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Abstract: An efficient and reliable electrochemical sensing platform based on COOH-fMWCNTs
modified GCE (COOH-fMWCNTs/GCE) was designed for the detection of nanomolar concentration
of Nile Blue Sulphate (NBS). In comparison to the bare GCE, the electrochemical sensing scaffold
considerably enhanced the peak current response of NBS dye as confirmed from the results of
voltammetric investigations. The electrochemical approach of detecting NBS in the droplet of its
solution dried over the surface of modified electrode validated, the role of modifier in enhancing the
sensing response. Under optimized conditions, the designed electrochemical platform demonstrated a
wide linearity range (0.03-10 uM) for NBS, with LOD of 1.21 nM. Moreover, COOH-fMWCNTs/GCE
was found reproducible and stable as confirmed by repeatability and inter-day durability tests. The
selectivity of the designed sensing matrix was ensured by anti-interference tests. The photocatalytic
degradation of NBS dye was carried out by using TiO, nanoparticles as photocatalyst in the presence
of HyO,. UV-visible spectroscopic studies revealed 95% photocatalytic degradation of NBS following
a pseudo-first-order kinetics with a rate constant of 0.028 min~!. These findings were supported
electrochemically by monitoring the photocatalytically degraded dye at the designed sensing platform.
The color variation and final decolorization of the selected dye in water served as a visual indicator
of the degradation process. To conclude, the designed sensing platform immobilized with COOH-
fMWCNTs imparted improved selectivity and sensitivity to detect and to, monitor the photocatalytic
degradation of NBS.

Keywords: acid functionalized MWCNTSs; limit of detection; electrochemical sensor; TiOp nanoparticles;
photocatalysis

1. Introduction

The population of the world is continuously soaring. As a result of this increase, the
world is confronting environmental problems along with concomitant health, security, and
food issues [1-6]. Environmental pollution is one of the major threats to the world. Devel-
oping countries are affected the most; they use 80% of the polluted water for cultivation
and fertilization purposes. Although industrial development has created innovation and
convenience in human life, it has also resulted in harmful health effects and environmental
pollution. Since the industrial revolution, pollution has reached an alarming level affecting
both developed and developing countries and hence has become a universal challenge that
has gripped the world’s attention [7-9].

Almost 80 million tonnes of dyes are produced annually worldwide by industries
that dump a significant amount of it into waterbodies as wastewater that disturbs the
stability of the ecosystems. Approximately 10-15% of the total dye produced in any
industry is lost to water during its manufacturing and dyeing stages, and owing to their
high solubility and persistent nature, it is challenging to remove them from water. Even
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though these dyes are released in water in trace amounts, they are still very harmful to
humans (even less than 1 ppm) and other aquatic life [10,11]. When released in water,
dyes adversely affect the photosynthetic process of aquatic life. Additionally, dyes also
have mutagenic and teratogenic effects on fish species. Their hazardous effects include
cancers, allergies, and renal complexities. Hence, there is globally a dire need to develop
inexpensive and green methods to remove such pollutants from water and make water
reusable [12]. Numerous methods have been proposed for treating dye-contaminated
wastewater, including adsorption, incineration, foam flotation, physicochemical methods,
and biochemical techniques [13,14]. However, since most of the organic dyes are non-
biodegradable and thermally stable, they render these conventional methods ineffective.
Thus in the present research work, NBS is sought to be removed from wastewater through
the photocatalytic degradation process because it is effective, inexpensive, simple, and
rapid compared to other methods [8].

Several semiconductors, including titania, vanadium pentoxide, zinc oxide, ferric
oxide, cadmium oxide, cadmium sulfide, and alumina, have been used as photocatalysts
for the degradation of different colored organic pollutants such as dyes. Among these, TiO,
is the most commonly employed photocatalyst. The current research work focuses on light-
assisted catalytic degradation of Nile Blue Sulphate (NBS) dye using TiO, nanoparticles as
it possesses very high mechanical strength, nontoxicity, chemical, and thermal stability [15].
However, owing to its band gap of 3.2 eV, the recombination of the electron-hole pair and
absorption in the UV region limits its utility. To hinder the recombination of generated
electron-hole pair, HyO, was used for enhancing the practical utility of TiO, nanoparticles
by abstracting the photogenerated electron and avoiding its recombination with the hole.
Different free radicals like *OH, *O%~ /*OOH (reactive oxygen species) are generated from
H,0; at the surface of the catalyst that enhance the TiO, capability of degrading the organic
dye molecule in wastewater [16].

But before even its removal, its detection is important. Various techniques, including
chromatography, mass spectroscopy, capillary electrophoresis, spectrophotometry, and
voltammetry, have been utilized to detect NBS dye. The pre-existing methods, such as chro-
matography and surface-enhanced Raman spectroscopy are expensive, time-consuming,
require calibration, and extensive sample preparation. Industrial effluents are rich in dif-
ferent components which hinder the detection of lower concentrations of NBS using the
above mentioned techniques. Electrochemical techniques are preferred owing to their
simplicity, reliability and fast responsiveness, yet the structure of NBS is complex offering
steric hindrances which impart it with orientational restrictions, making it difficult to be
detected using electrochemical techniques [17]. Interestingly the orientational restrictions
can be avoided by using a smart approach of skipping the diffusion step by drop casting the
analyte on the surface of the modified electrode and detecting it electrochemically. Hence,
in this work, a voltammetric method for the detection of NBS was employed owing to
its sensitivity, reliability, potential selectivity, and ease of operation compared to all other
methods. The electrochemical detection method is based on the principle of sensitivity
of the electrode’s surface towards the targeted analyte. Thus, an electrochemical sensor
was designed by immobilizing the COOH-fMWCNTs at the surface of the glassy carbon
electrode (GCE) to impart sensitivity for detecting trace-level concentrations of the selected
analyte. CNTs are used as electrode modifiers because of their high surface-to-volume
ratio, chemical stability, electrical, and thermal properties which make them the best choice
for modifying the electrode surface [18,19]. The surface of CNTs is susceptible to analytes’
adsorption, which leads to the formation of the most efficient sensors [20,21].

In this study, a COOH-fMWCNTs modified glassy carbon electrode is developed
for ultra-sensitive and selective detection of NBS using square wave voltammetry (SWV),
electrochemical impedance spectroscopy (EIS), and cyclic voltammetry (CV). The designed
electrochemical sensor is also utilized for voltammetric monitoring of the photocatalytic
degradation of NBS along with spectroscopic study. The COOH-fMWCNTs-based recog-
nition layer has been employed for the first time in the current study for the detection
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of NBS. A smart unconventional approach was adopted to improve the sensing ability
of the designed sensing platform, wherein a drop of dye was cast on the surface of the
modified electrode, which enhanced the ease of orientation of analyte molecules towards
the surface of the electrode as witnessed by better resolution of peak and enhancement in
peak current value as compared to the conventional approach of dye detection in solution.
The approach also offers a very small amount of target analyte to be used which makes
the diffusion of bulky dye molecules toward the electrode surface expedient. Thus the
approach is promising for dye detection in water for abatement of dyes in wastewater and
allows the water to be purified.

2. Results and Discussion
2.1. Electrochemical Characterization

EIS is a non-destructive and effective technique that was employed to reveal the
interfacial properties and extent to which the electrode’s surface was modified by using
Nyquist plot. EIS was performed in an electrochemical cell consisting of 5 mM potassium
ferricyanide (K3[Fe(CN)s]) and 0.1 M potassium chloride (KCl) solution as a supporting
electrolyte. Nyquist plots of bare and modified GCEs are depicted in Figure 1a. The Nyquist
plot consists of two parts, a semicircle part at higher frequencies that reveals the charge
transfer resistance (R¢t). At the same time, the diffusional limited process is characterized
in the second linear part of the Nyquist plots at lower frequencies [22]. R¢t can be calculated
via the diameter of a semicircle in Nyquist plots at higher frequencies [23,24]. The decrease
in Rt causes enhanced electrical properties which are lower for COOH-fMWCNTs/GCE in
comparison to MWCNT/GCE and bare GCE. This is attributed to increased surface area
that affords more binding sites for the analyte at the modified electrode and hence improved
conductivity. Furthermore, the heterogeneous rate constant k was calculated (Table S1)
by using equation (k = RT/ (nF)2CyAR) for bare, MWCNTs, and COOH-fMWCNTs
modified GCE [25-27].
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Figure 1. (a) Nyquist plots using data obtained at bare and modified GCE in a solution of 5 mM
K;5[Fe(CN)g] as a redox probe and 0.1 M KCl as a supporting electrolyte. (b) Cyclic voltammograms
at the bare and modified GCE in 5 mM K3[Fe(CNy)] as redox probe and 0.1 M KCl as supporting
electrolyte at a scan rate of 100 mV s~ 1.

As shown in Table 51, low charge transfer resistance values and higher values of hetero-
geneous rate constant indicate excellent conductivity and superior electrochemical kinetics
for COOH-fMWCNTs modified GCE compared to others in solution of K3[Fe(CN)¢] and
KCl [28,29]. The EIS parameters in Table S1 were obtained from Randles equivalent circuit.

CV was used to investigate the working proficiency of the designed sensing plat-
form by comparing the peak current responses of bare and modified GCE in 5 mM
K;3[Fe(CN)g and 0.1 M KCl. The electroactive surface area of the electrode strongly affects



Catalysts 2023, 13, 141

40f18

the peak current response [30]. This was determined using the Randles-Sevcik equation
(I, = 2.69 x 10°13/2 AD/2y1/2C) where D represents diffusion coefficient, C the concen-
tration of analyte and the rest of the symbols stand for their usual notation [31]. Figure 1b
illustrates the current responses of bare, MWCNTs, and COOH-fMWCNTs modified GCEs.

Considering D = 7.6 x 107 em?s~!, n = 1, and C = 5 mM for Kz[Fe(CN)4], the
calculated electroactive surface area of the bare, MWCNTs modified and COOH-fMWCNTs
modified GCE is enlisted in Table S2 and demonstrate that the sensing platform based on
COOH-fMWCNTs has the greatest electroactive surface area (0.08 cm?) compared to the
bare GCE and MWCNTs/GCE. Owing to its greater surface area, the COOH-fMWCNTs-
based sensing platform exhibits enhanced peak current response as seen in Figure 1b. The
COOH-fMWCNTs sensing platform owing to its increased surface area has several active
sites available for binding with the analyte, thus facilitating the electron transfer process
and corroborating the results of EIS in Figure 1a. These results show good agreement with
EIS results, which indicate the successful modification of GCE for obtaining a selective and
sensitive electrochemical platform for detecting NBS in water.

Additionally the “double layer capacitor” on real cells often behaves like a CPE (ref to
Figure 1a inset), and not as an ideal capacitor due to surface inhomogenities of the interface
between the modified electrode and electrolyte. These inhomogenities may include surface
roughness, “leaky” capacitor, non-uniform current distribution, etc. that account for the
non-ideal behaviour of the double layer. The impedance of the CPE is given as

1
ZcPE

= Q(iw)" )

where Q is a prefactor for CPE with units of capacitance, i is an imaginary number and
n represents the exponent of CPE ranging in value from 0-1 and is used to indicate the
surface roughness of the electrolyte-electrode interface [32]. When n = 0 the CPE represents
resistance and when 1 = 1 the behaviour is that of an ideal capacitor.

Furthermore, if the value of n is 1 or close to 1, it means the interface surface is
homogenous and smooth [33]. As the value of 1 decreases, the surface inhomogeneity
increases that pertains to increased roughness of the surface. As seen in Table S1, the value
of n is decreasing as the surface of GCE is modified with MWCNT and COOH-fMWCNTs
due to increase in surface roughness. Thus, creation of more active sites leads to increased
preconcentration of the analyte. This corroborates well with results of NBS (see Figure 2a)
showing enhanced signals on GCE modified with COOH-fMWCNTs due to more active
sites and consequent increase in electroactive surface area as presented in Table S2.
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Figure 2. (a) SWVs response of 10 uM NBS at bare GCE, MWCNTS/GCE, and COOH-fMWCNTs/
GCE in PBS of pH 6.0. (b) Picture recorded after 30 s placement of the same volume of water droplet
on bare GCE, MWCNTs/GCE and COOH-fMWCNTs/GCE.
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2.2. Square Wave Voltammetric Analysis of NBS

Compared to CV, SWV is much more sensitive and can remarkably differentiate be-
tween the faradaic and non-Faradaic current [34]. It is a reliable electroanalytical technique
that produces results with enhanced resolution. Therefore, in the present work, SWV was
employed for the electrochemical sensing of NBS. The intensity of peak current response
of NBS at bare and modified GCE was investigated in PBS of pH 6.0 at a scan rate of
100 mV s~! keeping frequency and pulse amplitude 20 Hz and 20 mV, respectively. The
oxidation peak of NBS was obtained at 0.86 and 0.84 V at bare and MWCNTs modified
GCE respectively. After modification with COOH-fMWCNTs, it was shifted to a lower
potential of 0.82 V. This negative shift in the potential shows the electrocatalytic behavior of
the sensing platform. The peak current of NBS was also enhanced to 8.63 A and 11.7 pA
at MWCNTs and COOH-fMWCNTs respectively, as presented in Figure 2a [35,36]. The cur-
rent value for COOH-fMWCNTs/GCE is almost twice that of the bare which supports our
proposition of availability of more active sites for interaction of analyte. The surface features
of the electrodes were distinguished from contact angle analysis as shown in Figure 2b.
The contact angle (angle measured in liquid) of the water droplet on bare GCE with a
value of 80° shows a slight hydrophilic character of the GCE surface. The hydrophilicity
of GCE was increased when modified with MWCNTs as demonstrated by the 60° contact
angle of the water droplet. Modification of the GCE surface with COOH-fMWCNTs led
to additional enhancement in hydrophilicity as witnessed by further reduction in contact
angle (45°) of water droplet. Hence, analyte in the droplet of aqueous solution placed at
the GCE surface modified with COOH-fMWCNTs should have closer accessibility to the
electrode due to more hydrophilic nature of the surface. This behaviour is consistent with
the most intense oxidation signal of the NBS at COOH-fMWCNTs/GCE as obvious from
observation of Figure 2a which is a direct consequence of maximum surface coverage.

This enhancement in peak current in SWV response is in good agreement with EIS
and CV findings, and this is because of the increase in the electrode’s electroactive surface
area by using COOH-fMWCNTs, as a modifier. Here, the modifier acts as a bridge between
the analyte and the transducer (GCE) to facilitate electron transfer. Thus, the NBS transfers
electrons through COOH-fMWCNTs to GCE for boosting the oxidation current via the
electron hopping mechanism. Moreover, the boosted surface area results in enhanced
interaction between the dye molecules and modifier that leads to increased preconcentration
of dye molecules near the electrode surface. The preconcentration of the dye molecule at the
modified electrode surface may also be the reason for peak current enhancement [35,37].

2.3. Effect of Various Scan Rates

The nature of the reaction, whether diffusion-controlled or surface-controlled, was
investigated by obtaining cyclic voltammograms of NBS at different scan rates ranging
from 25 mV s~ ! to 150 mV s~ ! on the modified electrode. Figure S1 illustrates that with
the increase in scan rate, anodic peak potential shifted towards a higher potential [38].
According to reported work [39], if the slope of the plot between the log I, vs. log v
is equal to 0.5, then the electrochemical process is suggested to be diffusion controlled.
In contrast, if the slope is equal to 1, then the process should be adsorption controlled.
In the plot depicted in Figure S2, the slope was found to be 0.764, which suggested the
involvement of both diffusion as well as adsorption control processes [40]. The R? value of
the plot of I, vs. v is higher (Figure S3) than the R? value of the plot between I, vs. vl/2
(Figure S4), depicting that the adsorption process is more dominant as compared to the
diffusion-controlled process [38].

2.4. Optimization of Experimental Parameters

To achieve further enhanced signals of NBS at the COOH-fMWCNTs/GCE, several
parameters such as supporting electrolyte, pH, deposition potential, and deposition time
were optimized by employing the SWV technique.
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The choice of supporting electrolyte is one of the crucial steps in electrochemical
analysis because it controls the decrease in the Ohmic drop or IR drop effect [30]. The
supporting electrolyte strongly affects the peak shape, current, and its position. Hence,
to obtain enhanced anodic peak current response, the SWV of the targeted analyte using
COOH-fMWCNTs modified GCE was performed in a variety of electrolytes such as PBS,
acetate buffer, Britton Robinson Buffer, NaOH, KOH, HCI, H,SO,, and CH3COOH. A
well-defined peak shape with a maximum peak current was observed in PBS compared to
other supporting electrolytes depicted in Figures 3 and S5. Therefore, PBS was selected as
an appropriate electrolyte and was used for further electrochemical investigations [41].

124 —0.1 MPBS
] — 0.l MAB
104 —0.1 M BRB
=== (0.1 M NaOH
— 0.1 MHCI
34 —0.1MHSO,
- ==0.1 M CH,COOH
3. 64
S
-
~ 4
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0 T

04 06 08 10 12 14
E/(V)vs. Ag/AgCl

Figure 3. Anodic peak current response of 10 uM NBS in various supporting electrolytes using
COOH-fMWCNTs modified GCE.

The pH of the electrolytic solution also affects the peak current, peak shape, and
peak potential as the response of many functional moieties is pH-dependent. Several
voltammograms were recorded at different pH ranges from 3 to 10 to obtain a well-defined
peak with the maximum anodic peak current response of the targeted analyte. It was
found as depicted in Figure 4a that PBS of pH 6.0 showed maximum peak current response.
Therefore, 0.1 M PBS of pH 6.0 was utilized for further studies.

(b)
1.0+ v =—0.055/pH + 0.99
R =099

0.9 4
E 0.8
~

=)

=

0.7 4

0.6

pH (3-10)

Figure 4. (a) SWVs showing the influence of pH on the oxidation response of NBS in PBS solution
of pH 3-10 using COOH-fMWCNTs/GCE. (b) The plot of E, vs. pH of NBS using 0.1 M PBS as a
supporting electrolyte.
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As the pH of 0.1 M PBS supporting electrolyte varied from 3 to 10, peak potential
shifted toward less potential. This shift in the peak potential by varying pH showed
the involvement of protons during the electron transfer reaction of the targeted analyte
which can be calculated by the using equation (AE,/ApH = 2.303 mRT /nF). Considering
the calibration plot depicted in Figure 4b, the value of the slope for the NBS was calcu-
lated to be 55 mV /pH, which is in close agreement with the Nernstian theoretical value
(58 mV/pH), indicating the involvement of an equal number of protons and electrons in
the redox process.

To investigate the impact of accumulation potential on peak current, it was varied
ranging from —0.4 V to 0.2 V. Figure S6 illustrated that the anodic peak current intensity
increased with the increment in the deposition potential up to —0.2 V. As the deposition
potential increases, the number of active sites on the modified GCE increases, which results
in maximum interactions between modifier and analyte moieties. Figure S7 revealed that at
—0.2 V deposition potential, maximum peak current was recorded, while the peak current
decreased with a further increase in deposition potential because of active site saturation
at the GCE. Thus, —0.2 V deposition potential was opted as the optimized potential for
further electrochemical investigations.

Various voltammetric responses of the designed sensing platform were recorded at
different accumulation times ranging from 5 s to 35 s at a deposition potential of —0.2 V in
PBS of pH 6.0 as the supporting electrolyte to investigate the influence of accumulation
time on anodic peak current intensity. The maximum oxidative peak current response
was observed in 20 s, as illustrated in Figures S8 and S9. Dye molecules are bulky in size,
and they need some time to orient properly to get oxidized at the surface of modified
GCE, yet orientation at the surface COOH-fMWCNTs/GCE is optimum at 20 s by having
close accessibility to the electrode when drop casted instead of being in solution. This
is evidenced by a maximum peak current response. The saturation of dye molecules
and hence interference to properly orient NBS at the surface of the electrode result in
plummeting of peak current at higher deposition times.

2.5. Analytical Characterization

SWYV was used to calculate the detection and quantification limit for NBS dye using
COOH-fMWCNTs modified GCE under optimized conditions, i.e., 0.1 M PBS supporting
electrolyte of pH 6.0, 20 s deposition time, and —0.2 V deposition potential. In light of
IUPAC guidelines, the LOD was investigated by incorporating the value of the standard
deviation of the blank solution [42]. The results shown in Figure 5a, depict that peak
current decreases linearly with a decrease in the analyte concentration. Figure 5b shows the
corresponding linear calibration curves obtained as a result of variation in the analyte’s peak
current vs. concentration of the analyte ranging from 0.03 uM to 10 uM. The plot is divided
into two linear segments which suggest that two types of LODs can be determined. The
first linear segment ranges from 10 uM to 1 pM which is towards the higher concentration
end and the LOD for this concentration range was found to be 16.9 nM. The comparatively
higher LOD is suggestive of the slow mobility of NBS towards the modified GCE and
hence the corresponding peak current is lower with increased resistance to charge transfer.
This may also indicate the presence of dimers and trimers at higher concentrations. The
second linear segment ranges from the lowest concentration of 0.9 uM to 0.03 uM and
the LOD was found to be 1.21 nM; this region marks very minute dye concentrations,
wherein the dye completely solubilizes and is present in the form of its simplest unit
i.e., monomers. Both LODs from two regions show detection in the nanomolar range,
however, the lowest concentration range is the most preferred one for measuring LOD
for its analytical performance. LOQ was also determined using the equation (LOQ = 107‘7)
and was found to be 4.06 nM. Here o represents the standard deviation of the electrodes
without any modifier at the GCE and m represents the slope of the graph.
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Figure 5. (a) Square wave voltammograms of various concentrations of NBS ranging from 0.03 pM
to 10 uM under pre-optimized conditions. (b) The calibration plot of NBS concentrations ranging
from 0.03 uM to 10 uM under optimized conditions with two distinct regions.

A comparison of previously reported sensors for detecting NBS is given in Table 1.
The lowest detection limit of COOH-fMWCNTs modified GCE revealed that this is a better
sensing platform than previously reported analytical detection tools for NBS detection.

Table 1. Assessment of the performance of the designed and reported sensors.

Sr.No Modifying Material Method LOD (nM) Reference
1 Nanocages of Ni SERS 5 [43]
2 Gold nanostars SERS 5 [44]
3 Ag and silica LC/SERS 157 [45]
4 COOH-fMWCNTs SWV 1.21 This work

2.6. Validity of the Designed Sensor

SWYV analysis was carried out to evaluate the reproducibility and repeatability of
the designed sensor to investigate its validity for detection of NBS. To examine the repro-
ducibility of the designed sensing platform, five different COOH-fMWCNTs modified GCE
electrodes were prepared, and their voltammograms were recorded under pre-optimized
conditions. The observations suggest that the designed electrochemical sensor had good
reproducibility. No noticeable changes were observed in the anodic peak response with
Y%age RSD less than 2% for the developed sensor for NBS, as illustrated in Figure 6a which
show the robustness of the as obtained results.

To examine the designed electrochemical sensor’s repeatability, different peak current
responses from the same modified electrode were recorded for up to 24 h at different time
intervals. Figure 6b shows no considerable deviation in peak current at different time
intervals as compared to the freshly prepared electrode. These results suggest that the
designed sensor had intra-day stability. Due to the poor solubility of modifiers in water,
the designed sensing platform not only showed stability but also prevented the leaching of
modifiers from the electrode surface as indicated by the response of anodic peak currents.
The intensity of the peak current remains almost the same which affirms the applicability
of the proposed sensing matrix.
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Figure 6. (a) SWVs of NBS showing the reproducibility of the designed sensor. (b) SWVs of NBS
showing repeatability of the designed sensor.

2.7. Study of Effects of Interferents for Validation of Designed Sensor

The influence of interferents on the voltammetric response of the designed electro-
chemical sensor was investigated to demonstrate the selectivity and sensitivity of the
designed sensing platform. It is very likely that wastewater contains several other metal
ions and toxic dyes along with NBS dye in real situations. A 0.1 mM solution of different
dyes and metal ions was introduced separately as interferents in the solution of NBS to
determine their influence on the analyte’s peak current response. These interferents include:
Erichrome black T (EBT), Orange II dyes, and Ba%*, Co®*, Ni®*, Cu®*, Zn?*, Nal*, and K1*
metals ions. The results suggested that interferents had no considerable impact or had an
insignificant effect on the anodic peak current response of the sensor. This is because of
the strong binding affinity of the analyte with the modifier. The anodic peak response of
the designed sensor in the presence of interfering agents is depicted in Figure 7a. Some
other signals, along with the NBS signal, can also be seen, which indicate that this sensor
can also be used to detect other dyes and this potential-based selectivity is the beauty of
electrochemical sensors. The redox potentials of metallic ions investigated are different
from the targeted analyte. However, interfering effects depend not only on the redox po-
tential but also on the interaction of metallic ions with the recognition layer. The analyte’s
signal was not disturbed by the metallic ions added as interfering agents. This indicates
that the designed sensing platform possesses an anti-interfering ability for the tested ions.
The bar graph in Figure 7b shows that the %age RSD value for the designed sensor was
1.77% which confirms the validity of the sensor. An RSD value of less than 3% is desirable
for confirming the robustness of the proposed sensor.

2.8. Photocatalytic Degradation Studies by Designed Electrochemical Sensor

The designed sensing platform was employed to investigate the photocatalytic degra-
dation of the NBS dye. A stock solution of 10 uM NBS was prepared and stirred for
30 min. 50 mL of 10 uM NBS solution was taken in a 100 mL beaker to which 0.1 mg
of TiO; as a photocatalyst, and 1 mL of H,O, as an oxidizing agent were added. The
solution was stirred for 5 min in the presence of sunlight and the aliquot was withdrawn
after regular intervals which was investigated for degradation of NBS by sunlight in the
presence of HyO, by using two methods: electrochemical analysis by the as-prepared
COOH-fMWCNTs/GCE sensor and UV-visible spectrophotometry. Thus, after withdraw-
ing from the reaction mixture, the drop of 10 uM of NBS was cast on COOH-fMWCNTs
modified GCE, and its voltammogram was recorded in PBS of pH = 6. This was repeated
after an interval of 5 min followed every time by an electrochemical investigation of the
remaining dye in the droplet. These recorded voltammograms, which were subjected to
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photocatalysis before, are depicted in Figure 8a. A decrease in peak current response in
the voltammograms indicated that the concentration of dye molecules is decreasing over
time suggesting its photocatalytic degradation. The peak current reaches the lowest value
indicating that the maximum dye content has deteriorated. The effect of irradiation time
on NBS dye photocatalytic degradation was investigated, and percentage degradation was
found to be 95% after 100 min of keeping the dye solution under direct sunlight which is
evident from Figure S10. The photocatalytic degradation kinetics of NBS was investigated
by SWV and the obtained data was fitted in the first-order rate equation. The degradation
rate constant with a value of 0.028 min~! was obtained from the slope of the plot depicted
in Figure 8b.
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Figure 7. (a) SWVs of 10 pM NBS in the presence of different interfering agents using COOH-
fMWCNTs/GCE. (b) Bar graph of the peak current of NBS at the designed sensor in the presence of
interfering species.
Lo L () min 0.04{®
14 10 min y = —0.028x
. 20 min ~0.5- R =0.98
12 - = 30) min % ;
] — () min k=28x10" min
10 4 e 5() min _?—I.O-
] e () MiN N
8 - e 70) miin - -1.54
: s 8() min —_—
6 e 9() min =20
1 = 100 min ':'
b = _2.5-
24
i -3.04
0 T Ll Ll T v i A . v T T
0.4 0.6 0.8 1.0 1.2 1.4 0 20 40 60 80 100
E/ (V) vs. Ag/AgCl Time (min)

Figure 8. (a) The SWV of NBS at different time intervals recorded by using COOH-fMWCNTs/GCE
under optimized conditions. (b) Effect of irradiation time on NBS photocatalytic degradation under
direct sunlight.

2.9. Spectroscopic Studies of NBS Photocatalytic Degradation

A UV-visible spectrophotometer was also used for studying the photocatalytic degra-
dation of NBS. The TiO; nanoparticles and H,O, were used as photocatalysts and oxidizing
agents respectively, as discussed previously in Section 2.8. The corresponding absorption
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spectra at different time intervals are depicted in Figure 9a. The dye molecule’s color is
because of the conjugation system in the structure. Electron-hole pair generation occurred
as the photocatalyst was exposed to sunlight. The generation of electron-hole pair and
hydroxyl radical leads to dye degradation by breaking up the conjugation system in the
dye molecule. It is evident from UV-visible spectra that over the time, the photocatalytic
degradation process increased as the dye molecule was degraded in the presence of sun-
light. The presence of H,O, facilitates the production of hydroxyl radicals which leads to
the mineralization of the organic molecule.
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Figure 9. (a) UV-Vis spectra of the photocatalytic degradation of NBS at different time intervals.
(b) The photocatalytic degradation kinetics of NBS using UV-visible spectroscopic data.

It is evident from Figure S11 that the dye content is photocatalytically degraded to 95%.
Furthermore, recovery of TiO; and its multiple usage performance were explored with the
same concentration of dye i.e., 10 uM NBS solution. During the process the catalyst was
removed by filtering it out from the dye solution and then replacing the supernatant with
fresh solution of dye. This solution was then subjected to UV-Vis spectroscopy to investigate
the effectiveness of the catalyst. Figures S11-513 show recovery and reusability of TiO, for
the degradation of NBS for three cycles where a decrease in photocatalytic degradation
efficiency from 95% (cycle-1: Figure S11) to 93% (cycle 2: Figure S12b) to 92% (cycle-3:
Figure S13b) is evident. The slight change in %age degradation shows an insignificant
change in the catalytic activity which shows good stability of the catalyst against the
photocatalytic degradation of the dye. The slight decrease in the photocatalytic degradation
efficiency can however be attributed to the decrease in pore size and pore volume due to
adsorption and clogging of the pores by dye and its degraded products. The pore size is an
important factor that contributes towards performance of the catalyst [46,47]. Thus, a small
decrease in its catalytic activity points to reusability of the catalyst in applications where
this factor becomes important.

The proposed degradation mechanism as depicted in Scheme 1 of NBS shows attack
of hydroxyl free radicals generated by TiO, and H,O; at a double bond present in the
ring, hence, with the breakdown of conjugation of the ring, the color variation from being
intense to dull, was observed (Figure 10). Scheme 1 is the proposed mechanism, based
upon the obtained electrochemical and UV-Vis spectroscopic data and also in the light of
reported literature, of the degradation of NBS and other dyes using methods other than our
developed method [36,48,49]. The final product is the mineralization of the NBS to CO,
and H,O.
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Figure 10. Naked eye evidence of the decolorization of NBS dye.

Using spectroscopic results, the percent degradation of NBS was calculated using the
following equation.

maximum absorbance (t = 0) — absorbance at time

%ge d dation =
oge degradation maximum absorbance (t = 0)

x 100  (2)

The spectroscopic data were also used to explore the kinetics of the photocatalytic
degradation process [50-52]. The reaction order and rate were confirmed from the plot
between In [C;/C] as a function of time, as shown inFigure 9b. The rate of reaction (k) was
calculated from the equation i.e., In % = —kt. Where C; is the absorption at time t, C is
the absorption at zero time, and k is the rate constant. The straight line of the plot between
In [C;/Cp] as a function of time exhibited that the reaction follows first-order kinetics. The
rate of reaction calculated from spectroscopic data is 0.029 min~!. The order of reaction
and rate of reaction calculated from electrochemical and spectroscopic data are in good
agreement revealing that the designed sensor is also efficient for monitoring photocatalytic

degradation of NBS.

3. Experimental
3.1. Reagents and Materials

All chemicals of analytical grade purity were used as received from Sigma Aldrich
(St. Louis, MO, USA). NBS dye was used as an analyte while COOH-functionalized
MWCNTs as an electrode modifier. TiO, was utilized for the photocatalytic degradation
of NBS. Dimethylformamide (DMF) was used as a solvent to prepare COOH-fMWCNTs
suspension. Analytical grade reagents NaH,PO4-HyO and Na,HPO4-2H,0 were used to
prepare phosphate buffer saline (PBS) as a supporting electrolyte. Additionally, PBS, acetate
buffer, Britton Robinson Buffer, NaOH, KOH, HCI, H,SO,, and CH3COOH were used as
supporting electrolytes for the optimization of the modified electrode. Thus, all solutions
of various electrolytes were prepared by using doubly distilled water with analytical
grade reagents.

3.2. Instrumentation

The fabricated sensing platform was electrochemically characterized by executing CV,
SWYV, and EIS on a Metrohm Autolab (Utrecht, The Netherlands) equipped with NOVA 1.11
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software. It comprises a three-cell assembly with GCE as the working electrode, Ag/AgCl
(83 M KClI) as the reference electrode, and Pt as the counter electrode. Spectroscopic studies
of NBS were carried out at Shimadzu UV-1700 spectrophotometer, Japan working in
200-800 nm range.

3.3. Working Electrode Modification

Before subjecting GCE to modification, it was physiochemically treated to achieve
a high O/C ratio at its surface. A physically cleaned GCE surface was obtained by rub-
bing it in a fashion of digit 8 on a nylon buffing pad containing alumina slurry (1 uM).
Then, the electrode was ultrasonicated in a 1:1 mixture of HNOj and ethanol for five
minutes, followed by rinsing with a jet of distilled water to remove the undesired moieties
from the electrode’s surface [53]. The physically cleaned working electrode was then sub-
jected to electrochemical cleaning by taking several CV scans of bare GCE in a supporting
electrolyte [41,54,55]. GCE was modified by immobilizing a 5 uL drop of a modifier concen-
tration at the pre-cleaned surface. After casting the modifier on the surface of the working
electrode, it was left for drying followed by washing away any loosely bound molecules
and then allowing it to dry. Finally, a 10 uL drop of the analyte (NBS) was applied to the
modified electrode. This as-prepared electrode designated as COOH-fMWCNTs/GCE was
further applied for electroanalytical measurements.

3.4. Experimental Procedure

0.1 mM stock solution of NBS dye was prepared using distilled water which was
further diluted to prepare a solution of 10 uM concentration using the same solvent.
The inks of electrode modifiers MWCNTs and COOH-fMWCNTs with a concentration
of 1 mg/mL were prepared individually in DMF and subjected to ultrasonication for
1 h. Once the surface of GCE was dried after modification, a 10 uL drop of analyte
was cast on the surface of the pre-modified working electrode. The modified electrode
was then placed in the electrochemical cell containing the supporting electrolyte, and
the sensing ability of the designed sensing platform was analyzed by recording square
wave voltammograms. Different experimental parameters were optimized using the same
procedure. The surface behavior of the working electrode was investigated using EIS.
Electrochemical techniques, such as SWV and CV facilitated different analysis of the
sensing platform. The limit of detection (LOD) and limit of quantification (LOQ) were
calculated using data obtained by SWV responses. SWV and UV-visible spectroscopy was
employed for photocatalytic degradation studies of NBS dye. The solution of 10 uM of NBS
was kept in direct sunlight for 100 min. After subjecting the solution of NBS to sunlight,
5 uL of the sample of the dye was withdrawn at regular intervals which was drop casted
at the modified electrode for its electroanalysis in PBS under set optimized conditions.
Here recorded voltammograms provided information about the degree of degradation
indicated by a decrease in peak current value after the aliquot was taken after every
5 min. The same procedure of withdrawing the photocatalyzed sample was conducted for
recording its UV-visible spectra. The voltammetric and spectroscopic responses facilitated
the determination of the percentage degradation, reaction order, and reaction rate for NBS
photocatalytic degradation. All experimental work was done at an ambient temperature of
298 K (25°C £ 1).

4. Conclusions

The toxicity of dyes is a threat to life in water and on land. Thus, in order to address
abatement of the dyes and overcome issues pertaining to environmental degradation,
the current work presents the development of a sensor for the nanomolar detection of
Nile Blue Sulphate (NBS) dye. Moreover, it presents employing photocatalyst for the
photocatalytic degradation of NBS followed by analytical methods for monitoring the
extent and degradation kinetics. Acid-functionalized MWCNTs were immobilized on
the surface of the GCE to fabricate an efficient electrochemical sensing platform. Various
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experimental parameters such as accumulation potential, accumulation time, supporting
electrolyte, and pH of solution were optimized to obtain intense signal of the target analyte
at the designed probe. Peak current versus concentration plot was found to have a wide
linear range with LOD value of 1.21 nM under optimized experimental conditions for
NBS. After detection, photocatalytic degradation experiments for NBS were conducted
using TiO; nanoparticles in the presence of hydrogen peroxide. The designed sensing
platform was then employed for monitoring the photocatalytic degradation of the dye
supported with spectroscopic studies. The results obtained from both electrochemical and
spectroscopic techniques revealed that the photocatalytic degradation follows pseudo-first-
order kinetics. The obtained results suggest that the developed method is promising for
the purification of dye contaminated wastewater.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/catal13010141/s1, Table S1. Parameters evaluated from EIS experiments
conducted on various electrodes; Table S2. Electroactive surface areas of bare and modified electrodes;
Figure S1. Influence of scan rate on the anodic peak current of the NBS in supporting electrolyte
of PBS of pH 6.0; Figure S2. Calibration plot between the log peak current vs. log scan rate of
NBS oxidation; Figure S3. A plot of Ip vs. v of NBS oxidation; Figure S4. A plot of Ip vs. v'/2 of
NBS oxidation; Figure S5. Bar graph of the oxidation peak current of NBS vs. various supporting
electrolytes; Figure S6. Effect of accumulation potential on the peak current of 10 uM NBS in PBS of
pH 6.0 using COOH-fMWCNTs/GCE; Figure S7. A plot of Ip vs. deposition potential; Figure S8. Peak
current response of 10 uM NBS at different deposition times; Figure S9. Plot between peak current
vs. deposition time of NBS oxidation; Figure S10. Kinetic study of NBS photocatalytic degradation
using SWV data; Figure S11. Percentage degradation of NBS using UV-visible Spectroscopic data;
Figure S12. (a) UV-Vis spectra of the photodegradation of NBS at different time intervals after recovery
of photocatalyst for the first time. (b) %age degradation of NBS at different time intervals after
recovery of photocatalyst for the first time; Figure S13. (a) UV-Vis spectra of the photodegradation
of NBS at different time intervals after recovery of photocatalyst for the second time. (b) %age
degradation of NBS at different time intervals after recovery of photocatalyst for the second time.
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