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Featured Application: The activated-carbon derived from bagasse, a solid waste of sugar facto-
ries, can be used for many applications such as for humidity adsorption and wastewater treat-
ment, including dye wastewater from textile industries.

Abstract: This research work reports on the potential of bagasse, a solid waste from sugar factories,
to produce activated-carbon (AC) as an adsorbent. The activation was conducted under 500, 600, and
700 ◦C using steam as the activation agent to produce AC500, AC600, and AC700, respectively. The
prepared-materials were characterized to understand their elemental content, surface morphology,
thermal properties, functional groups identification, surface area, and pore size. AC700 provided the
highest surface area of 592.36 m2/g and indicated the contribution of mesopores distributes along
1.5–8.0 nm of pore size. Therefore, an adsorption test was conducted with AC700 as adsorbent. The
results show that methylene blue (MB) adsorption reached equilibrium after 30 min of adsorption
time. The adsorption isotherm applied to a monolayer Langmuir isotherm was fitted by linearization,
resulting in a constant R2 of 0.999. The MB adsorption to AC700 favorably occurred, as proven by
the Freundlich parameter 1/n of 0.881, which is less than 1. The Dubinin-Radushkevich isotherm
confirmed that the adsorption proceeded through physical interaction with adsorption energy of
3.536 kJ/mol.

Keywords: activated-carbon; water vapor activation; bagasse; adsorption

1. Introduction

Adsorption systems are prevalent in many fields, and various efforts have been made,
such as for air conditioning systems [1,2] and heat pumps [3–5], to improve efficiency.
Activated-carbon (AC) is a highly porous material that has generated popularity of adsorp-
tion refrigeration systems due to its strong adsorption of several refrigerants as adsorption
pairs. ACs are mostly prepared from carbon resources, such as coal [6], peat [7], wood [8],
shells [9,10], and various agricultural wastes [11,12].

Bagasse is a solid waste released by sugarcane factories during the production stage.
Bagasse contains short fibers and a small amount of soluble solids [13]. Bagasse has a high
content of cellulose (up to 50%), hemicellulose (25%), and lignin (25%) [13,14]. The high
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content of cellulose is a strong reason for choosing bagasse for activated-carbon produc-
tion [15,16]. Much research on carbon and its allotrope production has been conducted
due to the multi-functional properties of the carbonaceous materials, including for adsorp-
tion [17], photocatalysis [18,19], electronic materials [20], etc. Research on the production
of activated-carbon from bagasse for Cr (VI) adsorbent was conducted in which the carbon
was chemically activated by ZnCl2 at 600 ◦C under N2 atmosphere. The surface area for
the produced activated-carbon was 916.134 m2/g [21]. The carbon activated by NaOH and
H2SO4 was reported further, and the adsorption efficiency for methylene orange dye from
aqueous solution was investigated [22]. Another analysis was also carried-out the chemical
activation of carbon from bagasse by applying KOH solution with a KOH to biomass
ratio of 1:3 under heat treatment of 800 ◦C for 30 min. The activated-carbon showed an
adsorption capacity (51.3 mg/g) to Pb+ [23]. The activated-carbon from bagasse, which is
activated by a mixture of H3PO4 and ZnCl2, also shows good adsorption performance to
remove chromophore from raw cane juice in sugar production [24]. Moreover, microwave-
assisted heat treatment to sugarcane carbon produces activated-carbon powder with a
maximum monolayer adsorption capacity for ammoniacal nitrogen (NH3–N–) adsorption
of 138.46 mg/g and 12.81 mg/g for orthophosphate adsorption capacity. The kinetics of
adsorption follows a second-order-kinetics model, indicating the potential of activated-
carbon prepared from sugarcane bagasse for the adsorptive treatment of semi-aerobic
landfill leachate [17].

In the above-mentioned published reports, many research works performed chemical
activation by applying alkali hydroxide or acid solution along with a heat treatment. The
results showed good adsorption ability of the activated-carbon. However, the chemicals
chosen for activation are not environmentally-friendly. Liquid waste after activation
increases environmental impacts and it requires handling for treatment. In the framework
of the effective utilization of bagasse waste from the sugar factory, the effort has been made
through steam activation to create activated carbon. The carbonized bagasse, activated
by steam, reached an optimum condition of 800 ◦C for 1 h [25]. The steam at 110 ◦C,
necessary for activation, was conducted for the carbonized residual biomass sources [26].
At an activation temperature of 900 ◦C for 45 min under steam atmosphere, activated
carbon extracted from olive bagasse was prepared, and the surface area increased up to
1106 m2/g [27] compared with N2 activation [21] and the activation under other chemical
atmospheres [22–24]. At 700 ◦C for 1 h steam activation, the optimum surface area obtained
by bagasse fly ash was only 656 m2/g, but the activation using KOH as the chemical agent
at 700 ◦C increased the surface area up to 2571 m2/g [28]. By increasing the steam activation
time, an increase in surface area followed by an increase in aromatic surface groups and
a decrease in polar/nonpolar surface groups was recently reported [29]; however, the
interaction mechanism was not developed.

In this research work, carbonized bagasse was activated by flowing water vapor as an
activation agent under various temperatures. The aim of this research work was to explore
the possibility, through steam activation, of preparing activated carbon from bagasse—a
solid waste of sugar factories. The resulting activated-carbons were characterized by several
techniques. Furthermore, the activated-carbon with the highest surface area was tested
for methylene blue adsorption to understand its adsorption capability. The interaction
mechanism between the carbonaceous surface and methylene blue was also proposed here.

2. Materials and Methods
2.1. Materials

The bagasse was taken from a sugarcane factory in Kudus, Indonesia. Methylene blue
(C16H18ClN3.2H2O) was purchased from Pudak Scientific. All solutions were prepared
using distilled water.
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2.2. Activated-Carbon Preparation

The bagasse was chopped into small pieces and soaked in distilled water for 24 h. The
water was then removed, and the cleaned bagasse was dried at 120 ◦C for 24 h in the oven.
The dried bagasse was then burned in an installed-tube furnace at 600 ◦C for 30 min in N2
atmosphere. The result was a black char or carbonized bagasse. A 460 ± 5.6 mg quantity
of the carbonized bagasse was then activated by water vapor or steam. The activation
was done by heating the char at 500 ◦C, 600 ◦C, and 700 ◦C for 1 h under steam flow of
0.23 ± 0.001 kg/h. The heating rate of both the carbonization and activation process was
18 ◦C.min−1. After 1 h, the temperature of the furnace was decreased to 30 ◦C, and then the
activated-carbon was pulled out from the furnace and dried in the oven for 30 min under
110 ◦C. The activation products were denoted by AC500, AC600, and AC700. Carbonization
yield (%) was calculated by dividing mass of carbonized bagasse with the initial mass of
bagasse for carbonation, which was 2.29 ± 0.02 g. Moreover, the activation yield (%) was
calculated by dividing the dry mass of the activation result with the mass of carbonized
bagasse.

The dried bagasse was characterized by thermo gravimetric analysis (TGA, STA
Linseis PT-1600) and scanning electron microscopy/energy dispersive X-ray (SEM/EDX,
JEOL JSM 6510 LA) to investigate its surface morphology. The TGA analysis was conducted
at 0–1000 ◦C with an increasing rate of 5 ◦C/min to study its thermal properties. The flask
was vacuumed before heating. PXRD analysis was conducted (Rigaku Miniflex) using
Cu/Kα radiation ranging from 0 to 80◦ to identify the characteristic peaks, phase content,
and crystallinity of dried bagasse by comparison with standard diffraction of carbonaceous
material. Fourier transform infrared (FTIR) analysis (Shimadzu IR Prestige-2) was done to
analyze the presence of some specific functional groups. The surface area and porosity of
the char and the prepared activated-carbon were analyzed using a surface area analyzer
(Quantachrome Instruments, type Nova 1200e) through the measurements of adsorption
and desorption of N2 at 77K at a relative pressure.

The carbon content was determined by taking 0.2 g of the carbonized bagasse and then
dissolved it in 200 mL of 1M NaOH solution, by heating at 70 ◦C under continuous stirring
for 30 min. The mixture was then stored overnight, followed by filtration. The residue
was washed with 0.1 M HCl solution and followed by water leaching until the pH was
7. The neutralized-carbon was then dried at 80 ◦C for 12 h and then was gravimetrically
weighted.

Moreover, acidity of the activated-carbon was determined by ammonia adsorption.
The ammonia adsorption test was conducted by placing a definite amount of the activated-
carbon in a flacon that was kept in a desiccator along with 100 mL of ammonia solution.
The desiccator was vacuumed and then cured for 24 h. The weight of the activated-carbon
before and after ammonia adsorption was analyzed to calculate mg of NH3 being adsorbed
by a gram of the activated-carbon to determine the acidity value (mg/g).

2.3. Adsorption Test

The adsorption test was conducted with the highest surface area found from the
prepared activated-carbon. Before being used in the adsorption test, the activated-carbon
powder was crushed in an alumina mortar and then sieved by a 50-mesh sieve. Then 5 mg
of the prepared carbon powder was poured into 10 mL of methylene blue (MB) solution.
The initial concentration of the MB solution was 15 ppm. The suspension was stirred for 0,
10, 20, 30, 40, 50, 60, and 70 min. After stirring under the specified times, 4 mL of solution
was taken with a syringe for UV–Vis absorbance analysis (UV–Vis spectrometer Hitachi
Double-Beam Spectrophotometer UH5300; optical system: Czerny–Turner mount, double
beam monochromator; wave length range 190 to 1100 nm; photometric range absorbance of
0–3.3; and %T of 0 to 300) under the maximum wavelength absorbance of MB, χmax, which
is 664 nm. Moreover, a standard curve of MB concentration was plotted by measuring the
absorbance of 0–15 ppm of MB solution under 664 nm of light wavelength. The standard
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curve was used to correlate the absorbance, A, with the MB concentration, C, through a
linear equation plotted from the absorbance data.

A Langmuir isotherm was applied to examine the relation between the equilibrium
adsorbed molecules, qe (mg/g adsorbent), and the equilibrium concentration of solute in
the fluid phase, Ce (mg/L), determined using Equation (1) [30].

qe =
abCe

1 + bCe
(1)

in which a, mg/g adsorbent, denotes the maximum loading of MB molecules on
adsorbent corresponding to the complete monolayer coverage of all available adsorption
sites; and b represents a constant of the Langmuir isotherm in L/mg adsorbent [30]. The
maximum loading was calculated based on the surface area of the adsorbent, in m2/g
adsorbent, divided by the area of the MB molecule to cover, i.e., 102–108 Å2 [31].

For the Freundlich isotherm application, Equation (2) was used to understand the
favorability of the MB adsorption on the produced activated-carbon, in which if the
adsorption is favorable, n > 1, and if adsorption is unfavorable, n < 1 [32].

qe = KFC1/n
e (2)

in which KF and n are the characteristic constants of the particular adsorption system
based on Freundlich isotherm, qe represents the adsorbed MB on the adsorbent surface,
in mg/g, and Ce denotes the MB concentration in the fluid phase, in mg/L. The Dubinin–
Radushkevich (D–R) isotherm was also examined to understand the energy of adsorption,
as described in Equation (3) [33].

qe = Xm exp
(
−Bε2

)
(3)

in which qe represents the amount of adsorbed MB (mg/g), and Xm denotes the
maximum capacity of adsorption (mg/g). B is the D–R constant (mol2/kJ2), and a constant
of the mean free energy (E) of adsorption was determined by Equation (4).

E =
1√
2B

(4)

The Polanyi potential ∈ can be calculated with Equation (5).

∈= RTln
(

1 +
1

Ce

)
(5)

where R is the gas constant (J/mol), T denotes the temperature (K), and Ce represents
the equilibrium concentration of MB (ppm).

Kinetics of adsorption was studied by applying first-order and a second-order reaction
kinetics. The kinetics study was only conducted on the initial adsorption, or the adsorption
before reaching equilibrium, because after equilibrium the adsorption would be similar to
the desorption rate, resulting a flat line curve.

Moreover, the intra-particle diffusion resistance was investigated using the Weber–
Morris model described in Equation (6).

qt = kit1/2 + C (6)

in which qt denotes the adsorbed molecules at time t (min), and ki is the intra-particle
diffusion rate constant (mg/g min1/2) [34]. Data analysis and a graphic plot were conducted
with Origin 6.0 Patch 4 (a trial version, OriginLab Corporation, Northampton, MA, USA).
Moreover, the molecular interaction was drawn carefully using Chem Draw Ultra12.0
(a free trial version, CambridgeSoft, Billerica, MA, USA).
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3. Results and Discussion

The bagasse was taken from a sugarcane factory located in Kudus, Central Java, In-
donesia, during production time. EDX analysis found that the bagasse contained C, O, and
Si with a composition of 43.47%, 56.08%, and 0.45%, respectively. The EDX spectra along
with the optical and SEM images are depicted in Figure 1a, and the higher magnification
SEM images are described in Figure 1b. SEM image shows cell wall flakes with some pits
rarely spread on the wall.

Figure 1. (a) EDX result of bagasse along with its optical and SEM images and (b) the higher magnification of SEM images.

Thermal analysis of the bagasse provided the DTA–TGA curve as described in Figure 2.
An exothermic peak revealed on the DTA curve at 304.2 ◦C was attributed to the decomposi-
tion of cellulose and hemicellulose in bagasse [35] in the range of 243.6–309.5 ◦C, providing
8.43% of mass loss. Another exothermic peak revealed at 417 ◦C indicated decomposition
of lignin in bagasse, which hovered along 309.5–495 ◦C, caused, 9.05% mass loss, and
remained carbon at above 495 ◦C. Considering the thermal analysis results, carbonization
or the burning step to produce char was conducted at 600 ◦C.

Figure 2. DTA–TGA curve of bagasse.

Carbonization at 600 ◦C under N2 flow produced a black char, as described in the
optical image (Figure 3a). The carbonization yield was 26.43% of the initial weight of
bagasse, which was different than the TGA curve, as shown in Figure 2, in which only
17.48% content was released during heat treatment, leaving carbon at around 80%. The
TG analysis was operated using a sample flask under vacuum; therefore, the sample was
heated without any interactions with gas molecules in order to maintain carbon at rest.
Moreover, during carbonization at 600 ◦C, most of the volatile components were released
as pyrolysis gases [36], which was carried out by nitrogen flows. The pyrolysis gases were
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the breakdown products of cellulose, hemicellulose, and lignin [37], in which the C–O and
C–C functional groups from the cellulose, hemicellulose, and lignin were thermally broken
down to form tar, H2O, CO, and CO2 and flushed out by nitrogen flows.

Figure 3. The optical image of carbonized bagasse (a), and SEM images of carbonized bagasse at
different magnification: (b) 1000× and (c) 5000×.

During activation with steam, the char was in contact with H2O molecules. A thermal
analysis of the wet activated-carbon found an exothermic peak centered at 528 ◦C, indicates
the release of the carbon skeleton and CO2 release [38,39], which indicates the interaction
between water molecules with C, and the release of products, which causes weight reduc-
tion. Moreover, precipitation with NaOH followed by acid and water leaching found ash
content of 5.17 ± 0.29%, and the carbon content of carbonized-char was 94.83 ± 0.29%.

The SEM image of the carbonized-product in Figure 3b shows many channels formed
in which the channels consisted of pores (Figure 3c) that regularly formed after the degra-
dation of volatile components, cellulose, and lignin during carbonization.

FTIR analysis found that after carbonization, some vibrations of the functional groups
revealed, i.e., at 3422–3445 cm−1, belonged to stretching vibrations of hydroxyl O–H
and phenol hydroxyl groups [40,41]. The intensity reduction of the O–H vibration peak
confirmed the release of water molecules after the carbonization step. A small peak at
2883–2884 cm−1 referred to C–H aliphatic stretching [42,43]. A peak at 1712 cm−1 re-
ferred to C=O stretching belonging to aldehydes, carboxylic acids, and ketones of cel-
lulose or hemicellulose [44,45]. A bond stretching of C=C aromatic was revealed at
1592–1570 cm−1. Additionally, a C–O vibration and para substitution of benzene occurred
at 1092–1223 cm−1 [40,46]. The intensity reduction of peak intensity of C=C aromatic, C=O
stretching, and the C–O vibration confirmed the breakdown of cellulose and lignin during
carbonization. The FTIR spectra of carbonized bagasse compare to the raw bagasse is
depicted in Figure 4. Detailed comparison of each peak is listed in Table 1 along with the
possible source of the functional groups based on some related references. Ash precipita-
tion to carbonized bagasse indicated ash content of 5.17 ± 0.29%, or total carbon content in
the carbonized bagasse of 94.83 ± 0.29%. Moreover, the elemental CHN analysis to AC700
found C:H:N:others of 58.65:0.45:0.20:40.70 (%), respectively [47]. The results appeared to
be consistent with the TG–DT analysis for the wet activated-carbon that was conducted
to understand the interaction between steam or water molecules with the carbon that
occurred under activation temperature, which was proven by an exothermic peak centered
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at 526.88 ◦C (see Figure 5). This indicated that the decomposition of the carbon skeleton
to form CO2 [38,39] caused weight reduction up to 22.62%, as presented in the TG–DTA
curve, shown in Figure 6, for the wet activated-carbon at the furnace. Activation at 700 ◦C
produced a carbon yield of 96.54 ± 4.83% from the carbonized bagasse, or 22.84 ± 2.51% of
the initial bagasse. 

2 

 

 

 
 
 

Figure 4. FTIR of the bagasse and the carbonized bagasse.

Table 1. Peaks of vibration detected by FTIR analysis to the carbonized bagasse.

Functional Group
Wavenumber (cm−1)

Source References
Bagasse Char

C–O asymmetric stretching 1053 - cellulose/hemicellulose [48]
C–O–C asymmetric stretching 1162 - cellulose/hemicellulose [13,48]

C–O stretching 1247 1223 lignin [48,49]
C=C aromatic 1512, 1608, 1632 1592 lignin [49]

C=O stretching from vibration 1733 1712 cellulose, hemicellulose, and lignin [44,45]
C–H stretching 2856, 2921 2884 polysaccharides [13]
O–H stretching 3421 3422 polysaccharides/cellulose [13,49]

Figure 5. TG–DTA curve of the wet activated-carbon shows two steps of mass loss.
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Figure 6. SEM images of the carbonized-carbon and the activated-carbon at 500 ◦C (AC500), 600 ◦C
(AC600), 700 ◦C (AC700).

Surface morphology analysis, as shown in Figure 6, found that the activation opened
the channels within char blocks and spread over into small pieces, allowing the increase of
surface area, as recorded in Table 2.

Table 2. Surface area (m2/g), total pore volume (cc/g), and the average pore size (nm) of the prepared samples.

The Prepared Materials Surface Area
Multi Point BET (m2/g)

Total Pore Volume
(×10−1 cc/g) Average Pore Size (nm)

Carbonized bagasse 24.8 ± 0.0 0.4 3.2
AC500 366.7 ± 0.1 2.1 1.1
AC600 465.6 ± 0.1 2.9 1.2
AC700 592.4 ± 0.2 4.7 1.6

N2 adsorption analysis found that the carbonized bagasse had only 24.8 m2/g of
surface area with a very low total pore volume of 4.0× 10−3 cc/g (Table 2), which indicates
that the pores of the carbonized bagasse were wide, with an average diameter of 3.2 nm;
however, the channel was short. Activation seemed to clean out the pores, as they became
deeper, and the total pore volume was increased, which resulted in a higher surface area,
as can be seen in Table 2, in which the AC700 provided the highest total pore volume
and surface area. The N2 adsorption isotherm shows that the adsorption isotherm of
carbonized bagasse and AC700 followed type IV, indicating mesopores that contributed to
the adsorption with pore sizes of 2–50 nm [43,50]. The meso-size pore was suitable for a
macromolecule like methylene blue (MB). Even though the carbonized bagasse had the
highest pore size of 3.2 nm, the very low surface area, however, caused low adsorption
performance. AC700 showed a high surface area of 592.4 ± 0.2 m2/g, even though the
surface area was smaller than the carbon from bagasse, which was chemically activated
by potassium hydroxide solution, i.e., 1620.69 m2/g [17], as well as with the carbon from
bagasse, which was activated with ZnCl2, i.e., 916.134 m2/g [21]. However, the activation
with steam was preferable with regards to environmental issues. The MB adsorption on
AC700 followed a type IV isotherm, indicating the high contribution of the large pore
size. The pore size distribution curve (see Figure 7) showed that the AC700 provided the
pore distribution at a larger size over 2 nm. Due to its highest surface area and meso-
pores available within the AC700, therefore for adsorption tests with such macromolecule
as methylene blue (MB), AC700 was chosen. Another previous adsorption study was
conducted for water vapor or as a dehumidifier [47].
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Figure 7. The pore distribution curve of the activated-carbon compared with the carbonized bagasse.

The MB adsorption on AC700 for various initial concentrations reaches equilibrium af-
ter 30 min (Figure 8). Table 3 lists the equilibrium concentration, Ce, and the mass adsorbed
at equilibrium, qe, for each initial concentration, along with the isotherm parameters. The
theoretical maximum adsorption capacity of the AC700 adsorbent is 303 mg/g adsorbent,
based the surface area of AC700 and the covered area of MB molecules [31]. However,
the Langmuir isotherm found a maximum loading of MB molecules on the AC700, a, of
21.008 mg/g.

Figure 8. The adsorption curves at various time and three conditions of initial MB concentration.
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Table 3. The isotherm parameters.

Isotherm Parameters Value

Langmuir a (mg/g) 21.008 ± 0.021
b (L/mg) 0.685 ± 0.001

R2 0.999

Freundlich KF 1.076 ± 0.327
1/n 0.881 ± 0.268
R2 0.696

D–R B (J/mol)−2 (−4 ± 0.220) × 10−8

E (kJ/mol) 3.536 ± 0.194
R2 0.945

The large difference between theoretical loading and Langmuir loading, as shown in
Table 3, i.e., 21.008 mg/g, confirmed weak interactions between the adsorbate–adsorbent
surface. Methylene blue is a macromolecule with a chemical structure as described in
Figure 9 [51], and the proposed adsorption mechanism is explained through the interaction
between carbon and methylene blue molecules [52]. D–R model application found adsorp-
tion energy, E, of 3.536 kJ/mol, confirming physical adsorption because the energy was less
than 8 kJ/mol [33]. The interaction of MB molecules with the AC surface is described in
Figure 9 considering the high electron density within the π orbital, the electrostatic potential
force of N+, and the potential hydrogen bond formation. Those possible interactions were
also predicted by other previous publications [52–54]. The presence of Cl− as counter ion
would minimize the interaction between the MB–MB molecules, with the only remaining
possibility being hydrogen bonding, because the π–π coupling interaction would also be
difficult to form due to the steric effect caused by the surface functional groups of C=N
chromophores.

Figure 9. Scheme of the proposed-interaction between carbonaceous surface and methylene blue.
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The interaction between the organic compound with carbon can be π→ π electron-
donor acceptor, hydrophobic interaction, hydrogen bonding, electrostatic and covalent
interaction, and Van der Waals forces, which may work individually or simultaneously [55].
The hydrophobic side of carbon provides a high π electron of sp2 carbons, in which
MB molecules interact through π–π electron coupling. Moreover, the acidity of the AC
surface increases the possibility of electrostatic interactions and the formation of hydrogen
bonding between the AC surface and the MB molecules. The AC700 has an acidity value of
40.3060 ± 8.2850 mg NH3/g AC, which is higher than the activated-carbon prepared from
fiber (ACF) produced by oxy fluorination, i.e., 31.29 mg NH3/g ACF [56]. The contribution
of the surface functional group is supported by the FTIR spectrum before and after MB
adsorption (Figure 10). The FTIR spectra of AC700 after MB adsorption shows a new
peak at the wavenumber of 1376 cm−1, which is related to the N=O functional group.
Additionally, the peaks at 1093, 1570, 2884, and 3446 cm−1 are decreased in terms of peak
intensity and shifted to 1117, 1580, 2894, and 3421 cm−1. These results are consistent with
previous reports [32,57]. The differences in IR spectra before and after MB adsorption could
be connected to the possible interaction of MB functional groups on the activated-carbon
surface during the adsorption process [58]. The interaction between organic compound
with carbon can be π → π electron-donor acceptor, hydrophobic interaction, hydrogen
bonding, electrostatic and covalent interaction, and Van der Waals forces, which could
work individually or simultaneously [55]. The hydrophobic side of carbon provides a high
π electron of sp2 carbons, in which MB molecules interact through π–π electron coupling.
The π–π interaction is specifically in between π systems of carbonaceous material with the
C=C or benzene ring of the MB [52]. Concurrently here, MB is a cationic dye that would
bear a positive charge within an aqueous solution by releasing Cl– ions. The positive part
would interact easily with the high electron-rich π orbital [53] or negatively charged surface
of carbon using an electrostatic interaction [54]. The π–π interaction is specifically within π

systems of carbonaceous material with the C=C or benzene ring of the MB [52]. At the same
time, MB is a cationic dye that would bear a positive charge within an aqueous solution
by releasing Cl– ions. The positive part would interact easily with the high electron-rich π

orbital [53] or negatively charged surface of carbon [54], as described in Figure 9.

Figure 10. FTIR spectrum of AC700: before and after MB adsorption.

A kinetic study was applied to the initial adsorption, the adsorption before it reached
equilibrium, which was 30 min for this research. After reaching the equilibrium, the adsorp-
tion rate is similar to the desorption rate. The kinetics data are listed in Table 4. The linear
fitting of the second-order reaction showed a higher adj. R2 indicates that the initial rate of
adsorption followed a second-order reaction. The result were similar to the rate of removal
of MB onto hydroxyapatite nanoparticles [33]. The adsorption thermodynamic showed
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negative values of ∆G, confirming a spontaneous and thermodynamically favorable ad-
sorption. It is generally accepted that physisorption occurs between −20 and 0 kJ/mol,
while chemisorption is in between −80 and −400 kJ/mol [59]. Moreover, the positive
value of the enthalpy changes, 1.48 × 10−4 kJ/mol indicated endothermic adsorption, and
the entropy change of 0.0408 kJ/mol.K confirmed a small increase of irregularity. Table 5
summarizes the literature data on the MB adsorption parameters obtained for different
carbon materials.

Table 4. The kinetics of adsorption and thermodynamics of adsorption.

Kinetics of Adsorption

Order Rate Constant (min−1) R2 Sum of Square (χ2)

1st 0.031 ± 0.003 0.947 0.031
2nd 0.020 ± 0.002 0.969 0.006

Thermodynamics of Adsorption

T (K) ∆G (kJ/mol.K) ∆H (kJ/mol) ∆S (kJ/mol.K)

298 −1.105 1.48 × 10−4 0.041
313 −1.750
318 −1.543
323 −2.660

The diffusion rate was studied by applying a Weber–Morris plot, as shown by
Figure 11. The diffusion constant C was not zero. C 6= 0 indicates the complexity of the
adsorption process. The two-linearity on the plots indicates either intra-particle diffusion
or external diffusion, the diffusion in between the boundary layer of adsorbent–adsorbate,
which controls the process of adsorption [60]. The first step of adsorption was assigned to
the transport of MB molecules to the external surface of the AC700, and then the second
step was the transport into the micro/mesoporous structure of the adsorbent, followed by
the adsorption at the surface of adsorbent or AC700 [61].

Figure 11. Weber–Morris plots for adsorption at various temperatures.
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Table 5. The summarized literature data on MB adsorption onto carbon materials.

Precursors Activating
Agent

Isotherm
Kinetic of

Adsorption

Thermodynamics of Adsorption
Ref.

Langmuir
qmax (mg/g)

Freundlich
1/n

∆H
(kJ/mol)

∆G
(kJ/mol)

∆S
(kJ/mol)

Citrullus
lanatus rind ZnCl2 231.480 0.136 Pseudo-

second-order 23.83 −3.07 90.23 [57]

Viscose fibers

Water vapor
pretreated by

diammo-
nium

phosphate

256.13 0.0669 Pseudo-
second-order - - - [62]

Tea seed
shells ZnCl2 324.7 0.1010 Pseudo-

second-order −26.80 −1.720 −84.64 [63]

Ficus carica H2SO4 47.62 0.398 Pseudo-
second-order 21.550 −1.55 76.24 [32]

Ackee apple
pods ZnCl2 46.95 0.2624 Pseudo-

second-order - - - [64]

Nuchar
WWH

(commercial)
- 21.50 0.370 - - - - [65]

Bagasse Water vapor 21.008 ±
0.021

0.881 ±
0.268

Pseudo-
second-order

(−4 ± 0.220)
× 10−8 −1.105 0.0408 Present

work

4. Conclusions

Carbon powder can be produced from bagasse through carbonization at 600 ◦C under
N2 atmosphere. Activation under 500, 600, and 700 ◦C by flowing steam provided the
increase of surface area from 24.8 ± 0.0 m2/g to 592.4 ± 0.2 m2/g for AC700. The activated-
carbon could adsorb methylene blue from aqueous solution with an adsorption capacity
of 21.008 mg/g, following a pseudo-second-order adsorption with a rate constant of
0.0201 ± 0.169 min−1. The adsorption is a monolayer following a Langmuir isotherm, with
the adsorption energy of 3.536 kJ/mol, which is categorized as a weak physical interaction.
It is supported also by a low enthalpy of adsorption, namely 1.48 × 10−4 kJ/mol. The
physical adsorption occurred spontaneously as shown by its negative Gibbs free energy
changes. These findings and the proposed chemical mechanism will contribute to provide
better understanding of interactions between carbonaceous surfaces and methylene blue.
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