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Abstract: Methylene blue is a toxic dye that is extensively used as a colorant in textile industries.
Industrial effluent containing methylene blue, when drained into water bodies without proper treat-
ment, poses a serious threat to aquatic and human lives. In order to protect the biocycle, various
methods have been established to detect and remove hazardous dyes from aqueous systems. Elec-
trochemical methods are preferred, owing to their characteristic features of simplicity, portability,
potential selectivity, cost effectiveness, and rapid responsiveness. Based on these considerations, an
electrochemical sensor consisting of amino-group-functionalized, multi-walled carbon nanotubes
(NH2-f MWCNTs) immobilized on a glassy carbon electrode (GCE) was developed for the sensitive
detection of methylene blue in aqueous solutions. The performance of the designed sensor was ana-
lyzed by electrochemical impedance spectroscopy, cyclic voltammetry, and square wave voltammetry.
The developed sensing tool demonstrated promising features of sensitivity, selectivity, stability, fast
responsiveness, and the ability to work with a very small volume of the analyte, i.e., in microliters, for
analysis. Amino groups rich in electrons provide a negative charge to multi-walled carbon nanotubes,
which significantly enhances the electrocatalytic activity of NH2-f MWCNTs for cationic dyes such
as methylene blue. Using the designed sensing platform, a linear calibration plot with a limit of
detection of 0.21 nM was obtained for methylene blue under optimized conditions. The designed
sensor was also employed to monitor the extent and kinetics of the degradation of methylene blue.
Titania nanoparticles were used for photocatalytic degradation, and the kinetics of degradation was
monitored by both UV-Visible spectroscopic and electrochemical methods. The results revealed more
than 95% removal of methylene blue in a time span of just 30 min.

Keywords: electrochemical sensor; methylene blue detection; photocatalytic degradation; limit of
detection; kinetics and extent of degradation

1. Introduction

Booming industrialization is fulfilling the demands of the growing population and
sustaining a decent standard of living. However, the industrial revolution is also linked to
environmental issues. The wastewater of textile, paint, and pigment industries is loaded
with toxic dyes [1]. The presence of dyes changes the color, taste, smell, pH, and density
of water. Their colors make the water too opaque for the penetration of light and reduce
dissolved oxygen, which has a damaging impact on aquatic life. More than 7 × 105 metric
tons of annual dye production is required to fulfill the demands of the industry. About 15%
of these dyes are drained into water bodies, which contaminates the natural water [2]. The
current global colorant market is 32 billion US dollars and is expected to increase by more
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than 42 billion US dollars by 2022 [3]. The biological oxygen demand of water increases
gradually due to the entrance of more dyestuffs into water bodies [4]. Methylene Blue (MB)
is one of the toxic dyes that are extensively drained into water bodies from food and textile
industries without appropriate treatment [5,6].

MB belongs to the basic class of dyes, which has a characteristic dark green appearance
with a bronze luster. It shows a deep blue color in alcoholic and aqueous media [7]. It is
inodorous and stable in the air [8,9]. In medical practices, MB is used for staining and as
a marker for visualizing blood vessels [10,11]. It is also used as an antidote for cyanide
poisoning [12]. MB was first proposed for the detection of sentinel nodes in various malig-
nancies, including breast cancer [13]. The broad use of MB in medical fields is, however,
not free from adverse health effects as it has been reported to cause vomiting, headaches,
dizziness, hypertension, mental confusion, professed sweating, abdominal pain, nausea,
and precordial pain [14–17]. The detection and removal of dyes from wastewater are signif-
icantly important for ensuring the safe discharge of treated liquid effluents. In this regard, a
number of methods, such as spectrophotometry, chromatography, and fluorimetry, are used
for monitoring dyes in water samples [18–20]. However, electrochemical techniques are
preferred due to the ease of handling and high selectivity and sensitivity [21–24]. Electrodes
are modified by suitable modifiers to impart sensitivity characteristics. Hence, the present
work is focused on electrode modification for the sensitive detection of MB.

In sensor technology, carbon nanotubes (CNTs) have been found to be the most-
promising nanoscale materials as these are endowed with appealing mechanical and electri-
cal properties [25–27]. The presence of a strong covalent connection with sp2 hybridization
between carbon atoms in graphene sheets provides extra high strength to CNTs [28,29].
The surfaces of CNTs are modified for creating unique intrinsic features. CNTs can be
modified with a number of chemical functional groups, including carboxyl, hydroxyl,
amine, and amino groups [30–33]. The introduction of functional groups makes CNTs
appealing candidates for the preparation of high-performance sensors [34–36]. Amino
groups provide nucleophilic properties to CNTs that activate the surface of CNTs for a
variety of applications. Hence, functionalized multi-walled carbon nanotubes (MWCNTs)
were used in the present work as the modifier of the electrode surface for detection and
degradation monitoring studies of MB dye.

Photocatalysis is commonly applied for the degradation of toxic dyes. This technology
relies on the creation of electron–hole pairs in a semiconductor material [37]. The generation
of free radicals at the semiconductor surface leads to the breakdown of dye contaminants.
Catalysis involves the interaction of the catalyst with the substrate and provides a new
pathway with a lower-activation-energy barrier for the speedy formation of the product.
In photocatalysis, the catalyst is activated by exposure to light. A photocatalyst on the
absorption of band-gap-matching photons generates electron–hole pairs that trigger the
free-radical-based degradation of water contaminants, such as dyes [38]. The intensity of
light greatly affects the degradation rate of the dye if the photons of incident light possess
energy equal to or greater than the band gap of photocatalysts. More-intense light produces
more free radicals that enhance the dye degradation rate. The ability of semiconducting
materials, employing UV, solar, or visible light to transform dyes into environmentally
benign products, has sparked a great deal of interest in the photocatalytic degradation
of dyes. With this consideration, we used a TiO2 photocatalyst for MB degradation. The
photocatalytic degradation was monitored by the designed sensing platform made of a
glassy carbon electrode modified with NH2-f MWCNTs. The degradation of dye was also
monitored by UV-Visible spectroscopy. Moreover, the color variation of the dye solution
and the final disappearance of color offered evidence of dye removal via the naked eye.

2. Experimental
2.1. Reagent and Materials

Analytical-grade chemicals were used in the present work. MB and TiO2 were pur-
chased from Sinopharm Chemical Reagent (Shanghai, China). A 0.1 M phosphate buffer
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saline (PBS) was prepared from 0.1 M Na2HPO4 and 0.1 M NaH2PO4. HCl and NaOH
solutions of 0.1 M each were used for the preparation of PBS solutions of different pH (3–9).
The NH2-f MWCNTs (purity > 95%) were used for electrode modification.

2.2. Electrode Modification

Metrohm Autolab PGSTAT302N Switzerland was used for electrochemical studies. A
three-electrode system was used, which comprised a bare GCE (0.07 cm2) and modified
GCE as working electrodes, platinum wire as a counter electrode, and Ag/AgCl (3 M KCl)
as a reference electrode. Before the commencement of the electrochemical experiment,
the GCE was used for cleaning until the appearance of a shiny surface was achieved [39].
For cleaning purposes, an 0.05 µm alumina-water slurry was used to rub the GCE over a
rubbing pad in a figure-8 pattern to remove all the unwanted particles to obtain a clean
surface. GCE was then sonicated and rinsed with deionized water to remove any loosely
bonded particles. Cyclic voltammetry (CV) was performed in a potential window of 0–1.4 V
to obtain reproducible CVs for ensuing cleanliness of the GCE surface [40]. To obtain the
modified surface of GCE, a 5 µL droplet of the modifier solution was drop-casted on the
activated surface of the bare GCEs.

2.3. Experimental Procedure

Stock solutions of the desired analyte were prepared by using distilled water as a
solvent. First, 5 µL of MWCNTs and NH2-f MWCNTs with a concentration of 0.89 mg/mL
was drop-casted on two separate pre-cleaned GCEs and were allowed to dry in a vacuum
oven at 50 ◦C. Then, 10 µL of the targeted analyte (MB) with a concentration of 10 µM was
drop-casted onto each of the prepared sensors and dried to ensure the dye molecules were
properly absorbed onto the surface of the designed sensors. The ability of the designed
sensors (MWCNTs/GCE, NH2-f MWCNTs/GCE) to detect MB was examined using square
wave voltammetry in phosphate buffer saline as the supporting electrolyte. The voltam-
mograms were recorded by applying a potential window from the negative to positive
direction allowing the dye molecules to oxidize. The designed sensors significantly en-
hanced the signal of MB as compared to bare GCE. The NH2-f MWCNTs were found to be
a very promising electrode modifier for the detection of cationic dye MB as compared to
MWCNTs. The reason may be the nitrogen-containing group (NH2) that lends a negative
charge to the surface of MWCNTs to preconcentrate the positively charged MB molecules.

3. Results and Discussion
3.1. Electrochemical Characterization

Electrochemical Impedance Spectroscopy (EIS) was used to assess the charge transfer
features of bare and modified GCEs. The frequency was varied from 1 to 14 kHz with
an amplitude of 10 mV in a solution of 5 mM K3[Fe(CN)6] and 0.1 M KCl. Nyquist plots
constructed from the EIS data obtained at bare and modified GCEs showed a semicircle
in the high-frequency region and a linear portion in the low-frequency region. The re-
sistance due to the charge transfer at the electrode/electrolyte interface is shown by the
semicircular part, while the straight-line segment of the plot in the lower-frequency region
corresponds to diffusion mass transfer as represented by Warburg impedance [41–43].
The lower diameter of the semicircle in the Nyquist plot for NH2-f MWCNTs/GCE as
compared to MWCNTs/GCE and the bare GCE demonstrates faster charge transfer as
evident from Figure 1A [44]. The Rct values obtained for MWCNTs/GCE (3070.5 Ω) and
NH2-f MWCNTs/GCE (2.6 Ω) are lower than the bare glassy carbon electrode (5493.7 Ω).
This may be attributed to an increase in surface area of the modified GCE with enhanced
conductivity characteristics for rapid charge transport of the redox probe. Randle’s equiv-
alent circuit (inset Figure 1A) was used to fit EIS data for the evaluation of parameters
as listed in Table S1 where Rs denotes the solution resistance, Rct is the charge transfer
resistance, and CPE is the constant phase element. The solution resistance (Rs) is offered
to the migration of charges through the electrolyte solution, the constant phase element
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corresponds to the electrical double layer capacitance, Rct corresponds to the occurrence
of charge transfer of the redox probe at the surface of the electrode, and the Warburg (W)
impedance models represent the diffusional mass transport from the electrode surface to
the bulk, and vice versa.
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Figure 1. (A) Nyquist plots at bare and modified GCEs in a 5 mM K3[Fe(CN)6] and 0.1 M KCl
solution and comparative cyclic voltammograms obtained at the bare and modified GCEs in 5 mM
K3[Fe(CN)6] and (B) 0.1 M KCl solution at a scan rate of 100 mV/s in the potential range of −0.15 V
to 0.6 V.

CV was performed to probe the current response of the analyte to the bare and
modified GCEs. A 5 mM K3[Fe(CN)6] was used as a redox probe with a 0.1 M potassium
chloride solution as a supporting electrolyte. In Figure 1B, the modified GCE shows an
enhanced peak current of the redox probe as compared to bare GCE. The Randle–Sevcik
equation (Ip = 2.6 × 105 n3/2 D1/2 ν1/2 AC) was used to measure the active surface area of
the modified and bare GCE. The calculated active surface areas, redox peak currents, and
∆Ep of the modified and bare GCEs are listed in Table S2, which indicates that the designed
sensor (NH2-f MWCNTs/GCE) provides more sites for [Fe(CN)6]−3/−4 than the signals
obtained at MWCNTs/GCE and bare GCE, as witnessed by the enhanced peak current
signal of K3[Fe(CN)6].

3.2. Voltammetric Analysis of the Targeted Analyte

Square wave voltammetry is a sensitive and rapid electroanalytical technique for
analyzing the analyte signals with a high resolution. The voltammetric response of the MB
dye at the bare and modified working electrodes was obtained in a 0.1 M PBS solution of
pH 6 in a potential window of −0.6 V to 0.5 V at a scan rate of 125 mV/s. MB oxidized at
−0.24 V with a maximum current response of 8.3 µA at bare GCE. The current response
of MB jumped to 12.6 µA and 19.5 µA at MWCNTs/GCE and NH2-f MWCNTs/GCE,
respectively, as shown in Figure 2. Thus, GCE modified with NH2-f MWCNTs is the best
platform for MB detection. The amino group is introduced for enhancing the electrocatalytic
activity of MWCNTs. However, due to the amino group, the modified electrode (NH2-
f MWCNTs/GCE), when tested in a blank solution, gives an oxidation peak at 0.03 V. Every
material has its own electrochemical oxidation potential [45]. It is interesting to note that
the signal does not overlap with the response of MB. Hence, NH2-f MWCNTs/GCE allows
the sensitive detection of MB.
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Figure 2. Comparative SWVs of 10 µM MB at bare GCE, MWCNT’s/GCE, and NH2-fMWCNT’s/GCE
in a potential window of −0.6 to 0.5.

3.3. Effect of Scan Rate

CV was performed to check the effect of the scan rate on the peak current of MB
(Figure 3A). To ascertain whether the electrochemical reactions are surface assisted or
diffusion controlled, the relation between the signal intensity and scan rate was investigated.
A linear plot between the peak current and scan rate shows a surface-controlled reaction,
while linearity between the peak current and the square root of the scan rate shows a
diffusion-controlled reaction. The oxidative peak current of MB was plotted against the
scan rate and square root of the scan rate as shown in Figure S1A,B, respectively. A literature
survey reveals that the process should be diffusion controlled if the plot of the log of the
peak current vs. the log of the scan rate has a slope of 0.5 and adsorption controlled if the
slope is equal to 1 [46]. The plot between the log of the oxidation peak current and the log
of scan rates shown in Figure 3B, with a slope of 0.72, suggests the involvement of both
surface and diffusional processes. However, the adsorption process seems dominant as the
correlation coefficient of the plot between the peak current and scan rates (Figure S1A) is
higher as compared to the R2 of the plot between the peak current and the square root of
scan rates (Figure S1B).
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3.4. Optimization of Experimental Parameters. Influence of Supporting Electrolyte, pH, Deposition
Potential, and Deposition Time

Several parameters were optimized to obtain the maximum current response of MB
using NH2-f MWCNTs modified GCE. The selection of the supporting electrolyte is im-
portant for obtaining a robust, intense signal of the targeted analyte. To investigate the
maximum current response of the targeted analyte (MB), different supporting electrolytes,
such as the Britton Robinson buffer (BRB), KCl, NaCl, HCl, H2SO4, NaOH, Acetate buffer,
and phosphate buffer saline (pH = 6.0), of a 0.1 M concentration were examined. The most
suitable supporting electrolyte was found to be PBS in which the analyte oxidized with the
maximum current response and well-defined peak shape as compared to other electrolytes,
as shown in Figure S2. The corresponding bar graph shown in Figure 4 demonstrates PBS
as the most suitable supporting electrolyte for the detection of MB.
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The effect of pH on the response of MB was investigated using PBS solutions of pH
3–9. The most intense signal was obtained in a medium of pH 6.0 as shown in Figure 5A.
In an acidic electrolyte, the oxidation peak of methylene blue was decreased due to the
high concentration of H+ ions. The reason could be the gain of protons from the solution by
the electron-rich modifier (NH2-f MWCNTs) instead of MB. With the increase in pH of the
medium, the availability of H+ competing with cationic MB should decrease in the solution
and, as a result, modifier molecules are expected to interact with more MB molecules and
thus preconcentrate them at the electrode surface. Hence, at the oxidation potential of
MB, an intense anodic peak appears in the solution of pH 6. At a pH higher than 6, the
availability of more OH− ions in the solution may hinder cationic MB molecules from
accessing the electrode surface, and as a consequence, lower peak current MB is evidenced.
Therefore, in a basic medium, the oxidation current of MB decreased significantly. The
pH-dependent shift of the peak potential suggests the involvement of protons during
electron transfer reactions. The ratio of the number of electrons and protons participating
in the proton-coupled oxidation process was calculated from the plot of the peak potential
as a function of pH using the equation ∆Ep/∆pH = 2.303 mRT/nF, where m/n is the ratio
of protons and electrons. The Nernstian slope of 58 mV/pH as shown in Figure 5B was
obtained by the linear fitting of the peak potential vs. the pH plot, which reveals an equal
number of protons and electrons involved in the oxidation process of MB. The proposed
oxidation mechanism of MB involving two electrons and two protons can be seen in
Scheme 1.
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Scheme 1. Proposed oxidation mechanism of MB at the NH2-f MWCNTs/GCE.

SWV was used to investigate the effect of the deposition potential and time on the peak
current of 10 µM MB. The signal intensity was found to increase by increasing the negative
potential up to −0.3 V. With the increase in negative potential, cationic dye molecules
are expected to bind strongly to the anionic modifier NH2-f MWCNTs as evident from
Figure S3. The effect of deposition time on the response of MB was also investigated. At
an accumulation time of 60 s, the maximum current response, as shown in Figure S4, can
be related to the effective orientation of preconcentrated molecules at the modified GCE.
Therefore, in the subsequent experiments, a 60 s accumulation time was chosen for the
analytical detection of the targeted analyte.

3.5. Analytical Characterization

The designed sensor was applied for the determination of MB up to its lowest limit of
detection by using square wave voltammetry. The concentration-based voltammograms of
MB are shown in Figure 6A. A linear calibration curve plotted between the peak current
and concentration (0.01 µM to 0.5 µM) can be seen in Figure 6B. The limit of detection
(LOD = 3 σ/m) and limit of quantification (LOQ = 10 σ/m) of the targeted analyte were
evaluated from the calibration plot by applying IUPAC guidelines [47]. The standard
deviation represented by σ was calculated by the current values (n = 11) of the blank
solution at the peak position of the analyte [48]. The calculated limit of detection and
limit of quantification of MB are 0.21 nM and 0.70 nM, respectively. Table 1 shows the
comparison of MB sensors and reveals figures of merit of our designed sensing platform.
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Figure 6. (A) Square wave voltammograms of the MB solution of different concentrations using
NH2-f MWCNTs/GCE under optimized conditions (0.1 M PBS (pH = 6.0), deposition potential =
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Table 1. Methylene blue sensors and their performance parameters.

Methylene Blue Electrode Modifier Linearity
Range/(µM) LOD/nM Reference

Oxidation Self-doped TiO2 nanotubes 1.0–7.94 475 [49]
Oxidation Thiol functionalized Clay 1.0–14 400 [50]
Oxidation Ibu-AuNps 0.01–1.1 3.9 [51]
Oxidation NH2-f MWCNTs 0.01–0.5 0.21 This work

3.6. Validity of the Designed Sensor

Reproducibility and repeatability are the key factors for assessing the validity of a
sensor. For the reproducibility test, we prepared four modified GCEs under the same
conditions and applied these for recording SW voltammograms of MB under optimized
conditions. On all four electrodes, the oxidation peak current of MB was almost the same,
with an RSD value of 1.27%, as shown in Figure 7A. The repeatability of the designed
sensor was also examined under optimized conditions. For this purpose, one electrode was
prepared with NH2-f MWCNTs as a sensing platform and the same electrode was repeated
several times for sensing experiments of MB. The peak current remained almost the same
in all six experiments as shown in Figure 7B. Thus, the designed sensor showed inter-day
repeatability and stability up to 20 h with an RSD value of 2.3%.
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3.7. Degradation Study of MB on the Designed Electrochemical Sensor

The photocatalytic degradation of MB by TiO2 nanoparticles was investigated in an
electrochemical cell. A stock solution of 0.1 mM MB (pH = 13.0) was prepared. Fifty
milliliters of the stock solution were added to a beaker, to which 10 mg of TiO2 nanopar-
ticles were added. This was then stirred for 10 min in the dark. Ten microliters of the
as-prepared solution were drop-casted onto the modified GCE (NH2-f MWCNTs/GCE)
and subsequently dried. The influence of pH on the photodegradation of MB was stud-
ied. The breakdown of dye was found to occur faster in basic conditions. [52] Therefore,
photodegradation experiments were conducted in an alkaline medium using 0.3 M NaOH
solution as the supporting electrolyte. The voltammogram of the MB was recorded under
optimized conditions by employing a modified electrode under direct sunlight. At intervals
of every 3 min, the same procedure was followed as described above. The corresponding
voltammograms for the photodegradation of MB are shown in Figure 8A. The concentra-
tion of the dye in the solution decreased over time due to degradation, and as a result,
a decrease in the peak current was observed. Initially, the peak current decreased more
rapidly, indicating faster loss of electrophores (moiety of the MB molecule undergoing
oxidation) present in the dye structure. The overall degradation percentage of MB was
calculated using Equation (1).

% degradation =
Maximum peak current − Minimum peak current

Maximum peak current
× 100 (1)

The graphs of the percent degradation and extent of degradation vs. time can be
seen in Figure S5. The % degradation was calculated to be 95.9%. The kinetics of MB
degradation was also investigated. The rate constant (k) with a value of 0.11 min−1 was
calculated from the plot between ln[(Ip)t/(Ip)o] and time using the equation of first-order
kinetics (Figure 8B).
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3.8. Spectrophotometric Study of the Degradation of MB

Time-based UV-visible spectra of the irradiated MB solution containing titania nanopar-
ticles were recorded. Figure 9A shows a decrease in the absorption spectra of MB over
time. The diminution in the absorption spectra corresponds to the degradation of MB
by TiO2 nanoparticles under sunlight. The study was conducted in basic conditions to
determine the influence of irradiation time on the photocatalytic degradation of MB. The
increase in radiation time of sunlight caused an increase in the photodegradation of dye
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molecules. Over a time span of 30 min, the maximum degradation (98.1%) was observed.
The order of the reaction was ensured from the linearity of the plot between ln (Ct/C0) and
the irradiation time (Figure 9B) using a first-order equation (ln(Ct/Co) = −kt), where Co
represents the absorbance at time 0 and Ct is the absorbance at time t. The rate constant
with a value of 0.12 min−1 was calculated from the slope of the first-order kinetic plot.
Figure S6 shows graphs of the percent and extent of the degradation of MB.
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4. Conclusions

A fast, sensitive, and stable sensor based on NH2-f MWCNTs/GCE was developed for
the determination of the concentration of MB. Under optimized conditions, detection and
quantification limits were found to be 0.21 nM and 0.70 nM, respectively. MB was found to
oxidize in a pH-dependent manner involving the loss of two electrons and two protons.
The sensor demonstrated the qualities of simplicity, reproducibility, and repeatability. The
sensor also showed promise for monitoring the photocatalytic degradation of MB. The
results of both electrochemical and UV-Vis spectrophotometric techniques suggested that
the breakdown of MB follows first-order kinetics. The percent degradation evaluated by
employing voltammetric and spectrophotometric methods was found to be 95.9% and
98.1%, respectively. In the future, the applicability horizon of such sensors may be extended
by coupling them with industries for early sensing and degradation of dye pollutants prior
to the release of industrial effluents into freshwater bodies.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/catal12030306/s1, Table S1: Parameters obtained from EIS, Table S2: Calculated surface
areas of working electrodes, Figure S1: (A) Plot of oxidation peak current of 0.1 mM MB vs. scan
rate. (B) Plot of oxidation peak current of 0.1 mM MB vs. square root of scan rate, Figure S2: SWV
of 10 µM MB recorded for 0.1 M different supporting electrolytes at deposition time of 5 s and
accumulation potential of −0.5 V, Figure S3: (A) Square wave voltammograms of MB dye at various
accumulation potentials using NH2-fMWCNTs /GCE. (B) Plot of Ip vs. accumulation potential,
Figure S4: (A) Square wave voltammograms for the selection of optimum deposition time for the
sensing of MB dye at NH2-fMWCNTs/GCE in 0.1 M PBS (pH = 6.0) at −0.3 V accumulation potential.
(B) Plot of Ip vs. deposition time, Figure S5: (A) Plot of % degradation of 0.1 mM MB vs. time using
electrochemical data of degradation obtained at the designed sensor; (B) plot showing the extent of
degradation of MB dye, Figure S6: (A) Plot of % degradation of 0.1 mM MB vs. time using UV-visible
spectroscopic data; (B) plot showing the extent of the breakdown of methylene blue dye.
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