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Abstract

Nitrate is an important marker of water quality that can be challenging to detect in seawater due to the presence of multiple
chemical interferants and high background chloride. Here, we demonstrate a compact microfluidic device that incorporates
electrochemical desalination to selectively remove the interfering chloride ions and improve the detection limit of the down-
stream potentiometric nitrate sensor. The microfluidic platform was fabricated by a low-cost cut-and-lamination approach, and
the detection mechanism was based on potentiometric measurements at an Ag/AgCl electrode coated with a nitrate-selective
membrane. The sensor system achieved a detection limit of 0.5 mM with a sensitivity of 11.3 mV/dec under continuous flow.

Keywords Nitrate - Desalination - Additive fabrication

Introduction

Monitoring dissolved nitrate levels in the environment is
critical for understanding ecosystem issues such as eutrophi-
cation that can lead to fish kills and declines in oyster har-
vests [1-5]. In addition to environmental impacts, excessive
nitrate in drinking water can lead to serious health problems
including gastric cancer and infant methemoglobinemia [6].
Therefore, it is desirable to enable facile nitrate measure-
ments for water quality monitoring at the point of use and
in real-time. Traditional chromatography techniques [7, 8]
used to determine nitrate levels are limited by time-con-
suming and bulky setups that restrict analysis to laboratory
settings. In order to facilitate in situ real-time monitoring,
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electrochemical sensors based on ion-selective membranes
(ISM) [2, 9] offer the advantages of reduced size, weight,
and cost for the development of systems that can be more
readily deployed. However, nitrate measurements based on
ISMs are vulnerable to chemical interferants such as ani-
ons [10, 11] and have primarily been utilized in freshwater
environments with low salt concentrations. As a result, low
sensitivity and poor detection limits were observed in poten-
tiometric ISM sensors when used to examine wastewater or
seawater with high chloride concentrations.

A sample treatment process to remove chloride anions
can be an effective approach to mitigate the problem of inter-
ference that results from high chloride concentrations and
prevents the ISM sensor from detecting nitrate. However,
typical desalination technologies such as reverse osmosis,
electrodialysis, and distillation are non-selective in their ion
removal and would concurrently decrease the concentration
of nitrate. To selectively remove chloride, a desalination
approach based on a microfluidic platform has been dem-
onstrated by oxidizing chloride anions on silver electrodes
resulting in AgCl solids [12—14]. This reversible electro-
chemical process is specific to the removal of chloride from
solution without the loss of nitrate [13]. Prior microfluidic
desalination prototypes involve machining of plexiglass or
molding of polydimethylsiloxane [15]; however, this poses
challenges for embedding electronic components [16—18].
Here, we present a microfluidic platform built with cutting
and lamination [19-21] of poly(ethylene terephthalate)
(PET) films, which are compatible with additive printing
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[22-29] of electronic materials so that electrochemical units
can be easily incorporated into different layers within the
microfluidic platform.

The prototype nitrate sensor in this report was integrated
with two desalination units that lowered chloride concentra-
tions resulting in improved sensor performance. The entire
system was compact, with an area smaller than 5 x4 cm? and
fitted with an inexpensive (< USD $15) mini-water pump
that facilitated sample flow for monitoring changes in nitrate
concentration at the sampling site. Our stacking approach
extended the desalination path without increasing the device
footprint, and the channel design also accounted for the volt-
age coupling between the desalination units and sensor to
minimize voltage cross-talk. With the integration of a chlo-
ride removal process, the ISM sensor was shown to be sensi-
tive enough to detect sub-millimolar levels of nitrate in sea-
water, of relevance to the standards set by the Environmental
Protection Agency (EPA) [10]. This demonstration showed a
promising point-of-use platform for nitrate detection in chal-
lenging samples with high concentration of dissolved salts.
Moreover, the design is applicable to other types of anion
sensors susceptible to interference by chloride.

Materials and methods

The microfluidic device consisted of two tandem desalina-
tion units and a downstream ISM nitrate sensor, as shown in
Fig. 1a. The sample inlet was split into two separate streams,
with one connected to a wide drain channel for displacing

Fig.1 (a) Schematics of the
microfluidic platform with elec-
trochemical desalination units
preceding the nitrate sensor.

(b) Exploded view of patterned
layers to form flow channels
embedded with electrochemical
electrodes

inline air bubbles and regulating flow rate, while the other
channel entered the desalination process. Upon passing
through the electrochemical redox units, the sample streams
were separated into concentrated and desalinated seawater
channels, indicated by dark and light blue colors, respec-
tively. Subsequently, the desalinated channel fed into the
potentiometric ISM sensor for measuring changes in nitrate
concentration in the flowing sample. As such, the sample
treatment and detection were implemented in one integrated,
credit-card size compact platform.

The detailed design for each layer of the microfluidic
device is shown in Fig. 1b and Supplemental Figure S1.
The two tandem desalination electrochemical cells were pat-
terned from layers 2 to 9, with Nafion ion-exchange mem-
branes serving as separators embedded between layers 3 and
4, as well as between layers 7 and 8. The desalination units
were stacked on top of each other, to minimize the device
area footprint, while each unit increased the stack thickness
by less than 0.5 mm. The serpentine channel in layer 10
increased the distance between the desalination unit and the
sensor to mitigate parasitic voltage coupling. The sensor
with an ISM of nitrate ion-exchange matrix [30] was placed
on top of layer 11 to complete the fabrication.

We used low-cost patterning and assembly techniques,
including digital cutting, stencil printing, and heat lamina-
tion, as summarized in Fig. 2a. Each layer was patterned
from a 130-pm thick PET film, and areas were removed by
a digital blade-cutter (Silhouette Cameo) to define the flow
channels, electrode via holes, and alignment holes. Ag/AgCl
ink (Ercon part# E2414) was printed through a stencil to
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Fig.2 (a) Schematics of (a) Plotter cut
fabrication methods for the

microfluidic device. (b)
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Sensor configuration
in this work

define the working electrode and counter/reference electrode
with dimensions of 2.5 X 3 cm? on layers 1, 5, and 9 for the
desalination units. Another electrode with dimensions of 0.2
% 0.1 cm? was printed on layer 10 as the external reference
of the sensor in the sample channel. The Ag/AgCl patterns
were dried at 85 °C for 30 min. In the assembly process,
Nafion separators (part# 221) with thickness of 25.4 pm and
areas of 4 X 4 cm? were inserted, and the entire stack of

Conventional potentiometric
electrochemical cell

lon* = ionophore of
tetradodecylammonium nitrate
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|
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films were pressed between glass slides at 150 °C until the
PET films looked transparent. The heat laminated the layers
together by melting the adhesives on the PET films. The PET
films came with the adhesive pre-attached for lamination.
Subsequently, the nitrate sensor electrode was attached on
the top layer, followed by silicone encapsulation. The nitrate
sensor was based on the configuration of a potentiometric
electrochemical cell, as shown in Fig. 2b, with an external
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electrode in contact with the sample solution and an inter-
nal electrode separated by an ion-selective membrane from
the sample. We placed the sensor after the lamination step
to avoid sensor degradation by high temperature, and this
sequence also allowed facile exchange of sensors without
the need to reassemble the microfluidic structure. Below are
more specific descriptions of the sensor fabrication process
and characterization equipment used for this work.

Preparation of the nitrate sensor electrode The nitrate-
selective membrane was a modified version of a cocktail
formulation [30] with the host matrix polyvinylchloride
(PVC). The cocktail was prepared by mixing 1 ml of tet-
rahydrofuran, 64 mg of 2-nitrophenyl octyl ether, 32 mg of
PVC, and 4 mg of tetradodecylammonium nitrate (TDAN).
The selectivity coefficients of TDAN to different ions are
listed in Table S1 [30]. The chemicals were purchased from
Sigma-Aldrich and used as received. The solution was drop-
cast onto a glass slide and allowed to dry over a day to form
stand-alone films. Meanwhile, a piece of copper tape that
would serve as the current collector was cleaned by acetone
to remove the surface adhesive, and then Ag/AgCl ink was
printed on the clean surface and annealed at 120 °C for
30 min to serve as the internal reference electrode of the
sensor. To enable adhesion between the electrode and the
nitrate-selective membrane, we used a gum electrolyte. The
gum electrolyte was a solid-state film prepared by dissolv-
ing 1 g xanthan gum powder in 10 ml of 1-M sodium sulfate
aqueous solution. The gum electrolyte served as an interface
for charge exchange between the nitrate-selective membrane
and the internal reference electrode. A thin paste of gum
electrolyte ~ 100 pm was spread onto the Ag/AgCl electrode,
followed by placement of the PVC nitrate-selective mem-
brane. This sensor stack was put on the flow channel with
the membrane in contact with the sample. The ion-exchange
process at the membrane surfaces would lead to a potential
difference if nitrate concentrations are not equal across the
two sides of the ion-selective membrane. Thus, the analyte
concentration was inferred by measuring the potential dif-
ference across the nitrate-selective membrane (Fig. 2b). The
nitrate sensor was calibrated with a NIST-certified nitrate
standard solution (40.0 mg/L NO;-N in de-ionized water as
received from Sigma-Aldrich) in Figure S2.

Pump system connection The mini water pump designed
for aquariums and fountains was purchased from Ledgle and
was run at 5 V during the experiment. The flow rate was
tuned to be~3.5 pl/s into the desalination cells. Samples
in this work were artificial seawater prepared using Instant
Ocean sea salt to reach a salinity of 31 g/kg, and the con-
centration of nitrate in the samples was adjusted by add-
ing sodium nitrate into the water tank. The samples were
pumped through a Teflon tube joint into the microfluidics

@ Springer

device. The Teflon tube joint was held in place by mag-
netic force between magnetic gaskets (TJ250B, Amazing
Magnets) and a magnetic plate sandwiching the microfluidic
device, as shown in Figure S1.

Apparent salinity evaluation A salinity refractometer from
Aichose was used to measure the sample after it passed
through the desalination units. A multi-parameter water
quality meter (Hanna model #HI98194) was used to calibrate
the refractometer readings, as shown in Figure S3.

Electrochemical characterization Electrical control and
readout were carried out with either a benchtop potentio-
stat (BioLogic SP-200) or a potable potentiostat (Metrohm
p300).

Results and discussion

Our desalination unit consisted of identical pairs of Ag/
AgCl electrodes with a Nafion ion-exchange membrane in
between. The Nafion membrane allowed sodium cations to
pass through to maintain charge balance between the two
coupled compartments with opposite salinity conditions.
The Nafion membranes were activated through soaking
under seawater over 10 min before use, in order to reach a
steady-state condition (Figure S4). As shown in Fig. 3a, on
the electrode at a positive potential, silver reacted with chlo-
ride ions selectively and formed silver chloride precipitates,
resulting in chloride removal and reduction of water salinity
in this compartment. In the complementary compartment
with the electrode at a negative potential, chloride ions were
released by silver chloride reduction, leading to an increased
salinity in water on this side. Thus, the electrochemical pro-
cess adjusted the chloride concentration and the associated
salinity of the input seawater. The channel with increased
CI™ was directed to a discharge outlet, and the flow path of
the de-chlorinated water was connected to the downstream
Sensor.

Figure 3b shows cyclic voltammetry (CV) of the Ag/AgCl
electrode pair in artificial seawater of salinity 31 g/kg. The
peak current and redox potentials were symmetric upon
cyclic voltage sweeps, indicating that the electrochemical
reactions were reversible. The wide peak-to-peak separa-
tion (1 ~2 V depending on the scan rate) was due to the
sample solution resistance and manifested as an ohmic drop
across the electrode pair. The potential for initiating desali-
nation was around 0.5 V between the Ag/AgCl electrodes,
and current magnitudes increased with a higher voltage
scan rate. The peak current (log ) versus scan rate (log V)
followed a power law relation log(/) =log(a) +1log(V,), as
presented in Supplemental Figure S5, with fitted values of
a=0.048 and b=0.45. The b value showed that the current
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Fig.3 (a) Schematics of the electrochemical desalination cell with
Ag/AgCl ink. The blue areas indicate flow channels, and the red
square is the Nafion separator. The components overlapped each
other, as shown in Fig. 1, but here they were spread out for viewing
clarity. (b) Top: cyclic voltammetry at scan rates from 10-90 mV/s,
in increments of 20 mV/s. Bottom: peak current obtain from the
above data versus scan rates. (¢) Applied voltage on the desalina-

was proportional to the square root of scan rates (I~ V%),
indicating the desalination process here was a diffusion-con-
trolled reaction according to the Randles—Sevcik Eq. [31,
32].

Figure 3c displays the change in water salinity level as
a function of the applied voltage. While the sample was
constantly flowing at~3.5 pl/s into the desalination cells, a
constant voltage was applied on the electrode for 5 min and
then turned off to O V for 2 min to replenish the compart-
ment with untreated seawater. After the 2-min off period, the
electrodes were biased for another 5 min at the same voltage
magnitude but with an opposite polarity to the previous on-
period, to reverse Ag/AgCl reactions and refresh electrode
surfaces for the next cycle of desalination. At the end of
each biasing condition, the apparent salinity was measured
in-line with a calibrated refractometer. The apparent salinity
decreased from the initial values of 31 to 15, 12, and 6, at
1V, 1.5V, and 2V, respectively, for the compartment with
the electrode at positive biases. When negative potentials
were applied to refresh the Ag/AgCl electrode, the appar-
ent salinity increased to 43, 46, and 45, at—1 V,— 1.5V,

inlet

outlets

=]

LoD 0T
1000 1500 2000 2500
Time (s)

500

tion cell electrodes (top), corresponding measured current (middle),
and measured salinity at the channel outlet (bottom) as a function of
time. The data points of salinity were measured at the end of a period
under a fixed voltage. The colors of the bars are guides to the eye, in
which light blue indicates the sample is desalinated, medium blue is
untreated (cell at 0 V), and dark blue is at a higher salinity level than
the input sample due to regeneration of the electrode

and —2 V, respectively. A smaller salinity change is observed
during regeneration (from the unprocessed sample with 31 g/
kg to 45 g/kg, a change of 14 g/kg) than during desalination
(from 31 g/kg to 6 g/kg, a change of 25 g/kg). We think that
the initial ratio of Ag/AgCl in our electrodes is probably not
equal in composition and might contain less AgCl. Thus less
AgClis reduced during regeneration, leading to less C1™ ion
being released and a smaller change in salinity. Furthermore,
we calculated the desalination efficiency, defined as the ratio
of salt removed to the original amount, from the measured
chloride concentration changes [13, 33, 34] after passing
through two stages. Converting apparent salinity to NaCl
molar concentration, 31 glkg=0.5 M and 6 g/kg=0.1 M, the
amount of NaCl removed from the seawater sample at 2 V
was 0.4 M. Thus, the desalination efficiency reached 0.4 M
/0.5 M =80% in our tandem device.

During the integration of desalination units and the nitrate
sensor, the channel distance between the two should be care-
fully planned to mitigate parasitic voltage coupling, par-
ticularly because seawater acted as a conductive electrolyte
between the electrodes in contact with it. Previously, voltage
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cross-talk was reduced by physical isolation of channels,
using mechanical valves or introducing air bubbles [13—15].
However, in order to reduce the complexities in fabrication
and control electronics, here, we simply extended the dis-
tance between desalination units and the sensor. A long ser-
pentine path increases the electrical resistance and thus leads
to a sufficient voltage drop to make the cross-talk negligible.

Figure 4a shows the different locations at which the
cross-talk voltage was measured when a pulse of 0.5 V was
applied on the desalination electrodes. In the equivalent cir-
cuit model, the resistance due to electrolyte path-lengths is
expressed as a variable resistor Ry(D), with D being the dis-
tance parameter. The fixed resistors encompassed the resist-
ance of the electrodes and other components such as separa-
tor and nitrate-selective membranes. Figure 4b presents the
cross-talk voltage (AV) at the sensor electrodes as the desali-
nation units were turned on and off. The extent of cross-talk
was calculated as a percentage, defined as % = AV/Vy ..
where V., was the applied desalination voltage=0.5 V in
this measurement. The cross-talk % decreased to less than
1% and became negligible when the channel path-length was
longer than 20 cm. Hence, we used a serpentine length of
27 cm as the connection path between the desalination units
and the sensor.

Upon integration of the potentiometric nitrate sensor with
the desalination units, we tested this microfluidic platform in
Fig. 5a for its sensitivity and detection limit for nitrate ana-
lytes in seawater. When the desalination units were not used,
changes in nitrate concentration in the untreated seawater
were not distinguishable from the background drift of the
sensor open-circuit voltage, as shown in Fig. 5b. A compari-
son with prior works shows this same issue, as summarized
in Table S2. When the desalination units were turned on to
reduce chloride interference, the sensor response to changes

Fig.4 (a) Schematic of the ( a)
voltage coupling measurements

at increasing path lengths away

from the desalination unit as

indicated by the different color

points. An equivalent circuit

model representing the path

between desalination electrodes

and sensor electrodes is shown

on the right. (b) Measured

in nitrate concentration is much more obvious in Fig. 5c.
With 2 V at the desalination units, the sample flowing into
the nitrate sensor was de-chlorinated, and the sensor voltage
was measured to change from 19.4 to 1.9 mV as the nitrate
concentration was varied from 10™* to 1072 M. (We also
include Supplemental Figure S7 that demonstrated a similar
response when the input nitrate concentration is changed
across two orders of magnitudes over a shorter interval of 3
min, more quickly than in Fig. 5). After the analyte detec-
tion period, the applied voltage to desalination units was
switched to —2 V for reducing AgCl back to Ag for the next
cycle of desalination and detection. The sensor during this
regeneration period was not sensitive to nitrate concentra-
tion, with the voltage changing by <8 mV, in comparison
to> 18 mV response for 10~ M nitrate when there was mini-
mal chloride interference during desalination.

The voltage dependence of the nitrate potentiometric sen-
sor is expressed as

1dt
V = k—T In Qr - /
ze CAgCl

+ constant, (1)

where Qr is the activity coefficient dependent on the analyte
concentration; the parameter 7 is the temperature; k is the
Boltzmann constant; e is the electron charge; and z is the
number of electrons transferred in the redox reaction. Cpyc
is the capacitance of Ag/AgCl electrodes at the desalination
units. The term [ Idt is the transferred charge during the
desalination process and [ Idr is dependent on the redox
current I integrated over time. We neglected the cross-talk
voltage, as it has been minimized and would be a constant
voltage offset even if it was present. The second term in
Eq. (1) accounts for the small gradual voltage shift during
the detection period, because of the on-going desalination
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Fig.5 (a) Photograph of the point-of-use microfluidic system for »

nitrate detection. (b) Sensor response as nitrate concentration was
varied in the sample without de-chlorination treatment. The start-
ing concentration is 10 M nitrate. (¢) Sensor response to nitrate in
the sample with de-chlorination treatment. There is a~2-min offset
between voltage switching and sensor response due to the flow dis-
tance. The dashed baseline represents the sensor response when the
desalination units were off while the nitrate concentration was varied.
(d) Difference in the sensor open-circuit voltage V and the baseline
V|, versus nitrate concentrations, taken at the time points as indicated
by the blue dots in part c. The error bars were obtained from running
the sensor for three trials

process that concurrently changed the chloride concentration
in the sample and also changed the silver electrode capaci-
tance during the electrochemical process.

The device settling time after turning on the desalina-
tion units was around 8 min, and this time was depend-
ent on the flow rate and the time to establish equilibrium
between the two sides of the nitrate-selective membrane.
The stability of this microfluidics device is mainly limited
by the desalination units, while the sensor electrodes are
not significantly affected by residual chloride in the sam-
ple. To extend the usable time of the desalination units,
we leveraged reversible redox reactions to refresh the elec-
trodes. Each pair of desalination Ag/AgCl electrodes was
separated by the Nafion exchange membrane. The voltage
polarity on each electrode is switched in every cycle. In
one electrode Ag is oxidized with chloride ions to form
AgCl precipitates, while its complementary electrode is
reduced and the AgCl precipitated from the prior cycle
is recovered back to Ag for the next cycle of oxidation.
By incorporating this refresh step, the usable time of the
desalination electrode pair is greatly improved from a few
seconds to more than 1 h. The microfluidic platform was
operated continuously for 4000 s in Figure S8, and the
desalination efficiency dropped from 80 to 50% due to
the deposition of AgCl on the Nafion separator membrane
[13, 35] that blocked some of the sodium ion transport
pathways. The increased desalination cell resistance was
suggested by the redox potential shift, as shown in the
cyclic voltammetry in Supplemental Figure S9c.

The blue points in Fig. 5¢ mark the voltage measured at
the end of each period of desalination and detection, and
are presented in Fig. 5d to extract the sensitivity and limit
of detection for nitrates. For our platform, the sensitivity
was 11.3 mV/dec for nitrate concentration between 10~ and
1072 M, and the detection limit was 0.5 mM (with an average
sensitivity of 9.8 mV/dec in Figure S10 comparing three fab-
rication batches). These sensitivity levels were similar to the
results of an individual nitrate sensor operating with 0.1 M
chloride in the background (12.9 mV/dec in Figure S6 and
99% response recovery in Figure S11). Since the U.S. EPA
standards [10] standard for nitrate concentration in drink-
ing water is 44 ppm (0.7 mM), the detection limit of our
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point-of-use platform was sufficient to identify unsafe nitrate
concentration for human health.

Conclusions

A low-cost, portable microfluidic platform has been devel-
oped to detect nitrate at millimolar levels in seawater. The
cut-and-laminate fabrication process enables rapid and
easy integration of desalination units and ISM potentio-
metric sensors. The desalination efficiency was up to 80%
using two tandem electrochemical cells. The channel length
between the desalination and nitrate sensor was optimized to
minimize voltage cross-talk. The point-of-use microfluidic
platform showed the feasibility of inline analyte monitoring
for challenging seawater samples with a~31 g/kg salinity
at the input.

The sensitivity and detection limit of this platform can
be improved by incorporating more desalination units in
tandem to raise the desalination efficiency. The problem
with precipitation on the desalination separator may be
improved by using a higher flow rate and increasing the dis-
tance between the electrodes and the separator. In addition to
nitrate sensing, the platform described herein can potentially
be extended to other analytes affected by high background
chloride concentration, such as phosphate. Overall, our work
demonstrates an approach to reduction in the size, weight,
and cost of chemical sensor systems for saline waters.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00604-022-05314-5.
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