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A solid-contact potentiometric sensor for in situ detection of total ammonia nitrogen (TAN, free
ammonia plus the ammonium ion) in seawater is described. In the compact system, an all-solid-state
polymeric membrane ammonium-seletive electrode is integrated with a polyvinyl alcohol hydrogel
buffer film of pH 7.0 and a gas-permeable membrane. The gaseous NHj3 in seawater diffuses through
the gas-permeable membrane and is converted to NH4" in the hydrogel buffer, which can be
potentiometrically sensed by the solid-contact ammonium-sensitive membrane electrode. The
electrode configuration facilitates the alteration of NH3 to NH," in the hydrogel buffer film and
improves the sensitivity for the detection of TAN by the buffer trap effect. The gas-permeable
membrane effectively eliminates the ion interferences from the seawater sample matrixes. The
proposed sensor shows a stable potentiometric response in the concentration range of 10° - 10 M
with a detection limit of 6.4 x 10”7 M, and has been successfully applied to the detection of TAN in
seawater.

Keywords: Ammonia, Hydrogel, Gas permeable membrane, Solid-contact ion-selective electrode,
Seawater

1. INTRODUCTION

Total ammonia nitrogen (TAN) refers to unionized ammonia (NHs3) plus the ammonium ion
(NHz"), which plays an important role in the nitrogen cycle of the natural ecosystems [1-3]. Moreover,
TAN is an important criterion for evaluating the contamination of marine ecosystem [4].The
determination of TAN in seawater is of great importance for marine environment, fisheries and
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aquaculture. Unfortunately, the low TAN concentrations, the variable salinities and the matrix
complexity of the estuarine and marine waters make TAN monitoring a real challenge [5].

Current methods for TAN analysis include spectrophotometry, fluorometry, and
electrochemical detection [6,7]. Spectrophotometric measurements based on the Berthelot reactions are
commonly employed for the determination of TAN using phenol, salicylate and 1-naphthol to form an
indophenol blue or its derivatives [3,6,8]. The fluorimetric measurements are usually based on the
orthophthaldialdehyde-sulfite chemistry [9-11]. In recent years, TAN in estuarine and marine waters
has been determined automatically by integration of flow analysis with the optical modes. However,
these methods suffer from problems of complex procedures, and interferences from the matrixes [3].
Moreover, these methods are unsuitable for on-site monitoring.

Electrochemical detection techniques offer an effective way for TAN detection [12]. Catalytic
cathodic stripping voltammetry using hanging mercury drop electrode was developed for detection of
low levels of ammonia in seawater [6]. Carbon nanotube based field effect transistors for the detection
of NH," in artificial seawater was also reported [13]. Indirect electrochemical method based on the
reaction of HBrO with NH,* was employed for the determination of NH," in environmental water
samples [14]. However, these methods still need additional reagents and complicated processes, which
would restrict their practical applications.

With the demand for in situ monitoring and field analysis, gas-diffusion potentiometric method
based on an internal glass membrane pH electrode was employed for the detection of TAN [15-17].
However, this method suffers from problems of from volatile amines, poor sensitivity and difficulty in
miniaturization [15,18]. Moreover, current pH-based electrodes are mainly used for the determination
of TAN in freshwater [19]. Meyerhoff’s group later adopted the polymeric membrane ammonium-
selective electrode that possesses attractive features such as simplicity, low cost, and high sensitivity as
an internal probe in the design of potentiometric sensors capable of selectively and sensitively sensing
ammonia in various samples [15,20-22].

In recent years, potentiometry based on polymeric membrane ion-selective electrodes (ISEs)
has gone through a renaissance [12,23]. In particular, solid-contact ISEs with their durability, ease of
miniaturization and low maintenance are regarded as the most promising generation of potentiometric
ion sensors [24,25]. In addition, solid-contact ISEs are more robust, easy to store and not sensitive to
high pressures as compared to the conventional ISEs with an inner filling solution, which makes them
suitable for in situ measurements [12,26-28]. However, it is unfortunate that the applications of solid-
contact ISEs for determination of TAN in seawater have not been investigated.

Herein, we design an integrated potentiometric sensor based on a solid-contact ammonia-
selective electrode and investigate its applicability for determination of TAN in seawater. The use of a
solid-contact ammonia-selective electrode offers an effective way for developing a robust miniaturized
sensor with a micromolar detection limit. The buffered hydrogel of polyvinyl alcohol (PVA) with good
adsorption capacities for both the ammonia gas and NH;" ions is used as an internal electrolyte to
convert gaseous NH3 to NH;" [29-31]. The gas-permeable membrane can effectively eliminate the ion
interferences from the seawater sample matrixes. To the best of our knowledge, this is the first attempt
to apply the solid-contact potentiometric sensor for detection of TAN in seawater.
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2. EXPERIMENTAL

2.1. Regents and materials

Poly(3-octylthiophene) (POT), high molecular weight poly(vinyl chloride) (PVC), the
ammonium ionophore (nonactin), Trizma base (Tris), 2-nitrophenyl octyl ether (o-NPOE), and 1,3-
[bis-tris(hydroxymethyl)-methylamino] propane were obtained from the Sigma-Aldrich. Sodium
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (NaTFPB) was a product of Alfa Aesar. Poly(vinyl
alcohol) (PVA) and tetrahydrofuran (THF) were purchased from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). All the chemicals used in this study were of analytical grade. THF was freshly
distilled prior to use. Aqueous solutions were prepared with freshly deionized water (18.2 MQ cm
specific resistance) obtained with a Pall Cascada laboratory water system. Hydrophobic gas-permeable
membranes were obtained from Dongguan PUW EPTFE Material Co., Ltd. (Dongguan, China),
including PUW302W, PUW576 and PUW876 (air-permeabilities: 2900-3400, 1450-1750, and 300-
600 ml/cm2/min@7kpa, respectively; thicknesses: 0.01-0.02, 0.11-0.22, and 0.09-0.15 mm,
respectively). A continuous flow analyzer obtained from SEAL Analytical (Germany) was used as
reference method for comparison. Seawater samples were collected from the Gulf of Bohai, China.

2.2. Electrode preparation

The ammonium ion-sensitive membrane contained 32.8 wt% PVC, 65.9 wt% o0-NPOE, 0.3
wt% NaTFPB and 1.0 wt% nonactin [32,33]. The membrane cocktail was prepared by dissolving 200
mg of the components in 1.0 mL THF. The POT solution (25 mM) was prepared by dissolving POT in
trichloromethane. An amount of 10 pL of the POT solution was drop-cast onto a glassy carbon (GC)
electrode and left to dry to form the ion-to-electron transducer layer. Then, 80 pL of the cocktail
solution was drop-cast onto the POT layer on the GC electrode. All the membrane electrodes were
conditioned in 10° and 10°® M NH,CI for 12h, respectively. The hydrogel mixtures were prepared by
dissolving PVA in 1.0 mM pH 7.0 Tris buffer containing 8.3 mM chloride. The polymeric membrane
was first covered with a thin layer of the PVA hydrogel and then a gas-permeable membrane. The
micrographs of the gas-permeable membranes were characterized by scanning electron microscopy
(SEM, JSM-6700F, operating at 5.0 kV).

2.3. EMF measurements

All measurements of the electromotive force (EMF) were performed on a PXSJ-216 pH meter
(Leici, Shanghai). The solid-contact ammonium-selective membrane electrode and the Ag/AgCl wire
were used as indicator and reference electrodes, respectively. The activities of NH4" were calculated by
the Debye-Hiickel equation [34]. Experiments were performed in a 30 mL polytetrafluoroethylene
beaker with a stir bar. The temperatures in the range of 15-35 °C were controlled using a water bath.
When not in use, the potentiometric sensor was placed in 0.01 M Tris buffer of pH 8.0.
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2.4. Continuous flow analysis

Continuous flow analysis (CFA) was carried out using a continuous flow analyzer. The
experimental temperature was kept at 37°C and the mobile phase flow rate was set at 1.2 mL/min.
After the injection column was washed with deionized water for 40 s, 800 uL of the sample solution
was auto-injected into the column for the detection of the total ammonia nitrogen. Data acquisition and
processing were obtained by the AACE 7.02 software.

3. RESULTS AND DISCUSSION

3.1. Sensor design

Compared to the conventional glass membrane pH electrode used as indicator electrode for
potentiometric detection of ammonia, the polymeric membrane ammonium-selective electrode shows
the improved response characteristics in terms of selectivity and sensitivity [20-22]. In addition, the
use of the solid-contact membrane electrode rather than the conventional electrode configuration using
the inner filling solution offers advantages of good durability, ease of miniaturization and convenient
maintenance [25,27,35].

buffer(pH=7.0) N
—_—

NH;(9) Hy* c
A

NH(g)

Figure 1. (A) Schematic diagram of the solid-contact potentiometric sensor for TAN. (B) Components
of the sensing system. (C) Processes occurring at the sample-membrane interface and in the
thin film of PVA hydrogel. In the diagrams of (B) and (C), a, b, ¢, d and e refer to the
hydrophobic conductive polymer POT coated on the GC electrode, ammonium-selective
polymeric membrane, buffered PVA hydrogel film of pH 7.0, outer hydrophobic gas-
permeable membrane and Ag/AgCl electrode, respectively.

Figure 1 shows the design of the integrated solid-contact potentiometric sensor system (Figure
1A and 1B) and indicates the diffusion and chemical processes that occur at the sample-membrane
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interface and in the thin film of PVA hydrogel, respectively (Figure 1C). As can be seen, the outer
hydrophobic gas-permeable membrane is covered tightly on the PVA hydrogel film, which is coated
on the polymeric ISE membrane. An Ag/AgCl wire electrode is inserted into the PVA hydrogel film
and used as reference electrode. Gaseous NHg in seawater (pH 8.0) diffuses through the gas-permeable
membrane into the buffered hydrogel film (pH 7.0) in which the gaseous NHs; is converted into its
ionic form (NH,"). The generated NH4" in the hydrogel film can be potentiometrically sensed by the
solid contact ammonium-selective polymeric membrane electrode using POT as the ion-to-electron
transducer.

3.2. Characteristics of the solid-contact NH4"-selective polymeric membrane electrode

In this work, the solid-contact ammonia-selective polymeric membrane electrode is used as the
indicator electrode, for which the hydrophobic conducting polymer POT works as ion-to-electron
transducer [36]. The stability of the solid-contact ISEs can be greatly improved by the use of POT
without influencing membrane selectivity [37-39]. The selectivity of the polymeric membrane
electrodes was determined by using Bakker’s method [40]. The logarithmic Nikolskii coefficients of
NH,* over K*, Na* and Ca* are -0.90 (+0.01), -2.75 (£0.01) and -5.33 (£0.16), respectively, which
agree well with those reported in the earlier literature [41]. Figure 2 shows the time-dependent
potentiometric response trace of the all-solid-contact NH,"-selective electrode. It can be seen that the
dynamic response time is less than 5 s for the NH," activities tested. The electrode exhibits a Nernstian
response over the range of 1 x10° to 1 x 10" M with a slope of 59.5 + 2.9 mV, and the detection limit
is 3.2 x 107 M.
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Figure 2. Time-dependent potentiometric response trace of the all-solid-state NH; -ISE for measuring
NH,CI solutions. Inset shows the calibration curve.
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3.3. Optimization of polyvinyl alcohol hydrogel

PVA is a water-soluble polymer with hydrophilic and hydrogen bonding properties. It
possesses long term thermal and pH stabilities and an excellent thin film forming capability [42-45].
Moreover, hydrogels based on PVA have been proved to exhibit good adsorption capacities for both
the gaseous NH3 and the ammonium ions [29-31]. However, the PVA hydrogels have not been used in
the ammonia gas sensing systems. In this work, the internal buffer solution used for trapping ammonia
in the conventional ammonia sensor configuration is replaced by the buffered PVA hydrogel. The PVA
hydrogel can load the buffer solution and enhance the stability of the sensor, which makes the sensor
fabrication and experimental operation much convenient.

Since the conversion of NH3 to NH,4" occurs in the PVA hydrogel film, the PVA hydrogel was
optimized. The influence of the amount of PVA hydrogel dissolved in Tris-HCI (pH 7.0, 10° M) was
examined. Figure 3A shows the potentiometric responses of the electrode with different amounts of the
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Figure 3. (A) Potentiometric responses to ammonia nitrogen using different concentrations of the
polyvinyl alcohol hydrogel: (a) 4, (b) 5, and (c) 6 wt %. (B) Potentiometric responses to
ammonia nitrogen using different volumes of the poly(vinyl alcohol) hydrogel: (a) 4, (b) 5, and
(c) 6 uL. Unless noted otherwise, the measurements were done in Tris-HCI (pH 8.0, 0.01M) by
using 4 uL of 4 % PVA hydrogel (pH 7.0). Each error bar represents the standard deviation of
three measurements (n = 3).
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PVA hydrogel in the range of 4 - 6 wt %. It can be seen that higher PVVA concentrations result
in lower potentiometric responses, which is probably due to the lower diffusion rate of gas ammonia in
the hydrogel layer. However, when the concentration is less than 4%, the high mobility of the hydrogel
could cause the instability in the response of the potentiometric sensor. Therefore, 4 wt % of hydrogel
was used for the further experiments.

The volume of the PVA hydrogel was also a key factor for the experiments. Different amounts
of the PVA hydrogel have different thickness, which could influence the diffusion rates of NH; and
NH,;" in the hydrogel film. Potentiometric responses of the electrode with 4, 5, 6 pL of the hydrogel
(corresponding to the thicknesses of 141, 177 and 212 um, respectively) were measured and the results
are shown in Figure 3B. It can be seen that the potentiometric response increases with decrease in the
hydrogel volume. Experiments also showed that the amount of less than 4 pL. was not enough to cover
the electrode surface completely. Therefore, 4 pL of the PVA hydrogel was selected for the present
sensor.

3.4. Effect of temperature
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Figure 4. Potentiometric response of the sensor to 10 M NH,CI at different temperatures. Each error
bar represents the standard deviation of three measurements (n = 3).

Since the conversion of NH;" to NH; can be largely influenced by temperature [46,47], the
effect of temperature on the sensor response was tested. The results are shown in Figure 4. It can be
seen that the potential response of the present sensor to 10* M NH,CI in Tris buffer of pH 8.0
increases with increase in temperature. Previous studies show that the percent un-ionized ammonia
increases with increase in temperature [47]. In addition, according to the Nernst equation, higher
temperatures can induce higher potential responses of an ISE [48]. However, experiments also showed
that the higher noise levels could be observed at temperatures higher than 25 °C. Therefore, the
following experiments were carried out at 25 °C.
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3.5. Optimization of the gas-permeable membrane

Since the amount of gaseous species passing through the gas-permeable membrane has a great
influence on the response of the sensor, the gas-permeable membrane was optimized in terms of air-
permeability and thickness. Three different kinds of hydrophobic polytetrafluroethylene gas-permeable
membranes were investigated, including PUW302W, PUW576 and PUW876. Compared to PUW576
and PUWS876, PUW302W membrane has the maximum air-permeability (2900-3400,
mL/cm%min@7kpa) and the thinnest thickness (0.01-0.02 mm). Experiments revealed that the sensor
using PUW302W membrane showed more rapid and stable potentiometric response (Figure 5A) than
those using PUW576 and PUW876 membranes. It can be seen that the response time is less than 30 s
and recovery time is about 10 minutes. Moreover, the SEM image shows that PUW302W is composed
of a relatively uniform porous structure (Figure 5B). Therefore, PUW302W membrane was selected
for the present work.
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Figure 5. (A) Recycle response profiles for 102 M NH4CI and the blank solutions. (B) SEM image of
PUW302W. (C) Potentiometric response of the sensor in Tris-HCI buffer.



Int. J. Electrochem. Sci., Vol. 12, 2017 3304

The hydrophobic gas-permeable membrane can effectively eliminate the ion interferences from
the sample matrixes. As shown in Figure 5C, there is negligible potentiometric response when 107 M
KClI is added into the buffer solution, while an obvious potentiometric response can be observed when
10°® M NH,CI is added. These results confirm that only gaseous species can pass through the
hydrophobic gas-permeable membrane while ionic species can be effectively excluded by the gas-
permeable membrane.

3.6. Effect of salinity

Since there is a high salinity background in seawater, the effect of salinity on the response of
the proposed potentiometric sensor was investigated. The potential responses to 10 M NH4CI in 0.01
M Tris buffer of pH 8.0 with different concentrations of NaCl were tested. As shown in Figure 6, the
response decreases with increase in the concentration of NaCl. Such inhibition effect of salinity is
probably due to the fact that salinity can decrease the percent of unionized ammonia [47] and may also
influence the diffusion coefficient of ammonia in the sample solution.
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Figure 6. Potentiometric responses of the solid-contact potentiometric sensor to 10 M NH,CI in 0.01
M Tris buffer of pH 8.0 in the presence of NaCl at different concentrations. Each error bar
represents one standard deviation of three measurements.

3.7. Precision of the sensor

The precision of the potentiometric sensor was evaluated by determining the inter- and intra-
assay variations of 0.1 mM NH,CI in 0.01 M Tris buffer of pH 8.0. The coefficient of variation of the
inter-assay was calculated to be 5.4% by determining the responses at five different electrodes. The
intra-assay precision was estimated by assaying one sensor for five replicate determinations, and the
RSD was 4.9%. These results indicate that the solid-contact potentiometric sensor shows an acceptable
fabrication reproducibility.
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3.8. Practical applications

The proposed solid-contact potentiometric sensor was applied for the detection of TAN in the
seawater background (0.5 M NaCl, pH 8.0). As shown in Figure 7, the sensor shows a stable
potentiometric response to TAN over the concentration range of 10 - 10* M, and the detection limit
is 6.4 x 107 M. The comparison of the present sensor with other methods used for the detection of the
ammonia nitrogen is listed in Table 1. It should be noted that the proposed solid-contact potentiometric
sensor does not need any additional reagent or enrichment procedure in the measurements. It provides
a simple and rapid way for the in-situ detection of ammonia nitrogen in seawater.
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Figure 7. Potentiometric response of the solid-contact potentiometric sensor to TAN in the seawater
background (0.5 M NaCl, pH 8.0). The inset shows the calibration curve.

Table 1. Comparison of the proposed sensor with the other methods

Linearity Detection limit Analysis

Detection method (M) (M) time Reference
(min)

Colorlr_netry with solid phase 0-428 35 >10 49

extraction

Fluorometry 0- 600 1.1 >15 50

Cathodic stripping voltammetry 10 - 3000 4.0 >20 6

Cyclic and square-wave 105- 106 17 % 10° ) 51

voltammetry

Ammonia gas-sensing electrode 2x10%-10 2.0 x 10 2 52

Potentiometric sensor 10°-10° 6.4 x 10° 0.5 This work




Int. J. Electrochem. Sci., Vol. 12, 2017 3306

In order to evaluate the feasibility of the proposed method, the detection of TAN was carried
out by direct potentiometry using the standard addition method. Table 2 shows the detection of TAN in
seawater at 25°C. It can be seen that concentrations of TAN as determined by the proposed solid-
contact potentiometric sensor are in good agreement with those obtained by the CFA method. These
results indicate that the solid-contact potentiometric sensor is promising for application in the rapid on
site detection of TAN in seawater.

Table 2. Determination of TAN in seawater

Samples Proposed sensor ( pM ) © CFA (uM)?
1 1.2+0.1 2.7x0.1
2 43x+0.1 3.8+£0.3
3 6.3 0.7 57+0.1
4 9.6+1.6 19.0+£0.1

1
a. Average of three measurements + standard deviation (h = 3).

4. CONCLUSIONS

In summary, a solid-contact potentiometric sensor for the detection of total ammonia nitrogen
in seawater has been designed. Compared with these common methods based on spectrophotometry
and fluorometry, the solid-contact potentiometric ion sensor eliminates the interferences from the
matrix such as sample turbidity and volatile amines. In addition, the combination of both the PVA
hydrogels and gas-permeable membranes greatly improves the performance of the sensor and provides
a new method for rapid detection of TAN in seawater. Further studies on the optimizing the air-
permeable membrane and further applications for in situ real-time monitoring of TAN in seawater are
in progress in our laboratory.
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