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ABSTRACT: Aquatic ammonia has toxic effects on aquatic
life. This work reports a gas-permeable membrane-based
conductivity probe (GPMCP) developed for real-time
monitoring of ammonia in aquatic environments. The
GPMCP innovatively combines a gas-permeable membrane
with a boric acid receiving phase to selectively extract ammonia
from samples and form ammonium at the inner membrane
interface. The rate of the receiving phase conductivity increase
is directly proportional to the instantaneous ammonia
concentration in the sample, which can be rapidly and
sensitively determined by the embedded conductivity detector.
A precalibration strategy was developed to eliminate the need
for an ongoing calibration. The analytical principle and
GPMCP performance were systematically validated. The laboratory results showed that ammonia concentrations ranging
from 2 to 50 000 μg L−1 can be detected. The field deployment results demonstrated the GPMCP’s ability to obtain high-
resolution continuous ammonia concentration profiles and the absolute average ammonia concentration over a prolonged
deployment period. By inputting the temperature and pH data, the ammonium concentration can be simultaneously derived
from the corresponding ammonia concentration. The GPMCP embeds a sophisticated analytical principle with the inherent
advantages of high selectivity, sensitivity, and accuracy, and it can be used as an effective tool for long-term, large-scale, aquatic-
environment assessments.

■ INTRODUCTION

As the third most abundant nitrogen species, ammonia is
widely present in aquatic environments. In addition to
uncontrollable natural sources, such as the decomposition of
organic matter, animal and human wastes, bacterial nitrogen
fixation, and atmospheric deposition, aquatic ammonia also
comes from agricultural land runoff and municipal dis-
charges.1−4 Aquatic ammonia can exist in both NH3 and
NH4

+ forms, and it can transform into other nitrogen species,
such as NO2

−, NO3
−, and amino acids, through microorganism

nitrification processes and living organism assimilation
processes.5,6 Similar to other nitrogen species, elevated

concentrations of ammonia in aquatic environments can
cause eutrophication, which is a common water pollution
phenomenon.3,7,8 However, in contrast to other aquatic
nitrogen species, the presence of ammonia, even at low
concentrations, can have direct, toxic effects on aquatic life,
leading to adverse ecological consequences.9−13 With the
projected increase in nitrogen fertilizer usage (to boost
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agriculture productivity)14−16 and atmospheric ammonia
precipitation (as a result of the increased ammonia emissions
from automotive, chemical, and manufacturing industries),17−21

aquatic ammonia pollution is expected to worsen in the
foreseeable future, and this will require effective environmental
management practices to mitigate the impact of increased
aquatic ammonia pollution.22,23 In this regard, developing field-
based analytical technologies that are capable of in situ real-
time monitoring ammonia in a facile and economically viable
fashion to enable long-term, large-scale evaluations of aquatic
ammonia distribution, migration, and trends will directly
benefit environmental management practices.4,24

The standard Nessler method is a traditional and widely used
laboratory ammonia detection method.25 This method is a
colorimetric-based method with a high sensitivity, but its
accuracy can be affected by the presence of metal ions and
other nitrogen species.26−28 Although a number of ammonia
flow-injection online detection systems based on automated
colorimetric methods have been developed,29−31 few of these
systems have been used for field-based applications due to the
high costs for the equipment, installation, operation, and
maintenance. Additionally, the inherent reliability and stability
issues due to the complex flow-injection system configuration
make these systems unsuitable for field-based applications. An
ion-selective ammonia electrode is another commonly used
ammonia detection method. The electrode possesses an ideal
sensor configuration and embodiment for in situ analyses, but it
often suffers from insufficient sensitivity and reproducibility.
Additionally, and more critically, the electrode only functions
under strictly controlled analytical environments that rarely
exist in natural environments.32,33 In an effort to overcome the
shortfalls of the colorimetric and electrochemical based online
systems, Chow and co-workers developed an elegant micro-
distillation flow injection ammonia detection system and
successfully applied it to control the chlorination dosage for
drinking water treatment.34,35 They demonstrated that ultra-
sensitive detection of ammonia can be achieved by measuring
the conductivity changes in a boric acid solution that result
from adsorbing ammonia from a water sample via micro-
distillation.36,37 Despite the noticeable advantages of this
method, it is not suitable for large-scale, aquatic-environment
information collection because of its inability to perform in situ
measurements and its complex system configuration. In
practice, to meet the needs of large-scale aquatic-environment
ammonia assessments, an analytical system should be (i) cheap
to build, easy to deploy, low maintenance, and low cost for

operation; (ii) highly reliable, sensitive, accurate and interfer-
ence-free; (iii) capable of in situ measurements without the
need for an additional sample delivery system (e.g., pumping
system). To date, although different types of ammonia
detection methods (e.g., biosensors, fluorescence and chem-
iluminescence methods) have been reported and successfully
used for various applications,38−43 to the best of our knowledge,
none of the reported ammonia detection methods could meet
the criteria listed above.
Herein, we report a gas-permeable membrane-based

conductivity probe (GPMCP) that meets all the required
criteria for long-term, large-scale, in situ, real-time aquatic
ammonia monitoring applications. The developed GPMCP
innovatively combines a gas-permeable membrane with a
homemade, four-point conductivity detector through a small
volume of boric acid solution. The probe embeds a simple but
effective analytical principle to enable in situ selective ammonia
detection (see the Analytical Principle section for details). The
simple probe-shaped configuration makes the GPMCP cheap
to build and easy to deploy. Unlike the microdistillation flow
injection ammonia detection system,34−37 where the ammonia-
containing sample must be pumped into a microboiler and
mixed with NaOH to extract the ammonia from the sample,
and the extracted ammonia must be condensed and adsorbed
before the detection, the GPMCP can directly and continuously
extract ammonia from samples through the gas-permeable
membrane via a simple neutralization reaction of ammonia with
boric acid and simultaneously realize the detection. This unique
feature of the GPMCP makes in situ, real-time ammonia
monitoring possible. The analytical principles that enable
GPMCP to continuously monitor instantaneous ammonia
concentrations and determine the average ammonia concen-
tration over a given deployment period are proposed and
experimentally validated. A precalibration strategy is also
developed to eliminate the need for an ongoing calibration
for increased practicality and minimized operational and
maintenance costs. The performance of the developed
GPMCP is evaluated using synthetic samples and field
deployments.

■ EXPERIMENTAL SECTION

Chemicals, Solutions, and Sample Analysis. All the
chemicals used in this work were of AR grade and were
purchased from Merck. All the solutions were prepared using
deionized water (Millipore Corp., 18 MΩ cm). Sodium
hydroxide was used to adjust the testing solution pH. Unless

Figure 1. GPMCP configuration and assembly.
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otherwise stated, the receiving phase used in this work was
0.500 mol L−1 boric acid.
The ammonia nitrogen (NH3−N) was determined by the

APHA Standard Method,25 where needed, and the standard
distillation method was used to achieve sample preconcentra-
tion.25

Apparatus and Methods. A two-compartment cell
(Supporting Information Figure S1) containing 85.0 mL of
0.010 mol L−1 HCl and NaCl solutions separated by a PTFE
gas-permeable membrane with an exposed area of 1.8 cm2 was
used to investigate the transport of H+ across the PTFE
membrane. A pH electrode was used to monitor the pH change
of the NaCl solution.
Figure 1 shows the configuration and assembly of a GPMCP.

The probe base consisted of a receiving phase reservoir and a 4-
electrode conductivity detector (EC detector). The EC
detector was constructed by directly inserting four stainless
steel rods (1.5 mm in diameter) into the probe base, and the
control electronic circuit board was directly mounted onto the
back of the base and fully sealed to ensure it was waterproof. To
minimize any electromagnetic interferences, the analog signal
generated by the EC detector was in situ converted into a
digital signal by the control electronics (Figure 1b). A PTFE
membrane purchased from Merck (Fluoropore, pore size 0.22
μm, porosity 85%, diameter 47 mm, thickness 150 μm) was
used as the gas-permeable membrane. The GPMCP was
assembled by filling the receiving phase reservoir with 2.00 mL
of the 0.500 mol L−1 boric acid solution and clipping the probe
cap onto the base with the PTFE membrane and silicone
spacers in between. The exposed PTFE membrane area was
7.07 cm2.
Figure S2a shows a typical sensing system setup for the

laboratory experiments. In addition to the GPMCPs, the system
was composed of a data logger (Figure S2b), a wireless data
receiver, a control computer, and a sample tank. Each data
logger could host up to eight sensors (including temperature
and pH sensors). A computer communicated with the data
logger for the data transfer/storage and operational control via
the wireless data receiver. The control software had an
automatic temperature and pH correction function. Two
sample tanks with capacities to hold 4 and 25 L of sample
solutions were used in this work. Unless otherwise stated, for all
the experiments, the temperature and pH sensors were
deployed together with the GPMCPs.
Field Deployment. All field deployments were carried out

using a self-powered data logger (Figure S2c) that can hold six
GPMCPs, one temperature sensor, and one pH sensor and

continuously operate for up to 30 days. The data logger was
remotely controlled by a computer. Figure S2d schematically
illustrates the field deployment of the GPMCPs. The recorded
temperature and pH data were used for the data corrections.
For this work, the GPMCPs were deployed at three sites in

Gold Coast City, Queensland State in Australia. Site #1 was at
the downstream of a creek entrance to the Pacific Ocean, was
partially covered by mangroves, and had conductivities that
fluctuated between 28 and 45 mS cm−1 depending on the tidal
actions. Site #2 was located at the upstream of a freshwater
creek surrounded by light industry and had an almost constant
conductivity of 2.3 mS cm−1 that was not affected by tidal
actions. Site #3 was a small freshwater lake that was located in
an urban residential area and had an almost constant
conductivity of 1.3 mS cm−1. During the deployment, water
samples were collected every 2 h, preserved at <4 °C, and
analyzed for NH3−N within 12 h in the laboratory.

■ RESULTS AND DISCUSSION

Analytical Principle. A typical GPMCP contained three
key elements: a gas-permeable membrane (GPM), an EC
detector, and a boric acid (H3BO3) receiving phase (Figure 2a).
As illustrated in Figure 2b, when a GPMCP was deployed in an
aquatic sample, the dissolved ammonia ({NH3}aq) diffused to
the outer GPM interface, converted into gas phase ammonia
({NH3}g) at the interface via evaporation and permeated into
the GPM. The permeated {NH3}g inside the GPM rapidly
diffused to the inner surface, and {NH3}g instantaneously and
stoichiometrically reacted with H3BO3 at the inner GPM
interface to produce NH4

+ and B(OH)4
− in the receiving phase

(eq 1). In effect, the rapidity of this acid−base reaction can
efficiently reduce and maintain the concentration of {NH3}g at
the inner GPM surface to essentially zero ([NH3]R ≈ 0) and
continuously drive the ammonia transport across the GPM.

+ → ++ −{NH } H BO NH B(OH)3 g 3 3 4 4 (1)

Considering that ammonia concentrations in most aquatic
environments are low (μg L−1 to mg L−1), the sensing probe
operates under ambient environmental temperatures, and the
{NH3}g ammonia diffuses inside the GPM and reacts with boric
acid at the inner GPM interface quickly, it is reasonable to
assume that the conversion of {NH3}aq into {NH3}g at the
outer GPM interface is the rate limiting step of the membrane
process. Because this conversion process is a continuous,
dynamic evaporation process, and for a given GPM, temper-
ature, and deployment time, the rate of {NH3}g evaporation is

Figure 2. Schematic diagrams illustrating (a) the GPMCP configuration and (b) the conceptual view of the ammonia sensing principle.
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directly proportional to the {NH3}aq concentration in a sample
([NH3]Sample), the flux of ammonia (J) permeating through
GPM can be given by

= =J
t

k
d([NH ] )

d
[NH ]

3 g
3 Sample (2)

As the permeated NH3 from the sample is stoichiometrically
converted into NH4

+ via the interfacial reaction (eq 1), the rate
of the NH4

+ concentration increase in the receiving phase can
be expressed as

= =
+

t
J

V
k

V
d([NH ] )

d
[NH ]4 R

R R
3 Sample

(3)

where [NH4
+]R is the accumulated NH4

+ concentration in the
receiving phase, and VR is the volume of the boric acid receiving
phase. Because the conductivity of the receiving phase is
directly proportional to [NH4

+]R, the rate of the receiving
phase conductivity increase (RCI) can be presented as

σ ρ ρ= = =

=

+

R
t t

k
V

K

d
d

d([NH ] )
d

[NH ]

[NH ]

CI
4 R

R
3 Sample

3 Sample (4)

where ρ is the proportional constant of the EC detector. K
depends on the property and exposed area of the GPM, the
boric acid receiving phase volume, the characteristics of EC
detector, and the deployment temperature. For a given
GPMCP with a temperature correction, K is a probe constant
that can be readily experimentally determined. That is, the
instantaneous ammonia concentration can be determined by

simply measuring the RCI of the receiving phase. It is important
to note that because K is a probe-specific constant, once the K
value of a GPMCP is determined, an ongoing calibration is not
required during deployment. This is a distinct advantage for a
field-based analytical technique because it reduces the
maintenance and operational costs and increases the reli-
ability.42,44,45

The ability to determine the average pollutant concentration
over a long time period can provide useful information for
environmental evaluations and impact predictions.46 However,
for most analytical techniques, determining an average
concentration over a prolonged period is not practical because
a very high sampling frequency is required and results in a large
number of samples and a large assay task and costs. Similar to
the diffusive gradients in thin films (DGT) technique,8,46,47 the
GPMCP is also an accumulative method and capable of
determining an average concentration over a deployment
period. For a given deployment time (t), eq 4 can be rewritten
as

∫σ ρ= • =+ K td d([NH ] ) ([NH ] )d
t

4 R
0

3 Sample (5)

According to eq 5, the average ammonia concentration
([NH ]3 sample) over a deployment period of t can be determined
by

σ=
Kt

[NH ]
d

3 Sample (6a)

where dσ is the total conductivity increment of the receiving
phase over the deployment period. [NH ]3 sample is an absolute

Figure 3. (a) Original σ−t profiles obtained using GPMCP#1 in deployment solutions containing different concentrations of NH3, (b) RCI−[NH3]
relationship derived from Figures 3a and S3. (c) Original conductivity response obtained from a deployment solution with successively increasing
NH3 concentrations and the corresponding [NH ]3 sample values (blue lines) determined using eq 6b. (d) The [NH3]Sample (○) and [NH4

+]Sample (Δ)
values determined using eqs 4 and 7 in a synthetic freshwater deployment solution containing 0.240 μmol L−1 of NH4Cl at different pH values. The
red and blue dashed curves show the theoretical distribution of NH3 and NH4

+ for the pH values. All the experiments were carried out at 25 °C.
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average concentration because the accumulated [NH4
+]R in the

receiving phase is the result of the integration of the
i n s t an t aneou s s amp l e ammon i a concen t r a t i on s
(∫ 0

t ([NH ]3 sample)dt) over the entire deployment period. For a
deployment solution containing a fixed concentration of
{NH3}aq, eq 6a can be rewritten as

=
R
K

[NH ]3 Sample
CI

(6b)

NH3 and NH4
+ always coexist in aquatic environments. For a

given temperature, assuming NH3 and NH4
+ are in an

equilibrium state, the NH4
+ concentration in the sample

([NH4
+]Sample) can be calculated from the determined

[NH3]Sample (eq 7)

= ×+
−

K
[NH ]

[OH ]
[NH ]4 Sample

b
3 Sample

(7)

where Kb is the ammonia dissociation base constant.
Analytical Principle Validation. All the validation experi-

ments were performed using the GPMCPs shown in Figure 1 at
a constant temperature of 25 °C unless otherwise stated. For all
the experiments, a temperature sensor and a pH sensor were
deployed with the GPMCPs. For all the conductivity response
(σ)−deployment time (t) curves reported in this work, the
conductivity data were recorded at a frequency of one reading
per minute. Figures 3a and S3 show three sets of original
GPMCP σ−t profiles obtained from different {NH3}aq
concentrations ranging from 2 μg L−1 to 50 mg L−1. Perfect
linear curves were observed for all the investigated cases. For
each [NH3]Sample, RCI can be derived from the slope of the
corresponding σ−t curve. For a given GPMCP and temper-
ature, RCI should be directly proportional to [NH3]Sample,
according to eq 4. Figure 3b shows a plot of RCI−[NH3]Sample.
As predicted by eq 4, a linear relationship was obtained over the
entire {NH3}aq concentration range investigated. It is important
to note that the GPMCP probe constant (K) equals the slope
of the RCI−[NH3]Sample curve. The GPMCP used for these
experiments had a value of K (25 °C) = 1.35 × 10−3 μS cm−1

min−1 μg−1 L (denoted GPMCP#1).
GPMCP#1 was used to obtain a set of conductivity

responses from a synthetic freshwater deployment solution
with successively increasing NH3 concentrations (Figure 3c).
The blue lines shown in Figure 3c are the corresponding
[NH ]3 Sample determined by eq 6b. Table S1 summarizes the
measured RCI values for each investigated {NH3}aq concen-
tration derived from Figure 3c and the [NH ]3 Sample values
determined using eq 6b. If eq 6b is correct, the determined
[NH ]3 Sample values should be equal to the added ammonia
concentration. The results show that the deviations between
the determined [NH ]3 Sample values and the added ammonia
concentrations are within ±5% for all the investigated cases,
and this signifies the validity of eq 6 for determining the
absolute average concentration of {NH3}aq over a given
deployment period.
A set of experiments was performed to validate eq 7. For all

the experiments, 25 L of a synthetic freshwater solution
containing 0.240 μmol L−1 of NH4Cl was adjusted to different
pH values between 5.90 and 13.94 and was used as the
deployment solution. Figure S4 shows the recorded σ−t curves
from the deployment solutions with different pH values. The
[NH3]Sample values of the deployment solutions with different

pH values were determined using eq 4, and these values were
used to calculate the corresponding [NH4

+]Sample values in
accordance with eq 7. Figure 3d shows the plots of both the
[NH3]Sample and [NH4

+]Sample values against the pH, and the
theoretical distributions of [NH3] and [NH4

+] with the pH. Kb
(25 °C) = 1.75 × 10−5 was used for all the calculations. The
determined [NH3]Sample and [NH4

+]Sample values well agreed
with the theoretical values within the pH range from 5.90 to
13.94. Considering the pH range in aquatic environments is
normally between 6 and 9, the results shown in Figure 3d
confirm that eq 7 is applicable for the determination of [NH4

+]
in aquatic environments. In fact, the [NH3] and [NH4

+] in
aquatic environments can be simultaneously monitored using
eqs 4 and 7, respectively. Furthermore, the absolute average
ammonium concentration over a given deployment period

( +[NH ]4 Sample) can be obtained based on the determined

[NH ]3 Sample value in accordance with eq 6.
Sensitivity is important for environmental monitoring

applications because the targeted species are often present in
low concentrations. The results shown in Figure 3a suggest that
the GPMCP is capable of directly determining a concentration
of 2 μg L−1 of free ammonia. In fact, the sensitivity can be
further increased by simply extending the deployment time
because the GPMCP is an accumulative method. Additionally,
Figure 3b shows an upper linear range of 50 mg L−1, which can
be readily extended by reducing the deployment time.
Furthermore, the sensitivity, linear range, and maximum
deployment time can be tuned by altering the GPMCP design.
A GPMCP with a higher ratio of the exposed membrane area to
the boric acid receiving phase volume will possess a higher
sensitivity with a lower upper linear range and shorter
maximum deployment time.
The selectivity is an important performance indicator in

many analytical applications, especially for field-based environ-
mental monitoring applications in which the sample matrixes
can be highly diverse and complex. The selectivity of the
GPMCP was therefore investigated. H+ was selected as the
probing ion because it is the smallest ion in aqueous media.
The transport of H+ across the PTFE membrane was
investigated using a two-compartment cell (Figure S1) with
0.010 mol L−1 HCl and NaCl solutions separated by a PTFE
gas-permeable membrane. Figure S5 shows a typical pH−time
profile for the NaCl solution. A measurable decreasing pH
trend was not observed over the test period of five days, which
means that the transport of H+ across the membrane did not
occur during the test period. This also means that ionic species
cannot permeate through the PTFE membrane. This is not a
supervising outcome because of the hydrophobic nature of the
PTFE membrane. On the basis of the acid−base properties,
dissolvable gases in aquatic environments can be classified as
neutral (i.e., O2, N2, etc.), acidic (i.e., CO2, H2S, SO2, etc.), and
basic (i.e., NH3) gases. According to the GPMCP sensing
principle (Figure 2b), only basic gases can continuously
permeate through the membrane via the acid−base reaction
at the inner membrane interface, but neutral and acidic gases
cannot permeate because they do not react with boric acid. To
the best of our knowledge, ammonia is the only dissolvable
basic gas in aquatic environments with an appreciable solubility.
Hence, GPMCP is specific for ammonia detection regardless of
the type of aquatic environment, and this is demonstrated in
Figure S6 where the determined [NH3]Sample and [NH4

+]Sample
values in a synthetic seawater matrix over a wide pH range are
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almost identical to those obtained in a freshwater matrix
(Figure 3d).
GPMCP Calibration. An analytical technique that requires

no ongoing calibration is highly desirable for field-based
environmental monitoring applications. According to eq 4, K
is a probe-specific constant. For GPMCP#1, the probe constant
at 25 °C was determined to be K(25 °C) = 1.35 × 10−3 μS
cm−1 min−1 μg−1 L (Figure 3b). However, for a given probe, K
also depends on the temperature and must be corrected for
practical use. A two-step correction strategy was developed for
the GPMCP calibration: (i) the temperature effect on the EC
detector of the GPMCP was corrected to normalize the
conductivities measured at different temperatures (σT) to the
“standard” conductivity value at 25 °C (σ25); (ii) the σ25 data
were used to obtain the K−temperature dependent relationship
of the GPMCP and to determine the K (T) for practical use.
Figure 4a shows the plots of the measured conductivity

changes with the temperatures for GPMCP#1 with a 0.500 mol
L−1 boric acid receiving phase. The slope and intercept values
of 1.08 μs cm−1 oC1− and 27.3 μs cm−1 were obtained,
respectively. Therefore, the σT value at a temperature (T, °C)
measured by the EC detector in GPMCP#1 can be converted
to σ25 by

σ σ= + × − T1.08 (25 )T25 (8)

.Equation 8 is probe specific and can only be used to correct the
EC detector for GPMCP#1. In practice, a temperature
correction formula needs to be determined for each probe. In
this work, all the measured σ values were real-time corrected to
σ25 values based on the measured temperature and the

predetermined EC detector temperature correction formula
(e.g., eq 8) of the probe using the sensor control software. All
the conductivity values reported in this work are σ25 values
unless otherwise stated.
Figure S7 shows six groups of typical σ−t curves and the

corresponding RCI−[NH3] curves determined using GPMCP#1
for a set of deployment solutions containing different
concentrations of NH3 at different temperatures between 15
and 40 °C. Each group of the σ−t curves was measured at a
constant temperature and was used to obtain the RCI values to
determine the probe constant (K(T)) at the corresponding
temperature. The probe constant and temperature dependent
relationship can then be determined from the K(T)−T curve
shown in Figure 4b:

= × ° + ×− −K T T( ) 2.65 10 ( C) 6.85 105 4
(9)

Equation 9 is also probe specific and can only be used to
correct the temperature-induced probe constant changes for
GPMCP#1. In practice, each GPMCP must be calibrated to
obtain the temperature correction equation. Again, the sensor
control software automatically corrected for the temperature
effect.
In theory, once a GPMCP is calibrated, the obtained probe

constant should not change over time, and an ongoing
calibration is not needed. Figure S8 shows a set of σ−t curves
obtained by CPMCP#1 over a period of 142 days in a
deployment solution containing 1020 μg L−1 of added NH3.
Over the entire testing period, other than obtaining the results
shown in Figure S8, the same probe was used for various other
experiments without additional calibration. The determined

Figure 4. (a) Temperature correction curve for the EC detector in GPMCP#1. (b) Temperature correction curve for the GPMCP#1 constant.

Figure 5. (a) The recorded σ−t profile and the corresponding instantaneous NH3 concentration −time profile. (b) NH4
+ concentration −time

profile (red arrows indicate sampling points for laboratory analysis). (c) Plot of [NH3−N]GPMCP against [NH3−N]STD.
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[NH ]3 Sample values with the probe constant shown in eqs 8 and
9 are almost identical to those for the added NH3
concentrations, demonstrating that a calibrated GPMCP can
be used over a prolonged period without the need for
additional calibration. The other GPMCPs (Table S2) used
in this work were calibrated using the same method described
above.
Field Deployment. GPMCPs were deployed at three sites

to evaluate the system performance for field-based monitoring
applications. For all the sites, a GPMCP was deployed with a
pH probe and a temperature sensor. Site #1 was selected to
represent typical estuary waters. GPMCP#1 (see Table S2, σ25
= σT + 1.08 × (25 − T) ; K(T) = 2.65 × 10−5T(°C) + 6.85 ×
10−4) was deployed at Site #1. During a 24 h deployment
period, the conductivity, pH, and temperature of the site water
varied between 28−45 mS cm−1, 7.90−8.09, and 21.2−24.8 °C,
respectively. These changes were strongly associated with the
tidal actions. Higher conductivity and pH values and a lower
temperature were observed during the high tide periods. Figure
5a shows the recorded σ−t profile and the corresponding
instantaneous NH3 concentration changes that were deter-
mined in real-time using eq 4. The continuous NH3
concentration profile shows the changes in the NH3 levels.
During the deployment, two high tides occurred at
approximately 10 a.m. and 10 p.m., and two low tides occurred
at 5 p.m. and 4 a.m. the next day. Higher NH3 concentrations
were observed around these high and low tide points. This
could be due to the tidal actions stirring up precipitated NH3/
NH4

+ in the mangrove wetlands and creek sediments.
Furthermore, over the 24 h deployment period, the total
conductivity increment (dσ) derived from Figure 5a was 7.1 μS
cm−1, and the absolute average NH3 concentration
([NH ]3 Sample) of 5.25 μg L−1 was obtained from eq 6a. Figure
5b shows the NH4

+ profile over the deployment period
determined by eq 7. The absolute average NH4

+ concentration

( +[NH ]4 Sample) of 70.3 μg L−1 was obtained via eq 7 using

[NH ]3 Sample = 5.25 μg L−1. Kb (25 °C) = 1.75 × 10−5 was used
for all the calculations. Considering that the temperatures
varied between 21.2 and 24.8 °C during the deployment period,
the errors introduced by using Kb (25 °C) should be less than
5% because a 5 °C temperature change will cause a <5% change
in the Kb value.

48 During the deployment, water samples were
collected every 2 h for laboratory determination of the
ammoniacal nitrogen ([NH3−N]STD) content using a standard
method.25 In our case, the determined [NH3−N]STD was
equivalent to the total concentration of NH3 and NH4

+. Figure
5c shows a plot of the total NH3 and NH4

+ concentrations
([NH3−N]GPMCP) determined by GPMCP against [NH3−
N]STD. The near unity slope value suggests an excellent
agreement between the two methods.
Site #2 was selected to represent a typical freshwater creek

not affected by tidal actions. GPMCP#2 (see Table S2, σ25 = σT
+ 1.10 × (25 − T); K(T) = 5.13 × 10−5T(°C) + 1.78 × 10−4)
was deployed at Site #2. During the deployment period, the
temperature of the site water varied between 23.5 and 26 °C,
and the conductivity (2.3 mS cm−1) and pH (7.57) were nearly
constant. In contrast to Site #1, the continuous NH3 and NH4

+

concentration profiles (Figures S9a and 9b) recorded over the
deployment period showed high NH3 and NH4

+ concentrations
during the daytime and low concentrations during the night,
suggesting that the high daytime NH3 and NH4

+ levels could be
attributed to discharges into the creek from the surrounding

industries. The [NH ]3 Sample,
+[NH ]4 Sample, and average [NH3−

N]GPMCP values over the entire deployment period were 5.95,
280, and 286.1 μg L−1, respectively, and the [NH ]3 Sample and

+[NH ]4 Sample values during the day (11 a.m. to 6 p.m.) and night
(6 p.m. to 8:30 a.m.) varied from 13.21 to 2.22 and 622.7 to
104.9 μg L−1, respectively. The plot of [NH3−N]GPMCP against
[NH3−N]STD is given in Figure S9c, and the slope value is near
unity, suggesting that the NH3−N concentrations determined
by both methods are essentially the same.
Site #3 was selected to represent immobile water. GPMCP#3

(see Table S2, σ25 = σT + 1.12 × (25 − T); K(T) = 3.50 ×
10−5T(°C) + 2.85 × 10−4) was deployed at Site #3. During the
deployment period, the water temperatures varied between 20.6
and 22.5 °C, and the conductivity (1.25 mS cm−1) and pH
(6.63) remained almost the same. Figures S10a and b show the
NH3 and NH4

+ concentration profiles recorded over the
deployment period. In a strong contrast to Sites #1 and #2,
only trivial variations in the NH3 and NH4

+ concentrations
were observed over the deployment period. The maximum and
minimum NH3 and NH4

+ concentrations were 2.48, 1.71 and
1017, 705 μg L−1, respectively. This could be attributed to the

immobile nature of the lake. The [NH ]3 Sample,
+[NH ]4 Sample, and

average [NH3−N]GPMCP values over the deployment period
were 2.11, 865, and 867 μg L−1, respectively. Figure S10c shows
the plot of [NH3−N]GPMCP against [NH3−N]STD, and the slope
value is near unity, confirming the validity of the GPMCP
measurement.
The system maintenance requirement is an important

practical issue for long-term field-based monitoring applica-
tions. In this regard, except periodically replacing boric acid
receiving solution, the GPMCP barely requires any other
maintenance during long-term deployment.
The above results demonstrate that the GPMCP reported in

this work can be used for in situ, real-time monitoring of
ammonia and ammonium in aquatic environments in a
continuous fashion for a prolonged time period without the
need for ongoing calibration. The GPMCP can also be used to
easily and conveniently determine the absolute average
ammonia and ammonium concentrations over a given deploy-
ment period. The GPMCP uses a simple yet sophisticated
analytical principle with the inherent advantages of a high
selectivity, sensitivity, and accuracy, does not require an
ongoing calibration. Additionally, the GPMCP has a simple
configuration, and it is cheap to build, easily mass produced,
and convenient for field deployment with minimal main-
tenance. These advantageous features make the GPMCP an
effective monitoring tool for long-term, large-scale environ-
mental assessments.
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