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A robust, all-solid-state potentiometric sensor was developed for the selective detection of dissolved
ammonia (NHs) in aqueous and gas-equilibrated environments. The sensor design is based on a coupled
configuration of a nonactin-based ammonium-selective electrode (NH4*-ISE) and a hydrogen ion-selec-
tive electrode (H*-ISE), enabling direct measurement of NH3 activity through the equilibrium: NH,* =
NHs + H*. The resulting electrochemical cell exhibited a near-Nernstian response over a wide dynamic
range, with a detection limit below 10 ppm and a response time under 6 seconds. In contrast to conven-
tional membrane-based gas sensors, the dual-electrode system showed minimal signal drift and elimi-
nated the need for gas-permeable membranes or internal filling solutions. Sensor performance was eval-
uated under various pH and ionic strength conditions, confirming matrix-independent behavior and suit-
ability for direct application in complex environmental samples such as seawater and wastewater. The
sensor also demonstrated excellent reversibility and real-time monitoring capability during dynamic NHz
fluctuation experiments in a freshwater aquaculture system, successfully tracking diurnal changes linked
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to photosynthetic and respiratory activity. A comparison with a commercial Severinghaus-type ammonia
gas probe revealed significantly enhanced stability, faster response, and improved reproducibility for the
proposed device. This dual-ion-selective electrode system offers a practical and high-performance plat-
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Introduction

Ammonia (NH3) is a key component in the biogeochemical
nitrogen cycle and a critical indicator of water quality in
aquatic environments. In its un-ionized form, ammonia is
toxic to aquatic life, impairing respiration and disrupting enzy-
matic processes at concentrations as low as 0.02-0.05 mg L™"."
In natural and engineered systems, ammonia exists in equili-
brium with its conjugate acid, the ammonium ion (NH,"), and
the NH3/NH," ratio is highly dependent on pH and tempera-
ture.? Accurate measurement of dissolved NHj;, rather than
just total ammoniacal nitrogen (TAN), is essential for effective
environmental monitoring, regulatory compliance, and toxicity
assessment.’

Monitoring ammonia in aqueous media presents substan-
tial analytical challenges. Conventional methods such as the
indophenol blue colorimetric method, flow injection analysis,
or fluorimetric techniques are often time-consuming, require
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form for on-site NH3z detection in environmental, aquacultural, and biological monitoring applications.

hazardous reagents, and are poorly suited for in situ
deployment.*”” Ammonia gas-sensing electrodes—typically
based on Severinghaus-type configurations—incorporate gas-
permeable membranes and alkaline internal solutions to
measure NH; indirectly via pH changes. While effective under
controlled conditions, these sensors are susceptible to mem-
brane fouling, long equilibration times, evaporation of internal
solutions, and cross-sensitivity to volatile acids such as
C02.8—10

Electrochemical sensors, particularly ion-selective electro-
des (ISEs), offer an attractive alternative for the detection of
ionic species in environmental samples due to their low cost,
operational simplicity, and compatibility with real-time and
field measurements."* ™ Unlike spectrophotometric methods,
ISEs convert ion activity directly into an electrical potential,
enabling fast and reagent-free detection. Ammonium-selective
electrodes using nonactin as the ionophore have been widely
developed for this purpose; however, their selectivity is often
compromised by the presence of interfering alkali cations
such as Na' and K', especially in high-ionic-strength matrices
such as seawater or wastewater."*™®

Traditional liquid-contact ISEs suffer from limitations
related to mechanical fragility, internal solution evaporation,
and long-term instability."””>° These limitations have largely
been overcome by the development of solid-contact ion-selective
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electrodes (SC-ISEs), which replace the internal liquid junction
with an ion-to-electron transduction layer—often composed of
hydrophobic polymers, carbon nanomaterials, or conducting
polymers such as PEDOT:PSS—thereby improving signal stabi-
lity, miniaturization, and operational durability.>'® The
improved analytical performance and fabrication simplicity of
SC-ISEs make them highly suitable for continuous monitoring
in complex environmental matrices.'*?%*”

Nevertheless, a single ammonium-selective electrode
cannot directly report the concentration of un-ionized NHj3;, as
the equilibrium between NH," and NHj; is governed by the
solution’s proton activity. Consequently, changes in pH can
shift the speciation dramatically without altering the total
ammonia content. Without real-time pH compensation, these
shifts can lead to significant misinterpretation of NH;
levels.”®*° While some systems attempt to integrate separate
pH measurements, they often rely on bulky or fragile glass
electrodes, which are not well suited for compact or integrated
sensor platforms.*® Recent strategies have employed dual-elec-
trode potentiometric systems to overcome this problem. By
coupling two SC-ISEs—one selective for NH," and the other for
H'—the system can exploit the chemical equilibrium:

NH," = NH; + H (1)

to calculate dissolved NH; activity from the potential differ-
ence between the two electrodes. This configuration offers
real-time, matrix-independent, and reversible sensing of
ammonia without the need for gas diffusion membranes or
internal filling solutions.>"** Such dual-sensor designs have
previously shown success in CO, sensing by pairing carbonate-
and pH-selective electrodes to extract CO, activity from the
equilibrium relationships among dissolved inorganic carbon
species.*®

Moreover, the integration of these electrodes into screen-
printed platforms offers additional advantages. Screen-printed
solid-contact electrodes (SP-SC-ISEs) enable cost-effective mass
production, miniaturization, and deployment in remote or
portable monitoring systems.**"*® Modified transducer layers,
including reduced graphene oxide (rGO), carbon nanotubes
(CNTs), and hydrophobic polymer composites, have shown
notable improvements in detection limits, stability, and resis-
tance to interfacial water layer formation—major sources of
potential drift in conventional SC-ISEs.>®>”7

In this study, a dual solid-contact ion-selective electrode
(DISE) system is proposed for the real-time monitoring of dis-
solved ammonia. The system consists of screen-printed NH,'-
and H'-selective electrodes fabricated using nonactin and tri-
dodecylamine as respective ionophores. The electrode poten-
tials are used to extract NH; activity directly from the NH,'/
NH;/H' equilibrium without requiring any chemical conver-
sion, gas separation, or membrane conditioning. The perform-
ance of the system is evaluated in terms of Nernstian response,
selectivity, potential drift, and detection limit, and bench-
marked against a commercial Severinghaus-type ammonia
sensor to demonstrate its operational advantages in terms of
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response time, stability, and compatibility with high-ionic-
strength matrices. In the absence of a classical reference elec-
trode, the H'-ISE acts as a functional pseudo-reference in the
dual-ISE system, enabling differential measurement of NH;
activity through its equilibrium with NH," and H".

While prior dual-ISE systems have been used for gas-phase
analytes like CO,,>'* they often rely on non-integrated or
fragile platforms. This study presents the first robust, screen-
printed, miniaturized platform using all-solid-state electrodes
for direct potentiometric measurement of NH;. The elimin-
ation of internal buffers or membranes makes the system
more suitable for environmental deployment.

Experimental section
Apparatus

A commercial Ag/AgCl reference electrode was used only in the
standalone NH,'-ISE calibration experiments for comparison
purposes. In the dual-electrode ammonia sensing configur-
ation, no external reference was used. For comparison, poten-
tiometric measurements were also conducted using a commer-
cial ammonia gas sensor (Orion, Thermo Fisher Scientific). All
potential measurements were performed at room temperature
(22 £ 1 °C) using a portable potentiometric analyzer (PalmSens
4, PalmSens BV, The Netherlands) with high-impedance input
and customized LabVIEW-based data acquisition software.

Chemicals and reagents

All reagents were of analytical grade and used as received
without further purification. Poly(vinyl chloride) (PVC, high
molecular weight), o-nitrophenyl octyl ether (o-NPOE), tetra-
hydrofuran (THF), and the ionophore nonactin were purchased
from Sigma-Aldrich (St Louis, MO, USA). The hydrogen ion-
selective ionophore (ETH 2412) was obtained from Fluka
(Buchs, Switzerland). Potassium tetrakis(4-chlorophenyl)
borate (KTpCIPB) was used as a lipophilic additive in selected
membrane formulations to improve charge transfer properties.
To fabricate the ion-to-electron transducing layer, two different
materials were investigated: poly(3,4-ethylenedioxythiophene)
polystyrenesulfonate (PEDOT:PSS), and multi-walled carbon
nanotubes (MWCNTSs). All carbon nanomaterials were pro-
cured from Sigma-Aldrich and were used to modify glassy
carbon electrode surfaces prior to membrane casting. Tris
buffer (50 mM, pH 7.2) was used in all experiments due to its
buffering capacity near neutral pH. Control measurements in
Tris buffer alone confirmed no significant interaction between
Tris and either ion-selective membrane. This buffer system
ensured consistent pH conditions suitable for comparative
studies between all-solid-state ion-selective electrodes (ISEs)
and a traditional gas-sensing setup using Ag/AgCl reference
electrodes. A 0.1 M ammonium chloride (NH,Cl) stock solu-
tion was prepared in deionized water (18.2 MQ cm, Milli-Q
system, Millipore, Bedford, MA, USA), and diluted with Tris-
H,SO, buffer to prepare calibration standards in the desired
concentration range.
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Electrode fabrication

Screen-printed electrodes (SPEs) were fabricated in-house on
flexible polyethylene terephthalate (PET) substrates. A copper-
based conductive ink (Sigma-Aldrich, product #773705) was
screen-printed to define the working electrode tracks and
contact pads. The printed substrates were then thermally
cured at 120 °C for 30 min under a nitrogen atmosphere to
ensure conductivity and minimize oxidation. Each copper elec-
trode surface was modified with a specific ion-to-electron
transducing material to evaluate its impact on sensor perform-
ance. PEDOT:PSS (1.3 wt% aqueous dispersion), and MWCNTSs
(0.5 mg mL™") in DMF were individually drop-cast (5 pL) onto
the copper disk and left to dry under ambient conditions.
PEDOT:PSS was selected for its low impedance and electro-
chemical stability, while MWCNTSs were chosen for their hydro-
phobicity and high double-layer capacitance. These character-
istics help suppress potential drift and water layer interference.
The ion-selective membrane cocktail was composed of 33 wt%
PVC, 66 wt% o-NPOE, 1.5 wt% ionophore (nonactin for NH,"
or ETH 2412 for H"), and 0.5 wt% KTpCIPB, dissolved in THF.
A 10 pL aliquot of this membrane solution was carefully drop-
cast onto the dried transducer layer and allowed to evaporate
overnight in a clean environment.

The electrodes were conditioned in 1.0 mM NH,CI or
1.0 mM HCI (depending on the ion-selective membrane) for
24 h prior to use to stabilize their electrochemical response.
Sensors were calibrated in NH,CIl solutions (1077-107% M)
buffered to pH ~7.2 using NH;/NH," buffer to promote equili-
brium. Response time was assessed by rapid concentration
jumps. Interference studies were carried out using equimolar
solutions of K', Na*, and Ca*". For environmental relevance,
aquarium water was used for real-time NH; monitoring under
light/dark cycles.

Results and discussion
Sensor working principle

The solid-state ammonia sensor consists of an all-solid-state
H'-selective electrode (H'-ISE) and a solid-state NH,"-selective
electrode (NH,'-ISE) arranged in a closed electrochemical cell
configuration (Scheme 1). This setup eliminates the need for a
traditional liquid-junction reference electrode. The potential
difference (EMF) generated between the H'-ISE and the NH,'-
ISE reflects the partial pressure of dissolved ammonia (NH3) in
the sample solution at equilibrium.

Ammonia dissolved in aqueous solution is governed by the
acid-base equilibrium:

NH; +HT = NH," (K,=5.6x10"") (2)

At equilibrium, the activities of NH;, NH,", and H' are
related through the known dissociation constant K,. Because
the electrodes are selective for NH," and H' ions respectively,
the EMF of the electrochemical cell is thermodynamically
linked to the activity of dissolved NH; as:
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Scheme 1 Schematic illustration of the dual-ion-selective electrode
(DISE) configuration using an NH,*-selective electrode (NH4*-ISE) and a
hydrogen ion-selective electrode (H*-ISE) acting as a pseudo-reference.

EMF = Exn,+ — Ey+ = K' + log(ann,+ /au+) (3)
Using the equilibrium relation:
Ky = anu,+/anm, - an+ (4)
Substituting into the Nernst equation gives:
EMF = K" + log|aus, ] (5)

where K" [K” = Enp,+° — Eg+® + 0.05910g K,] is a combined
constant that includes electrode-specific potential and equili-
brium constant.

It should be noted that in this dual-electrode configuration,
the H'-ISE acts as a functional pseudo-reference electrode, and
the measured EMF reflects the potential difference governed
by the NH,"/NH;/H" equilibrium. Despite potential selectivity
concerns, ETH 2412 exhibits minimal cross-sensitivity under
buffered environmental conditions. This configuration, while
reference-free, remains thermodynamically valid and provides
stable ammonia readout in most real-world matrices. Thus,
the sensor response is directly proportional to the logarithm of
the dissolved ammonia activity without the need for extra
thermodynamic assumptions or an external reference elec-
trode. This configuration is particularly suitable for real-time
environmental monitoring of dissolved NH; in seawater and
other alkaline samples, where the NH,'/NH; equilibrium
shifts toward volatile ammonia.

Potential response characteristics

The calibration behavior of the developed potentiometric NH;
sensor is summarized in Fig. 1. The slope values were found to
be 59.2 mV per decade and 54.3 mV per decade for the NH,"-
ISE and H'-ISE, respectively. The sensor employs a nonactin-
based ammonium-selective membrane electrode (NH,"-ISE)
coupled with a solid-state H'-ISE to construct an all-solid-state
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electrochemical NH; sensor. This dual-electrode configuration
enables direct potentiometric measurement of ammonia
activity via the equilibrium shown in eqn (1). Three indepen-
dent calibration strategies were employed to evaluate sensor
performance across liquid, gas-equilibrated, and dry gas con-
ditions, simulating different environmental and industrial
scenarios.

Aqueous NH,CI solution calibration (liquid phase). In this
setup, the sensor was immersed directly into buffered NH,Cl
solutions of known concentrations (10~%, 107%, 107>, and 10~°
M) at pH 7.2. At this pH, the equilibrium favors NH,*, and
only a small fraction exists as free NHjz;. Thus, the EMF
response is indirectly governed by the dissociation equilibrium
(eqn (1)). By rearranging the Nernst equation in terms of
ammonia activity ayy,, a near-Nernstian slope of 59.3 mV per
decade (r* = 0.995) was observed across the resulting log[NH;]
concentrations. This calibration captures the behavior of the
sensor under typical aqueous environmental conditions, such
as aquaculture or surface water monitoring, where NH; arises
from NH," dissociation in buffered media.

To further verify the stability of the individual electrodes in
the absence of an external reference electrode, open-circuit
EMF drift experiments were conducted for both the NH,'-ISE
and H™-ISE in 50 mM Tris buffer for 4 hours. As shown in
Fig. S1, the NH,"-ISE (MWCNT-based) exhibited a drift of less
than 1.3 mV h™, and the H"-ISE (PEDOT:PSS-based) showed a
drift below 0.5 mV h™'. Additionally, the reproducibility of
slope and intercept values across three days is summarized in
Table S1, confirming the stability and well-defined baseline
potentials (E°) of both electrodes. These results validate the
application of the dual-ISE system without an external refer-
ence electrode.

Headspace calibration above NH,CI solution. To simulate
environmental NH; volatilization (e.g.,, from soil or waste-
water), the sensor was placed in the headspace above closed
containers containing 10~* M NH,CI solutions. Upon equili-
bration, NH; partitions into the gas phase following Henry’s
Law:

Pyp, = Ky - ang, (6)

where Ky is the Henry’s Law constant for NH; (0.017 mol L
atm™" at 25 °C). The EMF signal in this configuration reflects
the partial pressure of NH; gas above the aqueous phase and
remains directly related to the dissolved ammonia activity. The
response exhibited a well-defined Nernstian trend with a slope
of 57.3 mV per decade (* = 0.997) and a practical detection
limit of ~10> atm (corresponding to ~0.0069 ppm NHj; in
solution). This setup bridges the aqueous and gaseous
environments and highlights the sensor’s suitability for in-
field deployment near open ammonia sources.

Dry gas calibration with NH;/N, mixtures. In the third cali-
bration mode, the sensor was placed in a sealed gas-tight
chamber flushed with controlled mixtures of NH; and N,
gases, simulating workplace or industrial air monitoring.
Partial pressures of NH; were adjusted to 0.00001, 0.0001,
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0.001, 0.01, and 0.1 atm, corresponding to 10, 100, 1000,
10 000, and 100 000 ppm (v/v), respectively. These values rep-
resent the volume fraction of ammonia in the gas phase and
are aligned with occupational exposure standards.

Under these dry conditions, the EMF response remained
rapid, stable, and highly linear with respect to log(Pyy,), exhi-
biting a slope of 60.9 mV per decade (r* = 0.988), consistent
with ideal Nernstian behavior. Unlike conventional gas
sensors that rely on slow permeation through membranes or
internal buffers, this sensor responds instantly to changes in
ammonia gas concentration due to the direct potentiometric
measurement across the NH,'/H" pair. This makes it highly
applicable for personal exposure monitoring, industrial leak
detection, or confined space ammonia surveillance.

In comparison with commercial NH; gas sensor, Fig. 1
shows the response of a commercial NH; gas-sensing electrode
under identical Pyys conditions. While the commercial sensor
showed a reasonable response above 1000 ppm, its sensitivity
diminished sharply below 100 ppm, and the slope was sub-
stantially near-Nernstian (<—58 mV per decade). These devi-
ations arise due to limitations in gas permeation through the
hydrophobic membrane and slower equilibration of the
internal buffer system, consistent with earlier reports.*®*° In
contrast, the dual-ISE setup enabled direct potentiometric
sensing of NH; activity with no diffusion barrier, minimal hys-
teresis, and superior detection limits. The direct signal acqui-
sition and absence of internal liquid junctions also contribu-

®  Calibration:NH,Cl,, (pH 7.2)
® Calibration: Headspace above NH,CI
200 4 A Calibration: Dry NH,/N, gas mixture
v Calibration: ammonia gas sensor
100
0 -
>
E
w -100 -
A
-200
-300
-400
-500 T T T T T 1
-4 -2 0 2 4 6

log [NH;] (ppm)

Fig. 1 Calibration curves of the all-solid-state NHsz sensor under
various experimental conditions. The sensor response (EMF, mV) is
plotted against the logarithm of free ammonia concentration in ppm.
Four calibration modes are presented: (M) aqueous NH4Cl solutions at
pH 7.2 (equilibrium-determined NH3 activity), (®) headspace above 10~*
M NH4Cl (NH3 partitioned via Henry's law), (A) dry NHz/N, gas mixtures
at controlled partial pressures, and (¥) a commercial ammonia gas
sensor (Orion) used for comparison. Each configuration exhibits a linear
Nernstian response across log-scale NHz concentrations, with slopes
varying by detection mechanism and medium. The x-axis is plotted on a
logarithmic scale to capture the broad dynamic range of ammonia con-
centrations across several orders of magnitude.
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ted to improved mechanical stability and portability, desirable
in field applications.**™*

A comparative evaluation of the two solid-contact materials
used in this study—PEDOT:PSS and MWCNTs—was conducted
to assess their influence on sensor performance. As summar-
ized in Table S2 (SI), both materials yielded near-Nernstian
slopes and comparable detection limits. However, PEDOT:PSS-
based electrodes exhibited faster response times (tggq, ~ 4 S)
and lower baseline drift (0.5 + 0.1 mV h™") than their MWCNT
counterparts (fooo, ~ 7 s; drift = 1.3 + 0.2 mV h_l]. These
results support the use of PEDOT:PSS for applications requir-
ing high signal stability, while MWCNTSs offer competitive per-
formance in scenarios prioritizing material flexibility or
hydrophobicity.

Response dynamics and reversibility

As shown in Fig. 2, the proposed ion-selective NH; sensor exhi-
bits a significantly faster response compared to the commer-
cial ammonia gas probe. The solid-state NH; sensor stabilizes
within 5 s (f959,) across a range of partial pressures (Pnps =
0.0004-0.0655 atm), while the commercial probe requires over
50-100 s for signal stabilization, particularly at low NH; levels.
The delayed response in the commercial sensor is attributed to
diffusion-limited transport of NH; gas through a hydrophobic
membrane into an internal electrolyte containing pH indi-
cators or buffers. This well-documented kinetic limitation
results in signal lag and temporal averaging, reducing the
utility of such sensors for dynamic or real-time applications.*®
At lower NH; concentrations, the slower diffusion rate and
reduced partial pressure gradient across the membrane further
exacerbate the delay, which also contributes to the near-

200 - (A)
Ammonia gas sensor %{QﬁB)
100 ””Q@Q%
- (C
0 -
>
E (C)
w . ]
R &l 18.9 NH3 (ppm)
(A) / WA
-200 - PaHs  commmsmms 0.19 NH3 (Pém)
H*-ISE W
=300 +
NH4 0.116 NH3 (ppm)
T

T T T T T T T
-200 -100 0 100 200 300 400 500 600
Timels

Fig. 2 Comparison of response time between the commercial NHs gas
sensor, the NH,*-selective electrode (NH,"-ISE), and the H*-selective
electrode (H*-ISE) coupled to the NH3 sensing configuration in 0.1 M
Tris—H,SO,4 buffer at pH 7.2. The sensor systems were sequentially
exposed to atmospheres equilibrated with increasing NH3z partial press-
ures: (A) 0.0004 atm (0.116 ppm NHs), (B) 0.0066 atm (1.91 ppm NH3),
and (C) 0.0655 atm (18.96 ppm NHs).
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Nernstian behavior observed for the commercial probe in
Fig. 1. In contrast, the all-solid-state NH; sensor avoids such
membrane-based constraints by directly coupling an
ammonium-selective electrode (NH,'-ISE) with a pH-selective
electrode (H'-ISE), thereby enabling potentiometric measure-
ment of ammonia activity through the gas-liquid equilibrium
NH," < NH; + H'. This dual-electrode configuration provides
direct and rapid readout of NH; activity without the need for a
diffusion or internal reference medium.

The sensor’s dynamic reversibility was validated by expos-
ing it to stepwise decreases in NH; partial pressure (Fig. 3).
EMF stabilization occurred within 8-10 s even at low Pyy,
values (down to 0.0004 atm), with no significant hysteresis or
baseline drift, confirming excellent reversibility and minimal
memory effects. It is important to note that during these
experiments, a gradual shift in the H'™-ISE potential was
observed, even under buffered conditions. This is not indica-
tive of pH drift or sensor instability, but rather a thermo-
dynamically expected consequence of the dynamic NH,'/NH,/
H' equilibrium. As NH," dissociates to form NH; and H, the
proton activity at the membrane interface may transiently
increase, leading to potential shifts. However, since our sensor
measures the difference between the NH," and H' electrode
potentials, this behavior is inherently accounted for in the
EMF calculation. Therefore, the sensor output accurately
reflects NH; activity, even under non-static proton conditions.

Collectively, these results establish the proposed dual-elec-
trode ammonia sensor as a rapid, reversible, and thermo-

-50
0.0655 atm
P
=100
0.0066 atm
-150 - NH4+ 18.9 NH3 (ppm)
>
g 0.0004 atm
L -200
0.19 NH3 (ppm)
=250
H*ISE ——M8MM |
0.116 NH3 (ppm)
-300 _—
T

T T T T T T T
-200 -100 O 100 200 300 400 500 600
Timels

Fig. 3 Response time of the ion-selective NHs sensor to decreasing
ammonia partial pressures (PNHs). The system was sequentially exposed
to PNH3 values of (A) 0.0655 atm, (B) 0.0066 atm, and (C) 0.0004 atm,
corresponding to dissolved NHz concentrations of 18.9 ppm, 0.19 ppm,
and 0.116 ppm, respectively. The pressure steps were applied in des-
cending order to evaluate the dynamic behavior of the NH,"-selective
electrode (NH,4*-ISE, red), H*-selective electrode (H*-ISE, blue), and the
commercial ammonia gas sensor (black) in 0.1 M Tris—H,SO4 buffer (pH
7.2). The observed drift in H*-ISE potential corresponds to expected
proton release during NH,* dissociation and is compensated for in the
final EMF calculation reflecting NH3 activity.
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dynamically well-defined platform for real-time NH; detection,
significantly outperforming classical gas-sensing probes in
response time, detection limit, and environmental
adaptability.

Matrix effects and ionic strength stability

As shown in Fig. 4, when the sample solution was equilibrated
with a fixed partial pressure of ammonia (Pyg, = 0.05 atm), the
concentration of dissolved NH; in the system is governed by
Henry’s law and remains constant throughout the experiment.
It should be noted that the sensor performance relies on the
thermodynamic equilibrium of the NH,'/NH;/H' system.
Under real-world conditions involving rapid pH changes or
ionic flux—such as those caused by mixing events or effluent
discharges—temporary deviations from equilibrium may
occur. These non-equilibrium effects can induce short-lived
fluctuations in the EMF output. However, our experiments
(e.g., Fig. 4) show that the dual-electrode system quickly re-
equilibrates, typically within 30-60 seconds, depending on stir-
ring and volume. As such, the sensor maintains accurate and
stable NH; measurement shortly after disturbances, demon-
strating robustness for environmental applications with
dynamic conditions. This means that the NH; activity—and
therefore the EMF response from the proposed NH; sensor—
should remain unchanged during solution manipulations that
do not affect the gas-phase equilibrium.

To assess the influence of ionic strength and matrix compo-
sition, the concentration of Na® was gradually increased

3004 NaclM
2004 NH,* —10° 104 ,
4 10- 10-2 1
10",
100
> PNH3
E o
w
-100 ~
-200 +
HasE_ ———— "
-3 0+——"7TT T T T T T
-200 -100 O 100 200 300 400 500 600 700 800

Timels

Fig. 4 Simultaneous monitoring of NH,*, H*, and calculated Pyy3z in
solution equilibrated with 0.05 atm NH3 using a dual-ion-selective elec-
trode configuration. Stepwise additions of NaCl were used to increase
the Na* concentration from 107> M to 1 M, simulating matrix effects and
ionic strength variation. The NH,4*-selective electrode (red trace) exhibi-
ted a gradual decrease in potential due to reduced protonated species
activity under elevated ionic strength. The H*-selective electrode (black
trace) showed an increasing EMF trend reflecting solution alkalization
and the shift in NH,*/NH3z equilibrium. In contrast, the calculated Pty
signal (blue trace) remained stable throughout, confirming the robust-
ness of the dual-ISE NH3 sensor under fluctuating ionic conditions.
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through stepwise additions of NaCl, covering the range from
107" to 1 M. Each addition altered the solution’s ionic strength
and alkalinity, which impacts the dissociation equilibrium of
NH," and thereby modulates both pH and NH,' activity.
Consequently, the individual EMF readings of the H'-selective
and NH,'-selective electrodes shifted accordingly. The pH elec-
trode responded with a systematic increase in potential,
reflecting the alkalization of the solution due to the progress-
ive shift of the NH,'/NH; equilibrium toward free NH; at
higher pH. Similarly, the NH," electrode exhibited a potential
decrease, consistent with a decrease in protonated species con-
centration. These changes confirm the dynamic re-equili-
bration of both species as governed by the ammonium ion
equilibrium in eqn (1). However, and crucially, the calculated
EMF difference, corresponding to Pyy,, remained effectively
constant following each equilibration step. This demonstrates
that while pH and NH," activities shift with ionic strength and
buffer composition, the NH; partial pressure—dictated by the
controlled gas-phase environment—remains unchanged. The
transient spikes observed in the Pyy, trace after each NaCl
addition are due to brief disturbances in the solution-phase
equilibrium; these signals rapidly return to baseline once the
system re-equilibrates with the gas phase, typically within
30-60 seconds depending on stirring efficiency and volume.
This experiment illustrates the sensor’s ability to monitor real-
time re-equilibration kinetics of the NHz/H'/NH," system
under gas-liquid equilibrium conditions. In contrast, the com-
mercial NH; gas probe demonstrated minimal response to
these rapid chemical shifts due to its long response time
(>5 min). As such, it fails to capture fast transient dynamics
and cannot resolve re-equilibration kinetics within the time-
scale of environmental or laboratory perturbations. These
results confirm the superior capability of the dual-ion-selective
NH; sensor to provide stable, thermodynamically accurate
Pyy, readings even under fluctuating ionic strength conditions
—critical for complex matrices such as seawater, wastewater,
or biological fluids.

Selectivity behavior of the NH; sensor

The overall selectivity of the proposed ammonia sensor is
determined primarily by the performance of the nonactin-
based ammonium-selective membrane electrode, as the paired
pH electrode is highly specific to hydrogen ions and exhibits
negligible interference from other species. To rigorously evalu-
ate the selectivity of the ammonium-selective membrane
under conditions relevant to environmental and biological
applications, a series of common cationic and anionic species
were tested using the separate solution method at matched
activity levels.** The EMF response of the NH, -selective elec-
trode was recorded against a variety of potential interferents,
including the monovalent and divalent cations Na*, K*, Mg>",
and Ca**, and the anions ClI~, NO;~, SCN™, ClO,~, salicylate
(sal™), carbonate (CO;>7), and hydrosulfide (HS™). Among the
tested cations, potassium (K') showed the closest behavior to
NH," due to similar ionic radii and complexation behavior
with nonactin; however, even in this case, the EMF response
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Table 1 Potentiometric selectivity coefficients (log ng‘) of the proposed NH,*-selective electrode, determined using the Separate Solution Method

(SSM) at matched activity levels

Interfering ion, J

log K% K" Na' ca* Mg** cl-
-1.1 —-2.7 —4.2 -3.7 <=5.0

deviated significantly—by over three orders of magnitude—
confirming that selectivity for NH," over K' remains acceptable
for most natural water samples. Sodium (Na'), magnesium
(Mg>"), and calcium (Ca**), which are present in relatively high
concentrations in seawater (Na* ~ 470 mM, Mg”" ~ 50 mM,
Ca®" ~ 10 mM), elicited negligible shifts in EMF across their
activity ranges, confirming the high selectivity of the mem-
brane toward ammonium over these background electrolytes.
All selectivity coefficient values are presented in Table 1.

In addition to ionic interferents, we considered the poten-
tial influence of dissolved acidic gases, particularly CO, and
H,S, which may alter the proton activity and disrupt the NH,"/
NH; equilibrium. While all experiments were conducted in
buffered media (50 mM Tris, pH 7.2), literature reports suggest
that exposure to ~0.05 atm CO, can induce a transient pH
drop of ~0.2 units in similarly buffered solutions, leading to a
reversible EMF shift of ~10-12 mV. For H,S, the dominant
aqueous species near neutral pH is HS™, which contributes
minimally to proton activity; this is consistent with the
minimal EMF change observed for HS™ in our interference
study (Table 1). These findings suggest that under typical
environmental buffering, the dual-ISE system maintains
reliable response. However, under unbuffered or highly vari-
able gas exposure, transient shifts may occur and should be
accounted for in practical deployments.

Regarding anions, although they are not expected to directly
interfere with the cation-selective response of the membrane,
their presence was tested to evaluate any indirect or mem-
brane-interfacial effects. Chloride (CI7), nitrate (NO3™), thio-
cyanate (SCN™), perchlorate (ClO,"), and salicylate showed no
significant EMF change and thus no measurable interference.
Carbonate (CO5>7), which may co-exist in alkaline samples or
be introduced via dissolved CO,, also did not affect the mem-
brane response. Of particular interest is the performance of
the sensor in the presence of hydrogen sulfide, a compound
frequently encountered in anaerobic environments such as
sediments or stagnant waters. At neutral pH, hydrogen sulfide
exists primarily as HS™, which was found to be suppressed by
over 3.5 orders of magnitude relative to NH,", confirming that
the sensor maintains robust selectivity even in sulfide-rich
matrices. This is especially relevant since traditional
Severinghaus-type ammonia or CO, gas probes are known to
suffer from H,S interference due to the diffusion of neutral
H,S across gas-permeable membranes, leading to internal pH
drift and erroneous readings. In summary, the data in Table 1
demonstrate that the nonactin-based ammonium-selective
membrane exhibits excellent selectivity against both cationic
and anionic interferents commonly present in natural waters,
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NO;~ SCN™ clo,” Sal™ CO;%~ HS™
<-5.0 <-5.0 <—5.0 <-5.0 <—5.0 <-5.5

wastewater, or biological fluids. This renders the dual-elec-
trode NH; sensor highly suitable for direct deployment in
unmodified complex matrices without the need for sample
pre-treatment or separation steps.

pH effect and real-time ammonia monitoring

The NH, -selective electrode used in this sensor platform is
inherently responsive to the activity of ammonium ions in the
sample, while the associated pH electrode selectively measures
hydrogen ion activity. During continuous and real-time moni-
toring experiments (e.g., aquarium testing), both the individ-
ual electrode potentials (Eny,+ and Ey.) and their differential
EMF were recorded. This dual readout strategy allowed us to
identify the dominant species responsible for NH; fluctuations
and to assess whether changes originated from pH shifts,
ammonium concentration changes, or both. Since the calcu-
lated EMF is thermodynamically linked to NH; activity
through the equilibrium relation in eqn (3), the system inher-
ently accounts for simultaneous variation in NH," and H',
without requiring external reference electrodes or fixed pH
conditions. Since the sensor EMF is based on the difference
between the two electrodes (EMF = Eyy,+ — Ey+), the
measured signal corresponds to the activity of dissolved NHj,
which is related through the equilibrium shown in eqn (1). As
the pH of the sample decreases below the pK, of NH," (9.25),
the equilibrium shifts toward NH,", and the proportion of free
NH; diminishes exponentially. At sufficiently low pH (e.g,
below 6.0), this can lead to a diminished EMF response, and
even potential interference from alkali or alkaline earth
cations such as Na* and K becomes more prominent due to
reduced NH; signal. To assess this effect, the sample solution
was equilibrated at a constant Py, of 0.05 atm, and the pH
was progressively lowered by HCl addition. The pH was
adjusted using dropwise addition of HCI, and the values were
monitored with a calibrated glass pH electrode. All measure-
ments were carried out in the same Tris buffer solution to
ensure that the observed EMF changes were exclusively due to
PH variation and not buffer composition. As shown in Fig. 5,
the ideal sensor response at fixed Pyy, would remain constant
across the pH range, indicated by the dashed line. However,
the EMF decreased notably below pH 6 due to the reduction in
free NH; concentration and the influence of matrix ions.
These results define the lower operational pH limit of the
sensor and suggest optimal performance in the pH range 6-9,
where NH; activity is sufficiently high for robust detection.

To demonstrate the practical utility of the sensor, a fish-
containing freshwater aquarium was used to monitor diurnal
fluctuations in ammonia concentrations. Fish respiration,

Analyst


https://doi.org/10.1039/d5an00647c

Published on 13 August 2025. Downloaded by Y unnan University on 8/23/2025 9:48:02 PM.

Paper
100 + g SR EEE E N EE PNH3
|
04 - -#
"
u
100 A AMAA Mam A ,
> A A
£ ® AAA
- —200 | % EN
= | *e A
w e A
-300 4 h ) ° AA +
e NH,
@
-400 - ®e
o..
Q@
-500 o H*
T T T T T T T T
3 4 5 6 7 8 9 10 1
pH

Fig. 5 Potentiometric response of the dual-electrode NHz sensor
system as a function of pH at constant Pyy, = 0.05 atm. The red circles
represent the EMF of the H*-selective electrode (H*-ISE), the blue tri-
angles represent the EMF of the NH,"-selective electrode (NH4*-ISE),
which responds to changes in NH,4* activity as it equilibrates with NHz
and H*, and the black squares represent the calculated EMF difference
(Enn,+ — En+), which reflects the activity of dissolved NHs.

waste excretion, and biological filtration induce dynamic pH
and nitrogen cycling. The dual-electrode NH; sensor recorded
dissolved ammonia levels continuously, and results were com-
pared to a commercial Severinghaus-type probe under the
same conditions. This setup mimics aquaculture or ornamen-
tal fish systems, where continuous NH; monitoring is essential
for animal health and water quality management.

As shown in Fig. 6, the dual-electrode NH; sensor effectively
recorded diurnal variations in ammonia concentration within
a freshwater aquarium containing live fish. During the dark
phase, increased CO, from fish respiration and reduced photo-
synthetic activity led to a drop in pH, shifting the NH,'/NH;
equilibrium toward NH," and thereby elevating NH; activity.
In contrast, during the light phase, aeration and biological fil-
tration processes increased pH levels, promoting the conver-
sion of NH," to NH; and resulting in a relative decrease in free
ammonia activity. The ion-selective NH; sensor recorded NH;
levels of 85.3 + 0.8 pM at the end of the dark phase and 58.2 +
0.7 pM at the end of the light phase. For comparison, the
Severinghaus-type ammonia probe recorded 87.1 + 17.1 uM
(night) and 60.8 + 2.0 pmol L™" (day), with considerably higher
signal variability and baseline drift, especially during noctur-
nal measurements.

These results highlight the sensor’s ability to capture rapid
fluctuations in ammonia levels with high temporal resolution
and low drift, even in biologically active aquatic environments.
The enhanced signal stability of the solid-state NH; sensor
over the commercial gas-sensing probe is attributed to its
membrane-free design and the absence of internal electrolyte
solutions or diffusion-limited interfaces. The data confirm the
sensor’s practical suitability for continuous ammonia monitor-
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Fig. 6 Continuous monitoring of ammonia concentration in a fish-con-
taining freshwater aquarium using a Severinghaus-type NH3z probe (top
trace, black) and an ion-selective NH3z sensor (bottom trace, red) over a
96-hour period under light/dark cycling.

ing in aquaculture systems, fish tanks, and other dynamic
aquatic settings where accurate and stable NH; detection is
critical.

Conclusion

In conclusion, a potentiometric method based on the use of
coupled ammonium- and hydrogen ion-selective electrodes
was developed for the selective and reversible detection of dis-
solved ammonia (NH3) in both aqueous solutions and equili-
brated gas-phase environments. The sensor exhibited a near-
Nernstian response with respect to NH; activity, with a detec-
tion limit sufficiently low to meet the requirements of most
environmental, aquaculture, and clinical applications. The
response time was significantly faster—by more than an order
of magnitude—compared to conventional Severinghaus-type
ammonia gas probes, enabling real-time monitoring of
ammonia dynamics in complex systems. The dual-electrode
configuration also provided a stable and matrix-independent
response, allowing accurate NH; detection under varying ionic
strengths and pH conditions without the need for gas-per-
meable membranes or internal filling solutions. Moreover, the
individual signals from the NH,"- and H'-selective electrodes
may be used to extract additional information about
ammonium concentration and pH, offering a multifunctional
sensing platform. In such multi-analyte configurations, a refer-
ence electrode may be required to preserve potential stability
across extended time periods or variable sample conditions.
This sensor represents a robust and practical tool for on-site,
continuous ammonia monitoring, with strong potential for
deployment in aquatic systems, environmental assessments,
and biological studies where fast and reliable ammonia
quantification is essential. Potential pH perturbations caused
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by exposure to acidic gases (e.g., CO,, H,S) were evaluated and
are expected to induce minor, reversible effects in buffered
conditions; future work will consider housing or compensation
strategies for use in more volatile environments. Furthermore,
the independent monitoring of both NH," and H" potentials
allow the system to operate effectively even under conditions
where both pH and ammonium concentrations fluctuate
simultaneously.
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