurements are
summarized as follows:

1. Larger peak currents occur at higher Tdep and S
values. This is an important consideration when
attempting to measure trace amounts of ionic
species.

2. The penalty for operating at higher Tdep and S
values is that the peak voltage shifts toward more
positive voltages. In addition the ASV base-line
slope increases due to the double-layer
capacitance.

8. ASV EXPERIMENTS

The value of the ASV technique is found in its ability to
detect low-concentrations of ionic species in solution, to
provide probable identities for the electroactive species
from their redox potentials, and to quantify the
concentration of species. In this study, the focus is on
determining the redox potential by extraploating peak
current-voltage values to zero current. ASV results were
obtained from PbCl, shown in Fig. 15, from ZnSO,
shown in Fig. 16, from CuSO, shown in Fig. 17, and
from AgCl shown in Fig. 18. The results are presented in
the following order: (a) measured ASV curves (ASVst),

(b) calculated second derivative curves (D2ASVst), and
(c) peak current-voltage curves.
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Figure 15a. ASVst response for 100 uM PbCl,
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Figure 15b. D2ASVst response for 100 pM PbCl, data
seen in Fig. 15a.

From an analysis of the D2ASVst plot, the peak current-
voltage was determined at each Tdep value and used to
form the peak current-voltage curve. This curve is used to
determine E, values by extrapolating the peak current-
voltage curve to zero current. In order to determine the
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peak curve, the second derivative of the ASVst data was
calculated and shown in the D2ASVst plot.
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3 20826511

8 Tdep(s)=10
97 S(mVis)=20

-10 3
Figure 15c. ASV peak values derived from the 100 uM
PbCl, data seen in Fig. 15a where Ejo4 =-0.40 V and E,5
=-0.65V.
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Figure 16a. ASVst response for 500 uM ZnSO,

The second derivative is well-known in specroscopy
[Dia97] for identifying the location of peaks and for being
able to identify shoulder peaks where two peaks are very
close to each other. The second derivative of the ASVst
response is determined by fitting a second-order
polynomial to the ASVst data using a five-point least-

squares fitting method. This was implemented in Excel
using the LINEST function. Results are shown in Figs.
15b, 16b, 17b and 18b.
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Figure 16b. D2ASVst response for 500 pM ZnSO, data
seen in Fig. 16a.
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Figure 16¢c. ASV peak values derived from the 500 pM
ZnSO, data seen in Fig. 16a where E 6 = -0.80 V and
En7=-125V.

Concerning the D2ASVst curves seen in Fig. 15a, 16a,
17a, and 18a, three observations are in order: First, the
base-line drift due to double-layer charging has been
removed. Second, the second derivative has a signficant
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negative going feature that is due to the lack of symmetry
in the ASVst response. Third, the second deriviative is a
good method for identifying the location of peaks.
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Figure 17a. ASVst response for 100 uM CuSO,
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Figure 17b. D2ASVst response for 100 uM CuSO, data
seen in Fig. 17a.

The extraction of the peak currents and voltages was
implementated in an Excel macro designed to sort the
data and find the peak values. The results are shown in
Figs 15c, 16¢c, 17c and 18c. The data clearly shows that
two species are being oxidized as seen in Fig. 15, 16, and

17. This is most evident in the ASVst curve seen in Fig,
15a for PbCl, and in the peak plot seen in Fig. 16¢ for
ZnS0,.
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Figure 17c. ASV peak values derived from the 100 uyM
CuS80, data seen in Fig. 17a where E,1 = +0.26 and E,;2
=+0.09 V.
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Figure 18a ASVst response for 500 uM NaCl

The results for the NaCl differ from the others. First, the
peak current-voltage plot seen in Fig. 18c shows that the
peak voltage does not vary with Tdep. This is suggestive
of a totally reversible system. A possible explanation is
that chlorine is reacting with the Ag RE and forming
AgCl. The voltage independence on Tdep suggests that it
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might be used as a calibrator ion when relating results to
reduction potentials, E°, listed in the Electrochemical
Series [HCP].
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Figure 18b. D2ASVst response for 500 uM NaCl data
seen in Fig. 18a.
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Figure 18c. ASV peak values derived from the 500 uM
NaCl data seen in Fig. 18a where E;o3 =+0.133 V.,

Another NaCl observation can be gleaned from the
second derivative curves seen in Fig. 18b. They indicate
that the ASV response curves seen in Fig. 18a are
symmetrical. The symmetry of the NaCl ASV response is
not shared by Pb, Zn, and Cu curves. Their second
derivative curves are not symmetrical. These observations

are key to understanding the nature of the interaction of
the electroactive species with the WE.

9. ASV ANALYSIS

In this section the peak current-voltage curves seen in
Figs 15¢c, 16c, 17c and 18c are analyzed for possible
reactions. For the oxidation of a totally reversible system,
the ASV peak current-voltage relation is modeled [Bar01]
by:

I, = -[polexp[(1 - ) f(E, — E°)] ®

where a is the transfer coefficient and f = 38.92 V™' at
25°C. As seen in Figs 15¢c, 16¢, 17c and 18c, the peak
current-voltage relationship is linear. Linearizing Eq. 8,
assuming the exponent is small, leads to:

Ip = -[Tpol[1 + (1 — a) f(E; — Eo)] ©)

where E, is the experimentally determined reduction
potential. To determine Eq, I, is set to zero in Eq. 9 which
results in the following:

Eo=Ep + 1/[(1 —a)f] (10)
where E, is the I, = 0 intercept value.

The possible reactions and their Reduction Potential, E°
are listed in Table 2. The E° values were corrected
according to the ion concentration using the Nernst
equation and are listed in the E°y, column. The Ej
values determind from Figs. 15 to 18 are listed in Table 2
along corrected E values using Eq. 10 and o = 0.5.

Table 2. ASV Proposed Reactions and Potentials in Volts

Reaction E° E'corr | Epo E,
Cu"+e=Cu 0521 ] 0.284 | 028 [ .331
Cu“ +2e=Cu 0.342 | 0.224 | 0.133 | .141
Ag,0 + H;O + 2e = 2Ag + 20H 0.342 | 0.244 | 009 ] .133
Pb™ +2e =Pb -0.126 - o4 -
0.244 0.349
PbCl, + 2e = Pb + 2CI -0.2675 - | -0.65 -
0.386 0.599
ZnOH™ + H* + 2e = Zn + H,0 -0.497 -1 -09 -
0.615 0.849
Zn* +2e=2Zn -0.762 -] -1.25 -
0.880 1.199

The E°. and E, values are plotted in Fig. 19 and show a
remarkable linear relationship. As shown in the inset to
this figure, the least squares fit to this data indicates a
slope of 1.26 and intercept of -0.1 V. Similar curves are
reported elsewhere [Bue02] and Kov95]. This cureve
when well established will serve as as an aid in
identifying ionic species.
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Figure 19. Linear relationship between the measured and
standard reduction potentials allow tentative identification
of the ionic species.

10. WATER QUALITY

The next step in the development of water quality sensors
is the development of repeatability and long-life sensors.
The sensors are intended for use with the water
reclamation system shown in Fig. 20. The system
consists of gray water which enters the bioreactor where a
number of impurities are converted by the microbes
within the bioreactor.

Biological nitrification [Sak02] is a two-step process
carried out by lithotrophic bacteria. Ammonia is oxidized
to nitrite most commonly by bacteria of the genus
Nitrosomonas by the following half-reaction:

NH," +3/2 0, = NO, +2H" +H,0

Nitrite is oxidized to nitrate by bacteria of the genus
Nitrobacter by the half-reaction:

NO, +1/2 0, = NOy

The sensors location is indicated in Fig. 20. The sensors
need to have adequate sensitivity and lifetime when
exposed to various inorganics, organics, and biofilms.
Sensors in the inlet line are exposed to gray water, in the
bioreactor are exposed directly to biofilms, and in the
outlet line are exposed to clean water. At the outlet, the
sensors need to have high sensitivity in order to detect
detect residual contaminants.

POTABLE WATER

GRAY WATER

Figure 20. Bioreactor system with sensors located to
monitor the functioning of the bioreactor system.

MECHANICAL
WIPING

OXYGEN/
HYDROGEN
GENERATION

SPARE
SENSORS

uv
STERILIZATION

Figure 21. Cleaning and preservation methods for long-
life bioreactor sensors. Sensor wiping effort is already
funded on another effort. The other methods are the focus
of this effort.

An approach to long-life electrochemical sensors uses the
four cleaning and preservation methods depicted in Fig.
21 to maintain the surface of the electrochemical sensors
in a state so that they provide data on the functioning of
the bioreactor. Mechanical wiping is one approach but it
is recognized that this approach could have limited
applicability due to the build-up of biofilms on the wipers
and scratching of sensitive films covering Ion Selective
Electrodes. A study is needed to determine which of the
techniques shown in Fig. 21 will be effective in providing
accurate, long-life sensors.
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11. DISCUSSION

The knowledge gained on this effort has provided key
insights into the fabrication and instrumentation of planar
bare metal sensors. Use of the planar configuration opens
up as number of application areas such as cleaning using
wiping techniques and see-through chambers where the
electrodes are fabricated opposite optically transparent
windows. The ability to array the REDOX sensors with a
common ground is critical in developing much larger
sensor arrays. Understanding the conductivity sensor
circuitry is critical in keeping it from interfering with the
REDOX measurements. The material choices for the
electrodes have led us away from the use of Ag and a
reference electrode material because of it dendritic growth
characteristics. In subsequent design the Ag is being
replaced with more noble materials such as Au or Pt.
Finally, the analytical procedures developed on this effort
are keys to identifying the nature of the electroactive
species. The technique of extrapolating the peak current
and voltage curve to zero current where EQ is identified,
is critical in determining possibilities for the nature of the
electroactive species. This understanding provides the
basis for the next phase of this effort in developing long-
life water quality sensors.
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