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Abstract: Sugarcane bagasse-based activated carbon (AC) was produced via a physical activation
method using CO,, to remove lead (Pb) ions from an aqueous solution. The physical and chemical
properties of ACs were examined by scanning electron micrograph (SEM), Brunauer-Emmett—Teller
(BET) surface area, and Fourier-transform infrared spectroscopy (FTIR) analysis. The effect of both
pH and contact time on adsorption was studied via a batch process. Based on the BET results, we
have identified that BET surface area and micropore volume decreased at the highest activation
temperature, while the intensity of the functional groups increased when the activation temperature
was raised. The adsorption isotherms were best fitted with the Langmuir equation, which was used to
describe the adsorption process and to examine the adsorption mechanisms of Pb(II) on the AC. The
maximum adsorption capacity of Pb(IT) was 60.24 mg g~ ! with AC850. The adsorption kinetic study
closely followed the pseudo-second order (R? > 0.99). AC has the potential to economically remove
metal ions in the purification process of wastewater. AC850 was also utilized in the manufacture and
testing of pouch cell supercapacitors to demonstrate the potential of the sugarcane bagasse family
of materials in energy storage applications. The devices made with the unmodified, nonoptimized
material used for Pb(II) sorption demonstrated high rate and power-energy characteristics (>50%
capacitance retention with 10-fold increase in current density, 10 Wh Kg~! at 2500 W Kg~*, active
material mass) but there remains a need for further optimization, particularly the removal of oxygen
functionality, to enhance lifetime and specific capacitance. This work demonstrated the potential for
sugarcane bagasse carbons across environmental applications.

Keywords: sugarcane bagasse; activated carbon; lead removal; supercapacitors; energy storage

1. Introduction

Over the last few decades, activated carbons (ACs) have been widely used in pollution
control processes and energy storage applications such as purification and separation
processes [1-3], removal of toxic substances [4-7], gas storage [8,9], supercapacitors [10-14],
wastewater treatment [15-19], etc. These applications require the same properties: high
surface area and porosity, excellent adsorption capability, efficient electrical properties, eco-
friendliness, low cost, and no secondary pollution. Recent technological advancements have
shown many advantages for producing AC to meet the needs of commercial applications.
The properties of ACs are dependent on the raw materials and the activation technology [20].
Technological developments have led to enhancements, such as pore structure and volume,
surface areas, and improvements in surface chemistry, regarding functional groups and
adsorption capacity [21,22].

In terms of the raw material for AC, researchers have increasingly sought to make it
from waste materials produced by industry and agriculture. The use of waste by-products
is advantageous because it is accessible and affordable. ACs can be prepared from many
agricultural by-products that have a high carbon and low ash content, such as coconut
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shells [23,24], rice husk [25,26], coffee residue [27], bamboo [28-30], pineapple crown
waste [31], palm shell [32,33], and olive stones [34].

Generally speaking, there are two traditional methods to produce AC, namely, chem-
ical activation and physical activation. Chemical activation involves a combination of
single-step carbonization and activation by impregnating the raw material with dehydrat-
ing chemicals such as H3POy, ZnCl,, K,CO3, NaOH, or KOH then carbonizing it under
an inert atmosphere at the desired temperature [35-37]. Using physical activation, as is
widely used to produce AC for commercial application, the process is to carbonize the raw
material and then place it within an oxidizing gas atmosphere of CO; [38], water steam [39],
air, or some combination of these activating agents under a moderately high temperature
(800-1100 °C) to improve the internal structure. The high adsorption performance of
activated carbon is related to the porosity of the carbons. Therefore, carefully produced
activated carbon materials have shown performance in the range to adsorb large amounts
and various types of heavy metal adsorption and electrode material.

With ongoing economic growth, more pollutants than ever are being discharged into
the environment. Heavy metals in the environment, such as lead, copper, zinc, chromium,
cadmium, and mercury, can cause serious problems for nature and human health, with
buildup in the food chain posing a threat to human wellbeing and the environment. In this
study, removal of Pb(Il) from water is considered. Pb(Il) ions can be found in both soils and
groundwater as a result of wastewater generated from increasing industrialization such as
electroplating, leather tanning, metal finishing, textile industries, and the production of
lead additives in gasoline [40]. The negative impacts associated with lead ion pollution can
be addressed by processes including ion exchange [41], AC adsorption [42,43], membrane
filtration [44,45], and chemical precipitation [46,47]. Currently, adsorption is considered to
be one of the simplest and most effective technologies and AC is the most frequently used
adsorbent. One of the core challenges of AC production is to create highly specific kinds of
carbons that are well suited for specific industry applications.

A further environmental application for AC is in energy storage applications, such as
in the electrodes of supercapacitor devices, utilizing extensive, tailored pore structures and
surface area that can be tailored to various electrolytes.

This research aims to produce an economical AC using agricultural waste in the
form of sugarcane bagasse, with physical activation using CO, to avoid further impurities
derived from chemicals in the activation process [48].

The AC produced is investigated with the primary application of the removal of Pb(II)
from water but with a secondary application as electrodes for supercapacitor energy storage
devices. The adsorption capacity of Pb(II) ions from an aqueous solution was investigated,
considering the effect of pH, contact time, and initial concentration of Pb(Il), with fitting
and calculation of kinetic models from adsorption isotherms. The AC optimized for Pb(II)
adsorption was processed without further optimization into electrodes and assembled into
organic electrolyte-based supercapacitor single-layer pouch cells (SLPs), illustrating the po-
tential of the family of sugarcane bagasse-derived ACs across environmental applications.

This potential dual use of a single process and feedstock across environmental appli-
cations highlights the versatility of the AC produced and illustrates the potential of this
industrial waste feedstock in two key areas of environmental sustainability: water clean-up
and energy storage.

2. Materials and Methods
2.1. Preparation of Sugarcane Bagasse-Activated Carbon

The sugarcane bagasse (SB) was obtained from a sugar factory in Ratchaburi, Thailand.
Prior to the experiment, the raw material surface was cleaned using deionized water in
order to remove particles of dirt, and then it was oven dried at 105 °C for 24 h. The
dried SB was then cut into 3 cm pieces. The dried SB sample was carbonized under Ny
with an initial gas flow of 100 cm® min~—!. The carbonization was carried out for 1 h

after the temperature reached 500 °C. After that, the sample was cooled down to room
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temperature via N, gas flow (100 cm® min~!). To produce AC, the carbonized SB were
heated at several different temperatures, namely, 800 °C (AC800), 850 °C (AC850), 900 °C
(AC900), and 950 °C (AC950), under N, gas. When the temperature rose as desired, CO,
gas (100 cm® min~!) was then introduced to activate the sample and held for 2 h each.
After activation, the samples were cooled down to room temperature under N gas at the
same flow rate. The AC samples were ground and sieved at 250 and 10 um size for Pb(Il)
adsorption and electrode preparation, respectively.

2.2. Characterization of ACs

The physical structure and chemical properties of the AC were determined by several
methods of analysis. The surface morphology of the AC samples was characterized using
an FEI Quanta 450 scanning electron microscope (SEM). The samples were dried at 105 °C
for 4 h and gold-sputtered for charge dissipation.

Nitrogen adsorption-desorption isotherms were measured on a Micromeritics 3 Flex
surface characterization analyzer. Before the adsorption-desorption measurements, the
samples were outgassed at 673 K for 8 h under a high vacuum. The BET surface area (Sggr)
was calculated using the BET equation from the nitrogen sorption isotherms at 77 K. The
micropore volume (Vpi.) was determined using t—plot method. The pore size distribution
was determined using the Barret-Joyner-Halenda (BJH) model.

Chemical characterizations were measured by fourier-transform infrared (FTIR) spec-
troscopy analyses so that a functional group on the surface of the samples could be iden-
tified. The FTIR analyses were prepared by mixing the samples with KBr powder and
pressing to obtain a transparent pellet. The FTIR spectra were recorded using a Brucker
Tensor 27 spectrometer between 4000 to 400 cm ™ 1.

The concentrations of carbon, hydrogen, nitrogen, and oxygen from the AC samples
were identified by elemental analysis using microanalytic devices. A LECO analyzer
(model CHNG682 series) was used with a sample decomposition temperature of 950-1200 °C.
A 1mg sample of AC was burned, and the released gases were measured. Gaseous
combustion products were calculated using a thermal conductivity detector. The difference
between the total percentage and the sum of percentages of carbon, hydrogen, and nitrogen
was quantified to identify the oxygen content in the sample.

2.3. Adsorption Studies

A standard stock solution of 1000 mg L~! of Pb(Il) was carried out by dissolving
analytical grade reagent of lead(II) acetate ((CH3COO), Pb-3H,0) in deionized water using
a 1000 mL volumetric flask. Batch experiments of adsorption were performed using 250 mL
Erlenmeyer flasks. A volume of 50 mL of Pb(II) solution with different initial concentrations
(100, 150, and 200 mg L~!) was placed in a flask. The initial pH value of the solutions,
without pH adjustment, was 5.0 pH, which was used for the equilibrium, kinetics, and
adsorption studies. Following this, 0.1 g of the powdered AC was added to the Pb(II)
solution. Flasks were agitated on the incubator shaker at a constant speed of 180 rpm at
a room temperature of 25 °C for identified time intervals. The batch adsorption studies
were conducted to ascertain the maximum adsorption capacity, optimum experimental
conditions, and kinetics of the AC. Finally, the suspension was separated by filtration.
Pb(Il) removal by the adsorbents was determined by measuring the concentration of Pb(II)
in the filtrate by atomic absorption spectroscopy using Perkin Elmer Analyst 800 atomic
absorption spectrometer (AAS).

The uptake of Pb(Il) ions in the solution was determined by differences in their initial
and final concentrations. The data obtained were then used to calculate the equilibrium
metal uptake capacity according to Equation (1):

_ V(CO — Ce)
L=

)
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where qe (mg g~ !) is the equilibrium amount of metal in the adsorbed phase, Cy and Ce
are initial and equilibrium concentrations of metal ion (mg L~1) in the aqueous solution, V
is the volume of the solution (L), and m is the adsorbent dose (g). The adsorption isotherm
experiments were performed using different concentrations of Pb(II) (100-200 mg L~ 1)
at room temperature. The removal percent of Pb(II) ions (% Removal) in solution was
calculated using Equation (2):

CO_Ce
0

% Removal = x 100 )

The experimental data were fitted to the adsorption isotherm and kinetic models.
Analysis of adsorption models were used to provide data about the adsorption mechanism
of the sample. The adsorption process was summarized under several experimental
conditions, including adsorbent dose, concentration of Pb(II), volume of solution, pH,
contact time, temperature, and constant speed (Table 1).

Table 1. The experimental conditions for adsorption study.

. Adsorbent Concentration of Volume of Contact Time Temperature Constant
Adsorption Study Dose (g) Pb(D (mgL-1)  Solution mL) PH (min) e Speed (rpm)
Effect of initial pH 0.1 200 50 2-6 180 25 180

Effect of contact time 0.1 200 50 5 15-180 25 180
Adsorption isotherms 01 100, 150, and 200 50 5 15-180 25 180

and adsorption kinetics

2.4. Preparation of Supercapacitor Electrodes and SLP Device Assembly

For the preparation of supercapacitor electrodes, an ink was prepared through the
disperser mixing (Primix, Japan) of AC850 active material, carbon black conductive additive
(C65T, Imerys), carboxymethyl cellulose (CMC) binder (MAC 300, Nippon Chemicals), and
styrene butadiene rubber (SBR) binder (JSR corporation) in deionized water at a ratio of
89:5:2:4. Supercapacitor electrodes were then prepared through the application of ink to
battery-grade aluminum foil via draw-down coater and a micrometer doctor blade (wet
thickness ca. 150 pm), subsequent drying under vacuum at 120 °C for 12 h, and calendaring
at 80 °C. The electrodes produced had a mass loading of 57-60 g m~2 (5.7-6.0 g cm~2).

SLP supercapacitor devices were assembled in a symmetrical arrangement with the
same electrode used for both positive and negative. The electrodes were stamped to
7 x 5cm with a 1 cm? uncoated flag area for the attachment of tabs. The electrodes
were stacked with a cellulose-based separator (NKK, Japan) with one final outer wind.
Aluminum tabs were then ultrasonically welded to the uncoated areas and three sides
of polymer-coated, laminated aluminum pouch material were then sealed around the
electrode stack. The assembled dry cell was then further dried in a glove box antechamber
under dynamic vacuum at 80 °C for 72 h before being introduced into an argon-filled glove
box (both H,O and O, < 0.1 ppm). The dry cells were then filled with 1.0 g electrolyte
(tetraethylammonium tetrafluoroborate (TEABF,, 1 M in acetonitrile (AN)), with sealing
of the final edge under vacuum. The cells were stored at 25 °C for 24 h to allow for
complete wetting of electrodes by electrolyte before undergoing electrochemical testing.
The fully wetted cells were then conditioned electrochemically through galvanostatic
cycling between 1.425 V and 2.85 V (Vimax and Vi,4/2), followed by a holding at 2.85 V.
ACB850 active material was chosen for SLP supercapacitor assembly due to it exhibiting
the highest specific surface area of the AC materials produced and a high micropore pore
volume. The binders, conductive additive, and current collector material in electrode
preparation, along with separator and electrolyte system, were chosen to provide best
possible match to those known to be used in commercial supercapacitor devices. A typical
dry SLP used in this work, along with the internal assembly, is shown in Figure 1.
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Figure 1. Photograph of an assembled single-layer pouch cell.

2.5. Electrochemical Measurements

All electrochemical analysis was performed as 2 electrode measurements on AC850-
based SLPs at 25 °C in climatic chambers. Before testing, cells were conditioned via brief
galvanostatic cycling followed by a period of holding at 2.85 V. Cyclic voltammetry was
performed using a Biologic VMP3 electrochemical workstation, with 5 A boosters to enable
a high scan rate on pouch cell devices. The potential range studied was 0 to 2.85 V at scan
rates between 5 and 1000 mV s~ 1. The cell capacitance was calculated using Equation (3)
and normalized by mass to provide the specific capacitance:

C=

1
where Cs, is the specific capacitance (F gfl), v is the scan rate (mV s~ 1), m is the active
material mass, I is current (A), and V is potential (V).

Galvanostatic charge-discharge cycling was performed using a Maccor 4000 battery
tester. The cells were cycled between 1.425 and 2.85 V (Va2 and Vimax) to assess capac-
itance and ESR (1 s), with capacitance calculated using Equation (4) and ESR calculated
from the voltage change at end of discharge to 1 s rest using Equation (5):

_ 4Ixt
T AV Xm

Cop (4)
where Cp, is the specific capacitance (F g’l), I is the current (A), t is time (s), AV is the
potential difference, and m is the mass of active material (g) in both electrodes.

I

ESR = AV ®)
where ESR (W) is the equivalent series resistance, I (A) is the discharge current, and AV (V)

is the difference in potential between the end of discharge and 1 s rest.
Rate performance was assessed with varied discharge current densities of 1, 2.5, 5.0,
7.5, and 10.0 A g~! with cycle lifetime assessed through GCD cycling at 1.0 A g~ ! over
10,000 cycles. The energy—power density relationship was assessed through constant power
cycling at fixed powers between 50 and 2500 W Kg~! (or 1000 in the case of total pouch
mass), as directed through USABC FreedomCar [49], with the energy calculated through
Equation (6) and normalized to mass (of active material or cell). Constant power cycling
was performed using two masses (i.e., two sets of cycling at two sets of power densities)
based on that of the active material and also based on the total mass of the packaged SLP.

E— / IV-dt ©)

where E is the energy density (Wh), I is current (A), and V is potential (V).



Sustainability 2023, 15, 5566

6 of 21

3. Results and Discussion
3.1. Activated Carbon Yield

The yield in the production of activated carbon is typically calculated as the mass of
the final activated carbon produced after activation divided by the mass of the precursor.
The activated carbon yield was calculated using Equation (7):

Yield (%) = —2€ %100 @)
mp
where mac is the mass of activated carbon (g) and mp is the mass of precursor (g).

The percentage yield of activated carbon as represented in Table 2. Based on the data
as shown in Table 2, the percentage of yield decreases from 55.30 to 39.79 %. The findings
indicated that the percentage yield was influenced by the activation temperature. The
oxygen-containing groups were decreased with increase of the activation temperature. This
is because at high activation temperature, ash, volatile matter, and moisture content were
removed from carbon’s porous structure and generated residue ash.

Table 2. The percentage yield of activated carbon.

Sample Activation Temperature (°C) Yield (%)
ACS800 800 55.30
AC850 850 53.95
AC900 900 46.25
AC950 950 39.79

3.2. Scanning Electron Microscopy

The SEM technique was used to produce a micrograph to investigate the surface of AC.
The SEM micrographs are illustrated in Figure 2. The SEM micrographics were recorded
with a sample coating by gold for charge dissipation with 50,000 x magnification. As a
reaction to the decomposition that occurred during activation processes, which produced
and released the biochar’s remaining volatile matter, the remaining nonvolatile components
were changed into AC with pores of various shapes and sizes, as shown on the surface [50].
The figure illustrates that the samples had an irregular and porous surface, indicating that
the AC has a relatively high surface area. The AC800 sample had a compact irregular
structure with flake-shaped particles, while AC950 has more crater-like pores produced
during the release of reaction gases from the core toward the outer surface as a result of the
higher activation temperature. It can be observed from the SEM image that the external
surface has cracks of various sizes, making some large holes. This observation is supported
by the BET surface area of the samples.

3.3. Surface Area and Pore Size Distribution

The nitrogen adsorption—desorption isotherms and pore size distribution curves of
ACs are presented in Figure 3a. The isotherms of samples show the typical hysteresis loop
corresponding to a Type IV isotherm according to the IUPAC classification indicating the
mesoporous character of the carbon material. Type IV isotherms occur when capillary
condensation (P/Pj > 0.45) occurs. The BET surface area of mesoporous structures, which
are samples with pore diameters between 2-50 nm, produces this type of isotherm [51].
The trends of the isotherms are quite similar. In physical activation, the final activation
temperature is an important parameter in producing the surface area and the pore volume
of the AC. The activation temperature has effects on the surface area (Sggr) and pore volume
(total, micropore, and mesopore) of the AC, which are summarized in Table 3. The results
illustrate that as the activation temperature rose from 800 to 900 °C, this resulted in the
SpeT and Vit values increasing significantly. The BET surface area of AC950 decreased,
showing that the increasing mesopore volume and decreasing micropore volume can affect
the surface area. Therefore, the increasing activation temperatures trend was reversed as a
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result of the carbonization effect of the volatiles and the retraction of AC structure, which
resulted in the contraction of some of the pores.

AT,

s WS oo e s

Figure 2. SEM micrographs of AC800 (a), AC850 (b), AC900 (c), and AC950 (d).
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Figure 3. Nitrogen adsorption—desorption isotherm (a) and pore size distribution curves (b) of the

activated carbon samples.

Table 3. Specific surface areas and pore volumes of activated carbons.

Sample  Sppr (m?g1) Vi (em®g 1) Vg (emdg™1)  Viyes(emdg-1) D (nm)

AC800 509.43 0.540 0.143 0.396 4.24
AC850 766.52 0.782 0.179 0.603 4.66
AC900 671.29 0.991 0.188 0.804 5.17
AC950 673.79 0.918 0.118 0.800 5.45

Sger: BET surface area; Vi total pore volume; Vyic: micropore volume; Vimes: mesopore volume; D: average
pore diameter.

The pore size distribution curves of the AC samples are illustrated in Figure 3b. The
results clearly demonstrate that the AC samples have a largely mesoporous structure. The
average pore diameter of samples increased from 4.24 nm to 5.45 nm (Table 3) with an
increasing activation temperature.

3.4. Fourier-Transform Infrared Spectroscopy

The FTIR spectrum of AC with different activation temperatures is shown in Figure 4.
The FTIR spectra show numerous adsorption peaks, demonstrating the complex nature
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of the samples. Irrespective of the different activation temperatures provided, it can be
observed that the overall shapes of the spectra are quite similar. The broad absorption
band of 3600-3200 cm ! with a peak around 3444 cm ™! is ascribed to the O-H stretching
vibration of hydrogen-bonded hydroxyl groups [23]. The appearance of the band around
2922 cm ™! can be ascribed to the asymmetric vibration of C-H groups [10]. The adsorption
band at 1558 cm ! is ascribed to C=C stretching vibration in the aromatic ring [52]. The
peaks observed around 1300-1000 cm~! correspond to the C-O stretching vibration of
carboxylic acids and alcohols [53]. Peaks at a low wavenumber around 794 cm ™! may be
related to the plane-bending vibrations mode of C-H groups [54]. Additionally, the FTIR
analyses showed that the surface functional groups of AC obtained at different activation
temperatures were similar and possibly formed due to the oxidative degradation from heat
treatment stages.

IAC800
1300-1000
. |acsso
9 (c-0)
S |Ac900
S
£
£ |Aces0
w
[
"_8 2922
3444 (C-H)
(O-H)
1558
(c=C)
4000 3200 2400 1600 800

Wavenumber (cm™)

Figure 4. FTIR spectra of the activated carbon samples.

3.5. Elemental Analysis

Elemental analysis of the adsorbents is shown in Table 4. The content of the elements
changed when the temperature of activation was increased. The results demonstrate that
the activation temperature leads to a decrease in carbon content. At the same time, there
is an increase in the quantity of oxygen content with increasing activation temperature.
Small amounts of hydrogen and nitrogen have also been detected. The content of nitrogen
showed some fluctuations.

Table 4. Elemental analysis data of the samples.

Elemental Analysis (wt.)

Sample C H N o2

AC800 58.89 1.69 0.50 38.92
AC850 73.50 1.74 0.51 24.25
AC900 57.36 1.30 0.56 40.78
AC950 39.59 1.22 0.43 58.79

2 Calculated by difference.

3.6. Effect of Initial pH Value

Both the surface properties of the adsorbent and the pH of the aqueous solution
are important factors in adsorption studies. The pH is important because it can affect
the extent of adsorption and the number of metal ions formed in the solution [55]. The
adsorption performance of Pb(II) on the AC surface has been examined over a pH range of
2.0-6.0 at room temperature. Figure 5 shows the influence of the initial pH solution on the
removal of Pb(Il) by AC; the initial concentration of Pb(II) solution was 200 mg L 'ata
contact time of 180 min. The Pb(Il) removal by AC increased with increasing pH, up to a
maximum of 59.15% at an initial pH of 5.0. Below and above these pHs, the adsorption
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level decreased. Above pH 6.0, precipitation of oxides of Pb(Il) was formed; therefore, the
study was confined to a pH range of 2-6.

70
= AC800
60 AC850
4— AC900
S0 . AC950
Saof
[+
€10
g3}
S
20
LS
|
0 L
2 3 4 5 6
pH

Figure 5. The effect of initial pH value on the adsorption of Pb(II) ions onto the activated carbon
samples. (Condition: 50 mL of Pb(Il) at initial concentration 200 mg L1, contact time: 180 min,
constant speed: 180 rpm, and adsorbent dose: 0.1 g.)

3.7. Effect of Contact Time

The effect of contact time on the AC to Pb(Il) concentration on adsorption capacity
was observed across the ranges of 15-180 min. Figure 6 shows the effect of contact time at
an initial concentration of Pb(II) solution is 200 mg L~! at room temperature. The agitation
was held at a constant speed of 180 rpm throughout the experiments. It can be observed
that the removal percent of Pb(Il) ions by all AC increased sharply with the contact time
until the equilibrium was attained. The equilibrium times for AC were 120 min. At 180 min,
the percentage removal of Pb(II) ions was 57.82% from AC850 at the highest specific surface
area. The high percentage removal of Pb(II) on the activated carbon confirms that the
adsorption process is related to the BET surface area, total pore volume, and average
pore size. This equilibrium time result is of interest because time efficiency is one of the
parameters that wastewater treatment plant applications need to focus on.

80

[=2]
o
T

% Removal
F-N
o
.

= AC800
20 AC850
4— AC900
—v— AC950
0 I L L 1 1
0 30 60 90 120 150 180

Time (min)
Figure 6. The effect of contact time on the adsorption of Pb(Il) ions onto the activated carbon samples.
(Condition: 50 mL of Pb(II) at initial concentration 200 mg L1, pH 5.0, constant speed: 180 rpm, and
adsorbent dose: 0.1 g.)

3.8. Adsorption Isotherm Models

To describe the adsorption process and examine the mechanisms of adsorption of
Pb(Il) on the AC. The Langmuir, Freundlich, Temkin, Dubinin-Radushkevich, Toth, Koble—-
Corrigan, and Redlich-Peterson isotherms are the most frequently utilized in liquid/solid
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systems. The two most used isotherms for treating wastewater are the Langmuir and
Freundlich isotherm models [56,57]. The adsorption equilibrium data corresponds to the
correlation between the mass of the Pb(Il) ions adsorbed per unit mass of AC (qe) and the
concentration of Pb(II) solution at equilibrium (Ce) [58].

The Langmuir adsorption isotherm is frequently used to describe the equilibrium
adsorption process. This model can be used in the linear of Langmuir Equation (8):

94 Kidqp  dn

% 1 + % (8)

where e is the equilibrium adsorption amount that can be adsorbed (mg g~ '), qm is the
saturated adsorption amount (mg g~1), Kr is the Langmuir isotherm adsorption rate con-
stant associated with the adsorption rate (L mg~!), and Cp is the equilibrium concentration
of the solution (mg L.

The experimental data can be represented via this linear form of the equation by
plotting C. versus Cc/qe, as shown in Figure 7. Based on the intercept and slope of the plot,
the Langmuir constants Ki, and qm can be evaluated, respectively.
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Figure 7. Langmuir adsorption isotherms of Pb(II) ions onto the activated carbons.

The Freundlich isotherm can be represented as adsorption behavior on an uneven
surface. This model can be written in the linear form, as follows in Equation (9):

log(q,)= log(Kg) + %log(Ce) 9)

where K is the capacity factor, which indicates solid adsorbent capacity at a specific concen-
tration of a solution (mg g~') and n is the constant that depends on several environmental
factors and describes a nonlinear degree of adsorption isotherm.

A line can be determined by plotting log(Ce) versus log(qe). If the data fit well with the
Freundlich isotherm model, the constants can be obtained from the intercept and the slope,
as shown in Figure 8. Both of the parameters Kg and 1/n affect the adsorption isotherm.
The larger the K and 1/n value, the higher the adsorption capacity [59].

In this work, the Langmuir and Freundlich models were utilized to describe the rela-
tionship between the amount of adsorption Pb(II) ions and their equilibrium concentration
in an aqueous solution at room temperature for 180 min. The adsorption isotherm was de-
termined at a concentration range of 100-200 mg L=!. In all experiments, 0.1 g of adsorbent
was used with a volume of 50 mL of Pb(II) solution at pH 5.
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Figure 8. Freundlich adsorption isotherms of Pb(II) ions onto the activated carbons.

The parameters of adsorption isotherms of AC are summarized in Table 5. These
isotherms fit with the Langmuir model with correlation coefficients (R?) all > 0.99. R?
is used as a measure of the goodness of fit; the closer R? approaches 1, the better the
fit. The maximum adsorption capacities (qm) calculated by Langmuir isotherm were
52.91 mg g~ (AC800), 60.24 mg g~ ! (AC850), 55.56 mg g~ (AC900), and 59.52 mg g !
(AC950). The results showed that when the activation temperature increased, the K,
values decreased, indicating that the amount of Pb(II) adsorption on AC reduced with the
activation temperature increasing. The results according to qm values obtained using the
Langmuir isotherm model indicate that the Pb(II) adsorption capacity of AC decreased
when activation temperature increased beyond 850 °C.

Table 5. Adsorption isotherm model parameters for Pb(II) adsorption.

Langmuir Freundlich
Sample 2 2
qm (mgg1) K (Lmg™1) R Kr (mg g—1) n R
AC800 52.91 0.1720 0.9987 29.81 8.86 0.9956
AC850 60.24 0.6510 0.9998 41.20 11.56 0.9592
AC900 55.56 0.4063 0.9989 36.25 10.82 0.9465
AC950 54.52 0.3552 0.9999 36.97 9.71 0.9857

For the Freundlich isotherm, the Ky values are associated with the capacity of the
Pb(II) adsorption on the adsorbent. In the results, the Kr values decreased after 850 °C of
activation temperature. The n values in Freundlich isotherm are a function of the strength
of adsorption. The higher n values indicate higher adsorption capacity.

3.9. Adsorption Kinetics

The adsorption kinetics data of Pb(Il) was analyzed by fitting the data with the
following pseudo-first order and pseudo-second order rate equations. The pseudo-first
order equation is the most commonly used for the adsorption rate from aqueous solution
and is generally expressed as Equation (10):

log(qe —q) _  kat 10)
d 2303
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The pseudo-second order kinetic model is based on equilibrium adsorption. It can be
represented in the following from Equation (11):

t 1 t
+ — (11)
9t (kzqg) Ye

where k; is the pseudo-first order rate constant of adsorption (min~!), q; is the adsorption
capacity at a given time (mg g~ !), qe is the adsorption capacity at equilibrium (mg g 1), tis
the time (min), and k; is the pseudo-second order adsorption rate constants (g mg-min~1!).

The constants in the above equations (k; and ky) can be observed from the slopes of
linear plots of log(qe — q¢) versus t and t/q; versus t, whereas ge can be obtained from the
intercept data for the pseudo-second order and second order rate equations.

It is necessary to analyze adsorption kinetics in order to provide data about the
adsorption mechanism of AC. All kinetic data results of Pb(Il) adsorption onto AC that
are calculated from the equations are summarized in Table 6. According to the results, the
pseudo-second order model illustrated fits better for all AC samples than the pseudo-first
order model. The qe values of the pseudo-second order model are closer to the ge values of
the experiment, with higher R? values (R? > 0.99).

Table 6. Kinetic model parameters for Pb(II) adsorption.

Pseudo-First Order Pseudo-Second Order
Sample e, exp
e, cal kq R? e, cal ko R2
ACS800 50.35 4.35 0.0111 0.7992 48.78 0.0316 0.9995
ACS850 59.15 8.77 0.0415 0.9250 59.17 0.0212 0.9997
AC900 54.05 5.79 0.0193 0.9399 53.19 0.0210 0.9995
AC950 57.75 10.11 0.0134 0.9487 54.95 0.0122 0.9985

Numerous studies have been undertaken which use various types of adsorbents to
adsorb Pb(II) ions. The Pb(II) adsorption capacities of this present study were compared
with other adsorbents using the Langmuir isotherm and are presented in Table 7. The
findings of this study were consistent with findings of earlier studies, which found that the
adsorption process resembled pseudo-second order kinetics. Adsorption kinetics plays a
key role in explaining the rate of reaction and mechanisms that lead to adsorption.

Table 7. Adsorption capacities of different adsorbents for Pb(II) ions.

Absorbent

Adsorption Condition

Olive branches
Kesambi wood
Cumin seeds
Sugarcane bagasse

Chemical activation
Chemical activation
Chemical activation

Activation Method  Activating Agent Adsorbent Dose Ref
pH @L1) qm (mg g™
H,PO, 5.0 20.0 41.32 [60]
H,50, 5.0 8.0 1.63 [61]
H,50, 48 5.0 17.98 [62]
CO, 5.0 2.0 60.24 This study

Physical activation

3.10. Electrochemical Properties

The electrochemical properties of AC850 have been investigated through cyclic voltam-
metry between 0 and 2.85 V at scan rates from 5 to 1000 mV s~!, as shown in Figure 9.

The cyclic voltammograms were as expected for a carbon-based organic electrolyte
supercapacitor, displaying a rectangular form that is typical EDLC capacitive behavior. A
broad possible peak can be seen at low scan rates centered at 1.5 V in the cathodic direction
and is ascribed to the reduction of oxygen functionality on the carbon surface, as discussed
below in relation to GCD results. As the scan rate was increased to 100 mV s~ ! and above,
a distortion in the rectangular nature of the CVs was observed, along with tilting away
from the horizontal, becoming significant at 500 mV s~ ! and above. This deviation from the
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horizontal rectangular CV is a result of limitations in accessibility of ions to and from the
electrode surface in the pore structure at the rates under observation [63,64]. At the lower
scan rates, there is sufficient time for ions to migrate to the electrode surface throughout
the electrode and effectively store charge through double-layer formation. As the rate
increases, a reduced amount of double-layer formation is observed due to ions not being
able to access the full pore structure of the electrode.

500 3000
2000
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< <
: : ) /]
~ ~
€ £ 0
£ £ 05 1 15 2 e 3
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[+ 3 [+] Y L,
- -1000
-2000
-400 X -3000 X
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(a) —5mVs1—10mVs-*—20mVs-t 50 mVs-—100 mVs-* (b) 100 mV s-*—250 mV s~* 500 mV s-* 750 mV s-*—1000 mV s -*

Figure 9. CV profiles of AC850 SLPs at various scan rates (a) between 5 and 100 mV s~! and
(b) between 100 and 1000 mV s~ 1.

This is further observed through the rate data, as shown in Figure 10. The scan rates
(and hence discharge rates) in this work represent a significant range of operation times
for such an energy storage device, with the range of 5 to 1000 mV s~! corresponding to a
discharge time of 570 to 2.85 s (assuming a discharge to 0 V). The specific capacitance is
seen to decrease from ca. 42 to 25 F g~! as the scan rate increases from 5 to 200 mV s,
with the relative decrease in rate being less significant as the rate is increased further to
1000 mV s~ 1.

45
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Figure 10. Rate performance through variation in specific capacitance of AC850 SLPs as determined
through CV.

The capacitance, ESR, and lifetime characteristics of AC850 SLP cells have been in-
vestigated through GCD between 1.425 and 2.85 V corresponding to Vmax and Vinax 2.
This potential range is chosen (rather than 0 to 2.85 V) as it aligns with testing typically
performed at device and commercial cell level and that suggested through USABC Freedom-
Car [49] testing criteria. A specific capacitance and ESR of 27 F g~ ! and 0.25 Q, respectively,
were observed from GCD at a current density of 1 A g~1. Whilst the ESR was typical for a
device of this size and engineering, the specific capacitance was lower than first expected for
activated carbon in such a system. With this in mind, it is timely to note that the materials
used in this work were optimized for Pb(Il) adsorption as described, with the assumption
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that this is not the optimized form for supercapacitor application; this work aimed to
provide an indicator for potential application and an assumption of the improvement of
properties for this family of materials through further processing (e.g., tailoring of pore
size distribution, pore volume and surface area, further thermal treatment for removal
of functional groups, etc.). Factors effecting the specific capacitance can be seen from the
characterization data already reported in this work, with particular attention drawn to the
high proportion of mesoporosity and high pore volume for this material, with this expected
to limit the gravimetric-specific capacitance in comparison to a more microporous material.
In addition, the elemental analysis of the material showed a high amount of oxygen present,
with the FTIR indicating the presence of oxygen-containing functional groups. It is known
that the presence of surface oxygen functionality on carbons has a detrimental effect on both
the capacitance and lifetime of organic electrolyte supercapacitors [65,66]. This reduction
in capacitance is a result of a blocking of sites for ion adsorption, a reduction in carbon
electronic conductivity, and degradation of the surface through various decomposition
mechanisms during operation [65,66]. As detailed in the Materials and Methods Section,
the SLPs were conditioned prior to testing through brief cycling and held at 2.85 V. This
2.85 V hold, in addition to ensuring wetting and access of deepest pore structure, repre-
sents the most aggressive of conditions for degradation of oxygen-containing (and other)
functional groups, with their degradation further impacting the capacitance of the material
through degradation of the surface of the carbon and the blocking of some pore structure
and electrode access for ions through the deposition and growth of degradation products.
The specific capacitance observed prior to conditioning was ca. 40 F g~!, suggesting a loss
of 32% of specific capacitance through this process, assumed to be in large part a result
of the identified oxygen functionalization. It is anticipated that the specific capacitance
observed in AC850 could be greatly enhanced through post-synthesis heat treatment to
remove functionalization under an argon atmosphere and through tailoring of the pore
structure during synthesis. For reference, a typical specific capacitance for a bioderived AC
with high surface-specific surface area (>2000 m? g~ ') and tailored porosity and surface
functionality would be ca 90 F g~! [67]. The charge-discharge profile observed during
GCD at current densities between 1 and 10 A g~! is shown in Figure 11.
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N
N
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0 5 10 15 20 25 30 35 40
Time /s

elAg! e25Ag! ©50Ag! <75Ag! e10Ag!
Figure 11. GCD charge-discharge profiles of AC850 SLPs at current densities between 1 and 10 A g~ .

The typical symmetrical sawtooth profile is observed in all cases with a slight deviation
being seen at the lower current densities at higher potential. This minor deviation is
believed to be a result of faradaic and or parasitic/degradation processes occurring due to
the previously mentioned functionalization and possible impurities in the carbon. During
continued cycling, this deviation is seen to decrease and the profile move towards the ideal
sawtooth. The ohmic “ir drop” corresponding to cell ESR can be seen between the end of
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charge and the start of discharge, with ESR calculated to be 0.25 () (as calculated at the
end of discharge, as described in the Materials and Methods Section), corresponding to an
area-specific resistance of 7 mQ cm 2.

Figure 12 shows the rate behavior as the current density is increased from 1to 10 A g1,
with a corresponding decrease in specific capacity from 27 to 14 F g~1. The decrease in
specific capacitance with increasing current density is again a result of the limitations in
accessibility of ions to and from the electrode surface in the pore structure at the rates under
observation, as described and observed in CV analysis.
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Figure 12. Rate performance through variation in current density of AC850 SLPs as determined
through GCD.

Despite a 50% decrease in specific capacity over the range measured, this corresponds
to a 10-fold increase in current density and corresponding decrease in discharge time from
37sat1Ag lto2sat10 A g~! and, as such, is seen as good rate performance, suggesting
high power potential, as demonstrated in the constant power cycling that follows.

The specific capacitance observed through GCD can be seen to be lower than that
observed through CV. This difference can be reconciled through consideration of the
overall discharge rate for each step in either technique, with the discharge times and
specific capacitance matching at 1000 mV s ! vs 75 A g~1,500mV s ! vs. 5A g1, and
200 mV s~ ! vs. 2.5 A g~ 1. Long-term cycle life performance was investigated through GCD
cycling between 1.425 and 2.85 V at a current density of 1 A g~! over 10,000 cycles, and is
shown in Figure 13.
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Figure 13. Cycle life assessment of AC850 SLPs cycled at 1 A g~ ! as expressed as (a) specific
capacitance and (b) relative capacitance (relative to first cycle-specific capacitance).
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The specific capacitance was seen to decrease from 22 to 16 F g1 over 10,000 cycles,
corresponding to a retention of 70%, with the 80% retention value reached after 4000 cycles.
The 80% retention of capacitance is regarded by many as the-end-of-life point for superca-
pacitor devices. The drop to 70% over 10,000 cycles is to be expected in this system due to
the presence of high oxygen functionalization, as discussed earlier, with this providing a
degradation route for both the carbon electrodes and electrolyte whilst also resulting in the
blocking of surface sites and pore structure through deposition of degradation products.
It is expected that the cycle life of supercapacitors from AC850 and the wider family of
materials possible via the route and precursors discussed in this work would exhibit a sig-
nificantly higher cycle lifetime after post-synthesis heat treatment in an inert environment
to remove oxygen functional groups and improve purity.

The electrochemical impedance spectra (EIS) of SLPs were measured at 0, 1.425, 2.14,
and 2.85 V. Complex impedance Nyquist plots of the same form were obtained at each
potential, as shown in Figure 14. At high frequency, a depressed semicircle is observed and
assigned to charge transfer processes at the electrode—electrolyte interface. The intersect
with the real axis indicates the electrode resistance (Rs), including contact resistance be-
tween the electrode and current collector, tab resistance, and wires and connections, with
the diameter of the following semicircle corresponding to electrolyte/charge transfer resis-
tance. Moving to lower frequency, the 45° line transitioning to 90° at the knee frequency
is indicative of capacitive behavior and of a semi-infinite Warburg component indicative
of diffusive layer resistance and ion diffusion in pores, with the lowest frequency region
indicating the equilibrium differential capacitance [63,68,69].
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Figure 14. Complex impedance behavior of AC850 SLPs at different potentials.

No change was observed in Rs but the charge transfer resistance was seen to decrease
as the cell potential increases, with no change observed in the diffuse layer resistance. As
expected, an increase in diffuse equilibrium capacitance was observed as the potential was
increased to the maximum corresponding to a fully charged device.

The energy—power relationship of the SLPs was investigated through the Ragone
behavior, as seen in Figure 15. The cells were cycled at constant power to provide power
densities based on the active material mass and device mass. The energy density observed
through application of constant power based on active material illustrates the high power—
high energy potential of the AC850 material, with an energy density of 10 Wh Kg~! with
little loss up to a power density of 2500 W Kg~1.
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Figure 15. Ragone plot of energy density—power density as measured through constant power cycling
based on both active material and packaged cell mass.

Whilst it is commonplace for such Ragone plots to utilize the energy and power
densities as calculated from active material mass, the comparison with commercial device
performance cannot be realistically made because in such devices, the packaging and all
other materials are taken into account when the mass is considered. The plot energy—
power plot in Figure 15 corresponding to the actual device mass (as would be the case
with a full device) illustrates the large disparity present between the values obtained
through the two different approaches mentioned. Through the use of the device mass in the
calculation of power to be applied during testing, the current needed to be applied, relative
to that for the active material mass testing, approximately 24 times. The utilization of this
approach to an SLP cell is an extreme case, given the very small ratio of active material
to packaging material, tabs, etc., and, as such, the energy observed is much lower than
would be expected in a packaged larger cell (Commercial Maxwell 2.7V, 3000F, BCAP3000
cell, 12.3 kW Kg_1 and 6.9 Wh Kg_1 [70]). It does, however, serve to illustrate the need for
clarity and transparency when assessing the performance of a material and comparing it to
other commercial (or prototype) devices.

4. Conclusions

Sugarcane bagasse AC produced by physical activation using CO, was an efficient
and effective adsorbent for the removal of Pb(Il) from an aqueous solution. SEM and
nitrogen adsorption at 77 K showed mesoporosity of ACs, the rupturing effect of activation
temperature of the volatiles, and the retraction of the carbon structure. These activation
processes introduce oxygen-containing functional groups onto the surface of the AC. The
adsorption of Pb(II) onto AC was found to greatly depend on contact time as well as
the initial concentration and pH of the aqueous solution. This study has demonstrated
that the adsorption process fits well with the Langmuir isotherm model as well as the
pseudo-second order kinetic model (R? > 0.99) best described the adsorption of Pb(Il).
The monolayer adsorption capacity (qm) calculated from the Langmuir isotherm model
was 60.24 mg g~ ! at an initial pH of 5.0, contact time of 180 min, and constant speed of
180 rpm achieved for AC850. The high adsorption capacity of this adsorbent indicates that
sugarcane bagasse AC can effectively remove heavy metal ions from wastewater.

The electrochemical performance of AC850 was assessed to understand its potential
as an active material for supercapacitor application. The materials used in this work were
optimized for Pb(II) adsorption as described, with the assumption that this is not the
optimized form for supercapacitor application; this work aimed to provide an indicator
for potential application and an assumption of the improvement of properties for this
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family of materials through further processing (e.g., tailoring of pore size distribution,
pore volume and surface area, further thermal treatment for removal of functional groups,
etc.). The SLP supercapacitor cells assembled using AC850 electrodes showed a specific
capacitance as high as 42 F g~ !, with their rate behavior demonstrated over a wide range of
current densities and scan rates corresponding to discharge from 10 min to 2 s. Reasonable
cycle life has been demonstrated, with 4000 cycles achieved to a retained capacitance of
80% and 10,000 cycles to 70%. Furthermore, a high energy density was demonstrated
through constant power cycling based on active mass of the material, with the Ragone
characteristics also demonstrated when considering the fully packaged cell. The results
for the AC850 optimized for Pb(Il) sorption demonstrated the potential for both sugarcane
bagasse and the synthetic route to activated carbon for potential as supercapacitor devices;
however, we concluded that further modification of pore size and surface area along with
a thermal post-treatment to reduce oxygen content and functionalization of the carbon
surface would be most beneficial for enhanced capacitance, rate performance, and lifetime
in supercapacitor application.
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