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Abstract

Activated carbon derived from biomass has gained exciting research attention due to its low cost, ease of availability and eco-
friendly nature. In this work, we present hierarchical porous activated carbon derived from the leaves of Callistemon viminalis
(C. viminalis) commonly known as the ‘Bottlebrush’ plant through a simple carbonization and KOH activation process. The
material activated at 700 °C possess an enhanced Brunauer-Emmett-Teller (BET) surface area (Sger) of 925 m?/g. The activated
carbon has been employed as electrode material for supercapacitor which showed promising specific capacitance of 283 F/g
at a current density of 1 A/g. Cyclic stability studies revealed a retention of capacitance of 97%. Further, adsorption studies
were conducted using Methylene blue (MB) as dye and activated carbon as adsorbent. Adsorption efficiency was found to be
91.2% within one hour and the process was following Langmuir isotherm model. Kinetic studies revealed that the MB
adsorption follows pseudo-second order kinetics. Thus, activated carbon derived from C. viminalis can be employed as a

promising candidate for supercapacitor as well as MB removal applications.
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1. Introduction

The energy crisis is one of the emerging global challenges in
the modern world owing to the huge demand of the increasing
population. Conventional energy sources are depleting due to
high demand and the search for alternate energy resources and
novel energy storage materials are getting exciting interest in
material science research.l'! Efficient energy storage devices
constitute a core area of focus since they can be employed to
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store energy from resources. Batteries and supercapacitor (SC)
comprise the two categories of energy storage devices having
high energy density and high power density respectively.”) SC
possesses excellent cyclic stability and wide operating range
in addition to high power density.?] The three major
components of electrochemical SC are 1) electrode 2)
electrolyte and 3) separator. The overall performance of the
SC mainly depends on the electrode material which
determines the charge storage efficiency and cyclic stability of
SC.4

There are different categories of electrode materials used
as electrode material including carbon-based materials, metal
oxides and the composites of these materials.>) Renewable and
low-cost energy storage electrode materials have gained
exciting attention in material science research due to the
feasibility of cost and ‘clean’ environmental perspective.!®
Biochar has emerged as an ideal candidate for multifunctional
electrochemical applications owing to features such as the
ease of availability of natural precursor materials and simple
method of preparation.”? Moreover, the main advantage
includes the conversion of biowaste to useful biochar
(activated carbon) which can be used for diverse applications.
This ‘waste to use’ approach has given tremendous research
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focus to prepare biochar from waste products and other
biological carbon sources that are easily available. Biochar
will be used as activated carbon in SC application after
treatment with various activating agents like ZnCl,, NaOH,
KOH, efc. The activated carbon prepared by this method has
enhanced features such as high surface area, enhanced
porosity and good stability.®! Similar to other carbon-based
materials, activated carbon also proceeds through an electrical
double-layer formation mechanism for charge storage.l*!!
Moreover, activated carbon constitutes ‘clean’ electrode
material due to its lack of toxicity and environment-friendly
nature.?! Activated carbon from biochar developed for
electrochemical applications majorly focus on activation using
chemical reagents due to the plethora of functionalization
choices.l'l Chemical activation involves modification of
surface functional groups in which the mechanism is not
completely clear. This process involves the treatment of
biochar after pyrolysis with a chemical reagent in appropriate
ratio with specific temperature and duration.!'* This step will
be usually followed by the secondary thermal treatment which
helps in the enhancement of surface area through complete
carbonization of organic content and formation of
nanopores.!”

Enough reports are available in the literature that explore
the possibility of preparing activated carbon from biochar
which has obtained from waste biomass or plant material.l'6-!*]
The choice of activated carbon as energy storage material is
due to their feasibility of the synthesis, low cost and
ecofriendly nature.?”! The existence of meso and microporous
sites give rise to hierarchical porous carbon framework which
can significantly enhance the efficiency of charge storage of
the activated carbon.?'! This class of porous activated carbon
has also been used successfully for the degradation of dyes and
environmental pollutants recently.?>24

Ganesan et al. used rice husk leaf-derived activated carbon
as SC electrode material with specific capacitance of 112F/g
at a current density of 1 A/g.[>! Cotton derived activated carbon
was reported to have specific capacitance of 278 F/g at 1 A/g
by Jiang and coworkers®! Song et al. used tea waste for
making activated carbon as SC electrode material having
specific capacitance of 167 Fg™' at 1A/g using KOH
activation.’’l Lv et al. developed activated carbon from
Banana peel which showed specific capacitance 206 F/g at 1
A/g.?81 Another work reported a good capacitance of 267 F /g
at 1A/g for Aloe vera reduced graphene oxide.”

In this work, we report the preparation of activated carbon
obtained from leaves of C. viminalis plant which commonly
known as ‘Bottlebrush’ tree is not having any major
commercial use but grown as a common ornamental plant. The
extract of C. viminalis was used for the synthesis of
nanoparticles through green route but not studied for any
energy or environmental applications.*” In our best of
knowledge, this is the first work reported for the
multifunctional application of C. viminalis leaf derived
activated carbon. Here, the porous activated carbon is

2 | ES Energy Environ., 2024, 24, 1124

prepared from the leaves of C. viminalis through initial
conversion to biochar and subsequent chemical activation to
porous activated carbon using KOH as the activating agent.
The structural and morphological features were investigated
using different characterization tools and finally the charge
storage performance was investigated to be used as electrode
material for SC. Further, dye removal ability of the material
has been also explored using methylene blue (MB) to elucidate
the ability of the material in environmental applications. The
results revealed that activated carbon from C. viminalis plant
is promising candidate for the fabrication of electrode material
for supercapacitor and MB removal from contaminated water.
Thus, the work provides possibilities for developing activated
carbon from leaves of C. viminalis for fabrication of SC and
water purifying agent through MB dye removal.

2. Materials and methods

2.1 Chemicals

Matured leaves of C. viminalis were collected locally from
Kerala. Chemical reagents such as KOH, Polyvinylidene
fluoride (PVDF), Methylene blue, Acetylene black,
Isopropanol, N-methyl pyrrolidone (NMP) were of extra pure
analytical grade and used without further purification. All the
chemicals were supplied by Merck, India. Double-deionized
water was used for all the experiments unless stated otherwise.

2.2 Preparation of activated carbon

The leaves were first made clean through washing with
deionized water to remove dust particles. The leaves were cut
into pieces followed by overnight drying in oven. The dried
material was made to fine powder using mortar and pestle and
carbonized at 450 °C for 1 hr at a heating rate of 10 °C /min
under inert atmosphere. The carbonized powder (biochar) was
then mixed with KOH in 1:2 ratio and activated at different
temperatures such as 500,700 and 900 °C. These samples
were denoted as CL-500, CL-700, and CL-900 respectively in
the manuscript. The overall synthesis process is represented in
Fig. 1.

2.3 Characterization of activated carbon

The biochar derived activated carbon prepared from C.
viminalis leaves was characterized using various techniques to
gain information on structural and morphological aspects. The
Brunauer-Emmett-Teller (BET) analysis of three different
samples were analysed using Surface area analyser (Gemini
2375, Micromeritics, USA) through pore size distribution and
specific surface area (BET surface area) measurement after
degassing at 250 °C for 12 hrs. The sample with high BET
surface area was further investigated for structural and
morphological features. X-ray diffraction (XRD) profile of the
samples was obtained by employing Bruker D8 advance
Powder XRD diffractometer with CuKa radiation (A = 1. 54
A). Raman analysis was done using confocal Raman
microscope (WITec, Germany, Alpha control 300 RA). Field
emission scanning electron microscope (FESEM, Carl Zeiss,
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Fig. 1 Preparation strategy of C. viminalis (Bottlebrush) derived activated carbon (CL-700).

Sigma) was used to analyze the morphology of samples and
deep insights into the porosity present in the material was
investigated through High resolution transmission electron
microscope (HRTEM, Jeol/JEM 2100). X-ray photoelectron
spectrophotometer (XPS, PHI - VERSAPROBE I1I) equipped
with monochromatic Al-Ka radiation source was employed to
analyze the chemical composition.

2.4 Fabrication of working electrode

The working electrode was prepared using a homogenous fine
powder mixture composed of activated carbon from C.
viminalis, acetylene black and polyvinylidene fluoride (PVDF)
in 8:1:1 weight ratio. The powder is then converted into a
homogenous slurry by using N-methyl pyrrolidone (NMP) and
drop casted to make working electrode having 1 cm? working
area and 2 mg as the active mass. The working electrodes with
good mechanical strength and uniform surface were made by
evaporating the residual solvent through overnight drying in
hot air. This activated carbon coated electrode is used as
working electrode, Ag/AgCl as the reference electrode and
platinum wire as the counter electrode for all electrochemical
analysis.

2.5. Electrochemical measurements

The electrochemical performance was investigated using
different techniques such as cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS), and
galvanostatic charge—discharge (GCD) measurements using
three electrode system specified above in OrigaLys-OFG500
(France) workstation using 6M KOH as the electrolyte at room
temperature. The CV analysis was done in a potential window
of 0 to -1 V at different scan rates from 10mV to 100mV. EIS
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measurement was done in the frequency range of 10 kHz to 10
mHz. GCD measurements were done in various current
densities (1 to 5 A/g) and the specific capacitance (Csp) Was
calculated from GCD using the formula.?"

Csp (F/9) = ot (1)

Here, 1 is the discharge current in amperes, At is the
discharging time in seconds, C is the specific capacitance in
Fg™!, AV change in potential of the working electrode and m
is the active mass of the electrode material.

2.6 Adsorption studies

The adsorption was performed in 100 ml of MB dye solution
and with CL-700 as adsorbent. During the process, the
parameters like pH, concentration of MB, adsorbent amount
and temperature was kept constant at around 7, 0.01mM, 0.05g
and room temperature respectively. The entire reaction is
carried out in a 250ml beaker with the adsorbent-dye mixture
which was covered using an aluminium foil for maintaining
the dark condition and stirred at 250 rpm. The effect of contact
time on the adsorption of dye molecule is analysed by filtering
the dye solution after stipulated time period (with an interval
of 10 minutes) and by recording the absorbance of the filter.
The adsorption capacity can be calculated using the formulae,
where Co and C. represents initial and equilibrium

concentration of MB[32
(Co—-Ce)x 100

Efficiency = o

)

3. Results and discussion

3.1 Nitrogen adsorption—desorption isotherms

The three activated samples at 500 °C, 700 °C and 900 °C
are denoted as CL-500, CL-700 and CL-900 respectively and
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were analysed using BET method to gain information on
surface area and porosity.

From Table 1, it is clear that the BET surface area of CL
-700 is greater than CL-500 and CL-900. The nitrogen
adsorption-desorption isotherm of three samples are given in
Fig. 2.

Table 1. Sample code, Surface area and pore volume of different
CL samples.

Sample SeeT(M%/g)? Smicro (M%/g)® Viotal (cm’/g)°
CL-500 655 631 0.247
CL-700 925 753 0.472
CL-900 872 587 0.489

aBET surface area, "Micropore surface area, “Total pore volume

The IUPAC classification suggests that the high
microporous area and small hysteresis loop in adsorption
isotherms are indicating the fact that the isotherms are
combinations of Type 1 and Type 4.5331 CL-700 is having the
highest surface area of 925 m?/g and hierarchical porosity
through the existence of micropores(<2nm) and mesopores
(20-50nm). Fig. 2(b) shows the distribution of pores with
different pore volume. It is evident that CL-500 doesn’t have
sufficient micro/mesoporous pore distribution compared to
CL-700 and CL-900 and possess lowest specific surface area
of 655 m?/g and smallest total pore volume of 0.247 cm?/g.
CL-700 has good extent of micro/mesopore coexistence
giving hierarchical porosity for the material which is due to
the effect of increased temperature along with KOH
activation.’**31 Even though CL-700 has high contribution of
micropores, the latter of the pores are having mesoporous
contribution indicated by pore volume measurement. The
KOH acts as an efficient pore forming agent which creates
micropores and mesopores in the CL-700 resulting the
formation of enhanced electrode-clectrolyte interface and
penetrative channels for the electrolyte ions for ionic
transportation respectively.[36-3]

350
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3.2 XRD analysis

Figure 3 shows the XRD pattern of the as-synthesized CL-700
activated carbon sample. It is clear that the CL-700 AC is
having amorphous nature due to the broad nature of XRD
peaks. The two diffraction peaks at 23.7° and 43° are allotted
to (002) and (100) reflections by the graphitic carbons present
in CL-700, respectively suggesting successful pyrolysis
step.*! The pattern strongly added evidence to the existence
of micro-graphitic structure, which is responsible for faster
electron transfer during the electrochemical reaction.*

3.3 Raman analysis

Raman analysis was studied to gain information on nature of
the carbon framework and bonding of CL-700. Fig. 4 shows
Raman spectra of CL-700 composed of two clear diffraction
peaks around 1300 cm™ and 1600 cm™! attributed to D band
and G band respectively. D band arises due to the defects and
disorder in carbon framework (defects and disorder band),
whilst the G band is related to the vibration of sp>-hybridized
carbon atoms in graphitic carbon lattice (Graphitic band)./*"!
The Ip/Ig ratio reflects degree of graphitization of the carbon
material which was found to be 0.61 for CL-700 owing to high
degree of graphitization acquired in the activation step.'?]

3.4 Morphological analysis- FESEM & HRTEM

Figure 5 shows the FESEM images of CL-700. The images
clearly demonstrates that CL-700 possess appreciable porosity
at macropore level. Pores were formed as multi layers which
are interconnected in the three-dimensional mode in the
material. This unique structural formation allow facilitates the
diffusion of electrolyte ions into the biochar derived activated
carbon resulting efficient charge transport.*? This larger
cavity formation is evident in Fig. 5(c) and 5(d) which is
possibly due to the temperature assisted activation using

[y
=N
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o
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—o—CL-700
—o— CL-900

Differential pore volume [cmslg]

mDY-9-0-0-0-0-0-0-0—0—2—0—0—|

6 7 8 9 10
Pore width (nm)

Fig. 2 (a) Nitrogen adsorption—desorption isotherm and (b) Pore Distribution Curve of CL-500,700 and 900.
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Fig. 3 XRD pattern of CL-700.
KOH.* The formation of larger cavities give rise to enhanced
surface area for CL-700, reduces the diffusion among ions thus
facilitates electrons to pass through. When the electrons get
the path to penetrate pores facilitates the trapping of charges
thus increases the capacity of storage.[*!]

The hierarchical porous nature of CL-700 is further
confirmed by transmission electron microscopy (TEM)
analysis. TEM images at various magnification are
represented in Fig. 6. It is well evident that CL-700 possess
appreciable level of porosity at nano level from high
magnification TEM images (Fig. 6(c) and (d)). The pore size
below 2 nm give microporous structure and pore size in the
range of 2-50 nm give mesoporous nature which is desirable
for supercapacitive ability.[*1 CL-700 possess both features for
the porous nature resulting in hierarchical porous nature
improving the adsorption of molecules.*) Further, field
transmission electron microscope (FESEM) images also
indicates the existence of macroporous nature for CL-700.

Date :13 Oct 2022
Time :12:36:40

"
Fig. 5 FESEM images of CL-700.
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Thus, both FESEM and TEM images establishes the
hierarchical porous carbon framework in CL-700 resulting in
enhanced surface area supported by BET analysis (Sger= 925
m?/g). This enhanced surface area helps in improvement of the
contact area between electrode-electrolyte interface within a
cell assembly.!*’l The efficient porous structure of CL-700 can
be attributed to the pore formation ability of KOH activation
step.[*8]

Intensity [a.u]

2000 2500

i

500 1000 1500

‘Wavenumber [em™

Fig. 4 Raman spectra of CL-700.

The mechanism of pore formation can be briefly described
as follows: KOH produces metallic K through reaction with C
content of the C. viminalis biochar and intercalates with the
carbon framework. The products formed in the reaction such
as K»O and K,COs3 reacts with carbon skeleton of the material
leading to the formation of pores in the framework. The
K>COs3 eventually decomposes to K>O and CO; and this CO,
will be converted into CO at the high temperature used for the
process. Thus, the pore formation process is a combined and

Date :13 Oct 2022
Time :12:36:17

1 pm EHT = 5.00 kV

WD = 43 mm

Date :13 Oct 2022
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ZEISS|
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synergistic phenomenon resulting from the release of Ha, CO»
and CO inside the C. viminalis biochar. The size and nature of
the pores are ordered up to an extent due to the reasonable
amount of KOH used for the activation step since it makes
uniform distribution of pores as indicated in high
magnification HRTEM images (Fig. 6). This is due to the
evenly distribution of KOH on the pre-carbonized surface of
C. viminalis derived biochar. The overall KOH activation
steps are represented as shown in the equations 3-7.14

6KOH + 2C — 2K + 3H, + 2K»>COs (3)
K>CO; — K,0 + CO, 4)
CO,+C —2CO (5)
2K>CO3+2C — 2K +3CO (6)
K,0 +C — 2K + CO (7)

3.5. XPS analysis

X-ray photoelectron spectroscopy analysis used to reveal the
details of elemental composition of CL-700 which confirms
the chemical identity of the material. Fig. 7 shows the XPS
spectra of biochar which contain elements Carbon (C),
Oxygen (O) and Nitrogen (N) in the atomic percentages 82.6%,
15.6%, 1.8% respectively. This result indicate that CL-700 has
high carbon content along with Oxygen and Nitrogen. XPS

6 | ES Energy Environ., 2024, 24, 1124

Fig. 6 HRTEM images of CL-700.

survey scan (Fig. 7(a)) reveals that CL-700 comprised of
elemental combination such as Cl1s, Ols, N1s along with their
binding energies. This indicates the existence of N which acts
as an inherent dopant in the material along with C and O. The
high-resolution spectra of Cls, Ols and N1s were represented
as Fig. 7(b), 7(c), and 7(d) respectively. As shown in Fig. 7(b),
three distinct peaks are deconvoluted in Cls peak such as first
peak at 284.9 eV,287.5 eV and 288eV. These three peaks
correspond to amorphous or graphitic carbon, sp?C, and spC
respectively.’” Ols peak indicates the presence of oxygen
functionality on the CL-700 and arises from three different
contributions which are deconvoluted as C-OH (529¢V), C-O
(530eV) and C=0 (531.8eV) respectively.’'! N1s consist of
four different contributions, such as pyridinic (398 eV),
pyrrolic (399.7 eV), graphitic (401.6eV) and oxidized form of
N (405.1eV) functionalities present in CL-700.52 The
presence of N could be attributed to the existence of N
containing phytochemicals such as alkaloids reported to be
present in C.viminalis plant.>3] The N content act as inherent
dopant which is present in the C. viminalis and enhance the
specific capacitance of CL-700 as reported in similar N-
containing biochar systems due to effective donor
characteristics and improve electrochemical performance.?5254
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Fig. 7 XPS analysis of CL-700 (a) Survey spectra (b) High resolution spectra of Cls, (c) Ols and (d) N1s.

3.6 Electrochemical analysis

3.6.1 Cyclic voltammetric studies

To verify the electrochemical super capacitive performance of
CL-700, cyclic voltammetry (CV) studies were conducted
using 6M KOH as the electrolyte using three electrode system
at room temperature. The CV curves of CL-700 were
measured at various scan rates (10, 20, 30, 40, 50, 60, 70, 80,
90, 100 mV/s) in the potential window 0 to -1V and given in
Fig. 8. Carbon based electrode materials possess a unique
charge storage mechanism through formation of electrical
double layer capacitance (EDLC).* The quasi-rectangular
shape of CV clearly indicates the EDLC behaviour of CL-700
for the charge storage process. This rectangle shaped CV is
exhibited by CL-700 in all the scan rates from 10mV/s to
100mV/s establishing the good EDLC behaviour with fast
charge/discharge mechanism as reported for similar material
in literature. CL-700 maintains the quasi-rectangular shape of
the CV even at higher scan rate (100mV/s) indicating the
efficient electrochemical SC ability through ion preservation
during adsorption-desorption process of charge carrier ions.
It can be observed that the EDLC behaviour of CV curves are
consistent in all the scan rate with increase in the current area
which further decrease the specific capacitance. From CV, the
specific capacitance is decreasing with increase in scan rate.

© Engineered Science Publisher LLC 2024

Binding energy [eV]

This decrease of capacitance value is attributed to the fast ion
diffusion process with increase in scan rate at the electrode
surface.l’”? As the scan rate increases, the movement of ion also
increases which makes them difficult to equally access the
pores on the surface of electrode material which results in low
and high specific capacitance at 10mV/s and 100mV/s
respectively.

3.6.2 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is an effective
technique used to study the electrochemical behaviour of
energy storage materials with focus on the electrode-
electrolyte interface process.l*® Nyquist plot of CL-700 along
with equivalent circuit model (inset) have been given in Fig. 9
from the EIS measurement done at frequency range 10kHz to
10mHz. It is relevant to identify that the KOH activation
process has contributed to the capacitive property through
enhancement in the surface area of CL-700. This increase in
the generation of active pore sites with enhanced surface area
will facilitates the diffusion of hydrated ions into the suitable
larger pores with least pore resistance.™ It can be observed
that the CL-700 has straight line vertically close to 90° at
lower frequency region confirming the efficient capacitive
nature and EDLC behaviour. The smaller charge transfer

ES Energy. Environ., 2024, 24, 1098 | 7
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Fig. 8 Cyclic voltammetry curves of CL-700 in various scan rates.

resistance (R¢;) value of CL-700 (1.59 Q) as further suggests
faster ionic diffusion resulting higher conductivity along with
low Rs value of 1.30 Q from the Nyquist plot.

Zi [ohm]

1 2 3 4 5 6 7
Zr [ohm]

Fig. 9 Nyquist plot and equivalent circuit model(inset) of CL-
700.

3.6.3 Galvanostatic charge discharge studies

Galvanostatic charge discharge (GCD) analysis is most
commonly used for investigating the SC performance of
electrode materials.[®¥ Fig. 10 shows the comparative GCD
studies of CL-500, CL-700 and CL-900 in 6M KOH at a
current density of 1A/g in the potential window of 0 to -1V in
6M KOH. CL-700 has the highest and CL-500 has the lowest
specific capacitance respectively which agrees with the BET

8 | ES Energy Environ., 2024, 24, 1124

surface area values of the corresponding samples. All the three
samples exhibited linear symmetric triangular curves with a
slight distortion in CL-900. The values of specific capacitance
were found to be 84 F/g, 283 F/g and 240 F/g for CL-500, CL-
700 and CL-900 respectively at 1 A/g current density as
calculated from eqn (1). It is evident that CL-700 has highest
value of specific capacitance, longer discharge time along with
excellent charge discharge efficiency compared to CL-500 and
CL-900.

0.0
—— CL-500
Py ——CL-700
—— CL-900
0.4

Potential [V]

-0.6

1 1 1 I
0 100 400 500 600
Time [sec]
Fig. 10 GCD curves of CL-500, CL-700 and CL-900 at 1A/g.

200 300

Figure 11 shows the GCD behaviour of CL-700 at various
current densities (1, 2, 3, 4 and 5 A/g). The high specific
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Fig. 11 GCD of CL-700 at various current densities.

capacitance value of 283 F/g of CL-700 is more than the
capacitance value for similar carbon-based electrode materials
reported in literature as shown in Table 2. The existence of
hierarchical  porous framework (meso-macroporous)
distribution could be the possible reason for this high
capacitance value which helps in better ion storage ability for
CL-700 as a promising electrode material for SC.[°1 The
specific capacitance decreasing from 283F/g to 230F/g with
increase in current density from 1 to 5 A/g respectively.

This feature is due to two reasons arising from the ion-
carbon matrix interaction at the electrode-electrolyte interface.
1) faster accumulation of ions in carbon matrix will lead to
smaller discharge time and ii) non-uniform accumulation of
ions in the double layer formation stage arising from the non-
homogenous pore size distribution on the electrode material.l*
Decaying of electrolyte ions at the electrode-electrolyte

Table 2. Comparison of specific capacitance of CL-

interface with multiple charge-discharge cycles also
contributes to this feature. The comparatively high discharging
time of CL-700 is due to the ion retention inside the pores for
longer duration.[*?

3.6.4 Cyclic stability

The stability of electrode material is an important factor which
is relevant in terms of SC device stability to withstand multiple
number of charge-discharge cycles. As shown in Fig. 12, the
cyclic stability of CL-700 was analysed for 5000 continuous
charge-discharge cycles at 10 A/g current density. The value
of specific capacitance is excellently retained for 97% at the
end of 5000™ cycle establishing promising stability. There is
only gradual decrease in the specific capacitance with increase
in the number of cycles indicating better durability in SC
performance. This unique feature of cyclic stability, durability

700 with similar biomass derived activated carbon.

. Specific Current
Biomass ) . Electrolyte Electrode  Ref
capacitance (F/g)  density (A/g)
Rice husk 112 1 1M NazSO4 2E [25]
Cotton 278 1 6M KOH 3E [26]
Borassus
238.2
flabellifer 1 1M KOH 3E [64]
flower
Tea waste 167 1 IM KOH 2E [27]
Banana peel 206 1 6M KOH 3E [28]
Medulla
. 251 1 6M KOH 3E [65]
tetrapanacis
Tamarind fruit
245 1 3M KOH 3E [66]
shell
C. viminalis .
283 1 6M KOH 3E This work

leaves
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Fig. 12 Cyclic stability studies of CL-700.

and capacitive retention arises from the effective migration of
electrolyte ions into the available pores present on the CL-700
carbon framework. The excellent cyclic stability of CL-700
indicates the potential of long-term stability as SC electrode.

3.7 Adsorption isotherms and Kkinetics
The adsorption efficiency of CL-700 for MB is calculated as
91.2% as per equation (2). In order to analyze the mechanism
of MB adsorption on CL-700, two major adsorption models
are used such as Langmuir and Freundlich models.7 The
Langmuir adsorption isotherm assumes monolayer adsorption
on adsorbent with structurally homogenous adsorption sites
which are energetically equivalent and identical. Further, the
adsorption is a monolayer process such that single adsorption
of dye molecule in a site will not promote subsequent
adsorption at that specific site. As the distance increases, the
intermolecular forces decrease, and the adsorbate will form
outer monolayer coverage on the adsorbent which can be
predicted. The Langmuir isotherm model can be represented
as:
L= ®)
de AmaxKL dmax

where, Ki is the constant related to the free energy of
adsorption (dm? mol™), g is the adsorbed amount of MB dye
at equilibrium (mol g7'), gmax is the maximum adsorption
capacity (mol g!) and Ce is the equilibrium concentration of
MB in solution (mol dm™).

Freundlich adsorption isotherm is another widely used
isotherm which assumes multilayer adsorption on unlimited
heterogenous active sites. This model considers exponential

Ce
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distribution of active sites and fits experimental data over wide
range of concentrations. The Freundlich isotherm model can
be represented as:

Ing, = InKg + (1/n)In (Ce) C)
the extent of adsorption or adsorption capacity is represented
by Kg, which is the Freundlich isotherm constant (mol/g), Ce
is the equilibrium concentration of MB in solution (mol dm™3)
and 1/n is the adsorption intensity. The numerical value of
exponent 1/n is usually less than 1.0 because high binding
energy adsorption sites are occupied compared to the sites
with weaker binding energy. Based on the correlation
coefficients (R? value), it is found that the MB adsorption on
CL-700 follows Langmuir adsorption isotherm (R? = 0.998)
than Freundlich isotherm (R? = 0.979) as shown in Fig. 13.
Kinetic studies of MB adsorption on CL-700 were done to
elucidate details about the rate of adsorption process which
further helps in confirming the efficiency of MB adsorption by
CL-700. We have used three kinetic models viz. Pseudo-first
order, pseudo-second order and Weber-Morris (intraparticle
diffusion) model to analyze the experimental kinetic data of
MB.[68]

The pseudo-first order equation is given by:

In(ge — q¢) = In(qe)-kit (10)
where q. and qt are the amount of dye adsorbed in equilibrium
and at time t. K; is the pseudo-first order rate constant (min!).
The pseudo-second order equation is given by:

t 1 t
— = — 11
a k298 qe (b
Weber-Morris adsorption model is given by the equation:
qe = kt'/2 + C (12)
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where g and g are the amount of dye adsorbed in equilibrium the pseudo-first order (R? = 0.711) and weber-Morris model
and at time t. ki, ko and k; are the pseudo-first order, pseudo (R? = 0.827). This indicates that MB adsorption by CL-700
follow pseudo-second order kinetics in which the rate limiting

second order and Weber-Morris rate constants (min!).
From the Fig. 14, it is clear that the regression coefficient step may involve chemisorption.[*”]
of pseudo-second order reaction (R? = 0.986) is greater than
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RE=0.7117

Time (min)

50 60

10004

800

600+

t/q¢

400

200+

(b

R2=0.9861

10 20 30 40 50 60
Time (Min)

0.14

0.124

0.104

qi

0.08

0.061

(c)

rRE=0871

12

Fig. 14 Kinetic studies of MB adsorption by CL-700 (a) Pseudo-first order(b) Pseudo-second order and (c) Weber model.
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4. Conclusion

In this work, hierarchical porous activated carbon was
developed using KOH mediated chemical activation of
biochar from C. viminalis (Bottlebrush) leaves. The as-
developed activated carbon possesses well developed porous
structure. The optimum temperature for getting good surface
area was at 700 °C with a BET surface area of 925 m?%/g
followed by 872 m?/g and 655 m?/g at 900 °C and 500 °C

ES Energy & Environment
fabrication of supercapacitor electrodes, Biomass and
Bioenergy, 2023, 171, 106747, doi:

10.1016/j.biombioe.2023.106747.

[9]1Z. Gan, N. Song, H. Zhang, Z. Ma, Y. Wang, C. Chen, One-
step electro fabrication of reduced graphene oxide/poly(/NV-
methylthionine) composite film for high performance
supercapacitors, Journal of the Electrochemical Society, 2020,
167, 085501, doi: 10.1149/1945-7111/ab8¢82.

respectively. The sample having maximum BET area (CL-700) [10] F. Liu, C. Wu, Y. Dong, C. Zhu, C. Chen, Poly(azure C)-

was further used to analyze the potential as energy storage
material in SC and MB adsorption agent from aqueous
solution. CL-700 was found to possess promising high specific
capacitance value (283 F/g) and excellent stability in cycling
tests (retention of 97%). The adsorption efficiency for MB
removal by CL-700 was found to be 91.2%. Thus, C. viminalis
derived activated carbon (CL-700) possess promising
potential as MB dye removal agent and an EDLC type
supercapacitor electrode material.
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