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Abstract

Stably retaining the water-soluble molybdate within electrodes is of great significance in phosphate analysis. This study
fabricated an [Omim]¢Mo,0,, carbon paste electrode (OCPE), which was able to effectively retain molybdate in the aqueous
solution. The electrochemistry of phosphate at the surface of the OCPE was studied using cyclic voltammetry (CV). The
voltammograms showed three reversible redox peaks corresponding to the redox of Mo(VI/V) as well as several irreversible
peaks involving the formation of hydrogen molybdenum bronze. The currents of all three reversible redox peaks linearly
varied versus phosphate concentrations in 0.1 mol-L~! H,SO,-KCl. After optimizing the mass ratio of the [Omim]Mo,0,,
and carbon powder, peak C6 shows a wide linear range (1.0x 102=1.0x 1077 mol-L™!; R*=0.9970) with a sensitivity of 5.3
(+0.1) pA/pM. The limit of detection (LOD = 30/s) was 8.5 X 107® mol-L™". Interferences from common anions, silicate,
and glyphosate on phosphate analysis were also investigated. The proposed sensing method was successfully applied to the

determination of phosphate in tap water, whose results were verified with ion chromatography (IC).
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Introduction

Determination of inorganic phosphate is important for envi-
ronmental and life science applications (Macintosh et al.
2018; Ellam and Chico 2012). Therefore, there is an ongoing
interest in both environmental researchers and bioanalyti-
cal chemists to develop simple, sensitive, and cost-effective
approaches for phosphate analysis. Various analytical tech-
niques have been developed to analyze the concentration
of phosphate in environmental, industrial, clinical, and bio-
logical samples including ion chromatography with capillary
electrophoresis, (Ruiz-Calero and Galceran 2005; Chang
et al. 2005) colorimetry, (Yan et al. 2019; Liu et al. 2013; He
et al. 2013) optical fluorescence, (Nagaraj et al. 2021; Zhang
et al. 2022) spectrophotometry, (Snigur et al. 2020; Clinton-
Bailey et al. 2017) and electrochemistry (Forano et al. 2018).
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Electrochemical methods have several advantages over other
techniques including good detection sensitivity, selectivity,
high throughput, miniaturization, cost-effectiveness, adapt-
ability, and suitability for field measurements. Other than
potentiometric methods, the most popular electroanalyti-
cal method for the determination of phosphate involves the
treatment of the sample with an acidic molybdate solution to
convert the phosphate into the Keggin anions (PM0120403_),
with subsequent electrochemical reduction leading to mixed
molybdenum oxidation state(Nagul et al. 2015). The use of
direct electroreduction techniques can lead to portability and
excellent sensitivity, which make them very attractive for
on-site monitoring of phosphate.

In general, the source of Mo used for the electrochemical
phosphate detection is water-soluble salts such as Na,MoO,
(VI) and (NH,)sMo,0,,(VI) even when the reaction must
occur on the surface of an electrode rather than in solution.
Hence, the preparation of electrodes requires one to stably
retain the water-soluble molybdate in an aqueous solution.
Multiple papers have reported on the preparation or modi-
fication of electrodes with molybdenum sources utilizing a
range of different materials such as graphite inks, (Lu et al.
2021a) carbon black nanoparticles, (Kumar et al. 2021)
poly (vinyl chloride), (Kolliopoulos et al. 2015; Talarico
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et al. 2015) poly(vinylidene fluoride-co-hexafluoropro-
pylene, (Cinti et al. 2016) chitosan ionic—liquid hybrid
matrix, (Berchmans et al. 2011) and zirconium dioxide/zinc
oxide/multiple-wall carbon nanotubes (Lu et al. 2021b) to
achieve superior analytical performance for the phosphate
analysis. An electrochemical sensor was prepared via zirco-
nium dioxide, zinc oxide, multiple-wall carbon nanotubes,
ammonium molybdate tetrahydrate, and a screen-printed
electrode. This sensor was used to explore the electro-redox
reaction of phosphomolybdate complexes on the surface
of the electrode, thus resulting in a lower detection limit
(LOD=2.0%10"® mol L™"). (Lu et al. 2021b) However, most
phosphomolybdate-based methods that use voltammetry
are commonly accompanied by tedious fabrication with the
electrode decorated via nanomaterials to increase sensitivity.
Therefore, phosphate-measuring electrodes with a simple
fabrication method are always desirable.

Recently, we reported on the synthesis of [Omim];Mo-0,,
and its application in potentiometric PF,~ ion sensors. (Shi
et al. 2021) Here, we fabricate [Omim];Mo,0,,-carbon paste
electrodes (OCPEs) and apply them to the determination of
phosphate in tap water.

Experimental
Materials

Chemicals

The 1-octyl-3-methylimidazolium chloride (>97%), ammo-
nium molybdate tetrahydrate (AR), silicone oil (10 mPa-s,

25 °C), carbon powder (3000 mesh), sodium dihydrogen
phosphate anhydrous (=99%), and potassium chloride
(>99%) were purchased from Shanghai Aladdin Biochemi-
cal Technology Co., Ltd. Potassium hydroxide (>95%),
sulfuric acid, and hydrochloric acid were obtained from
Sinopharm Chemical Reagent Co., Ltd. All chemicals were
used as received without additional purification. All solu-
tions were prepared with water purified in a Milli-Q System
(Millipore, Bedford, MA, USA).

The phosphate standard solution was prepared as fol-
lows: The KCI electrolyte (0.7455 g) was dissolved in
100 mL of 0.1 mol-L~! sulfuric acid solution to obtain
0.1 mol-L™" H,S0,-KCI mixed solution. We then weighed
0.1380 g sodium dihydrogen phosphate monohydrate and
added it to 10.0 mL of the above-mixed solution. The solu-
tion was stirred and vibrated fully to dissolve it and obtain
0.10 mol-L™! phosphate stock solution. We then used a
pipette to transfer 1.0 mL of phosphate stock solution
into another test tube and added 9.0 mL of 0.10 mol-L~!
H,S0,-KCI mixed solution to obtain 1.0 x 1072 mol-L ™!
phosphate stock solution. This process was repeated to
obtain a series of 1.0 x 102~1.0x 10~® mol-L~! phosphate
standard solutions.

Apparatus

Voltammetric measurements were collected using a
CHIBO00D electrochemical analyzer (Shanghai Chenhua
Instrument Co., Ltd.) with an Ag/AgCl reference elec-
trode (CHI111) and a Pt wire counter electrode (CHI115)
connected to a laptop (Fig. 1). A digital magnetic stirrer
(HS501, IKA, Guangzhou, China) and clinical centrifuge
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Fig.1 Schematic diagram of experimental device
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(L420-A, Cence, Hunan Changsha, China) were used for
[Omim]¢Mo,0,, synthesis. Metrohm 883 IC +ion chroma-
tography verified the phosphate concentration in tap water.

Synthesis of [Omim];Mo,0,,

[Omim]¢Mo,0,, was synthesized according to the lit-
erature Shi et al. (2021). Briefly, 20 mL of 50 mmol-L~!
1-octyl-3-methylimidazolium chloride solution was added
dropwise into a 100-mL beaker pre-loaded with 20 mL of
50 mmol-L~! ammonium molybdate solution. This was
stirred at room temperature for 30 min. The resulting white
suspension was centrifuged at 4000 r-min~' for 20 min and
washed with small amounts of water until no chloride impu-
rities could be detected by the silver nitrate test. The final
milky white solid was dried in vacuum at 60 °C for 4 h, fol-
lowed by ball milling with an agate mortar by hand to obtain
a homogeneous paste around micron-sizes.

Preparation of OCPE

We started with a beaker containing 255 mg of carbon pow-
der and 50 mg of silicon oil and then, added different quan-
tities of [Omim]sMo,0,, with mass ratios of 0, 5%, 10%,
15%, and 20%. After mixing for 30 min at room temperature,
the homogeneous slurry was distributed into an ¢ 4.0-mm
plastic syringe with the syringe rod under hand-pressure.
An extrinsic electrical junction was approved by enforcing
a copper wire down the syringe, which was followed by pol-
ishing the CPE surface with 1000-, 4000-, and 8000-mesh
SiC abrasive papers to obtain an OCPE. This was then left
to dry overnight at room temperature.

Characteristics of OCPE

Scanning electron micrographs (SEMs) were collected with
an S-48001I field emission scanning electron microscope
(Hitachi, Japan) equipped with Noran EDS (Thermo Elec-
tron Corporation) to obtain morphological characteristics of
OCPE. The XPS spectrum of the surface layer was obtained
using ESCALAB250Xi model (Thermo Fisher Scientific,
USA) to confirm the molybdenum species on the OCPE
surface layer.

Experimental conditions

The OCPE working electrode (WE), platinum wire counter
electrode (CE), and Ag/AgCl/KCl1 (3 moleL.™!) reference
electrode (RE) were connected to the electrochemical work-
station. CV was initially performed in 10 mL of supporting
electrolyte solution consisting of 0.1 mol-L™! H,SO,-KCl
(volume ratio of 1:1) mixed solution under an operating
potential range of —0.4 — 1.2 V vs. SCE.

Sample measurements

The samples were laboratory tap water from Yangzhou
University, China. First, 10 mL of tap water samples were
collected, and 1000 pL of this sample was added to the sup-
porting electrolyte (0.1 mol-L~! H,SO,-KClI mixed solution
(pH=1.0)); CV was performed under 20 °C. The current
changes at redox peaks were recorded as measurements in
the absence or presence of phosphate. The concentrations
of phosphate were determined via the standard addition
method, and the accuracy was assessed via recovery testing
with OCPEs.

Results and discussion
SEM-EDS result of OCPE

Figure 2 shows an [Omim]Mo0,0,,-carbon paste electrode
(OCPE) with Scanning Electron Microscope-Energy Dis-
persive Spectroscopy (SEM-EDS) acquired at 20.0 kV. We
confirm that the OCPE morphology shows flaky clusters on
the surface; the [Omim]sMo,0,, is well dispersed on the
CPE surface.

The XPS spectrum of the OCPE surface layer was car-
ried out after multiple potentiodynamic cycling from — 0.4
to 1.2 V in an electrolyte containing phosphate (Fig. 3). The
XPS spectrum exhibited a doublet in the Mo 3d electron-
binding energy region. Peak i and Peak ii corresponding to
Mo 3d appeared as a doublet Mo 3d5/2 at 234.93 eV and
Mo 3d3/2 at 231.85 eV before reacting with phosphate.
According to the literature, the binding energy of the peaks
(232.5 eV and 235.6 eV) corresponds to the Mo®* state.
(Figueredo et al. 2021; Arvas et al. 2019) The correspond-
ing peaks after CV in the presence of H,PO,™ also exhibited
two resolved peaks at 231.99 eV and 235.15 eV (peaks i' and
ii"). The two peaks showed that binding energy 0.65 eV and
0.67 eV were lower than those of Peak i and Peak ii, respec-
tively, which were assigned to Mo 3d5/2 and Mo 3d3/2 of
Mo(V) states in agreement with the data reported in the lit-
erature (Sian and Reddy 2004; Maria et al. 2012). There was
no indication of Mo (IIT) and Mo(IV) in the layer depos-
ited on the OCPE surface (appearing at Mo**(233.09 eV)
and Mo>*(234.9 eV) (Figueredo et al. 2021). These results
suggest that the parent Mo(VI) surface species convert into
Mo(V) upon electroreduction.

Cyclic voltammograms of OCPE
To characterize the electrochemical properties of OCPE
for phosphate analysis, an OCPE was subjected to CV

in the 0.1 mol-L™' H,S0,-KCI mixed solution in the
absence or presence of phosphate from—-0.4 to 1.2 V
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Fig.2 Scanning Electron Microscope (SEM) images and Energy Dispersive Spectroscopy (EDS) result of OCPE
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Fig.3 X-ray Photoelectron Spectroscopy (XPS) analysis of molybde-
num species on an OCPE surface

and —0.4 to 0.35 V (Fig. 4). The results are compared
with pure GCEs in acidified molybdate (VI) (0.1 moleL™!
H,S0,+ 1.0 mmolsL~! M00O,*") solutions (Fig. 4A). The
CV had a very large current response from electroactive pol-
yoxomolybdate substrates due to the enhanced conductivity
in the developed OCPE; this material was bulk modified via
the uniform dispersion of OCPE in bulky carbons. No clear
redox peaks were observed with [NH,]¢{Mo,0,,-CPE due to
its pure conductivity (data not shown), while a series of fine
redox peaks were found with OCPE.

It is obvious that the substrate current response was much
larger with the OCPE than pure CPE (Fig. 4A). While there
was a thick background response with OCPE due to the
accessible capacitance of the [Omim];Mo0,0,,, the resolv-
ing power from the peak current was seen by deducting
background response and was markedly improved (Liu et al.
2005). The three typical couple peaks C2/A2, C3/A3, and
C6/A6 in both potential ranges —0.4 to 1.2 V and — 0.2 to
0.36 V (Fig. 4B) show in accordance with literature with
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reasonable small peak shifts (Ilangovan and Pillai 1997).
It is reasonable by the literature that the three typical cou-
ple peaks C2/A2, C3/A3, and C6/A6 in both potential
ranges —0.4—1.2 V and —0.2-0.36 V show small peak shifts
(Ilangovan and Pillai 1997).

Comparing Fig. 4A and B, three additional irreversible
peaks of Al, A5, and C4 emerge on the OCPE. Note that
Fig. 4A voltammograms were obtained under a potential
range from — 0.4 to 1.2 V. Peak C4 in Fig. 4A is presumably
associated with an Mo(VI) reduction according to the fol-
lowing hydrogen molybdenum bronze reactions represented
by the general formula H MoO; where 0 <x<2 in acid
solution. According to literature, Peak C3 is generated from
MoO,* +4H" +2e — (H,M00,), 4, + H,0 (Galicia et al.
2011). Then, the anodic peaks of A1, A5, and A7 in Fig. 4A
must correspond to the sequence of oxidation of the hydro-
gen molybdenum bronze (H,M005), 4. This suggests that
material dissolved in the solution returns to MoO,>~ accord-
ing to following reaction (MoO;+H,0 — Mo0,*~ +2H")
along with A1 electrochemical oxidation (Galicia et al.
2011).

Figure 5A shows the plots of peak currents of C2/A2, C3/
A3, and C6/A6 versus scan rates. Figure 5B clearly shows
that the currents of C2/A2 and C3/A3 were proportional
to the scan rate, thus implying that the redox processes are
surface-controlled. The C6/A6(C) (Fig. 5C) currents were
proportional to the square root of the scan rate, which indi-
cates that the redox process is diffusion controlled.

Optimization of [Omim];Mo,0,, percentage
to carbon powder

To achieve the best detection sensitivity, the effect of
[Omim]Mo,0,, percentage on the CV currents was inves-
tigated in the [Omim];Mo,0,, weight percent range of 0 to
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Fig.4 Cyclic voltammetry (CV) comparative results of OCPE in a
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Fig.5 Voltammograms of OCPE in a solution of 0.1 mol'L™" of H,SO,-KClI containing 0.010 mmol-L~" phosphate at different scan rates A;
plots of peak currents of C2/A2 and C3/A3 versus scan rates B, as well as C6/A6 versus square root of scan rates C

20% in a supporting electrolyte solution containing a cer-
tain content of H,PO,™ from—0.4 to 1.2 V at a scan rate of
100 mV-s~! (data not shown). The results showed that CPE
with 0% [Omim]¢Mo-0,, does not show any specific redox
peaks. However, there were new and obvious redox peaks
of kegging ions with 5-20% [Omim],Mo,0,, after multiple
CV sweeps. The current was highest when the mass ratio of
[Omim]¢Mo,0,, was 15%. This mass ratio was selected in
all subsequent experiments for the phosphate analysis.

Analytical characteristics

The analytical features of OCPEs were evaluated by CV
voltammograms using 1.0 X 1072-1.0 x 10~® molsL~!
standard solutions of phosphate (Fig. 6). According to
Randles—Sevcik equation I, =kc=2.69 X 10°n*2AD2p!/2
¢, I, is the peak current (A), n is the number of electron
transfers, A is the electrode area (cm?), D is the diffusion
coefficient (cm?'s™1), v is the scanning speed (Ves™!), and ¢
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Fig.6 CV voltammograms of different concentrations of phosphate
under an OCPE at a scan rate of 100 mV-s™!

is the concentration (molsL™"). Under optimized experimen-
tal conditions, a linear sensing range was obtained between
1.0x 102 and 1.0 x 1077 mol-L~'described by the following
equation: 1,=5.2657c¢ + 147.212 (R>=0.9970); here, 1, is
the current intensity (pA), and c is the H,PO,™ concentra-
tion (molsL™1), sensitivity is 5.3 (+0.1) pA/uM. The limit of
detection (LOD = 30/s, o is the slope of linear equation, s is
the standard deviation of the detection values for n=6 blank
samples) was calculated to be 8.5x 1078 mol-L~!.

The analytical conditions, linear range, sensitivity, and
LOD of OCPE were compared with previously reported
phosphate sensing data (Table 1). The results are compara-
ble with or prior to existing methods (Lu et al. 2021a, b; Shi
et al. 2021; Figueredo et al. 2021; Arvas et al. 2019; Sian
and Reddy 2004). The resulting LOD value of the proposed
method allowed us to select tap water samples to quantitate
phosphate concentrations.

Interferences

Interferences from common anions of SO42_, Cl", HCO;™,
and NO;~ were tested, and it was found that they did not
interfere with the phosphate quantification. Moreover, the
interferences of silicate and glyphosate on the OCPE were

also investigated. Silicate and glyphosate are commonly
found in surface waters, and the former is the main interfer-
ing substance for the electrochemical determination of phos-
phate ions (Udnan et al. 2005), while the latter is the most
widely used herbicide. To study the effect of silicate and
glyphosate on OCPE, the concentration of both interfering
substances was configured to be 10 times of that phosphate
standard solutions, then record the CV current (Fig. 7). The
mixed standard solutions of phosphate with sodium silicate
have signals that decrease nearly linearly with all phosphate
standard solutions (RSD =2.27%). These data explain the
higher rate constant for the phosphomolybdate complex
[PMo,,0,,]°" relative to the silicatemolybdate complex
[SiMo,,0,,]*" formation at a chosen pH (pH=1.0) (Quin-
tana et al. 2004). Therefore, the OCPEs have anti-silicate
performance when silicate concentration is tenfold larger
than phosphate at the chosen pH=1.0. Glyphosate did not
interfere with OCPE signals under the above experimental

[ INo interference T
[727] Add Na,SiO, 12 pA
XY Add Glyphosate 1

pC phosphate (molL™")

Fig.7 CV currents for a range of phosphate standards with and with-
out silicate and glyphosate OCPE

Table 1 Comparison of the analytical performances with different electrochemical sensors

Electrode composition Medium Detection LOD/linear range Sample Refs.
ZrO,/ZnO/MWCNTs/molybdate/ H,SO, (6\% 0.01 pM/0.037-1.1 pM Soil Lu et al. (2021a)
screen printed
Chitosan/Mo,0,,5~ H,SO, (Y 0.7 pM/5.0-80 pM Tap/pond Lu et al. (2021b)
[N(C,Hy)4]1sMo0g40,/PE H,SO, SWV 6.1 nM/1-75 nM Sea Shi et al. (2021)
PSS/PEDOT/Chit/Mo,0,,5" Tris buffer Amp ns/0.19-95 pM n.s Figueredo et al. (2021)
Molybdenum blue modification H,SO, DPV 20 nM/0.025-1 pM Soil Arvas et al. (2019)
AuNPs/molybdophosphate H,SO, (6\% 5.96 uM/0-0.01 mM  Soil Sian and Reddy (2004)
[Omim]¢Mo,0,,/Carbon powder H,SO, (6\% 85 nM/0.1-10,000 pM  Tap This work
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Table 2 Comparisgn of Sample H,PO,~ IC OCPE Sensor
recovery values using IC and added
the proposed methods (n=3) pmoli‘l [H,PO, ]+0 Recovery range % [H,PO, 1+0 Recovery range %
found, pmol-L™! found, pmol-L™!
Tap water 0 0.28£0.05 - 0.29+£0.02 -

0.50 0.78 +0.04 95.3-105.6 0.80+0.01 100.0-102.5

0.20 0.49+0.04 94.1-103.3 0.49+0.02 96.8-104.1

0.10 0.37+0.04 87.5-108.7 0.38+0.03 89.7-105.1
conditions. However, it is not difficult to speculate that Declarations

organic phosphorus pesticides (OPPs) will have a signifi-
cant impact on the phosphate determination in the samples
with micro-organisms (lake or pond water) which can secret
organic phosphorus hydrolases (OPHs) and convert OPPs to
inorganic phosphate.

Determination of phosphate in tap water

The analytical features above were optimized in standard
solutions. Then, the suitability of the proposed OCPE sys-
tem in tap water samples was exploited. Water samples
were analyzed using both the proposed and the reference IC
method (Table 2). The phosphate concentration was deter-
mined to be 0.29 +0.02 umol'L™" in the tap water sample.
This agreed well with that measured by the IC method. To
evaluate the accuracy of this sensor, the tap water samples
were spiked with a phosphate standard of 10 pmol-L~! lead-
ing to satisfactory recovery values comparable to the refer-
ence IC method.

The repeatability of the OCPE was evaluated with three
sets of H,PO,™ detection. The relative standard devia-
tion (RSD) curve slope was 3.5%. The reproducibility
of the OCPEs tested with three electrodes and a set of
H,PO,™ additions obtained from the RSD calibration plot
was 4.1%. The storage stability of the electrode was evalu-
ated after seven days of storage at room temperature leading
to an RSD of 8.9%.

Conclusions

The [Omim];Mo-0,,-based OCPE can effectively retain
molybdate in the acidic H,SO,-KClI electrolyte solution. It
shows a five-order wide linear range with a high sensitivity
for phosphate sensing with relatively simple and low-cost
fabrication. The developed CV method with an OCPE could
extend to the quantification of phosphate in various samples
including environmental and bio-samples.
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