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For the first time, high-surface-area (approximately 1465 m? g~"), highly porous and heteroatom-enriched
activated carbon (HAC) was prepared from banana stems (Musa paradisiaca, Family: Musaceae) at different
carbonization temperatures of 700, 800 and 900°C (HAC) using a simple and eco-friendly method. The
amounts of carbon, hydrogen, nitrogen and sulfur in the HAC are 61.12, 2.567, 0.4315, and 0.349%,
respectively. Using X-ray diffraction (XRD), CHNS elemental analysis, X-ray photoelectron spectroscopy
(XPS) and Raman spectroscopy, the prepared activated carbon appears amorphous and disordered in nature.
Here, we used HAC for an electrochemical application of nitrite (NO, ™) sensor to control the environmental
pollution. In addition, HAC exhibits noteworthy performance for the highly sensitive determination of
nitrite. The limit of detection (LODs) of the nitrite sensor at HAC-modified GCE is 0.07 pM. In addition, the
proposed method was applied to determine nitrite in various water samples with acceptable results.

ecently, activated carbon (AC) with high specific surface area has been produced from various sources of

biowaste materials because of their availability and cost effectiveness. Notably, most types of activated

carbon (coal or petroleum pitch) are prone to exhaustion'~*. The nonuniform global distribution and the
huge applications of AC widen the gap between demand and supply. The scarcity of AC may cause the AC to
become expensive, which leads to the urgent need to explore carbon materials from various types of biowaste,
which cost significantly less than the commercially available AC, to replace the commercial activated carbon.
Interestingly, the preparation process of AC is simple, easily adopted and eco-friendly compared to the prepara-
tion of CNT and graphene. Moreover, AC has unique properties such as better electronic conductivity, surface
functionality, thermal stability and high purity of the carbon content*''. The high specific surface area with
uniform pores allows charges and target ions to easily accumulate heteroatoms, such as H, N, B and S, on the
carbon surface. Likewise, the spherical-carbon nanoparticle activated carbon (SNAC) material from mango
leaves contain carbon, hydrogen, nitrogen and sulfur, whose contents are 72.6, 6.1, 6.5 and 7.46%, respectively'>.
Moreover, the AC surfaces consist of hydrophobic and hydrophilic sites; the adsorbent pore structure of the
hydrophobic graphene layer and the hydrophilic surface functional groups is intricate in adsorption/desorption
and catalytic applications".

Adsorption is a surface phenomenon that is directly related to surface area. In particular, the specific adsorp-
tion can be increased while increasing the surface area if we consider the micropores and the molecular porosity.
In some cases, chemically activated carbon at a temperature of 700°C exhibits a higher adsorption of CO, than
that at 800°C, even though the surface area of AC at 800°C is two times larger than the AC at 700°C. The AC at
700°C has a higher CO, adsorption because it has smaller pores than the AC at 800°C'*'>. KOH is more effective
than other alkali activating agents, and it produces carbon with notably high specific surface area from hydro-
thermally carbonized polysaccharides and sawdust. Moreover, the -OK groups transform into -OH groups upon
KOH activation because of their ion exchange reaction. The creation of voids by removing K upon washing with
water may create polar functional groups, such as -OH, which makes the carbon surface hydrophilic’’. The
prepared AC has been widely demonstrated for multiple applications such as batteries, supercapacitors, and
adsorption and purification of toxic elements in the water.

| 4:4679 | DOI: 10.1038/srep04679 1



We are interested in investigating the preparation of activated
carbon from banana stems for electrochemical applications. Nitrite
is a typical inorganic pollutant, which is highly carcinogenic to
human life and aquatic animals. Moreover, nitrite is broadly used
as an additive and corrosion inhibitor in food. It can produce methe-
moglobin, which reduces the transportation of oxygen. Furthermore,
nitrite reacts with various amines and amides to form N-nitrosoa-
mines, which cause stomach cancer'”*°. The determination of nitrite
is imperative because of their high toxicity in biological systems,
particularly in children, which augments the urgent requirement to
develop detection technologies. Many techniques have been
developed for the in situ quantification of nitrite, including fluor-
escence, photometric methods®, sequential injection®, spectropho-
tometry” and electrochemical methods*. Among these methods,
electrochemical methods are relatively cost-effective, easy to analyze,
highly sensitive and highly selective®~**. However, AC remains as the
most important factor in environmental pollution control because of
its large surface area, high porous nature, high-energy adsorption
sites, good electrical conductivity and electrocatalytic behavior.

As shown in Figure 1, we used a facile and eco-friendly method to
derive HAC from banana stem (Musa paradisiaca, Family:
Musaceae) for the first time to explore this material for the electro-
chemical nitrite sensor application. The fabricated HAC showed a
high surface area of approximately 1465 m°g~', and the contained
amounts of carbon, hydrogen, nitrogen and sulfur were 61.12, 2.567,
0.4315, and 0.349%, respectively. Herein, the HAC-modified glassy
carbon electrode (GCE) was modified with the AC material at dif-
ferent temperatures (AC700, AC800 and HAC) using various tech-
niques. In addition, we compared the catalytic behavior of HAC
towards the nitrite sensor using both DPV and the amperometric
i-t method. The results revealed that the HAC-modified GCE has
enormous electrochemical activity for the nitrite sensor compared
with many previously reported works, as shown in Supplementary
Table S1. The highly ordered porous nature of the HAC material
allowed fast electron transfer due to their high-energy adsorption
sites, which leads to high sensitivity and selectivity. In addition, the

large surface area of HAC with micropores and mesopores enabled
the highly sensitive detection of nitrite. The proposed method was
also applied to determine nitrite in various water samples with
acceptable results.

Results and Discussion

Figure 2a shows the typical XRD pattern of the HAC. Two broad
peaks were observed at 23° and 43°, which correspond to the (002)
and (100) planes, respectively. The amorphous behavior of activated
carbon is revealed®”*®. Figure 2b shows the Raman spectrum of AC at
three different temperatures: AC700, AC800 and HAC. Among
them, the HAC has two obvious peaks at 1311 cm™' and
1580 cm™', which correspond to the D and G bands of disordered
and graphitic carbons, respectively. The D and G band ratio of HAC
(I1311/11580) was 0.83, which indicates the amorphous carbon struc-
ture and a high content of lattice edges or plane defects of HAC**.
XPS is known to analyze the chemical composition and the binding
energy. Supplementary Figure S1 shows the XPS survey spectra of
AC700, AC800 and HAC. HAC exhibits the peaks that correspond to
carbon, oxygen, nitrogen and sulfur, which reveal the obtained
results from the elemental analysis study (see Table 1). Moreover,
AC700 and AC800 do not contain any binding energy peak for
nitrogen, and a small peak is obtained for sulfur, which reveals the
above KOH activation mechanism. Supplementary Figure S2a-d
shows the enlarged regions of the XPS spectra of Cls, Ols, Nls
and S2p. Figure 3a displays the XPS Cls spectrum of HAC, and
the corresponding Cls peak at 285 eV reveals the high content of
carbon with the assignment of the C-O bond of the C-O-R group.
The small tail between 286 and 290 eV is obtained because of the C-
O bond of the O-(C-0O) -O group and the energy loss of the “shake-
up” features. The corresponding Ols (Supplementary Figure S2b)
peak at 534 eV reveals oxygen with the assignment of COH, COOH
and N-O-C. Furthermore, the peak at 401.2 eV (Supple-
mentary Figure S2¢) corresponds to N atoms that are linked with
three carbon atoms at the same “pyrrolic” nitrogen incorpora-
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Figure 1| A cost-effective, environmentally friendly, pollution-control and high-purity AC production from banana stem. (All photographs were taken
by S.M.C and the co-authors) (a), banana tree. (b), banana stems. (c), banana stem powder. (d), HAC powder. (e), BET surface area study of HAC. (f),
SEM image of porous HAC. (g), the proposed mechanism of nitrite sensor in water samples. (h), DPV catalytic behavior of nitrite oxidation.
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Figure 2| (a), XRD pattern of HAC. (b), Raman spectra of AC700, AC800 and HAC carbonized samples. (c) and (d), SEM images of the HAC.

tion*"*. The peak at 165.4 eV (see Supplementary Figure S2d)
denotes the presence of sulfur 2p,,,. These XPS analyses reveal the
presence of heteroatoms such as nitrogen and sulfur atoms in the
carbon network in nature. Figure 2c and d show the SEM images of
HAC, which clearly indicates a honeycomb-like porous carbon struc-
ture, which acts as a channel to allow the easy diffusion of analyte.
Furthermore, the FESEM images of the samples of AC700, AC800,
HAC, which were obtained by annealing at different temperatures,
are shown in Figure 3. Figure 3(a—c) clearly indicates the deficiency of
pores at 700°C, and the pore sizes increases when the temperature
increases to 800°C, which reveals the reaction between KOH and C
(Eq. 1). Similarly, the pores are further developed when the temper-
ature increases to 900°C, most likely because water evaporates from
the carbon surface during the activation process. The proposed
mechanism is written as follows*>**:

6KOH +2C—2K+ 3H, 4 2K,CO3

K2C03 —>K20 + C02 (2)
K,CO3—2C+2K,0 (3)
K,0+4 C—2K+CO (4)

Notably, the KOH activation results in porosity development and
an increase in surface area, and another advantage is the creation of -
OH surface functional groups on the carbon surface. The ~-OK
groups formed on the carbon surface upon KOH activation, which
transformed into ~OH groups by ion exchange reaction when the
samples were washed with water. Hence, voids can be created when K
is removed, which creates a large number of polar functional groups,
such as —~OH, which makes the carbon surface hydrophilic. In addi-
tion, removing K may also create more pores in the samples.

The N, adsorption-desorption isotherms and the pore volume of
the HAC material are shown in Figure 3d and e. Similar to our
previous report, strong N, adsorption was observed, which confirms
the presence of different pore sizes of micro-, meso- and macro-
pores'>¥. A surface area of 1465 m* g~' was calculated using the
Brunauer-Emmett-Teller (BET) model. The calculated pore volume
of HAC was 0.99 cm® g™' using the BJH model. The major advan-
tages of HAC from the banana stem are its large surface area, high-
energy adsorption sites (the shapes and size of the isotherms), highly
porous nature with high carbon purity, which allows the strong
adsorption of the target ions and leads to improved sensitivity'.

To better understand the electrochemical sensing mechanism,
diffusion coefficient, solution resistance and charge transfer resist-
ance at the electrode/electrolyte interfaces, the electrochemical
impedance spectroscopy (EIS) analysis is performed. It is well known
that the diameter of the semicircle is a direct representation of the
charge transfer resistance (R.)**">". Figure 4 represents the Nyquist
plots of bare GCE (a), AC700 (b), AC800 (c) and HAC (d) that were
studied in 5 mM Fe(CN)s >~ with 0.1 M KCl as the supporting
electrolyte. Figure 4 clearly indicates that the bare GCE has higher R,
than the other three modified electrodes, which suggests that the AC
samples have lower R, values. Furthermore, the R, value decreases
with increasing carbonization temperature (AC700, AC800 and

Table 1 | Elemental analysis of AC

Sample (HAC)

Weight (mg) C atom/% Hatom/% N atom/% S atom/%
2.028 61.149 2.489 0.438 0.371
1.955 61.092 2.647 0.425 0.328
Mean 61.12 2.567 0.4315 0.349

C-Carbon, H-Hydrogen, N-Nitrogen, S-Sulfur.
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samples at different carbonization temperatures: (c) AC700C, (d) AC800C and (e) HAC.

HAC). Hence, the optimized sample (HAC) was used for electro-
chemical analysis based on the obtained lower R, value.

In addition, cyclic voltammetry was used to further characterize
the interface properties of the different modified electrodes; the bare
GCE (a), AC700 (b), AC800 (c) and AC900 (d) were studied in 5 mM
Fe(CN)e*~/*~ with 0.1 M KCl as the supporting electrolyte, as shown
in Supplementary Figure S3. Compared with the bare GCE, AC700
gives a well-defined peak and a higher current. For the further modi-
fied AC800 and HAC films, the redox peak currents were subse-
quently increased, which promotes the electron transfer process at
the HAC-modified electrode surface compared to the other modified
electrodes. The obtained results may occur because there are various
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Figure 4| EIS plots of 5.0 mM [Fe(CN)6]°~"*~ in 0.1 M KCl that were
recorded at different electrodes of bare (a) AC700 (b), AC800 (c) and HAC
(d) modified GCE.

0

oxygen functional groups on the carbon surface of the HAC material.
Hence, the creation of heteroatoms while increasing the carboniza-
tion temperature (see Supplementary Fig. S2) may provide the neces-
sary conduction pathways on the electrode surface to obtain a better
electrocatalytic behavior. This result also reveals that a large number
of functional groups are created through KOH activation when the
samples are washed with water to remove K. Moreover, the obtained
result is consistent with our previous report, which proves the
increase in specific capacitance when the carbonization temperature
increases®".

The HAC film exhibits excellent properties when we further
optimize the AC at different temperatures for the nitrite sensor.
Figure 5 shows the corresponding cyclic voltammogram of different
modified electrodes in 50 M nitrite in a pH 4 PBS buffer solution. In
comparison, a similar set of experiments was performed using three
different AC-modified GCEs: AC700, AC800 and HAC. Among
them, HAC exhibited a large current with a favorable negative poten-
tial shift towards the oxidation of nitrite. Interestingly, we chose
AC900 for further experiments. The performance of HAC compared
with the bare GCE (b) and the blank measurement (c) is shown in the
inset of Figure 5 (curve c), which reveals that there is no peak
obtained in the absence of analyte. Moreover, the oxidation of
NO,™ for the bare GCE appeared as a broad peak with a peak poten-
tial of 1.033 V (curve b), whereas for the HAC-modified GCE (curve
a), the peak potential was shifted to 0.7951 V. The favorable negative
shift of 237 mV and a 2-fold larger current signal establish that the
HAC-modified GCE can greatly facilitate the oxidation of nitrite.
The results reveal the excellent properties of HAC such as the pres-
ence of heteroatoms, a high specific surface area, a high number of
pores and a good electrical conductivity. Moreover, the shape of the
isotherms strongly indicates the presence of high-energy adsorption
sites, which plays an important role in promoting the electro-
chemical oxidation of nitrite. Furthermore, these sites attract the
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Figure 5 \ CVs obtained at AC700 (a), AC800 (b) and HAC (c) modified
GCE:s in 0.1 M PBS (pH 4), which contained 50 pM nitrite, at the scan
rate of 50 mVs™'. Inset: CVs obtained at HAC towards absense (c),
presence of nitrite (a) and bare modified GCE (b).

negatively charged ions of nirite, and it is possible to accumulate
nitrite ions on the electrode surfaces.

Figure 6 shows the corresponding cyclic voltammogram of the
HAC-modified electrode with different scan rates in 50 pM nitrite
in a pH 4 PBS buffer solution. The voltammogram clearly exhibits
that the oxidation peak current (I,,) increases when the scan rates
increase, whereas the peak potential positively shifts. Furthermore,
the Ipa values also exhibited a linear dependence with the square root
of the scan rates (inset) in the range of 50-500 mV s~'. The linear
equation is I,, = 2.51+7.818 V' with a correlation coefficient of
0.998. The results suggest that the kinetics of the overall process was
controlled by a diffusion process. Moreover, the capacitance also
increases with the oxidation peak current, which can be attributed
to the pseudocapacitive contribution from the oxygen surface func-
tional groups®. These groups can improve the wettability and max-
imize the electroactive surface area™.

The HAC-modified electrode has enormous catalytic activity
towards the nitrite sensor, possibly because of the heteroatom-
enriched nature. The amounts of carbon, hydrogen, nitrogen and
sulfur in HAC, which are determined using the CHNS elemental
analysis, are 61.12, 2.567, 0.4315, and 0.349%, respectively (see
Table 1). The overall reaction is expressed as follows:

NO; +H,0-NO; +2H"' +2e” (5)

This process is a second-order homogeneous disproportionation
process; NO; ™ is the only oxidation product, which is more preferred
for the electrochemical determination of nitrite®.

Supplementary Figure S4 shows the typical differential pulse vol-
tammetry (DPV) of the electro catalytic oxidation of nitrite at a
HAC-modified electrode in different concentrations of nitrite in
N,-saturated PBS. As shown in Supplementary Figure S4, the oxida-
tion peak current of nitrite was observed at 0.767 V, and the peak
currents linearly increased with increasing concentrations of nitrite
from 3 pM to 90 uM, as shown in Supplementary Figure S3 (inset).
The linear equation is I,/uA = 07139 (*0.072) [NO, ]/
HAUM™'+10.972 (£1.053), and R* = 0.9854. The calculated sens-
itivity is 9 (£0.063) pApM™~'ecm ™ The calculated lower detection
limit (LOD) was 0.13 uM according to the formula LOD = 3 s;,/S
(where sy, is the standard deviation of the blank signal, and S is the
sensitivity). The results clearly show that the analytical parameters of
the reported HAC-modified GCE in this study are superior to those
of the other reported materials (see Supplementary Table S1) mainly
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Figure 6 | CVs obtained at HAC-modified GCE at different scan rates in
0.1 M PBS (pH 4), which contained 50 pM nitrite (50-500 mVs™"). Inset:
Ip vs. (scan rate)'* (Vs™')"2, respectively.
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Figure 7| (a), Amperometric response at the HAC-modified rotating-disc
GCE upon successive additions of 1 uM nitrite into a continuously stirred
0.1 M PBS (pH 4) solution. Rotation rate: 1800 rpm; E,,, = +0.77 V. The
inset is the corresponding calibration plot of the response current vs.
[nitrite]. (b), The amperometric response at the HAC-modified rotating-
disc GCE for 25 uM of nitrite(a) in the presence of 1000-fold: urea (b),
NaNO;s (c), KClI (d), ZnCl, (e), NiCl, (f) and glucose (g).
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because of the high-energy adsorption sites of the as-synthesized
HAC with high surface area and modulated pore sizes. Hence, the
HAC-modified electrode is more suitable for the highly sensitive
determination of nitrite sensor.

We also performed the amperometric i-t experiments to obtain
better sensitivity and compare with the DPV study. Figure 7a shows
the typical amperometric response of HAC-modified electrode with
successive addition of 1 M nitrite in the phosphate buffer solution.
The rotation speed of the HAC-modified electrode was 1800 RPM at
an applied potential of +0.77 V. The current response is linear with
the nitrite concentration in the range 1 pM to 127 uM with the linear
equation (inset) of I,/uA = 1.0548 (£0.36) [NO, ]/pApM™" +
5.8455 (£1.14) (R> = 0.9972). The sensitivity is 13 (*1.26)
PAUM ™" cm ™% The lower detection limit (LOD) was calculated to
be 0.07 pM using the formula LOD = 3 s,,/S (where s, is the standard
deviation of the blank signal, and S is the sensitivity). The obtained
results for nitrite detection are more comparable than many prev-
iously reported carbon- and graphene-based nitrite sensors (see
Supplementary Table S1). The result clearly explains that the HAC-
modified electrode quickly and sensitively responds to the increase
in nitrite concentration. The current response time of the HAC-
modified electrode was less than 2 s after the addition of nitrite.
The well-defined and fast amperometric response occurs because
of the highly porous nature of the HAC material, which acts as a
reservoir to reduce the ion diffusion length of the ions from the
electrolyte.

The possible interference for the nitrite detection was investigated
by adding some inorganic ions and organic compounds, which may
coexist with nitrite in real samples, into the pH 4.0 PBS solution. As
shown in Figure 7b, HAC/GCE exhibits well defined amperometric
response towards each addition of 25 uM nitrite (a). However, there
was no significant response observed for each 1000-fold excessive
addition of urea (b), NaNOj (c), KCI (d), ZnCl, (e), NiCl, (f) and
glucose (g). Interestingly, every addition of nitrite (a) produced a
noteworthy response, which reveals excellent selectivity of the pro-
posed sensor. The results clearly demonstrate that nitrite can be
selectively detected by HAC/GCE even when there are large quant-
ities of other common species. The storage stability of the proposed
sensor was investigated in 50 pM nitrite with pH 4.0 PBS at 4°C,
and the oxidation peak current response was periodically moni-
tored. The sensor retains approximately 91.2% of its initial oxida-
tion peak current response after one week, which indicates the good
storage stability of the sensor. The 3 independently prepared elec-
trodes to determine 50 puM nitrite show an acceptable reproducib-
ility with an RSD of 3.6%. The repeatability of 10 successive
measurements with the RSD of 4.5% to determine 50 pM nitrite
indicates a good repeatability of the proposed nitrite sensor. To
investigate the possible use of the proposed method, the experi-
ments were studied in various water samples (river, sea and tap
water) to determine nitrite by DPV using the standard addition
method. The results are shown in Table 2, and the recoveries ranged
between 96.0% and 102.4%. Therefore, the developed sensor can
be preliminarily applied to determine nitrite in environmental
samples.

In summary, we prepared a new carbon material from banana
stems (Musa paradisiaca, Family: Musaceae) using a simple and
eco-friendly method, and a high surface area of approximately
1456 m’g" is reported for the first time. The HAC exhibited a sig-
nificant performance for the determination of the nitrite sensor. In
addition, the obtained ultrahigh sensitivity of nitrite is 9 or
13.2 pApM ™ 'cm ™ The nitrite sensor has high sensitivity and a
low detection limit because the HAC has heteroatoms with higher
surface area and modulated pore size, where the pores act as reser-
voirs and reduce the ion diffusion length of the ions from the elec-
trolyte. Furthermore, the proposed method was applied to determine
nitrite in various water samples with acceptable results.

Table 2 | Determination of NO,~ in various real samples using
DPV
Real samples  Analyte  Added (M)  Found (M) Recovery (%)
Lake NO,~ 25 24.2 97
water

50 50.4 100.8
Sea water NO,~ 25 24.8 99.2

50 51.2 102.4
Tap water  NO,~ 25 24 96

50 49.1 98.2
Methods

Materials. Sodium nitrite (NaNO,) was purchased from Sigma-Aldrich. Potassium
hydroxide (KOH) was purchased from Shimakyu’s Pure Chemicals, Osaka, Japan.
Banana stems (Musa paradisiaca, Family: Musaceae) were collected from
Dharmapuri (Tamilnadu, India). The supporting electrolytes were prepared using
0.1 M of Na,HPO, and NaH,POy,, and the pH was adjusted by NaOH or H,SO,. All
other solutions were prepared using double distilled water.

Instrumentation. The cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) studies were performed using a CHI 900 electrochemical analyzer (CH
instruments). The elemental analysis was performed using the “elementar Vario EL
cube” (for NCSH, German). The surface morphology of the film was studied using
JEOL field-emission scanning electron microscopy. X-ray diffraction (XRD) was
performed on a Rigaku, MiniFlex II instrument. The Raman spectra were recorded at
ambient temperature using a WITeck CRM200 confocal microscopy Raman system
with a 488 NM laser. The N, adsorption-desorption isotherms and the pore size
distribution were studied using “Micromeritics ASAP 2020”. The X-ray
photoelectron spectroscopy was studied by using XPS, PerkinElmer PHI-5702. A
conventional three-electrode cell system was used with a modified glassy carbon
electrode (GCE) as the working electrode, an Ag/AgCl (saturated KCI) reference
electrode and a platinum wire as the counter electrode.

Synthesis of activated carbon. The banana stems (Musa paradisiaca, Family:
Musaceae) were thoroughly washed and subsequently dried in an oven at

100°C. The pulverized banana stems were preheated at 200°C for 6 h to remove the
moisture. For the activation process, the preferred amount of preheated powder was
added to 10% KOH in an N, atmosphere while stirring at 60°C. Then, the activated
sample was placed in open atmosphere for 24 h. To optimize the activation
temperature, 10 g of banana stem powder was heated in a quartz crucible at different
temperatures of 700, 800 and 900°C for 2 h in a nitrogen atmosphere at a heating rate
of 10°C min ™" in a tubular furnace. The carbonized samples were washed with
distilled water and 1 M HCI until the pH became neutral. Then, the samples were
dried at 100°C overnight to remove moisture and then thoroughly ground to

yield the finest powder.

Fabrication of the HAC-modified electrode. The as-prepared, purified AC900°C
(HAC) was dispersed in ethanol and sonicated for 2 hours to obtain a stable
dispersion. Prior to modification, the GCE surface was carefully polished to a mirror
finish with alumina slurry. Then, it was washed with distilled water and
ultrasonicated in ethanol-containing water for a few minutes. Approximately

6 pl of HAC dispersion (optimized concentration) was drop-cast on the pre-cleaned
GCE and dried in air oven at 30°C. Then, the HAC-modified GCE was gently rinsed a
few times with double distilled water to remove the loosely bound HAC. The
fabricated HAC-modified electrode was used for further electrochemical
experiments, and all the experiments were performed at room temperature in an inert
atmosphere.
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