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Potential application of mixed metal oxide
nanoparticle-embedded glassy carbon electrode as
a selective 1,4-dioxane chemical sensor probe by
an electrochemical approach

Mohammed M. Rahman, 22 M. M. Alam {2 *° and Abdullah M. Asiri®

Here, low-dimensional mixed metal oxide (ZnO/NiO/MnO,) nanoparticles (NPs) were prepared to develop
a selective, efficient and ultra-sensitive 1,4-dioxane sensor by using the wet-chemical method (co-
precipitation) in alkaline medium at low temperature. Detailed characterization of the prepared calcined
NPs was achieved via conventional methods, including X-ray diffraction, field emission scanning electron
microscopy, and X-ray photoelectron, UV-vis, Fourier-transform infrared and energy dispersive X-ray
spectroscopies. To develop a thin layer of nanomaterial on the fabricated electrode, a slurry of prepared
NPs was used to coat the glassy carbon electrode (GCE) with conductive Nafion (5% in ethanol) binder.
The fabricated electrochemical sensor showed good sensitivity (1.0417 pA pM~* cm™2), a wide linear
dynamic range (0.12 nM to 1.2 mM), lower detection limit (9.14 &+ 4.55 pM), short response time, good
reproducibility, and long-term stability to selectively detect 1,4-dioxane in the optimized buffer system.
Thus, this work presents a reliable alternative approach over existing methods to selectively detect
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Introduction

The cyclic diether 1,4-dioxane is a well-known nonbiodegrad-
able organic compound that is used as solvent in various
industrial processes, including the production of paints, inks,
dyes, varnish, pharmaceuticals, paper, fabric cleaners and
electronics.™* Also, it is used extensively to produce consumer
and personal care items. Besides this, 1,4-dioxane is obtained as
a by-product during the manufacture of ethylene oxide and
ethylene glycol.> However, the excessive industrial application
and high solubility of 1,4-dioxane has led to the pollution of
ground and surface water.*® Therefore, 1,4-dioxane contami-
nation of water is found to be significantly increased in the
industrial regions of the world.®® Due to the high toxicity of 1,4-
dioxane, these industrial effluents are a great threat to humans
and environmental ecosystems.® Therefore, much research has
been done on the detection of 1,4-dioxane, a possible carcin-
ogen. The International Agency for Research on Cancer (IARC)
has listed 1,4-dioxane as a probable human carcinogen.'>"
Furthermore, it is suspected that 1,4-dioxane is also responsible
for damage to the nervous system and failure of kidney, lungs,
and liver in humans.’" To increase public awareness,
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hazardous chemicals in large scale for safety in the environmental and healthcare fields.

a trustworthy detection method for 1,4-dioxane is essential. To
date, a number of methods have been applied to detect 1,4-
dioxane, such as high-performance liquid chromatography
(HPLC),"* solid phase extraction-gas chromatography/mass
spectrometry (SPE-GC/MS),'*** and thermal desorption (TD)
gas chromatography (GC)."” However, these methods are
limited in the trace detection of 1,4-dioxane. Therefore, a simple
and efficient method for the detection of 1,4-dioxane in aqueous
medium is required. Recently, the electrochemical approach
has become prevalent due to its reliable and effective trace
detection of toxic chemicals in aqueous media.***®

Due to their excellent electrochemical properties, nano-
structured semiconductors and transition metal oxides have
been utilized as sensing elements in numerous chemical
sensing applications.>®** Among the transition metal oxides,
a ZnO p-type semiconductor, with a band-gap energy of 3.3 eV,
has been investigated to detect xanthine,* 2-nitrophenol, 1,2-
dichlorobenzene** and hydrazine® in aqueous media. Another
p-type semi-conductor, NiO, with a band-gap energy of 4.0 eV,
has been reported as efficient and reliable in sensor applica-
tions to detect 4-aminophenol*® and 4-methoxyphenol.”
Therefore, p-type semi-conductive nanostructured metal oxides
with wide band-gap energies are suitable as sensing materials in
the field of electrochemical sensor development. Furthermore,
MnO, is a promising semi-conductive metal oxide with low
resistance, large specific surface area, and high catalytic activity,
along with an attractive electrochemical response.”®

This journal is © The Royal Society of Chemistry 2019
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Additionally, due to its promising optical-electrical properties,
SnO, composited with various metal and metal oxides has
exhibited potential as a sensing element to detect gas.***' Thus,
the approach of this research is to develop a consistent 1,4-
dioxane chemical sensor using a ternary mixture of the semi-
conductive nanostructured metal oxides ZnO, NiO, and MnO,.

In this study, an electrochemical sensor with ternary metal
oxide ZnO/NiO/MnO, nanoparticles on GCE was developed and
applied to selectively detect 1,4-dioxane in aqueous medium by
electrochemical method. The proposed 1,4-dioxane chemical
sensor was found to exhibit higher sensitivity, broad linear
dynamic range, short response time, lower detection limit,
excellent reproducibility, and long-term stability.

Experimental section

Chemicals and reagents

The laboratory-grade chemicals Zn(NOj3),-6H,0, NiCl,-6H,0
and MnSO,-H,0 were obtained from Sigma-Aldrich Company
and used directly as received to prepare the ternary semi-
conductive metal oxide ZnO/NiO/MnO, NPs. Toxic chemicals,
such as zimtaldehyde, paracetamol, acetonitrile, xanthine,
ethylene glycol, benzyl chloride, diethyl malonate, 1,4-dioxane,
3-methylaniline, and chlorobenzene were procured to execute
this study.

Synthesis of mixed metal oxide NPs

The preparation of the ZnO/NiO/MnO, NPs in this study was
found to be a sensitive task. A co-precipitation (wet-chemical
method) technique was implemented to synthesize ZnO/NiO/
MnO, NPs in alkaline medium. Wet-chemical techniques,
particularly co-precipitation, are the oldest methods used to
synthesize metal oxides or composites. Presently, the sol-
vothermal and sol-gel methods are extensively implemented to
prepare various metal oxides and composites.*** To perform
the wet-chemical (co-precipitation) process, 0.1 M solutions of
Zn(NO3),-6H,0, NiCl, -6H,0 and MnSO, - H,O were prepared in
three individual 100 mL round-bottom flasks using deionized
water. Then, 50.0 mL of each prepared solution was poured into
a 250 mL conical flask and allowed to heat at 85.0 °C using a hot
plate with continuous magnetic stirring. To gradually increase
the pH of the solution to 10.5, an ammonium hydroxide solu-
tion of 0.1 M in concentration was added dropwise, and all the
metal ions were co-precipitated in the form of metal hydroxides
[Zn(OH),, Ni(OH), and Mn(OH),]. Under these conditions, the
conical flask was kept for several hours on the hot plate with
magnetic stirring. The proposed reaction scheme in aqueous
(alkaline) medium is presented below.

NH,OH(y S NHyg)" + OHpg) ™ (i)
Zn(NO3)z) = Ziag)”" + 2NOsaq)~ (i)
MnSOys) = Mngg®" + 28040q) (iii)
NiCla) = Nigag)® + 2Clag) ™ (iv)
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Zng)™" + Mg + Nigg®" + OHug +#H0 S
Zn(OH),-xMn(OH),- xNi(OH),)-nH,O | (v)

In the wet-chemical method, precipitation of metal hydrox-
ides depends on the value of the solubility product constant, K.
The reported K; values are 3 x 10™%’, 5.48 x 10 *°, and 1.9 x
10", corresponding to Zn(OH),, Ni(OH), and Mn(OH),, in
alkaline pH medium.** Due to the dropwise addition of NH,OH
solution, the pH of the reaction medium slowly increases. Since
Zn(OH), has a lower K; value, it starts to precipitate first and
forms the nuclei of crystal formation. Then, the resulting crys-
tallites aggregate to form larger crystallites. With increasing pH
value, Ni(OH), starts to precipitate and attach to crystallites of
Zn(OH),, Similarly, the last semi-conductive metal hydroxide
(Mn(OH),) is precipitated out. Thus, at pH 10.5, all metal ions
are precipitated out quantitatively. The obtained metal
hydroxides were separated from the aqueous medium and
consequently washed with acetone and deionized water,
successively. Next, the precipitate was placed inside a low-
temperature oven and allowed to dry at 110.0 °C overnight. To
obtain the metal oxide from the metal hydroxide, the resultant
dry sample was subjected to calcination in a high-temperature
muffle furnace at 500.0 °C for 5 h. In this process, all the
metal hydroxides are transformed to their oxide forms with
higher oxidation number in the presence of atmospheric O,.
The corresponding reaction inside the muffle furnace is given
below.

Zn(OH),-xMn(OH),-xNi(OH)) + 0, —

ZnO-xNiO- XMIIOz + Hzo(v) (Vl)

Instruments

The following instruments and methods were used to complete
the characterization, electrode preparation, and sensor appli-
cation of the NPs. To investigate the photosensitivity of the
calcined ZnO/NiO/MnO, NPs, a 300 UV/visible spectrophotom-
eter (Thermo Scientific) was implemented to measure the UV-
vis spectra, and a NICOLET iS50 FTIR spectrometer (Madison,
WI, USA) was used in the range of 400-4000 cm ™" to identify the
functional groups. The oxidation states and binding energies of
species were measured by X-ray photoelectron spectroscopic
(XPS) analysis using a Ka1 spectrometer (Thermo Scientific, Ka
1066). Beside this, the morphology of the prepared ZnO/NiO/
MnO, NPs was inspected by field emission scanning electron
microscopy (FESEM, JEOL, JSM-7600, Japan), and the respective
elemental analysis was executed by energy dispersive X-ray
spectroscopy (EDS, JEOL, Japan). Moreover, the crystallinity of
synthesized NPs was analyzed by X-ray diffraction. Electro-
chemical investigations were carried out using an electrometer
(651-Keithley Electrometer, USA).

Fabrication of GCE electrode with ZnO/NiO/MnO, NPs

The dominant part of this electrochemical sensor is the working
electrode. To prepare such working electrode, a glassy carbon
electrode (GCE) with a surface area of 0.0316 cm> was coated

RSC Adv, 2019, 9, 42050-42061 | 42051
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with a slurry of ZnO/NiO/MnO, NPs and dried under ambient
conditions. Then, a drop of Nafion (5% in ethanol) was added,
and the modified GCE was dried inside an oven at 35.0 °C for an
hour to completely dry the thin film of ZnO/NiO/MnO, NPs.
Nafion is a co-polymer, and it acts as a conducting binder. As
a result, the fabricated electrode shows long-term stability in
aqueous medium as well as improved electron transfer rate of
the electrode.*>** To accomplish electrochemical analysis via an
electrochemical method, an electrochemical sensor was
assembled with a Keithley Electrometer, ZnO/NiO/MnO, NPs/
binder/GCE and Pt-wire. Several 1,4-dioxane solutions with
varying concentrations ranging from 0.012 M to 0.12 nM were
prepared and used as analyte in the assembled electrochemical
sensor. The slope of the calibration curve, which resulted from
plotting the concentration of 1,4-dioxane vs. the current, was
used to measure the sensitivity, detection limit (DL) and linear
dynamic range (LDR) of the proposed electrochemical sensor.
During electrochemical measurements, the buffer solution in
the inspecting beaker was kept constant at 10.0 mL for the
entire experiment.

Results and discussion
Morphological and elemental analysis of ZnO/NiO/MnO, NPs

The morphology of ZnO/NiO/MnO, nanoparticles was examined
and is presented in Fig. 1(a and b). As observed from Fig. 1, the
low and high magnification FESEM show the aggregation of
irregularly shaped NPs, which are mesoporous in nature. Thus, it
is concluded that the synthesized nanomaterials formed

View Article Online
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particles, as identified earlier.”>** To confirm the elemental
composition of the prepared ZnO/NiO/MnO, NPs, EDS analysis
was executed, as illustrated in Fig. 1(c and d). From the pattern
shown in Fig. 1(d), the prepared NPs consist of Zn, Ni, Mn, and O
only. The analyzed elemental compositions are 32.04%, 15.08%,
11.62%, and 41.26%, corresponding to Zn, Ni, Mn, and O.

Binding energy and oxidation states

XPS was performed for the detailed study of the binding energy
and oxidation states of ZnO/NiO/MnO, NPs prepared using the
wet-chemical technique. The resulting XPS spectra are pre-
sented in Fig. 2. The core level spectrum of Zn 2p is presented in
Fig. 2(a), and it shows two identical peaks at 1022.5 and
1046.0 eV, corresponding to the Zn 2p;, and Zn 2p;, spin
orbits, respectively, with a 23.5 eV spin-orbit splitting. This
observation has been reported as Zn>" in ZnO.** As shown in
Fig. 2(b), the O 1s XPS peak is positioned at 532.0 eV and is
associated with the absorption of -OH group on the surface of
ZnO/NiO/MnO, NPs.***> Moreover, the XPS spectrum of Ni 2p is
displayed in Fig. 2(c), in which the two main XPS peaks of Ni 2p
are situated at 856.5 and 874.0 eV, associated with Ni 2p;/, and
Ni 2p,/, spin-orbits, respectively, and the spin energy separation
between these two peaks is equal to 17.5 eV. This value fits with
the oxidation of Ni*" in NiO. Furthermore, the core level spec-
trum of Ni 2p shows two satellite peaks located at 863.0 and
880.5 eV, related to Ni 2p;, and Ni 2p,,, with spin energy
separation of 17.5 eV. Therefore, both the main and satellite
peaks of Ni 2p are associated with equal oxidation of Ni*" in
NiO.**** According to Fig. 2(d), the Mn 2p orbits show two peaks
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Fig. 1 Evaluation of structural morphology and composition of the elements present in the synthesized NPs. (a and b) Low and high magni-
fication FESEM images of ZnO/NiO/MnO, NPs, and (c and d) elemental composition of NPs analyzed by EDS.

42052 | RSC Adv, 2019, 9, 42050-42061

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra09118a

Open Access Article. Published on 18 December 2019. Downloaded on 7/22/2025 9:09:32 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Advances
Zn2p,), O1s b Ni2ps, C
(10.22.5 eV) a (532.0 eV (856.5 eV) Ni2p,,
= L ~ -~ v o (874.0eV)
Z Zn2p,), 2 3 Sat. Ni2ps2 Sat. Ni2py
< - < < (863.0 eV) 5 oV
2 (1046.0 V) z » o (880.5 eV)
z ¥ ‘7 £ v
5 5 k
5 e s
1010 1020 1030 1040 1050 1060 510 520 s30 540 550 §55 860 865 870 875 880
Binding energy (eV) Binding energy (eV) Binding energy (eV)
Mn2p;, Mn3s e Zn2p \.,- f
B Mn2p,,,
(643.0 V) - 2 = & Ols |
-~ (654.0 eV) -~ ! g -~ |
3 2 i 4.0eV 3 Mn2p
5« & H & \ 2
-4 ~d = 1 i p
2 3 b \In3s
g E E |
= £ E ‘
c""‘ ’
640 645 650 655 660 8 8 88 90 92 94 9 0 200 400 600 800 1000 1200

Binding energy (eV)

Binding energy (eV)

Binding energy (eV)

Fig. 2 The binding energy and oxidation states of ZnO/NiO/MnO, NPs, quantified by XPS analysis: (a) core-level spin orbit of Zn 2p, (b) XPS
spectrum of O 1s level orbit, (c) spin orbit of Ni 2p level, (d) Mn 2p spin orbit, (e) spin orbit of Mn 3s level, and (f) XPS survey spectrum of ZnO/NiO/

MnO, NPs.

at 643.0 and 654.0 eV, matching to Mn 2p;, and Mn 2p,,,
individually. The spin energy separation between these two
peaks is 11.0 eV. However, it is really difficult to distinguish
between Mn>" and Mn®* oxidation states. To confirm the
oxidation level of Mn 2p, the XPS spectrum of Mn 3s was
explored, and as demonstrated in Fig. 2(e), the Mn 3s spin-
orbits show a separation of 4.0 eV. Therefore, the Mn in the
composite has a charge state of +4.0.°°° From Fig. 2(f), the
survey spectrum shows that the prepared NPs consist of Ni, Zn,
O, and Mn only.

Optical and phase crystallinity analyses

To confirm the functional groups present in the synthesized
ZnO/NiO/MnO, NPs, FTIR investigation was executed. The
resultant FTIR spectrum is illustrated in Fig. 3(a); it demon-
strates absorption bands at 435, 1100, 1620, and 3400 cm ™.
The broad and intense absorption band at 435 cm™
ciated with the stretching vibration mode of Zn-O or Mn-
0.7 The resultant absorption band at 1100 cm™* resembles
the coordination of Mn by O-H bond,**** as seen in Fig. 3(a).
Furthermore, the absorption bands corresponding to the O-H
stretching vibration and H-O-H bending vibration due to the
adsorption of water molecule are, respectively, 3400 and
1620 cm '.%7* The photosensitivity of ZnO/NiO/MnO, NPs
was evaluated by the implementation of UV-vis analysis,
shown in Fig. 3(b). As seen in the UV-vis spectrum, an
absorption band appears at 288 nm, which is the characteristic
absorption band for ZnO/NiO/MnO, NPs. A similar

! is asso-

This journal is © The Royal Society of Chemistry 2019

observation has been reported for ZnO-NiO-Fe,O; and Cd-
doped MnO,.”"”> The band-gap energy has been calculated
from the highest point in the absorption band of ZnO/NiO/
MnO, NPs following eqn (vii), and the estimated band-gap
energy is equal to 4.31 eV.

Epg (eV) = 1240/2 (vii)
Here, Ey,g is band-gap energy, and 4 is the maximum absorption
wavelength.

To analyse the phase crystallinity, powder X-ray diffraction
analysis was carried out on the synthesized ZnO/NiO/MnO,
NPs, with the applied range of 26 = 16-76°. The resultant XRD
pattern is given in Fig. 3(c). A number of typical diffraction
peaks of ZnO, designated as 6, are assigned to the (100), (002),
(101), (102), (110), (103), (200), (112), (201), and (004) planes. A
similar finding has been reported for ZnO by previous
authors™7” and matched with standard X-ray diffraction data
(JCPDS 0005-0664). Beside this, the crystalline diffraction peaks
for MnO, indices, designated as B, are attributed to the planes
(101), (112), (200), (103), (211), (004), (220), (105), and (224),
which are analogous with JCPDS no. 0041-1442 and earlier
reports.”*”® Moreover, the studied XRD shows some diffracted
peaks of NiO directories, designated as p, of (111), (200), and
(220). This finding is supported by JCPDS no. 0047-1049 and
other reports.””* The Scherer equation [eqn (vii)] is used to
measure the crystalline particle size at the highest B peak of
(200),** and it is found to be 14.28 nm.

RSC Adv, 2019, 9, 42050-42061 | 42053
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Fig. 3 Analyses of the optical properties and crystallinity of the ZnO/NiO/MnO, NPs: (a) FTIR spectrum, (b) UV-vis spectrum, and (c) XRD
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Fig. 4 Emission spectrum (PL) of ternary mixed ZnO/NiO/MnO2 NPs.

D = 0.94/(8 cos 0) (viii)
Here, 1 is the wavelength of X-ray radiation (1.5418 A), and @ is
full width at half maximum (FWHM) of the peak at diffraction
angle 6.

Additionally, photoluminescence (PL) spectroscopy is
a powerful tool to investigate the quality, purity and optical

42054 | RSC Adv, 2019, 9, 42050-42061

properties of the nanostructured materials. Owing to the
excellent light absorption properties of nanomaterials, they
might be very fascinating for further research in electrocatalytic
as well as in photocatalytic devices. The PL emission spectrum
of the synthesized ZnO/NiO/MnO, NPs at excitation wavelength
gives a peak in the visible region at 468 nm, corresponding to
blue emission (Fig. 4). The emission band in the blue region is
due to transition vacancies of oxygen and interstitial oxygen.
The band corresponding to blue emission is also due to a singly
ionized oxygen vacancy. This ZnO/NiO/MnO, NPs show strong
blue emission band in the visible region, which is in good
consensus with the literature.®>*

Optimization and evaluation of the analytical performance of
the sensor

The desired chemical sensor was achieved using ZnO/NiO/
MnO, NPs coated as a thin layer on a GCE. The binding strength
between the NPs and GCE was boosted by adding a drop of
Nafion, a conducting binder. To confirm the appropriate activity
of the ZnO/NiO/MnO, NPs/binder/GCE sensor, several phos-
phate buffer media, with pH values ranging from 5.7 to 8.0, were
tested, and the sensor's performance was examined at an
applied potential of 0 to +1.5 V. As is apparent from Fig. 5(a), the
electrochemical sensor gives the highest electrochemical
response in a buffer with a pH value of 5.7. The selectivity of this

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra09118a

Open Access Article. Published on 18 December 2019. Downloaded on 7/22/2025 9:09:32 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

h
o

—o— pHS5.7

Current (LA)
[ w -
(—] [—] [—]

]
]

0

00 02 04 06 08 10 12 14
Potential (V)

View Article Online

RSC Advances

i —

—o— 0012 M
60 c —0— 12mM
—0— 012mM
- —o— 0012 mM
'é —o— 12pM
= 404 —0— 012 pM
5 0.012 pM
£
-
O 20
0 =0T

00 02 04 06 08 10 12 14
Potential (V)

Fig. 5 Optimization of 1,4-dioxane chemical sensor based on ZnO/N

100 —o— l,4-dioxang_)‘selective
—O— Acetonitrile
80 1 —O— Benzylchloride
e —&— Chlorobenzene
g. —O@— Diethylmalonate
~ 60 1 ; g
& —O— Ethylene glycol
o —O— 3-methylaniline
=40 —@— Paracetamol
-
&} —@— Xanthine
—O— Zimtaldehyde
20 1
-
0 =0 0O
00 02 04 06 08 1.0 12 14
Potential (V)
- d LDR (0.12nM~120mM | &
]
60 % o ¢
é’ 55
b= g
s 55 —»E
= 5 50
£ B 2
O 50 sl 2 T*=09939
_ 6 5 4 3 240
45 log(conc.)
0 2 4 6 8§ 10 12

Concentration (mM)

iO/MnO, NPs/binder/GCE: (a) optimization of pH, (b) selectivity deter-

mination, (c) electrochemical responses of 1,4-dioxane from lower to higher concentration, (d) calibration plot [inset (e): log(conc.) vs. the

current].

predictable chemical sensor was assessed by the analysis of
environmental toxic chemicals at micro-level concentrations
and an applied potential of 0 to +1.5 V. The electrochemical
responses towards zimtaldehyde, paracetamol, acetonitrile,
xanthine, ethylene glycol, benzyl chloride, diethyl malonate,
1,4-dioxane, 3-methylaniline, and chlorobenzene are exempli-
fied in Fig. 5(b), and perceptibly, 1,4-dioxane shows the
maximum activity toward the probable ZnO/NiO/MnO, NPs/

I-V)

1,4-dioxane

Formic acid

Oxalic acid

binder/GCE chemical sensor in the optimized buffer system at
pH 5.7. The analytical-grade 0.12 M 1,4-dioxane has been
diluted in deionized water to prepare a number of solutions
ranging in concentration from 0.012 M to 0.12 nM, and the
corresponding electrochemical response of each 1,4-dioxane
solution is plotted in Fig. 5(c). As seen in the figure, the elec-
trochemical responses are distinct from lower to higher
concentrations of 1,4-dioxane; this performance was measured

I-V response

Current (nA)

‘ ZnO/NiO/MnO, NPs

Potential (V)

Scheme 1 The proposed detection mechanism of 1,4-dioxane in aqueous medium.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Reliability performance of 1,4-dioxane chemical sensor based on ZnO/NiO/MnO, NPs/binder/GCE: (a) reproducibility of sensor, (b)
comparison of [-V response with 1,4-dioxane and its mixtures with chlorobenzene and acetonitrile, respectively, (c) interference study of the

1,4-dioxane chemical sensor, and (d) response time.

at an applied potential of 0 to +1.5 V. To estimate the analytical
parameters of the 1,4-dioxane chemical sensor, current data
were collected from Fig. 5(c) at an applied potential of +1.5 V
and plotted as the concentration of 1,4-dioxane vs. the current,
as illustrated in Fig. 5(d), denoted as the calibration curve. The
sensitivity of the anticipated 1,4-dioxane chemical sensor was
assessed from the slope of the calibration curve and surface
area of the GCE (0.0316 cm?®), and was found to be 1.0417 pA
uM ™' em ™2, a result that is realistically high. As observed from
Fig. 5(d), the current data are homogeneously scattered along
a linear plot over the concentration range of 0.12 nM to 1.2 mM
1,4-dioxane, giving a linear dynamic range (LDR) that evidences
the reliability of our method. To explore the linearity of the
calibration plot within the linear dynamic range (0.12 nM to 1.2

mM), the current data are plotted against concentration in
logarithmic scale, as shown in Fig. 5(e). The current data are
coordinated with a regression coefficient r* = 0.9939. In short, it
is apparent that the 1,4-dioxane chemical sensor is able to
detect 1,4-dioxane in a real application. The detection limit of
the 1,4-dioxane chemical sensor was determined from the slope
of calibration curve using a signal-to-noise ratio of 3, and it is
equal to 9.14 + 4.55 pM, a value that is actually very low.

As can be seen from Fig. 5(c), the electrochemical response
of the 1,4-dioxane chemical sensor is amplified with a boost in
1,4-dioxane concentration in the sensing medium. A proposed
pictorial representation of the 1,4-dioxane detection process is
revealed in Scheme 1. The 1,4-dioxane itself is a Lewis base, and
it is able to donate electrons at pH 5.7.*% Therefore, during the

Table 1 Comparison of the electrochemical sensing performance of electrodes based on various nanocomposite materials®

Modified GCE DL LDR Sensitivity Ref.
PANI-SiO, NCs 16.0 pM 0.12 nM to 1.2 mM 0.5934 pA uM ' cm 2 89
NiO@Nd,0; NCs/GCE 33.0 pM 0.12 nM to 0.12 mM 0.029 pA uM~* em ™2 90
ZnO/NiO/MnO, NPs/GCE 9.14 pM 0.12 nM to 1.2 mM 1.0417 pA M~ em 2 This study

“ DL (detection limit), LDR (linear dynamic range), pM (picomolar), mM (millimolar).
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Table 2 Investigation of environmental samples using the ZnO/NiO/MnO, NPs/binder/GCE sensor probe via a recovery method

Measured 1,4-dioxane conc. by ZnO/

NiO/MnO, NPs/GCE? (uM)

Added 1,4-dioxane

Sample conc. (uM) R1 R2 R3 Average recovery” (%) RSD‘ (%) (n = 3)
Industrial effluent 0.012000 0.011949 0.011957 0.011752 99.05 0.98
PC-baby bottle 0.012000 0.011868 0.011901 0.011883 99.03 0.14
PVC-water bottle 0.012000 0.011985 0.011854 0.011772 98.92 0.91
PVC-food packaging bag 0.012000 0.011807 0.011789 0.011894 98.58 0.47
Sea water 0.012000 0.011765 0.011734 0.011761 97.94 0.14

“ Mean of three repeated determinations (signal-to-noise ratio of 3) using ZnO/NiO/MnO, NPs/GCE. ” Concentration of 1,4-dioxane determined/
concentration taken (unit: pM). ¢ Relative standard deviation value indicates precision among three repeated measurements (R1, R2, R3).

electrochemical sensing of 1,4-dioxane in an optimized buffer
system with a pH of 5.7, 1,4-dioxane is oxidized to generate
formic acid and oxalic acid. Simultaneously, the density of
electrons in the sensing medium is found to be enhanced,
which is responsible for the high conductivity of the sensing
medium. As a result, the electrochemical responses vary with
the concentration of 1,4-dioxane. A similar oxidation of 1,4-

dioxane has been reported by previous authors.**°

Reliability and stability of the electrochemical method

The reproducibility of the chemical sensor is a key analytical
parameter in sensor development. Therefore, the reproduc-
ibility of the anticipated 1,4-dioxane electrochemical sensor was
tested at 0.012 pM 1,4-dioxane and the potential of 0 to +1.5 V,
and the results are demonstrated in Fig. 6(a). As seen in
Fig. 6(a), the seven replicated runs are basically indistinguish-
able, and the electrochemical responses are not altered, even
with washing of the electrode after each trial. Thus, it can be
settled that the proposed chemical will be consistent in real-
field application to detect 1,4-dioxane in aqueous medium. To
explore the precision of the 1,4-dioxane chemical sensor, the
relative standard deviation (RSD) of the current data at an
applied potential of +1.5 V was calculated, and the measured
RSD is found to be 1.29%, a result showing little appreciable
differences. The analogous reproducibility test of the 1,4-
dioxane chemical sensor was performed over four days, and the
findings are represented in Fig. 6(a). Therefore, from Fig. 6(a), it
can be predicted that the 1,4-dioxane chemical sensor has long-
term stability with consistency in performance, under identical
conditions. Fig. 6(b) shows the comparison of electrochemical
responses between 1,4-dioxane, chlorobenzene and acetonitrile.
It can be observed that 1,4-dioxane demonstrates the highest
electrochemical response compared to other toxins at 0.012 uM
concentration. Fig. 6(c) shows the electrochemical responses
towards 1,4-dioxane only, 1,4-dioxane & chlorobenzene, and 1,4-
dioxane & acetonitrile. These electrochemical responses are
completely indistinguishable. Thus, it can be supposed that the
demonstrated 1,4-dioxane chemical sensor is selective to 1,4-
dioxane, and no interference effect is found in the presence of
other toxins. The response time is another indicator of the
analytical performance of the chemical sensor. As presented in
Fig. 6(d), the obtained response time for the 1,4-dioxane

This journal is © The Royal Society of Chemistry 2019

chemical sensor is around 18.0 s; this experiment was executed
at 0.012 pM concentration of 1,4-dioxane solution. Therefore,
considering the sensor analytical performance in terms of
sensitivity, linear dynamic range (LDR), detection limit (DL),
response time, reproducibility, and accuracy of the electro-
chemical responses, the 1,4-dioxane chemical sensor exhibits
highly significant performance.

To investigate the validity of the study, a comparison with
similar research using various nanocomposites or nano-
materials was explored®*° and is presented in Table 1. The
analytical parameters, such as sensitivity, LDR and DL, were
found to be quite high and satisfactory.

Application of sensor in real samples using the recovery
method

The ultimate target of the development of this chemical sensor
is its application in the real environmental field. Therefore, the
anticipated 1,4-dioxane chemical sensor probe has been
applied to analyze real environmental samples for the selective
detection of 1,4-dioxane. The recovery method is a process in
which a known concentration of the sensing target (e.g., 1,4-
dioxane) is added to a real water sample, and subsequently, the
concentration is measured by the fabricated chemical sensor.
Here, this detection process is executed by recovery method.
The real samples have been obtained from various sources,
including sea water (Red Sea, Jeddah, KSA), extracts from a PC-
baby bottle, PVC-food packaging bag, and PVC-water bottle, and
waste effluent from the Jeddah industrial zone. The analysis
data are represented in Table 2 and appear to be quite
satisfactory.

Conclusion

In this research, a selective 1,4-dioxane chemical sensor was
developed based on wet-chemically synthesized low-
dimensional mixed metal oxide (ZnO/NiO/MnO,) NPs coated
onto a GCE sensor probe with 5% Nafion conducting binder.
The prepared ZnO/NiO/MnO, NPs were fully characterized
using XRD, XPS, FESEM, EDS, FTIR and UV-vis analysis. The
proposed 1,4-dioxane chemical sensor exhibits reliable and
substantial performance, as revealed by considering its excel-
lent sensing parameters, such as higher sensitivity, wide linear

RSC Adv, 2019, 9, 42050-42061 | 42057
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dynamic range, short response time, ultra-low detection limit,
and reproducibility with high accuracy. Therefore, this research
method might pave the way for the development of a selective
chemical sensor for the large-scale detection of unsafe envi-
ronmental contaminants in the environmental and healthcare
fields.
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