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Ammonium is an essential component of the nitrogen cycle, which is essential for nitrogen cycling in
ecosystems. On the other hand, ammonium pollution in water poses a great threat to the ecosystem
and human health. Accurate and timely determination of ammonium content is of great importance
for environmental management and ensuring the safety of water supply. Here we report a highly
sensitive electrochemical sensor for ammonium in water samples. The modified electrode is based on
the incorporation of silver nitrate (AgNO;) into a carbon paste embedded with 1-aminoanthraquinone
and supported by multi-walled carbon nanotubes, which are commercially available. A potential of
0.75V is applied to the modified electrode, followed by activation in hydrochloric acid. The modified
electrode was used for square wave voltammetry of ammonium in water in the potential range

of - 0.4-0.2 V. The performance of ammonium analysis was determined in terms of square wave
frequency, square wave amplitude and concentration of electrolyte solution (sodium sulphate).

The calculation of the surface area according to the Randles-Sevcik equation resulted in the largest
surface area for the Ag/pAAQ/MWCNTSs/CPE. The modified electrode exhibited a linear range of

5-100 pM NH,*in 0.1 M Na,SO, with a detection limit of 0.03 puM NH,* (30). In addition, the modified
electrode showed high precision with an RSD value of 9.93% for 10 repeated measurements. No
interfering effect was observed at twofold and tenfold additive concentrations of foreign ions. Good
recoveries were obtained in the analysis of tap and mineral water after spiking with a concentration of
ammonium ions.

Water is considered a vital resource, necessary for almost all living activities and essential for the survival of all
living things in the universe'. However, the pollution of water resources by anthropogenic inputs has very danger-
ous implications for public health and the ecosystem?. One of the most worrisome pollutants to the ecosystem is
ammonium ion (NH,*), which is commonly found in sewage, agricultural runoff, industrial effluents, and other
anthropogenic domestic effluents®*. Real-time quantification is essential for water quality monitoring to enforce
regulations and ensure the safety of water discharges that impact water supplies >. Ammonium is one of the most
important nitrogen-containing compounds, originating from either natural or anthropogenic sources in natural
ecosystems®. The primary source of ammonium comes from the decomposition of organic matter formed at the
water surface by ammonifying bacteria. As nutrient inputs from agricultural runoff or wastewater discharges by
humans increase, so do nutrient levels”. The increasing nutrient input leads to eutrophication, increasing growth
of biological activities, harmful algal blooms, and oxygen deficiency in the ecosystem®’. Therefore, on-site and
real-time determination of ammonium is of great importance in assessing ecological health and preventing
degradation of the aquatic environment'®!!. In drinking water, higher ammonia levels result in taste and odour
impairments and can cause aesthetic problems that lead to customer complaints and affect regulatory acceptance
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and compliance’®. In addition, ammonia can react with chlorine disinfectants used in the water treatment pro-
cess, resulting in the formation of disinfection byproducts (DBPs) such as chloramines and trihalomethanes
(THMs)®. The increase in the level of DBPs in the water supply could lead to a variety of health effects that could
increase the risk of cancer and reproductive disorders'. For all these reasons, the determination of ammonium
in drinking water is also of great importance to ensure its safety.

A variety of methods for the determination of ammonium are described in the literature. The most important
methods are based on the classical colorimetric procedures, using either the indophenol blue method (IPB)',
Nesslerization'é, or the o-phthaladehyde method (OPA)"". However, both methods have drawbacks and suffer
from selectivity and interference problems.

Chromatographic techniques such as high-performance liquid chromatography (HPLC)® and ion chroma-
tography (IC)** have also been used for the determination of ammonium ion, with chromatographic instruments
associated with detectors such as UV, conductivity, or electrochemical detectors?.

Ion selective electrodes (ISE) are another option for the determination of ammonium. The determination
of ammonium is usually based on the measurement of ammonium based on its membrane potential. There are
two types of ammonium ISE, the ammonia gas sensor, which uses a hydrophilic gas-permeable membrane to
separate the ammonium in the sample from the internal ammonium chloride solution?'. Another type of ISE
consists of a polyvinyl chloride membrane containing an ammonium carrier*.

Other electrochemical methods have been used for the determination of ammonium based on amperometric
or voltametric techniques. There are also a variety of substrates for ammonium determination based on enzyme
substrates. Other metal oxide substrates and silver-based electrodes have also been used for ammonium deter-
mination. Yu et al.? reported the use of differential pulse voltammetry (DPV) for biosensing of ammonium in
PM2.5 and Baciu et al.nanotubes? reported the use of DPV for simultaneous determination of ammonium and
nitrite based on silver on carbon. DPV has been used in the literature, but the technique has drawbacks such
as lack of repeatability® and is not sensitive enough for trace analysis of ammonium. Ammonium content in
natural water ranges from a few nanomoles to a maximum of one hundred nanomoles.

Square wave voltammetry (SWV) has the advantage over DPV in that it reduces the contribution of capaci-
tive current, increasing the sensitivity of the technique. SWV also has easily optimized properties that increase
the possibility of repeatability.

Square wave voltammetry (SWV) is a technique that involves applying square wave potentials to the work-
ing electrode. In SWYV, the potential is stepped between two fixed values, and the resulting current is pulsed.
On the other hand, differential pulse voltammetry (DPV) utilizes short, discrete pulses. The scan rate of DPV
is typically limited to not more than 10 m Vs™!, which can reduce its sensitivity for trace analytes. In contrast,
SWYV offers high sensitivity due to its ability to operate at a broad range of scan rates, making it faster than DPV
in certain cases®®. Thus, SWV is selected for highly sensitive for electrochemical determination of ammonium.

Here we report the use of carbon paste electrodes enhanced by the presence of carbon nanotubes (MWCNTs)
with a uniquely large surface area. The increased surface area of MWCNTs promotes efficient electron transfer
between the electrode and the target molecule. Poly-1-aminoanthraquinone is a very efficient conducting poly-
mer because the high nt-conjugation in the three aromatic rings also facilitates electron transfer between the
electrode and the molecule.

Our research group has recently contributed much to the improvement of modified electrodes for param-
eters in water samples. We have developed several modified electrodes based on conductive polymers that can
be used in deployable sensors®’-*%. Some efforts have also been made to set up such on-site sensors for water
quality monitoring.

Here, we report the development of poly-1-aminoanthraquinone into a carbon paste with multi-walled carbon
nanotubes and silver particles. The modified electrode was used for the square-wave voltammetry of ammonium
directly in a sodium sulphate solution as the supporting electrolyte. The method exhibited a very low detection
limit under pre-optimised conditions.

Experimental

The silver/pAAQ/MWCNTSs/CPE modified electrode was prepared by mixing the following proportions. For 1 g
of carbon paste, 0.01 g of silver nitrate (AgNO3, Merck Millipore, US., CAS No. 7761-88-8), 0.09 g of MWCNTs,
”90% carbon base, with dimensions D X L 110-170 nm X 5-9 uM (Merch, US., CAS No. 308068-56-6), 0.1 g
1-aminoanthraquinone (1-AAQ, C1,H,NO,, Merck, US., CAS No. 82-45-1), 0.5 g fine graphite powder <20 uM
(Merck, US., CAS No. 7782-42-5), and 0.3 g kerosene oil (Merck, US., CAS No. 8012-95-1). The mixture was
placed in a mortar and mixed with a pestle for 10 min until a uniform paste was obtained. The paste was then
placed in an electrode holder (MF-2010, Bioanalytical Systems (BASi) Inc., US.) and then polished on a filter
paper to remove all residues. After rinsing with deionized water (SMART2PURE, Thermo Scientific, US.), the
electrode is ready for use again. An electrochemical cell with three electrodes was used for all voltametric meas-
urements. The modified electrode served as the working electrode. Silver/silver chloride fed with a saturated
potassium chloride solution (3 M KCI, Merck, US) served as the reference electrode. A platinum wire was used
as the counter/auxiliary electrode. A model Epislon EC potentiostat connected to the cell stand (BASi, US) was
used to perform all voltametric measurements. All data were created using BASi Epsilon- EC - ver 2.13.77_USB.
The data was then processed using Python software (Python 3.19.13, Spyder 5.3) to create all figures and perform
data processing. The anodic polymerization of 1-AAQ was performed in one step with the deposition of silver
in two steps. The first step is performed by applying a fixed potential of 0.75 V for 2 min, while the second step
is activation by cyclic voltammetry (CV) in a solution of 0.1 M HCl in the potential range of —0.2-1.4 V for 5
sampling cycles, as shown in Fig. 1.
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Figure 1. Cyclic voltammograms of the electrode modified with Ag/MWCNTs/pAAQ/CPE in a solution of
0.1 M HCl for 5 sampling cycles at a sampling rate of wereV s™ in a potential range from —0.2 to 1.4 V with a
switching potential at —0.2 V. The step is the subsequent step after applying a fixed potential of 0.75 V for 2 min
with stirring.

Surface area was determined by cyclic voltammetry of the electrodes in a solution of 1 X 10-3 M potas-
sium ferricyanide (K,Fe(CN)g, Merck, US, CAS no.13746-66-2) containing 3 M KCI. CV was performed in the
potential range of —0.6-0.8 V at various scan rates. The slope of the plot between the peak current in pA and
the scan rates in mV s™ was used to calculate the active surface area in m? using the Randles-Sevcik equation.

Ammonium stock solutions with a concentration of 10 mM were prepared by dissolving 0.535 grammes of
ammonium chloride (NH,Cl, Merck, US, CAS n0.12125-02-9) in 1000 ml of deionized water.

Ammonium was determined in a solution of 0.1 M sodium sulphate (Na,SO,, ACS reagent, Merck, US, CAS
No. 757-82-6) by square-wave voltammetry in the potential range of —0.4-0.2 V at a square-wave frequency of
5 Hz, a square-wave amplitude of 25 mV, and a step potential of 1 mV.

Results and discussion

Preparation of the modified electrode

Anodic polymerization of AAQ using cyclic voltammetry was performed in the presence of AgNO; in the
paste with the support of multi-walled carbon nanotubes in the paste. Figure 1 shows the cyclic voltammogram
obtained after applying a fixed potential of 0.75 V for 2 min. The cyclic voltammogram shows a very significant
peak at 0.18 V, which is related to the oxidation of silver ions still present on the surface, with the peak current
decreasing as the number of scanning cycles increases. On the other hand, there is a peak that occurs during
the first scan cycle that could be related to the oxidation of the amino group in AAQ, and the continuation of
scanning could be related to the consumption of the amino group during the polymerization process. The high
p-conjunction present in the three aromatic rings of the anthraquinone groups facilitates the deposition of silver
particles on the electrode surface, making them more accessible for reaction with ammonium ions.

During the deposition process, the silver nanoparticles are formed from the reduction of the silver nitrate
present in the carbon paste. Cyclic voltammetry facilitates the formation of silver nanoparticles in a supporting
electrolyte of HCI. HCl is considered the best supporting electrolyte because its low background noise allows
excellent electron transfer from the electrolyte solution to the electrode surface. The application of the applied
potential of 0.75 V further enhances the deposition process by allowing the nanoparticles to properly adhere to
the surface of the carbon paste.

This is true for the large surface area that MWCNTs with nanoscale structure can provide. MWCNTSs could
provide an excellent substrate with numerous active sites that increase the surface area, thus increasing the pos-
sibility of chelating more silver particles on the surface. This is evident from the surface area calculations with
the ferrocyanide solution and in the determination of ammonium ions by square wave voltammetry, which is
the most important step.

Square wave voltammetry of ammonium

Square wave voltammetry (SWV) was chosen because it can reduce the contribution of capacitive current to
peak current. This is achieved in SWV by using the staircase potential modulation ramp instead of the continu-
ous potential ramp used in cyclic voltammetry. This is achieved by sampling the current twice at the beginning
and end of the potential pulse. SWV is more suitable for electrochemical analysis than other pulse techniques
because it uses small potential pulses instead of the larger pulses used in DPV.

The schematic illustration was shown in Fig. 2, Left Side, which shows the steps for the preparation of the
modified electrode by applied potential followed by cyclic voltammetry. Where the determination of ammonium
is determined by SWV.

Ammonium was determined by square wave voltammetry at different electrodes for a concentration of
100 uM NH,* in a solution of 0.1 M Na,SO, (Fig. 2, Right Side). First, at the electrode without silver, at pAAQ/
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Figure 2. Schematic illustration of the preparation of the modified electrode (Ag/pAAQ/MWCNTs/CPE)

and square wave voltammetry of ammonium (Left side). Square wave voltammograms of 100 uM of NH,*

in a solution of 0.1 M Na,SO, on pAAQ/CPE (green line), pAAQ/Ag/CPE (yellow line) and on pAAQ/Ag/
MWCNTSs/CPE (blue line) with sw frequency of 5 Hz, a square wave amplitude of 25 mV and a step potential of
1 mV. Square wave voltammetry of a solution of 0.1 M Na,SO, (blank) on pAAQ/Ag/MWCNTSs/CPE (red line)
(Right side).

CPE, there is a small peak at —0.25 V that shows no identified analytical performance with increasing ammonium
ion concentration. On the Ag/pAAQ/CPE, however, there is a significant peak for ammonium ions at —0.05 V
that increases with increasing ammonium concentration. The same is true for the modified Ag/pAAQ/MWCNTs/
CPE electrode, where there is also a significant peak at —0.56 V, indicating the presence of ammonium. This is
not true for the voltammogram in a blank solution, where no peak is observed, indicating that the peak observed
in a solution of 100 uM NH,* is related to the ammonium ion.

The appearance of a peak with silver present on the electrode surface is highly related to the evidence of the
complexation of ammonium with silver, specifically Tollen’s complex. This complex forms instantly during the
oxidation step with square wave voltammetry, as shown in Eq. (1).

ANH{ + Ag(NO3) + Ag’ — 2[Ag(NH3),] " 4+ HNO; + 3H (1)

The reaction involves the reaction of zero-valent silver ions deposited during the formation step with an
applied potential of +0.75 V, along with residual silver nitrate present in the carbon paste, to react with ammo-
nium ions in the solution. This reaction forms the Tollen’s complex (Diamine Silver(II) complex) during the
oxidation step.

The peak current values obtained in Fig. 2, right insert, show that the Ag/pAAQ/CPE electrode exhibits a
value of 125 mA, indicating an increased accessibility of silver ions during the deposition step in the formation
of the modified electrode. This increased accessibility enhances the possibility of interaction between the silver
zero-valent ions and the ammonium ions present in the solution. Furthermore, when the accessible surface area
is further increased by incorporating multi-walled carbon nanotubes (MWCNTs) into the carbon paste, higher
peak current values are obtained. This is attributed to the facilitation of polymerization of the polymer film and
the subsequent greater coverage of the electrode surface. As a result, there is a higher chelation of silver on the
polymer-based modified electrode during the deposition step. The greater the deposition of silver ions on the
electrode surface, the higher the peak current obtained due to increased interaction with ammonium ions dur-
ing the oxidation step by square wave voltammetry. This could potentially explain the high peak current value
of 250 mA obtained for a concentration of 100 uM ammonium ions at Ag/pAAQ/MWCNTs/CPE.

Surface area calculations

One of the most important methods for characterising electrode layers is to determine the active surface area for
each electrode composition. The active surface area is highly dependent on how rough the electrode surface is.
The current density also expresses the active surface area that is readily accessible for electron transfer to species
in solution. The value of the surface area can be estimated from the Randles-Sevick equation (Eq. 2). The peak
current in the equation is related to the root square of the scan rate as follows.

I, = (2.687 x 10°)ACn’*/*(Dv)'/? )

where I, is the peak current values in amperes (A). A is the electroactive surface area in cm? where C is the
concentration of electroactive species in mol cm™. Where the number of exchange electrons in the redox reac-
tion are expressed in n. D is the diffusion coefficient which expressed in cm? s™! for a solution of 0.1 M K,Fe
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(CN)e, D equals 6.7 x 107 cm? s 1. where v is the scan rate in mV s™'. Figure 3 shows the cyclic voltammograms
and corresponding peak current and square root of the scan rate for all the modified electrode into a solution of
0.1 M K, Fe (CN); and 3 M KCl at different scan rates from 10 to 200 mV s™".

The values of slope between the peak current and the scan rate were taken to calculate the effective surface
area for five electrodes using the Randles—Sevick equation as shown in Table 1.

The data in Table 1 show that CPE has an effective surface area of 9.37 cm?, which resulted in a decrease in
value for Ag/CPE with an average of 2.33 cm? and a decrease for pAAQ/CPE with a calculated value of 1.22 cm?.
The modified electrode Ag/pAAQ/CPE had an area about 6 times larger than that obtained for CPE, with a
calculated value of 63.6 cm” The modified electrode Ag/pAAQ/CPE had a surface area 5 times larger than Ag/
PAAQ/CPE, with an average value of 320.5 cm? Overall, CPE exhibited a larger surface area than either the
polymer film modified electrode (pAAQ/CPE) or the silver ion deposition modified electrode (Ag/CPE). This
is because the absence of the more active site is associated with either polymerization of the polymer or silver
ions on the poor active site of CPE. The deposition of silver ions during polymerization increases the likelihood
of more silver ions being deposited. This helps to increase the surface area for Ag/pAAQ/CPE by 6 times com-
pared to CPE. The presence of multi-walled carbon nanotubes in the paste, characterised by more active sites,
facilitates the polymerization of AAQ, which in turn promotes the deposition of more silver ions. This allows
the raise of the effective surface area five times more. This will also be translated during SWV of ammonium
ions on the modified electrodes.

Optimization of analytical conditions

The analytical conditions should be optimized to achieve the best sensitivity of the modified electrode to the
target ions. Parameters such as the square wave frequency, the square wave amplitude, and the concentration of
the electrolyte solution (Na,SO,) were optimized. Square wave voltammetry (SWV) is a technique that reduces
the contribution of the charging current to the total peak current. In this technique, the current is measured twice
at the beginning and end of the potential pulse. SWV surpasses differential pulse voltammetry in its ability to
measure current in less time than DPV. SWV measures three parameters: the step potential in mV, the measure
of the sampling step. The amplitude of the square wave, which is the measure of the magnitude of the potential
pulse, can express the magnitude of the potential pulse. The frequency of the square wave is the reciprocal of the
duration of the potential pulse and can be expressed in Hz (s™!). A solution of 80 uM NH,* with 0.1 M Na,SO,
was tested on Ag/pAAQ/MWCNTSs/CPE. The effect of varying the frequency in Hz on the peak current was
measured in the range of 5-25 Hz (Fig. 4A). The maximum peak current in pA is reached at 5 Hz with a value
of 210 pA, while it increases with increasing frequency up to 25 Hz. Here, the peak current decreases by about
10 pA and reaches 110 pA at a frequency of 25 Hz. This is because as the frequency increases, more ammonium
species accumulate on the surface of the working electrode, saturating the electrode and blocking the active sites
on it. While studying the influence of square wave amplitude on peak current from a value of 5 mV to a value of
30 mV (Fig. 4B). With the increase of the amplitude from 5 to 30 mV. The peak current values increase with the
increase of the amplitude of 5 mV with a peak value at 25 mV, which decreases only slightly with the increase
of the amplitude to 40 mV. The supporting electrolyte (Na,SO, solution) plays a crucial role in the performance
of the modified electrode. The supporting electrolyte provides a medium for electron transfer between the
electrode and the solution, which facilitates the electrochemical reaction on the electrode surface. The choice
of the appropriate concentration of the supporting electrolyte is important for maintaining the stability of the
electrode. This is because the supporting electrode can prevent the occurrence of undesirable side reactions or
parasitic electrolytes. In addition, the supporting electrolyte increases the conductivity of the solution so that
charge transfer can occur. For this purpose, the effect of Na,SO, concentration on the peak current values from
a concentration of 0.01 to 2.0 M was investigated. Figure 4C shows that with increasing Na,SO, concentration of
0.01 M, the peak current increases and reaches a maximum peak current of 210 pA at a concentration of 0.1 M
Na,SO,. The peak current decreases with increasing Na,SO, concentration to 0.15 M with a peak current of
200 pA and with a peak current of 150 pA at a concentration of 0.2 M. This could be due to the fact that as the
concentration of the supporting electrolyte increases, the availability of ions in the solution also increases. This
would increase the conductivity of the electrolyte solution, leading to an increase in charge flow. However, if the
concentration of the sodium sulphate supporting electrolyte increases above 0.1 M, the increased ionic strength
could lead to changes in the double layer structure at the electrode surface. This leads to a decrease in the peak
current at the modified electrode surface. Also, the decrease in peak current with increasing concentration of
the supporting electrolyte could be due to increasing ion shielding and changes in the surface coverage of the
modified electrode. This led to changes in the kinetics of the electrochemical reaction.

Analytical performance of the modified electrode

Square-wave voltammetry was used for the quantitative determination of ammonium in a solution of Na,SO,
under preoptimized conditions. Square wave voltammograms were recorded as shown in Fig. 5, A, for a range of
concentrations from 5 to 100 uM NH,* of Ag/pAAQ/MWCNTs/CPE. A linear regression relationship between
the peak current in pA and the NH,* concentration in uM was obtained (Fig. 5B), with the regression equation
as follows: y=1.82x +75.45, where x is the NH,* concentration in uM and y is the peak current in pA at the
electrode modified with Ag/pAAQ/MWCNTSs/CPE. The regression relationship showed perfect linearity with
a detection coeflicient (R?) of 0.987. The limit of quantification (LOD) was calculated as three times the blank
solution measurement (ten blank solution measurements) and is 0.03 uM NH,*. The limit of quantitation (LOQ)
was calculated as ten times the blank measurements and is 0.105 pM NH,".
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Figure 3. (A) cyclic voltammograms of CPE in a solution of 0.1 M Fe;(CN)¢** containing 0.3 M KCl at different
scan rates with (B) the corresponding scan rate in mVs™ versus Current in pA with the insert equation describe the
value of the slope (0.09 pA s mV™"). (C) the cyclic voltammograms of Ag/CPE modified electrode into a solution of
0.1 M Fe;(CN)¢>”* containing 0.3 M KCl at different scan rates with (D) the corresponding scan rate in mVs™! versus
Current in pA with the insert equation describe the value of the slope (0.01 pA s mV™). (E) cyclic voltammograms
of 0.1 M Fey(CN)¢>*~ containing 0.3 M KCl for PAAQ/CPE at different scan rates with (F) the corresponding
scan rate in mV s™! versus peak current in pA with the insert value for the slope (0.01 A s mV™"). (G) square wave
voltammograms of Ag/pAAQ/CPE in a solution of 0.1 M Fe;(CN)¢**" containing 0.3 M KCl at different scan rate
where (H) the corresponding diagram of scan rate in mV s™! versus current in A where the equation for the slope
was inserted with a value of 0.55 pA s mV~". (I) Cyclic voltammograms of a solution of 0.1 M Fe;(CN)s*"*~ containing
0.3 M KCl on Ag/pAAQ/MWCNTs/CPE at different scan rates with (J) the corresponding graph of scan rate in mV s™
versus peak current values in pA with the insert for the slope value of 3.19 yA s mV~".
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Table 1. Calculations of surface area for each electrode.
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Figure 4. (A) peak current values of a concentration 100 pM of NH,* into a solution of 0.1 M Na,SO, at
amplitude of 25 mV and step potential of 1 mV at different frequencies from 5 to 25 Hz. (B) peak current values
of a concentration of 100 uM of NH," into a solution of 0.1 M Na,SO, at frequency of 10 Hz and step potential
of 1 mV at different square wave amplitude from 5 to 30 mV. (C) peak current values of a concentration

of 100 uM of NH,* at amplitude of 25 mV, frequency of 10 Hz and step potential of 1 mV at different
concentrations of Na,SO, from 0.01 to 0.2 M. Error bar n=5.

The analytical performance of Ag/pAAQ/MWCNTs/CPE for the quantification of NH,* was evaluated in
comparison with other modified electrodes prepared for the determination of ammonium in water. Table 2
summarises the modified electrodes for the determination of ammonium in water.

In the literature, our modified electrode showed the lowest detection limit (LOD) with a value of 0.03 uM, with
no previous report LOD showing lower values than our approach. In addition, our modified electrode showed
a good linear concentration range with a typical range that could be applicable to the range of ammonium in
natural water, where the ammonium concentration in river water ranges from a few micromolar to a hundred
micromolar values. Also, for voltametric determination, our method introduces for the first time the use of SWV
as one of the main pulsed techniques for the quantification of ammonium. Despite all the advantages that SWV
offers, being a more sensitive pulsed technique compared to other methods such as DPV.

Also, Table 3 shows the comparison between our electrochemical approach and other analytical methods
published in the literature. Methods are either based on spectrophotometric, fluorometric and liquid chroma-
tography were mentioned.

Our approach showed a reasonable detection limit compared to the other published methods. In addition,
the published methods use a wide range of reagents and suffer from the problem of reagent consumption during
operation. These methods are not suitable for long-term use. In addition, the method using o-phthaldialdehyde
as a reagent has a harmful effect on the environment. Other methods using the complex technique of liquid
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Figure 5. (A) Square wave voltammograms of Ag/pAAQ/MWCNTs/CPE into a solution of 0.1 M Na, SO, for
different concentrations of NH,* with square wave frequency of 5 Hz, square wave amplitude of 25 mV and step
potential of 1 mV. (B) the calibration plot for the peak current in pA versus the concentration in M with the
insert the linear regression equation and R? value. Error bar n=5.

Electrode construction Technique Linear range (uM) | LOD (uM) | References
GLDH/2-OG/NADH/MB/SPCE* CV (depending on NADH! concentration) | 18.4-184.0 184 35
GLDH-CS/diaphorase-CS/SPCE® | Chronoamperometry 2.5-500 2.5 3
GLDH/Fe;0,/GR/CS/GC® DPVe 0.4-2.0 0.08 3
Cu0O/ZnO NCs*? Voltammetric (I-V method) 77.0-7.7 M 8.9 37
Ag/CNT* DPV 0.2 mM-1 mM 1 2
Ag/PAAQ/MWCNTs/CPE SwWv 5-100 0.03 This work

Table 2. Linear ranges and LOD on different modified electrodes for electrochemical determination of
ammonium. *GLDH/2-OG/NADH/MB/SPCE: glutamate dehydrogenase/2-oxoglutarate/nicotinamide adenine
dinucleotide/meldola blue/screen printed carbon electrode. "GLDH-CS/diaphorase-CS/SPCE: glutamate
dehydrogenase-chitosan/diaphorase-chitosan/screen printed carbon paste electrode. “GLDH/Fe;O,/GR/CS/
GC: glutamate/Fe;0,/graphene/chitosan/glassy carbon electrode. 4CuO/ZnO/NCs: copper oxide/zinc oxide
nanocomposites. °Ag/CNTs: silver/carbon nanotubes. 'NADH: nicotinamide adenine dinucleotide. EDPV:
differential pulse voltammetry.

Technique Chemistry Linear Range (uM) | LOD (uM) | References
Modified SIA® (termed ABA) OPA®-Sulfide with Formaldehyde | 0.005-25 0.001 8

SFA -LWCC* IPB¢-Phenol 0.005-10 55nM »
Programmable flow Spectrophotometric | pH-indicator bromothymol blue | 0.028-55.6 15 nM o

LC* with fluorescence detection OPA-Sulfide 0.625-10 330 nM 18
SWV-electrochemistry Ag-PAAQ-MWCNT-CPE 5-100 0.03 This work

Table 3. comparison between different analytical techniques for the determination of NH," in water. *SIA:
sequential injection analysis. POPA: o-phthaldialdehyde. °SFA-LWCC: segmented flow analyzer-liquid
waveguide capillary cell. “IPB: indophenol blue method. ¢LC: liquid chromatography.

chromatography cannot be integrated into a miniaturized sensor. Overall, our method is a promising candidate
for the development of a long-term deployable sensor that could provide insight into the real-time distribution
of ammonium in natural waters.

Another point to evaluate the analytical performance of our modified electrode for the quantification of
ammonium. The repeatability of the modified electrode was determined from the peak current of a series of
repeated measurements of ammonium in the same solution. Ten repeated measurements of a concentration of
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Figure 6. (A) Ten square-wave voltammograms of 100 uM NH,* on Ag/pAAQ/MWCNTs/CPE in a solution
of 0.1 M Na,SO, at a step potential of 1 mV, a square-wave frequency of 5 Hz, and a square-wave amplitude of
25 mV in a potential range of —0.4-0.2 V. (B) Peak current values in mA for 10 measurements of 100 uM NH,*
with RSD (relative standard deviation) with a value of 9.93%.
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Figure 7. Vertical column graph of a concentration of pM NH,* 0.1 M Na,SO, at a step potential of 1 mV, a
square-wave frequency of 5 Hz, and a square-wave amplitude of 25 mV in a potential range of —0.4-0.2 V for
concentration of 50 uM of soluble inorganic ions and organic ions.

100 uM NH,* in a solution of 0.1 M Na,SO, on the Ag/pAAQ/MWCNTSs/CPE to test the stability of the electrode
(Fig. 6A). The modified electrode showed good stability with no significant deviation in repeated measurements
of the same ammonium concentration. With a standard error of 0.0063, the peak current values showed a rela-
tive standard deviation (RSD) of 9.93% (Fig. 6B), which is lower than the extent reported by Gibbons et al.*!.

An important parameter that should be investigated to determine the extent to which our sensor is reliable
for the determination of ammonium in natural water is to investigate the influence of other potential interfering
ions. This also helps to investigate the selectivity of our method, where the interfering measurements were per-
formed during the SWV of 5.0 uM NH,* under the pro-optimised conditions. The results show that there is no
significant variation in peak current after the addition of 50 uM of water-soluble inorganic ions (K+, Na*, Ca*,
Mg**, SO,*, NO;~, PO, F~ and CI). The same is true after the addition of other water-soluble organic ions
such as formate, acetate, oxalate, and p-phthalate, for which there is no significant deviation of the peak current
with a value less than + 5% as shown in Fig. 7. The results show the specificity of our sensor and its applicability
for real measurements of ammonium in natural waters.

Analysis of real samples
Other important factors in the evaluation of our sensor for the analysis of ammonium in natural waters. Two
samples (tap water and mineral water) were analysed after spiking with a concentration of 5 and 20 uM NH,*
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Sample Added NH, * (uM) | Found by p-AAQ/MWCNT/Ag/CPE (uM) | Recovery (%)
5 4.8 96
Tap water
20 21.3 106
5 5.17 103
Mineral water
20 18.98 95

Table 4. Analysis of real samples (Tap and Mineral Waters) by the modified electrode.

after addition of 0.1 M Na,SO, (Table 4). The results show good recoveries between 95 and 106% as shown in
Table 3. For 5 analyses of each sample after spiking, a t-test with a degree of freedom (df) of 4 and a significance
level of 1% was performed to evaluate the systematic error (bias). No bias was detected for tap water spiked with
5 uM NH,* (t-value=0.75, t iical (two-taiy = 4-6, p-value” 0.01). The same is true for a tap water sample spiked
with 20 uM NH,* (t-value=2.52, t crigical (two-tail) = 46, p-value” 0.01). The same is true for mineral waters, where
there is no bias for this water spiked with 5 uM NH,* (t-value=0.8, t cyical two-tai)) = 46> p-value” 0.01) and for
this water spiked with 20 uM NH,* (t-value=2.28, t cyitical two-tail) = 4.6, p-value” 0.01). We also used the z-score
at a 1% significance level to evaluate whether there was a significant difference between the added and meas-
ured values; this is the alternative hypothesis. If there is no significant difference, this is called the null hypoth-
esis. There is no significant difference between the concentrations determined by our approach and the added
concentrations, which means that there is a systematic error. For a concentration of 5 uM NH," in tap water
[z-score=0.31 with p-value=0.6217 (" 0.01)] and for a concentration of 20 uM NH," in tap water [z-score=—1.48
with p-value=0.0694 (C0.01)], the same is the case. There is also no bias for a concentration of 5 uM NH,* in
mineral water [z-score=—0.12 with p-value =0.4562 (0.01)] and for a concentration of 20 yM NH," in tap
water [z-score= 1.2 with p-value=0.9015 (" 0.01)]. Overall, all statistical tests prove the ability of our method to
determine the ammonium concentration in natural water to a perfect extent.

Conclusion

In summary, we were successful in the anodic polymerization of 1-AAQ to support the deposition of silver on
the surface of a carbon paste that had multi-walled carbon nanotubes. Calculation of the surface area using the
Randles-Sevcik equation resulted in a high surface area (320 cm?) for Ag/pAAQ/MWCNTs/CPE. The modified
electrode was used for square wave voltammetry of ammonium in water samples under pre-optimised condi-
tions. Optimization was performed for square wave parameters such as frequency and amplitude, and the optimal
conditions were 5 Hz and 25 mV. The concentration of the supporting electrolyte (Na,SO,), where the optimal
concentration is 0.1 M, was also optimised. The calibration plot obtained showed an excellent linear fit with
an R? of 0.98, a LOD value of 0.03 1M, which has a lower detection limit than other methods in the literature.
The precision of the modified electrode showed an RSD value of 9.9% for a concentration of 100 uM NH,*. No
significant interference effects were also observed for potential inorganic ions and organic ions in natural water.
Good recoveries were obtained in the analysis of tap and mineral waters spiked with NH,* concentrations. No
significant systematic error was observed between the added NH,* concentrations and the values measured by
our method. Overall, the method showed promising results for the determination of ammonium ions in natural
waters and could be a potential candidate for the use of real-time deployable sensors.

Data availability

All data used to conduct this study are presented in this article. The raw data used in the current study are availa-
ble from the corresponding authors, M.EA. mahmoud_abdalqader@nwrc.gov.eg and A.G.A. asmaa.galal081986@
gmail.com, with appropriate justification.
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