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ABSTRACT: Textile industry effluents are heavily contaminated with dyes. The
discharge of these toxic dyes into waterbodies poses a serious threat to aquatic flora and
fauna. The ultimate entrance of these toxins from thereon into the food chain affects the H
primary and secondary consumers. Therefore, the adoption of a sustainable solution for =
protection against the detrimental effects associated with adulterated water is an oo | :
immediate need of the hour. To address the severity of the issue, the present work aims ~~~'-----=""
to design an electrochemical sensing platform by modifying the glassy carbon electrode
(GCE) with zinc oxide nanoparticles and amino group-functionalized multi-walled
carbon nanotubes (NH,-fMWCNTs) for the detection of Orange II, which is a toxic azo G e
dye. Zinc oxide nanoparticles facilitate electron transfer between the transducer and the

analyte. While, the positively charged NH,-fMWCNTs in acidic medium help in
preconcentration of negatively charged analyte molecules at the electrode/electrolyte

interface. The modification of the GCE catalyzed the oxidation of Orange II, as

evidenced by the negative shift of the oxidation potential and enhancement in peak current intensity. Square wave voltammetry was
used to optimize various experimental conditions, such as the supporting electrolyte, pH of the electrolyte, deposition potential, and
deposition time for the best performance of the designed sensor. Under the optimized conditions, the detection limit and
quantification of the designed sensor were found to be 0.57 and 1.92 nM, respectively. The catalytic degradation studies of Orange II
was shown to be facilitated by titanium dioxide, which acted as a photocatalyst. The addition of hydrogen peroxide further promoted
the extent and rate of degradation of dye. The breakdown of Orange II was probed by the designed sensing platform
electrochemically and also by UV—visible spectroscopy. The dye degraded up to 92% by following pseudo-first-order kinetics.
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1. INTRODUCTION

Due to continuous rise in human population, the world is
confronting complex problems related to health, food, energy,
scarcity, and environmental pollution. In recent decades,
energy crisis and environmental pollution have captured the

the world. The textile industry has been the biggest consumer
of water among all industries and at the same time is
responsible to release harmful wastes into water bodies. These
toxic dyes impart serious threats to the stability of the
environment.® These are carcinogenic and mutagenic, causing

attention of the whole world." Several research groups are
working to address the root issues that have contributed to the
rapid increase in environmental pollution and its associated
health risks.” One of its main causes is the rapid increase in
population and the consequent surge in maintaining a good
standard of living.” Fulfillment of these needs has led to large-
scale industrialization. Additionally, the use of chemicals has
increased with the growth of modern industries, leading to an
enhanced contribution to environmental pollution.” These
chemicals are responsible for the destruction of marine life,
severe health diseases like immune suppression, asthma, stroke,
tumor, hepatitis, cancer, respiratory failures, chronic illness,
and many more.’

Today, one of the biggest issues is water contamination. To
this end, synthetic dyes are the major contributor to water
pollution due to their large production and usage throughout
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a number of diseases. However, among all synthetic dyes, azo
dyes are more toxic to human and aquatic life.”

Orange II dye belongs to the family of azo dyes that are
abundantly expended in the textile and wool industry.
Although this dye has been proven to be seriously dangerous
for health causing lowering of red blood cells and reducing cell
volume,® it can still be found in trace amounts in certain foods
such as sauces and chilli.” Moreover, though the dye is banned
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in China, even then it is being used to preserve foodstuff."® Azo
dyes are also used as coloring agents in cosmetics and
pharmaceutical industries.'" Different methods are being used
to remove this toxic dye from water.'” However, the need of
the hour is to develop vigorous, inexpensive, and green
techniques for the elimination of this hazardous dye."

Various methodologies have been employed to detect and
remove the toxic dye Orange (II) from water samples.'’
Recently, techniques like spectroscopy and polarography have
been used for the analysis of Orange IL.'* These techniques are
somehow limited and unsuitable for in situ study, due to their
complex instrumentation, less sensitivity, and longer analysis
time. As a result, these methods can be replaced by a cost-
effective voltammetric method for easy handling and quick
analysis of the samples."” Sensors are the best option for
analyte analysis, owing to their appropriate size, excellent
sensitivity, specificity, prompt response, and cost-effective-
ness.

So far, different kinds of materials have been used for the
development of sensors. Among them, functionalized multi-
walled carbon nanotubes and zinc oxide (ZnO) nanoparticles
have demonstrated appealing properties for detecting target
molecules. In this regard, ZnO nanomaterials have garnered
much attention due to their numerous properties and
outstanding characteristics.'” ZnO has high binding energy,
high surface area, and biological compatibility."® The sensors
built upon these nanomaterials show instant response to toxic
chemicals due to the small granular size of nanoparticles.'”
Hence, ZnO-based sensors show a variety of applications due
to their porous structures.”’

Carbon nanotubes (CNTs) are used in the preparation of
sensors due to their enhanced qualities. They possess high
electrical, mechanical, and thermal characteristics.”’ CNT-
based sensors are considered one of the most attractive topics
for researchers worldwide. Amino functionalization has been
the most promising and interesting kind of modification of
CNTs. The amino (—NH,) group’s electron-donating and
nucleophilicity properties result in activation of the surface of
CNTs for a variety of applications. Thus, the amino group-
functionalized multi-walled carbon nanotubes (NH,-
fMWCNTs) have demonstrated high sensitivity, excellent
selectivity, and good stability toward a wide range of analytes.””
Here in this work, ZnO nanoparticles have been used as a
catalyst to enhance the electrochemical signals of glassy carbon
electrode (GCE) and hence improve the performance of the
modified electrode surface [NH,-fMWCNTSs/ZnO/ GCE].

In recent years, contaminated drained effluents in water
bodies have increased with a boom in industrialization, which
has posed a serious problem for removing these toxic
chemicals in a robust manner. To meet this need, scientists
have developed methods to degrade and mineralize organic
contaminants by leveraging photocatalysis. Photocatalysis is a
promising approach in comparison to conventional catalytic
methods studied till date.”> Photocatalysts are semiconductor-
based nanostructures that have gained importance as they are
cost-effective.”* According to the band gap theory, semi-
conductor materials, on exposure to light, are capable to
conduct electricity even at room temperature, hence behave as
photocatalysts. This photoexcitation state upon solar irradi-
ation causes the generation of electron—hole pairs (e”h").
TiO, is the best and most environmentally safe nanoparticle.
Titania shows excellent photocatalytic features such as high
efficiency, cost-effectiveness, photostability, being environ-

mentally friendly, and so on.”> To enhance the activity of
TiO, nanoparticles, hydrogen peroxide has been used in the
photodegradation methodology. It not only behaves as an
electron acceptor to avoid the recombination but also causes
the generation of *OH and *O, (reactive oxygen species) on
the catalyst’s surface. The intense oxidative ability of both *OH
and °0, is helpful to degrade organic dyes in water.”’
Therefore, to enhance the degradation rate, TiO, nanoparticles
and H,0, were used for Orange II dye degradation. In the
present research work, Orange II dye was electrochemically
detected at the designed sensor made up of GCE modified
with ZnO nanoparticles and NH,-fMWCNTs. Moreover, the
dye was removed from water samples using H,0, and TiO,
nanoparticles.

2. EXPERIMENTAL SECTION

2.1. Reagents and Materials. All the chemicals used in
the experimental section were of analytical grade. The pristine
functionalized multi-walled carbon nanotubes (NH,-
fMWCNTs), zinc oxide (ZnO), and TiO, nanoparticles were
purchased from Merck Pte. Ltd. Singapore and used in
preparation of the sensor. All other chemicals including
Orange II dye were obtained from Sigma-Aldrich Chemie
GmbH, Germany. To prepare the stock solutions, doubly
distilled water was used. The phosphate buffer solution (PBS),
Britton Robinson buffer (BRB), and solutions of H,SO,, HCI,
NaOH, KCl, and NaOH were used for studying the effect of
various supporting electrolytes. For the investigation of the
interference effect, the organic compounds [Nile blue sulphate
(NBS), Malachite green (MG), Rhodamine B (RB), and ethyl
violet (EV)] and metal salts (potassium phosphate, calcium
bicarbonate, cobalt chloride, sodium carbonate, and zinc
chloride) were used.

2.2. Instrumentation. Impedimetric and voltammetric
measurements for ensuring successful electrode fabrication and
sensor development were carried out via Multichannel
Metrohm Autolab (Utrecht, The Netherlands) M101,
PGSTAT302N, FRA32M, F120-Integrator running with
electrochemical software frequency resonance analyzer, general
purpose electrochemical system, and NOVA 1.11 software,
respectively. The electrochemical cell consisted of a doubly
walled glass cell having a cell top model K64 PARC. The cell
top comprised an easily replaceable self-mounting plastic cap
having five standard taper ports; three for insertion of
electrodes (auxiliary electrode, working electrode, and
reference electrode), while two served as the inlet and outlet
for inert gas purging. Additionally, the cell was also linked to
the thermostat model LAUDA K-4R (USA) through a side
opening to maintain the temperature throughout the measure-
ments. For the study of photodegradation of Orange II dye, a
Shimadzu UV-1700 spectrophotometer (Japan) was used. The
absorption spectra of the material were recorded in the
wavelength range of 200—800 nm.

2.3. Electrode Modification and Detection Procedure.
The stock solution of the analyte was prepared with a
concentration of 0.1 mM in distilled water. For electrochemical
investigations, stock solution was then diluted to 30 uM by
using the same solvent. To prepare the modifier solutions of
concentration 1 mg/mL of each NH,-functionalized
MWCNTs and ZnO NPs, the mixture was ultrasonicated for
1 h in the presence of DMF. To conduct the electrochemical
analysis of the analyte, it was ensured that before each scan,
polishing of a bare glassy electrode was carried out to give it a
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Figure 1. Structural characterization: (A) SEM image of ZnO nanoparticles. (B) SEM image of TiO, nanoparticles. (C) SEM image of NH,-
fMWCNTs. (D) XRD pattern of ZnO nanoparticles. (E) XRD pattern of TiO, nanoparticles. (F) XRD pattern of NH,-fMWCNTs.

clear mirror-like surface. For the polishing of the electrode, a
drop of water was placed on a nylon buffing pad before each
measurement.

This bufﬁn§ pad contained alumina powder with the particle
size of 1 ym.”” The electrode surface was rubbed in a manner
of digit eight, resulting in smooth appearance, on the buffing
pad. The ultimate goal of rubbing was to avoid the presence of
grooves on the surface of the electrode. The rubbing of the
electrodes was followed by rinsing using a jet of distilled water
to remove all the impurities and unwanted particles.”® After
ensuring that the electrode’s surface was free from impurities,
cyclic voltammograms were recorded by placing the GCE in
the supporting electrolyte until a constant baseline voltammo-
gram was obtained.”” After ensuring that GCE was free from
impurities, it was modified by using layer by layer drop-casting
of 5§ yuL of ZnO NPs and S uL of NH,-functionalized
MWCNTSs, which was then left for air drying. Once dried, a 10
puL drop of analyte solution was cast on the pre-modified
surface of the GCE.” It was then placed in PBS, and a pulse
voltammograms of the analyte were recorded. Electrochemical
impedance spectroscopy (EIS) was employed for studying the
behavior of the modified electrode. Compound analysis was
carried out using a variety of techniques, including square wave
voltammetry (SWV) and cyclic voltammetry (CV). SWV
analysis was conducted for quantification purpose and
detection limit.

UV—visible spectrophotometry was carried out along with
SWYV for studying the degradation process. The solution of the
analyte was kept under direct sunlight. A known amount of the
photocatalyst was added, followed by addition of H,O, to
speed up the degradation process. Samples were taken out at
different time intervals, and corresponding voltammograms
and spectra were recorded. The percentage degradation was
calculated by using the data obtained by both techniques.

3. RESULTS AND DISCUSSION

3.1. Material Characterization. Scanning electron
microscopy (SEM) and X-ray diffraction (XRD) were

employed to reveal information about the morphology of
ZnO, TiO, nanoparticles, and NH,-fMWCNTs. Figure 1A
shows the SEM micrograph of the ZnO nanoparticles at a
magnification of 100,000X, suggesting that the particles were
agglomerated and had an irregular spherical morphology.
Agglomeration might have taken place due to the polarity and
electrostatic attraction existing between the ZnO nanoparticles.
The TiO, nanoparticles were slightly agglomerated and
exhibited an approximate spherical morphology as evident
from the SEM micrograph, as shown in Figure 1B. The SEM
micrograph of NH,-fMWCNTs is shown in Figure 1C, and it
can be inferred from the SEM image that the nanoporous
structure of NH,-fMWCNTSs would remarkably increase the
surface area of GCE. The X-ray diffractogram of ZnO
nanoparticles, as shown in Figure 1D, consisted of peaks
positioned at angles of 31.8, 34.5, 36.2, 47.5, 56.6, 62.8, 66.5,
68, 69.2, and 72.6° corresponding to (100), (002), (101),
(102), (110), (103), (200), (112), (201), and (004)
diffraction planes, respectively. The XRD studies revealed
that the ZnO nanoparticles had a hexagonal wurtzite structure
according to JCPDS number 36-1451. The XRD pattern of
TiO,, as shown in Figure 1E, consisted of peaks positioned at
angles of 25.05, 37.8, 48.02, 54.8, and 62.6° corresponding to
(101), (004), (200), (211), and (200) crystal planes,
respectively. In the light of the JCPDS number 00-001-0562
for TiO,, it has a tetragonal structure. The average crystallite
size of ZnO and TiO, nanoparticles was determined using the
Debye—Scherrer formula and was found to be 48 and 9.67 nm,
respectively. XRD analysis was employed to investigate the
crystallinity of the NH,-fMWCNTs. Figure 1F shows
diffraction peaks positioned at 26.1834 and 43.22° correspond-
ing to (002) and (100) diffraction planes, respectively, which
are indexed to the hexagonal graphite peak for the carbon
nanotubes (JCPDS no. 41-1487). The diffraction peaks of
NH,-fMWCNTs were broad and exhibited low intensity,
owing to the disruptions in the pristine structure.

3.2. Electrochemical Characterization. A significant
factor influencing the performance of the electrochemical
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Figure 2. (A) Cyclic voltammograms of bare and modified GCE in S mM K;[Fe(CNg)] with 0.1 M KCl as a supporting electrolyte at a scan rate
100 mV s~". (B) Nyquist plots of bare and modified GCE in a solution of S mM K;[Fe(CN)] as a redox probe and 0.1 M KCl as a supporting

electrolyte.

sensing platform is the area of the working electrode surface.
The cyclic voltammetric experiment was carried out for the
investigation of the electroactive surface area of the electrodes
by using S mM K;Fe(CN)s as a redox probe at room
temperature by using 0.1 M KCl as the electrolyte. The current
response of [Fe(CN)4]>~/* at bare, ZnO, NH,-fMWCNTs,
and NH,-fMWCNTSs/ZnO modified GCE was investigated.
The Randles—Sevcik equation (I, = 2.69 X 10°
n32ADY?)!2C) was used to calculate the electroactive surface
area of bare and modified electrodes, respectively.”' Here, I
represents the anodic peak current in Amperes, D is the
analyte’s diffusion coefficient in cm® s™!, n the number of
electrons, A is the electroactive surface area in cm? v is the
scan rate with potentials being swept across the electrode in
units of V s7}, and C is the concentration of the probing
analyte in mol cm ™3, For K;Fe(CN)y, D = 7.6 X 107 cm?* 57,
and n = 1. Electroactive surface areas for GCE, ZnO/GCE,
NH,-fMWCNTs/GCE, and NH,-fMWCNTs/ZnO/GCE are
shown in Table SI1. The active surface area of NH,-
fMWCNTSs/ZnO/GCE increased almost six times than the
active surface area of the bare electrode. An enhancement in
peak current can be noticed in Figure 2A. There are more
binding sites on the surface of the electrode for analyte
molecules to cling because of the presence of NH,-
fMWCNTSs/ZnO.

Through EIS, the charge transferability of both bare and
modified GCEs was investigated. A solution of S mM
K;[Fe(CN)y] was used as a redox probe and 0.IM KClI
solution as a supporting electrolyte. At 10 mV amplitude, a
frequency range of 100 kHz to 0.1 Hz was applied. Nyquist
plots using data obtained at bare GCE, ZnO/GCE, NH,-
fMWCNTSs/GCE, and NH,-fMWCNTs/ZnO/GCE are illus-
trated in Figure 2B. The semicircle portion of the Nyquist plot
represents the charge-transfer resistance (R.), whereas the
linear portion of the plot at lower frequencies represents
diffusional limited processes (Warburg impedance). The
Warburg element (Z,,) has been added in the Nyquist plot
as a standard electrochemical interface. This element
represents resistance due to translational motion (also known
as diffusion) of the mobile oxidized and reduced species of the
redox probe (here S mM K;[Fe(CN)g]) in the depletion layer
caused by a changing excitation signal. This improvement in
charge-transfer resistance is related to the electrochemical
reaction that adds a distinctive line at 45° to the Nyquist plot

32305

at low frequencies. Charge-transfer resistance can be
determined by the diameter of the semicircle at a higher
frequency.”> The R, value greatly decreased after the
modification of GCE with NH,-fMWCNTs/ZnO, as shown
in inset Figure 2B. Hence, the surface area of the modified
electrode increased as a result of provision of more active sites
for the analyte. Adsorbed molecules on the surface of GCE act
as a bridge between Orange II and the electrode. In this way,
electron transfer becomes faster after the modification of the
electrode. The inset in Figure 2B shows an equivalent circuit
model with a resistor, capacitor, Warburg impedance, and
constant phase element that was fitted to the experimental
data. Due to the difference in impedance parameters between
the modified and unmodified GCE, it can be concluded that
the transducer used in this investigation was successfully
fabricated. It can be seen from Table S2 that the charge-
transfer resistance of NH,-fMWCNTs/ZnO/GCE is lower
among all other modified and bare electrodes. Reduction of the
interfacial barrier is responsible for the rapid charge-transfer
rate on the surface of the modified electrode. The lowest value
of charge-transfer resistance for the GCE modified with NH,-
fMWCNTs/ZnO/GCE reveals faster electron transferability.
3.3. Voltammetric Analysis of the Target Analyte. The
peak current response of the Orange II at bare and modified
electrodes was investigated in PBS of pH 6.0 by SWV.
Voltammograms of 30 M concentration of Orange II were
recorded at bare and modified electrodes in a potential window
of 0.2—1.2 V, as illustrated in Figure 3. The combination of
NH,-fMWCNTSs/ZnO/GCE exhibits the highest current
response when compared to the bare GCE, ZnO/GCE, and
NH,-fMWCNTs/GCE. The electron transfer between the
transducer and the analyte was stepped up by employing
Zn0.” The synergistic effects of the components of the
modified sensing platform (NH,-fMWCNTs/ZnO/GCE)
boosted the oxidation current of the dye by providing greater
surface area. Therefore, the intensity of the signal of the analyte
was increased to about three folds after modification. Here,
ZnO nanoparticles play the role of the mediator between GCE
and dye molecules, leading to enhanced electrochemical
oxidation signals. ZnO acts like a stepping stone for the
transfer of electrons from the dye to the GCE via the NH,-
fMWCNTs through a hoping mechanism, which offers faster
electrodics than the tunnelling mechanism, as reported in the
literature.”* The immobilization of ZnO onto the NH,-
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Figure 3. SWVs of 30 yM Orange II on bare, ZnO/GCE, NH,-
fMWCNTSs/GCE, and NH,-fMWCNTSs/ZnO/GCE in the support-
ing electrolyte of PBS (pH 6.0) at a scan rate of 100 mV s™".

fMWCNTs leads to an increase in active area of the electrode
that facilitates the redox reaction of the dye molecules.
Furthermore, the NH,-fMWCNTs/ZnO/GCE has lower R, as
compared to other combination of modifiers on the GCE,
which confirms that surface is facilitating the transfer of
electron.

The positively charged NH,-fMWCNTs had a greater
affinity for the negatively charged analyte in the acidic
medium. The oxidation potential of the analyte at bare GCE
was observed at 0.67 V and after the modification of GCE with
NH,-fMWCNTSs/ZnO, it was shifted toward less potential
(0.64 V). This depicts that the modifier helps in the
accumulation of the analyte by enhancing the surface area of
the electrode.

3.4. Effect of Scan Rates. Cyclic voltammograms were
obtained to investigate the effect of different scan rates on the
anodic peak current of the analyte. Various scan rates ranging
from 25 to 150 mV s™! were studied to confirm whether the
reaction of the analyte is surface-controlled or diffusion-
controlled.” The intensity of peak current increased linearly
with the scan rate, as illustrated in Figure S1A. According to
literature survey, it has been concluded that if the plot between
the log of oxidation peak current and log of the scan rate gives
a slope value equals to 0.5, then this process should be

controlled by diffusion. However, the process should be
adsorption controlled if the slope value equals to 1.*° Figure
SIB depicts that the slope value is equal to 0.83, which
suggests that both processes were involved. The straight line
equation is shown in Figure SIB. Since the correlation
coeflicient in the plot of oxidation peak current versus scan rate
is higher (Figure S1C) than the R* between peak current versus
the square root of the scan rate (Figure S1D), the adsorption
process is more favorable on the surface of the electrode.
Therefore, the diffusion-controlled process is less pronounced
as compared to the surface-assisted process.

3.5. Optimization of Experimental Parameters. One of
the most sensitive and fast pulse techniques is the SWV. The
detection limits of this technique can be compared to those of
chromatographic and spectroscopic techniques. The SWV
method was used to optimize several experimental parameters
to achieve the maximum peak current after the sensing capacity
of the modified GCE was verified using a variety of methods,
including EIS, CV, and SWV.

3.5.1. Influence of the Supporting Electrolyte, pH of the
Electrolyte, Volume of Modifiers Used, Deposition Potential,
and Deposition Time. The supporting electrolyte is an
important analytical parameter for obtaining a well-resolved
voltammogram. The shape, position (potential), and intensity
of the peak are all influenced by the supporting electrolyte. For
the purpose, the analyte (Orange II dye) was tested in a variety
of supporting electrolytes, that is, H,SO,, HCI, NaOH, KClI,
NaOH, BRB (pH = 6.0), and PBS (pH = 6.0). The most
appropriate supporting electrolyte was PBS, which provided
the best current response and a well-defined peak shape when
compared to other electrolytes. As shown in Figure S2A,B, the
designed sensor (NH,-fMWCNTs/ZnO/GCE) provided the
highest current response in PBS for the analyte. Thus, PBS was
chosen as the supporting electrolyte for further investigation.

The pH of the supporting electrolyte also influences the
peak potential and peak current. The effect of pH on current
response of Orange II dye was studied in PBS as the electrolyte
with pH values ranging from 3 to 12. The maximum value of I,
was found in PBS of pH 6.0, as illustrated in Figure 4A. The
peak potential was shifted toward lower values with an increase
in pH of the electrolyte. The shifting of peak potential
indicates proton involvement in the electron-transfer reaction.
Based on the calibration plot, the number of electrons and

E,/(V)

0.9

(B)

y=-0.054/ pH + 0.98
0.8+
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0.5
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T

6 8
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2

Figure 4. (A) SWVs of Orange II analyte in the solution of PBS (pH 3—12) by using NH,-fMWCNTSs/ZnO/GCE as a modifier at a scan rate of
100 mV s™". (B) Plot of Ep vs pH of Orange II using PBS as a supporting electrolyte.
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Scheme 1. Proposed Electrochemical Oxidation Mechanism of Orange II at fMWCNTSs/ZnO/GCEs
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Figure 5. (A) Square wave voltammograms of various concentrations of Orange II under pre-optimized conditions at a scan rate of 100 mV s™".
(B) Calibration plot obtained by SWV data of lower concentrations under optimized conditions.

Table 1. Comparison of the Analytical Performance of Different Designed Sensors for the Detection of Orange II Dye

Sr. no modifying material R? method

1 GN-TiO,/GCE 0.998 SWV
2 Cbz-AgNPs/GCE 0.994 SWv
3 PSS-GR/GCE 0.999 LSV

S Fe,0;/MWCNTs-COOH/OP/CPE 0.997 DPV
6 Ui0-66(NH2) @Au 0.991 SERS
7 NH2-MIL-101(Cr) 0.982 SERS
8 NH,-fMWCNTs/ZnO/GCE 0.998 SWv

pH value and supporting electrolyte LOD (nM) reference
4.4, HAc-NaAc buffer 0.92 8
7, BRB buffer 1.2 38
7, PBS 10 39
7, PBS 100 40
o 155.86 41
o 142.73 42
6, PBS 0.57 this work

protons involved in the redox process were calculated using the
equation: AE,/ApH = 2.303 mRT/nF, where R is the general
gas constant, T is the temperature, F is the Faraday constant,
and m/n is the ratio of proton and electron. The slope value
calculated from the linear calibration plot is 54 mV/pH, as
shown in Figure 4B. This value of the slope is nearly close to
the Nernstian theoretical value (58.5 mV/pH), indicating that
an equal number of protons and electrons are involved in the
oxidation reaction of the analyte (Orange II). Therefore, the
proposed oxidation mechanism has been presented in Scheme
1.

The impact of deposition potential ranging from —0.1 to 0.6
V was analyzed in PBS of pH 6.0. The peak current of the
analyte was enhanced with the increment of deposition
potential up to 0.2 V, as shown in Figure S3A. Numerous
active sites on the surface of the modified electrode were
available to the targeted analyte at 0.2 V. The peak current
decreased as the potential increased due to active sites’
saturation. Therefore, the 0.2 V deposition potential was
selected for further investigations of the Orange II dye (Figure
S3B). The optimized potential can assist to achieve excellent
sensitivity and high reproducibility of the designed sensor.

Deposition time has a great impact on the electrochemical
performance of a modified electrode. For this purpose, the
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response of the analyte was recorded by varying deposition
time from S to 30 s under pre-optimized parameters with the
help of SWV. The intensity of peak current goes on increasing
with an increase in deposition time as more and more active
sites are available on the surface of the electrode. At saturation
point, when the analyte gets oriented to all the available active
sites, maximum peak current is observed. For maximum
response, analyte molecules must be oriented in the proper
direction. It has been observed that the Orange II dye showed
maximum current intensity at an accumulation time of 20 s
(Figure S4B) and after that a decline in the peak current can be
observed (Figure S4A).

3.6. Analytical Applications of the Designed Sensing
Platform. SWV was carried out to investigate the limit of
detection (LOD) of the targeted analyte (Orange II dye)
under optimized conditions that is, 0.1M PBS of pH 6.0, 0.2 V
deposition potential, and 20 s deposition time. Figure SA
depicts that the peak current is dependent on the
concentration of the analyte. Using SWV, different concen-
trations of the analyte solution were investigated for detecting
the lowest limit at the designed sensor. The inset in Figure SA
shows the current response of the analyte at lower
concentrations. A linear calibration curve was obtained by
varying the concentration of the analyte from 0.03 to 0.09 uM,
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designed sensor (NH,-fMWCNTs/ZnO/GCE).

Table 2. Real Sample Analysis of the Orange II at the Designed Senor under Optimized Conditions

dye sample initial amount (uM)
Orange 11 industrial wastewater sample 1 0.0
industrial wastewater sample 2 0.0
fruit juice sample 1 0.0
fruit juice sample 2 0.002
ketchup sauce sample 1 0.004
ketchup sauce sample 2 0.0

spiked amount (uM) found (n = 4) (uM) RSD (%)  recovery (%)
30 29.5 2.2 98.3
30 28.95 2.3 96.5
30 28.80 2.8 96.0
30 29.40 expected (30.001) 3.1 98.0
30 2891 expected (30.005) 3.4 96.4
30 28.93 3.2 96.4

as shown in Figure SB. The detection and quantification limits
were calculated by IUPAC guidelines, that is, 36/m and 106/
m, respectively,”” where m represents the slope of the peak
current versus concentration plot, and o denotes the standard
deviation of the blank solution. The current values of the blank
solution at the peak position were used to calculate the
standard deviation. The LOD and limit of quantification at the
designed sensor (NH,-fMWCNTs/ZnO/GCE) were found to
be 0.57 and 1.9 nM, respectively. Table 1 shows the
comparison of the designed sensor with the previously
reported sensors.

3.7. Evaluation of the Stability of the Designed
Sensor. The stability of the designed sensing platform was
evaluated in terms of its repeatability and reproducibility. The
electrochemical response of the proposed sensor in the
presence of Orange II dye under pre-optimized experimental
conditions served as a measure for determining the sensor’s
stability. For determining the stability, the NH,-fMWCNTSs/
ZnO/GCE was placed in PBS of pH 6.0 for varying time
intervals and then subjected to SWV analysis. In comparison to
the intensity of the signal of the newly modified electrode,
there were no prominent changes observed in the intensity of
peak current up to 48 h, as shown in Figure SSA. The
observations suggested that the sensing platform exhibited
intra-day and inter-day stability. The designed sensor displayed
stability through different time intervals due to poor solubility
of the electrode modifier in water, which not only prevented
the leaching of the modifier from the electrode surface but also
facilitated the retention of the intensity of the peak current of
the analyte with time. To ensure that the sensing ability of the
designed sensor was reliable, six independent NH,-
fMWCNTSs/ZnO/GCEs were fabricated and subjected to
SWV analysis. There was no considerable deviation in the
current response exhibited in terms of the oxidation peak, as
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illustrated in Figure SSB. The observations suggested that the
designed electrochemical sensor had excellent repeatability and
remarkable reproducibility. Thus, the designed sensing plat-
form is a dependable sensor for the detection of Orange II dye.

3.8. Study of Effects of Interferents for Validation of
the Designed Sensor. A real sample collected from some
wastewater disposal site near a textile industry may contain
additional species other than the analyte. There exists a
possibility that these species might be capable of affecting the
sensing efficiency of the designed sensor. To find out the effect
of interferents on the anodic peak response of the sensing
platform, the experimental conditions were replicated by
introducing 1 mM of different dyes and metal ions (simulating
industrial wastewater) separately as interferents in the 30 uM
analyte solution and voltammograms were recorded, as shown
in Figure 6A, with the same optimized conditions used as
previously. The interferents include different dyes such as NBS,
MG, RB, and EV along with metal ions such as Na*, Zn*",
Co?*, Ca**, and K. The stability of the fabricated sensor in the
presence of different interfering agents is shown in Figure 6B.

3.9. Application of the Sensor in Real Samples. The
real practices were performed to check the precision and
accuracy of the designed sensor. For this purpose, to measure
the amount of Orange II dye in industrial wastewater, fruit
juice and ketchup sauce were used for real sample analysis. 2
mL of fruit juices and ketchup sauce were diluted to 10 mL by
using distilled water. Initially, no contents of Orange II
molecules were found in the real matrixes. Then, a known
amount of the targeted analyte was spiked by the standard
addition protocol. The recovered amount of Orange II was
measured by using a calibration plot. All experiments were
repeated four times (n = 4). The results showed that the
developed sensor was most sensitive toward Orange II dye
with % RSD in the range of 2.2—3.4% (Table 2). The percent
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Figure 7. (A) SWVs of photodegradation of Orange II at different time intervals using NH,-fMWCNTs/ZnO/GCE as a sensor. (B) Kinetic study
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Figure 8. (A) UV—vis spectra of photodegradation of Orange II at different time intervals. (B) Photodegradation kinetics using UV—vis

spectroscopic data.

recoveries of the targeted analyte in the range of 96.00—
98.33% suggest the real applicability of the designed sensor.
3.10. Photodegradation Studies by the Designed
Electrochemical Sensor. Numerous ways have been
developed and adopted for detoxifying dyes from the
environment. Photodegradation is one of the most popular
techniques. This is one of the most common methods for
removing hazardous materials from the environment. Photo-
degradation of Orange II dye was carried out by using TiO, as
a photocatalyst and H,O, as an oxidizing agent. Using an
electrochemical sensor, we observed and recorded the
deterioration of the Orange II dye by SWV. The Orange II
solution of the known concentration was kept in direct
sunlight. The sample was obtained at various time intervals,
and degradation was then investigated by recording the
voltammogram. The voltammograms at various time intervals
are depicted in Figure 7A. The concentration of dye in the
sample diminishes with time, and the peak current
corresponding to that period drops as well. Because the dye
has entirely deteriorated in the presence of sunlight, the
corresponding current has thus reached its lowest value. The
impact of the irradiation period on Orange II photo-
degradation was also tested with the findings, as displayed in
Figure S6A. The percentage degradation of the Orange II was
obtained as 92% after 110 min. A kinetic investigation of
Orange II photodegradation was also carried out, with the
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residual concentration in the sample shown with time and the
rate constant calculated. As shown in Figure 7B, the graph of
In[(I,),/(I,)o] as a function of time was constructed using a
first-order rate equation to validate the order of the reaction.
Using the formula In[(L,),/(I,)o] = —kt, it was confirmed that
the photodegradation process was best followed by a pseudo-
first-order kinetics where (Ip)o denotes the initial peak current
at time ¢ = 0 and (I,), denotes the peak current at time t. The
resultant plot is a straight line, indicating it as a conventional
first-order response plot.

3.11. Photocatalytic Degradation Studies of Orange
Il Using an UV-Visible Spectrophotometer. UV—vis
spectroscopy was also used to examine the deterioration of
Orange II dye. Figure 8A depicts the absorption spectra
observed at different time intervals. Light absorption can cause
the dye to degrade by generating electron—hole pairs in the
catalyst TiO,. The breakdown of organic molecules is mostly
caused by the *OH radicals, which have the second highest
oxidation potential after fluorine. The effective electron
trapping ability of oxygen helps stop the recombination of
electrons with photogenerated holes. The efficiency of the
photocatalytic processes is reduced when oxygen is limited due
to the quick recombination of photogenerated electrons and
holes in TiO,, which limits the applicability of such a system in
real-world applications. The addition of oxidants enhances the
performance of TiO, by eradicating the recombination process
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Scheme 2. Mechanism of Orange IT Dye Degradation by Sunlight in the Presence of TiO, and H,0,
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as the added oxidants quickly interact with conduction band
electrons to produce extremely reactive oxidizing radicals. The
photodegradation efficiency is increased by using H,O, to
prevent the recombination of electron/hole pairs. The
proposed mechanism of dye degradation is shown in Scheme
2.

The oxidative degradation of Orange II is aided by H,O,. It
may be explained as sunlight assisting in the mixing of
photocatalyst nanoparticles with substrate dye molecules. The
breakdown of the substrate molecules happens once the
substrate encounters the photocatalyst nanoparticles. The
impact of irradiation duration on UV-—visible spectroscopic
tests was also investigated, and the results are shown in Figure
S6B. The highest decomposition of Orange II solution (92%)
was recorded by an UV—visible spectrophotometer after 110
min. The spectroscopic percentage degradation is consistent
with the electrochemical result. Spectroscopic data values were

also used to conduct a kinetic investigation of Orange II
photodegradation. The reaction sequence was checked by
displaying the graph of In(C,/C,) and time, as shown in Figure
8B. The rate constant (k) of the reaction is calculated as In C,/
C, = —kt, where C is the maximal absorbance at time ¢ = 0 and
C, is the absorbance at time t. When a graph of In(C,/C,) and
time is drawn, a straight line is obtained. This is an example of
a first-order response plot. The rate constant is given by the
slope value obtained from the linear plot. The disappearance of
color by degradation is shown in Figure S7.

4. CONCLUSIONS

A sensitive and stable sensor based on GCE modified with
NH,-fMWCNTs and ZnO nanoparticles was developed for the
nanomolar detection of Orange II dye. The components of the
recognition layer significantly enhanced the peak current
response of Orange II dye as compared to that of bare GCE.
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The greater surface area and lower charge-transfer resistance of
the modified electrode resulted in the intense oxidation signal
of Orange II dye. Under optimized conditions, the LOD with a
value of 0.57 nM was determined from the slope of the linear
calibration plot. The dye was found to be oxidized in a pH-
dependent manner involving proton-coupled electron-transfer
oxidation. The sensor demonstrated the qualities of reprodu-
cibility and repeatability. The sensor also showed promise for
monitoring the photocatalytic degradation of Orange II dye.
The obtained results reveal the practical applicability of the
designed sensing platform in real matrixes with high recoveries.
The photocatalytic degradation of Orange II dye was assisted
by TiO, nanoparticles, which act as a photocatalyst in the
presence of H,0, which serves as an oxidizing agent. The
percent degradation evaluated by employing voltammetric and
spectrophotometric methods was found to be 92% in 110 min.
The photocatalytic degradation studies suggest that combina-
tion of titania and hydrogen peroxide efficiently degrade the
dye. The decolorization of Orange II dye in the presence of the
photocatalyst offered visual evidence of dye degradation. The
results of both electrochemical and UV—vis spectrophoto-
metric techniques suggested that the breakdown of Orange II
dye follows first-order kinetics. In future, the applicability
horizon of such sensors may be extended by coupling them
with industries for early sensing and degradation of pollutants
prior to their release into freshwater bodies.
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