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Here we report the performance in ammonia detection of polystyrene-based hyper-cross-linked polymer
(HCLP) synthesized with a new synthetic route. The resin loaded with PtRu nano-alloy covered by MoS,
nanosheets, prepared according to a “wet chemistry” approach, was broadly characterized: TEM images and
XRD spectra showed the formation of nanoparticles with a few nanometers size partially covered by MoS»
layers. The sample was tested as an electrochemical sensor for the detection of small traces of NHs in
aqueous solutions with a limit of detection (LOD) of 4.5 uyM. The sensor was tested also in simulated
wastewater coming from the fertilizer industry, showing proper operation and excellent selectivity.

Introduction

In recent years, the presence of ammonia in industrial wastewater has become a critical issue (Sekhar and
Kysar, 2017), especially due to its frequent usage in farming as fertilizer (Lopez de Mishima et al., 1998).
Therefore, nowadays, the development of efficient methods for detecting and monitoring of NH3 has become
of fundamental relevance. The detection process should be specific and fast, and the sensor should possess
features, such as small dimensions, low cost, quick response, and high sensitivity and selectivity. Among all
types of sensors, electrochemical sensors better meet the aforementioned requirements (Jiang and Zhang,
2017). Catalytic oxidation of NHs, occurring at the anode of the electrolytic cell, is the reaction at the basis of
the electrochemical detection of ammonia. The NH3 oxidation occurs through several steps involving the N-H
bond cleavage and the formation of gaseous nitrogen. Platinum (Vidal-Iglesias et al., 2006) is the best
candidate for this reaction in alkaline solutions, however, it suffers from deactivation by Nags poisoning
intermediate (Silva et al., 2017; Sarno et al., 2019). The energy of Nags on the catalyst surface is too high
(-394 kJ mol'1) to enable the Ny formation (de Vooys et al.,, 2001). As a consequence, these strongly
adsorbed intermediates block surface active sites and prevent continuous oxidation of ammonia on
deactivated Pt surfaces. In order to overcome the deactivation of platinum by poisoning reaction intermediates
and to increase the current density, different Pt-binary electrocatalysts have been reported in the literature
(Moran et al., 2008). In particular, PtRu showed superior catalytic activity and stability towards ammonia
oxidation compared to monometallic Pt, but the PtRu alloy sensor performances have been never evaluated.
Moreover, 2D nanomaterials have attracted increasing attention, especially MoS,. MoS; possesses hexagonal
close-packed layered structure, where Mo atoms are covalently linked to upper and lower layers of S atoms in
trigonal prismatic morphology. Molybdenum disulfide has different remarkable properties (Mao et al., 2018):
high surface area, significant electron mobility and high density of electronic states, so it shows higher sensing
properties. Hyper-cross-linked (HCL) polymers, network polymers composed of rigid molecular linkers,
represent a class of advanced porous polymer materials with high surface area and porosity and
physicochemical stability, arouse increasing attention because of simple chemical preparation and low cost
(Castaldo et al., 2017a; Castaldo et al., 2017b, Castaldo et al., 2017c, Castaldo et al., 2019a). Here, for the
first time, in order to form a 3-dimensional network, combining the beneficial effects of HCLP in reagents pre-
concentration, the PtRu binary alloys, and the MoS. nanosheets, we report a polystyrene-based HCLP
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material embedded by PtRu-MoS; for ammonia detection at trace level. Scanning Electron Microscopy (SEM),
Transmission Electron Microscopy—Energy-dispersive X-ray spectroscopy (TEM-EDS) and X-ray diffraction
(XRD) were employed for materials characterization.

1. Experimental Section
1.1 Materials

Platinum (lll) acetylacetonate (97%), ammonium tetrathiomolybdate (>99%), Ruthenium (Ill) acetylacetonate
(>97%), oleic acid , oleylammine, 1,2-hexdecanediol, 1-Octadecene, Vinylbenzyl chloride (VBC, >95%,
mixture of isomers, ~70% meta + ~30% para), p-divinylbenzene (DVB, 85%, meta isomer ~10 wt %), 2,2’-
azobis(2-methylproprionitrile) (AIBN, >98%), FeCls (> 97%), were purchased by Sigma Aldrich (Milan, lItaly),
and used without further purifications.

1.2 Nanocomposite preparation

Platinum (lll) acetylacetonate (1.271 mmol), ammonium tetrathiomolybdate (1.153 mmol) and ruthenium (ll1)
acetylacetonate (0.753 mmol) were loaded into the reagent mixture, consisting of 20 ml of 1-octadecene, oleic
acid (6 mmol), oleyl ammine (6 mmol) and 1,2-hexadecandiol (10 mmol) as reducing agent. The temperature
was increased to 200°C for 2 h and then the mixture was heated up to 285°C for 1 h, in inert ambient (Sarno
et al,, 2015; Sarno et al., 2016). After synthesis had occurred, PtRu-MoS; NPs obtained were purified
alternating ethanol and hexane washing and separating by centrifugation (Sarno et al., 2019; Sarno and
Ponticorvo, 2018a). The hyper-crosslinked poly(divinylbenzene-co-vinylbenzyl  chloride) based
nanocomposites containing PtRu-MoS, NPs were prepared through a two-step procedure. DVB and VBC
(molar ratio 2:98) were mixed with PtRu-MoS, NPs. To ensure an effective nanofiller dispersion, the mixture
was sonicated for 50 min with a 500 W tip sonicator at 25% power, with a 10 s/50 s ON/OFF cycle. Therefore,
0.5 phr of AIBN was added, and the mixture was kept under stirring at constant temperature (80°C) under
nitrogen for 30 min. Polymerization was completed in an oven for 24 h at 80°C. The obtained nanocomposite
and polymer precursors were repeatedly washed with methanol, acetone and diethyl ether, and then dried in a
vacuum oven at 40 °C for 24 h (Castaldo et al., 2019b). For the synthesis of the hyper-cross-linked systems,
the precursors were swollen in 1,2-dichloroethane for 2 h, then the systems were cooled to 0 °C by means of
an ice/water bath. FeCl; was added, and stirring was continued for 2 h. After that, the reaction flask was
heated to 80 °C and kept at this temperature for 18 h. The obtained hyper-cross-linked resin and
nanocomposite were washed with methanol and dried in a vacuum oven at 40 °C.

Table 1: Simulated wastewater solution chemicals

Chemical Quantity
(9]

Primary molecules
Glucose 0.2
Monopotassium phosphate 0.05

Nutrient solution

Chemical [g/L]
Calcium Chloride dehydrate 6.3
Iron chloride hexahydrate 1.5
Cobalt chloride hexahydrate 1.9
Cupper chloride dehydrate 0.1
Magnesium sulphate heptahydrate 85
Manganese chloride tetrahydrate 71
Nickel sulphate 6.6
Yeast extract 1

1.3 Characterization methods

Bright-field transmission electron microscopy (TEM) analysis was performed on the precursor nanocomposites
by means of FEI Tecnai G12 Spirit Twin (LaBs source). TEM images were acquired through FEI Eagle 4k
CCD camera. Electrochemical characterization was carried out by means of Autolab PGSTAT302N
potentiostat/galvanostat. In detail, traces of ammonia detection was performed through cyclic voltammetry
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(CV) experiments at 20 mV/s in 1 M KOH with different NH3 amounts. To obtained the electrodes, 4 mg of
synthesized nanocomposites were dispersed into 80 pl of a 5 wt% Nafion solution, 200 pl of ethanol and 800
pL of distilled water. Limit of detection (LOD) was calculated starting from the calibration curve with the
following equation:

3*d

b
Where & is the standard deviation and b is the slope of the calibration curve. Furthermore, a simulated
wastewater solution coming from the fertilizer industry was prepared by adding to 1L of bidistilled water: (i)
ammonium nitrate (NH4NO3); (ii) primary molecules as reported in Table 1; and, (iii) 10 mL of the nutrient
solution reported in Table 1. KOH was added in order to achieve pH=14. Free ammonia in the wastewater is

typically present in equilibrium with the ammonium ions (NH,") (Jia et al., 2017), the equilibrium depends on
pH and temperature: at pH 7, only NH," ions are present, yet at pH 12 mainly NH3 is present.

LOD= 1)

2. Results and discussion

The X-ray diffraction pattern (Figure 1) shows a Pt peaks up-shift, indicating the PtRu alloy formation (Roth et
al., 2001), due to the lattice contraction caused by the incorporation of Ru into the Pt lattice. Furthermore, the
typical MoS; nanosheets peak was observed at 59.10°, corresponding to (110) plane (Sarno and Ponticorvo,
2018b). The absence of (002) plane and the broadness of peak indicate that the obtained MoS; is a single
layer or few-layer graphene-like MoS,.

PtRu
(111)

Intensity a.u.

—T T T T T T T T 17
10 20 30 40 50 60 70 80 90
20°
Figure 1: XRD spectrum of PtRu/MoS; NPs

To evaluate the morphology of the as-prepared PtRu/MoS; nanoparticles, TEM images at different
magnifications are shown (Figure 2). The images display the formation of uniformly distributed nanoparticles
with homogeneous dimensions. They are covered by molybdenum disulfide nanosheets, free MoS;
nanosheets can also be found. The nanoparticles exhibit an average dimension of 3.1 nm with a narrow size
distribution. After the Pt/Ru/MoS,-HCL composite resin synthesis (Figure 3), which allows to “freeze” the
nanomaterials in the polymer matrix, the nanoparticles result almost homogeneously dispersed.
Electrochemical sensor performance, for ammonia traces determination, was firstly evaluated by CV tests at
different NH3 concentrations with a scan rate of 20 mV/s using 1 M KOH solutions (Figure 4). The tests show
that increasing the ammonia concentration the oxidation peak current density and the oxidation peak voltage
increase, due to the raised percentage of adsorbed species on the electrode and number of electrons
transferred for the ammonia oxidation reaction as ammonia concentration growths (Li et al., 2017; Moran et
al., 2008; Moschou et al., 2000; Ji et al., 2005).
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Figure 2: TEM images of PtRu/MoS; NPs at different magnifications

Figure 3: TEM image of dispersed of PtRu/MoS; NPs in HCL resin
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Figure 4: CV tests in the presence of different amounts of NHz in 1 M KOH

Amperometric experiments at different NHz amounts were performed and the sensitivity plot as a function of
ammonia concentration, with error bars based on three trials of NH3 exposure, is shown in Figure 5a. The
calibration curve, obtained in the range 0-3 ppm, for the electrochemical sensor was constructed in Figure 5b.
The collected data fitted the equation indicated in Figure 5b with a straight line, with a coefficient of
determination R? close to one (0.987) and showing a very low LOD value of 4.5 uM. The accuracy of the
analytical technique was evaluated as the percentage of recovery by the assay of the known added amount of
analyte in the samples: the recovery rate calculated was 99.2 % indicating a possible utilization of the
proposed material to determine NHj; in real conditions. Aiming to evaluate the effectiveness of the PtRu/MoS;
NPs in HCL resin-based sensors in real environments, further tests were carried out in simulated wastewater.
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Amperometric oxidation peaks were recorded at different ammonia concentrations and compared with the
theoretical ones, see Table 2. A close correspondence between the as-obtained experimental data and the
previously made calibration curve can be detected, therefore suggesting a significant sensor performance
even in a solution close to reality.
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Figure 5: Amperometric sensitivity vs. NH3z concentration (a). Enlarged view of the first part of the curve and
the fit of anodic peak current vs. NH3; concentration (b)

Table 2: Correspondence between the sensor calibration curve and the experimental data obtained by testing
the sensor in a simulated wastewater solution

NH3 Theoretical Experimental
concentration anodic peak anodic peak
current current
[Ppm] [MA] [MA]

0.2 0.18 0.16
0.5 0.35 0.36
2 1.22 1.21
25 1.52 1.55
3 1.81 1.82

3. Conclusions

In summary, a simple, and efficient modified Davankov procedure was adopted in order to synthesize hyper-
cross-linked styrene-based resins filled with PtRu/MoS; NPs. TEM images confirmed the formation of the
aforementioned nanocomposite structure, well dispersed in the HCL resin. The prepared nanocomposite has
been tested as an electrochemical sensor in order to detect very small traces of ammonia in aqueous solution
as established by European standards, i.e. NH3 content must be lower than 5 ppm. PtRu/MoS; NPs in HCL
resin showed excellent behavior as NH3 sensor: high oxidation peak currents intensities, wide linear ranges of
detection and low detection limit (4.5 yM). This can be regarded as a consequence of the multifunctional
mechanism due to:

(i) the strong synergism between the two metals in the PtRu alloy enhanced also by the small size
of the nanoparticles. In particular, Pt favors the adsorption of ammonia molecules and the
dehydrogenation to different adsorbed intermediate species. Ru provides an abundance of
OHoags species, which have a key role in ammonia detection, helping the reaction with hydroxide
ions, producing N2, and avoiding the catalyst poisoning by adsorbed species.

(i) MoS; carpet favoring significant electron mobility.

(iii) HCLs meso- and microporous structure favoring accessibility and wettability of the electrode
active sites for ion adsorption throughout the electrolyte induced swelling.

The sensor was tested also in a simulated wastewater coming from the fertilizer industry, showing proper
operation and excellent selectivity, too.



468

References

Castaldo R., Ambrogi V., Avolio R., Cocca M., Gentile G., Errico M.E., Avella M., 2019a, Functional hyper-
crosslinked resins with tailored adsorption properties for environmental applications. Chemical Engineering
Journal 362, 497.

Castaldo R., Avolio R., Cocca M., Gentile G., Errico M.E., Avella M., Carfagna C., Ambrogi V., 2017a. A
Versatile Synthetic Approach toward Hyper-Cross-Linked Styrene-Based Polymers and Nanocomposites.
Macromolecules 50, 4132—-4143.

Castaldo R., Avolio R., Cocca M., Gentile G., Errico M.E., Avella M., Carfagna C., Ambrogi V., 2017b,
Synthesis and adsorption study of hyper-crosslinked styrene-based nanocomposites containing multi-walled
carbon nanotubes, RSC Advances, 7, 6865-6874.

Castaldo R., Gentile G., Avella M., Carfagna C., Ambrogi V., 2017c, Microporous Hyper-Crosslinked
Polystyrenes and Nanocomposites with High Adsorption Properties: A Review. Polymers 9, 651.

Castaldo R., luliano M., Cocca M., Ambrogi V., Gentile G., Sarno M., 2019b, A New Route for Low Pressure

and Temperature CWAO: A PtRu/MoS2_Hyper-Crosslinked Nanocomposite. Nanomaterials 9, 1477.

de Vooys A.C.A., Koper M.T.M., van Santen R.A., van Veen J.A.R., 2001, The role of adsorbates in the
electrochemical oxidation of ammonia on noble and transition metal electrodes, Journal of
Electroanalytical Chemistry, 506, 127-137.

Ji X., Banks C.E., Compton R.G., 2005, The electrochemical oxidation of ammonia at boron-doped diamond
electrodes exhibits analytically useful signals in aqueous solutions, Analyst, 130, 1345-1347.

Jia D., Lu W., Zhang Y., 2017, Research on Mechanism of Air Stripping Enabled Ammonia Removal from
Industrial Wastewater and Its Application, Chemical Engineering Transactions, 62, 115-120.

Jiang J., Zhang L., 2017, Nanostructured Platinum-iridium Alloy Microelectrode for Ammonia Determination,
Electroanalysis, 29, 2019-2026.

Li Z.F., Wang Y., Botte G.G., 2017, Reuvisiting the electrochemical oxidation of ammonia on carbon-supported
metal nanoparticle catalysts, Electrochimica Acta, 228, 351-360.

Lopez de Mishima B.A., Lescano D., Molina Holgado T., Mishima H.T., 1998, Electrochemical oxidation of
ammonia in alkaline solutions: its application to an amperometric sensor, Electrochimica Acta, 43, 395-
404.

Mao X., Wu M., Xu X., Jiang L., Yan J., Du Z., Li J., Hou S., 2018, Fabrication of an Electrochemical Sensor
for NOx Based on lonic Liquids and MoS;, International journal of electrochemical science, 13, 11038-
11048.

Moran E., Cattaneo C., Mishima H., Lopez de Mishima B.A., Silvetti S.P., Rodriguez J.L., Pastor E., 2008,
Ammonia oxidation on electrodeposited Pt—Ir alloys, Journal of Solid State Electrochemistry, 12, 583-589.

Moschou E.A., Azpiroz Lasarte U., Fouskaki M., Chaniotakis N.A., Papandroulakis N., Divanach P., 2000,
Direct electrochemical flow analysis system for simultaneous monitoring of total ammonia and nitrite in
seawater, Aquacultural Engineering, 22, 255-268.

Roth C., Martz N., Fuess H., 2001, Characterization of different Pt—-Ru catalysts by X-ray diffraction and
transmission electron microscopy, Physical Chemistry Chemical Physics, 3, 315-319.

Sarno M., Cirillo C., Ponticorvo E., Ciambelli P., 2015, Synthesis and Characterization of FLG/Fe304
Nanohybrid Supercapacitor, Chemical Engineering Transactions, 43, 943-948.

Sarno M., Ponticorvo E., 2018a, Cu-graphene nanostructures for low concentration CH3SH removal, Chemical
Engineering Transactions, 68, 487-492.

Sarno M., Ponticorvo E., 2018b, MoS2/ZnO nanoparticles for H>S removal, Chemical Engineering
Transactions 68, 481-486.

Sarno M., Ponticorvo E., Cirillo C., Ciambelli P., 2016, Magnetic nanoparticles for PAHs solid phase

extraction, Chemical Engineering Transactions, 47, 313-318.

Sarno M., Ponticorvo E., Scarpa D., 2019, Controlled Ptlr nanoalloy as an electro-oxidation platform for
methanol reaction and ammonia detection, Nanotechnology, 30, 394004.

Sarno M., Ponticorvo E., Scarpa D., 2019, Ru and Os based new electrode for electrochemical flow
supercapacitors, Chemical Engineering Journal, 377, 120050.

Sekhar P.K., Kysar J.S., 2017, An Electrochemical Ammonia Sensor on Paper Substrate, Journal of The
Electrochemical Society, 164, B113-B117.

Silva J., Ntais S., Teixeira-Neto E., Spinace E., Cui X., Neto A., Baranova E., 2017, Evaluation of carbon
supported platinum-ruthenium nanoparticles for ammonia electro-oxidation: combined fuel cell and
electrochemical approach, International J. Hydrogen Energy, 42, 193-201.

Vidal-Iglesias F.J., Solla-Gullén J., Feliu J.M., Baltruschat H., Aldaz A., 2006, DEMS study of ammonia
oxidation on platinum basal planes, Journal of Electroanalytical Chemistry, 588, 331-338.





