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Abstract

A recyclable activated carbon adsorbent with a highly negative surface charge was synthesized from bael fruit shell waste.
The structural, morphological, and surface properties of the activated carbon adsorbent were evaluated using XRD, FE-SEM,
FTIR, zeta potential, and BET surface area analysis. The results demonstrated that the surface area of the activated carbon
adsorbent got significantly enhanced (944.09 m?/g) as compared to that of the carbonized material (2.43 m?/g) which was
validated through FE-SEM analysis. The zeta potential value of activated carbon (—16.2 mV) reveals that the net surface
charge of the activated carbon is negative, which leads to 94.15% removal of methylene blue dye (cationic) as compared
to 65.71% and 50.59% removal of rhodamine B (zwitterionic) and reactive red (anionic) dyes, respectively. This could be
due to the electrostatic attraction between the cationic methylene blue dye and the negative surface of activated carbon.
Furthermore, the adsorption data revealed that 300 mg of activated carbon, 50 ppm initial concentration, and pH of 6.56
are the optimum conditions for enhanced adsorption capacity of activated carbon towards methylene blue pollutant. The
adsorption experimental data were best fitted into the Langmuir isotherm and second-order kinetic model (R?=0.99-1.00).
In addition, the activated carbon was successfully regenerated and reused up to 5 cycles of adsorption experiments where
the adsorption efficiency was retained. Therefore, the bael fruit shell waste—derived activated carbon adsorbent with a high
negative surface charge could be a potential alternative to commercial counterparts in the selective removal of pollutants
removed from the wastewater stream.

Keywords Bael fruit shell - Activated carbon - Surface charge - Methylene blue

1 Introduction

Large amounts of dye-bearing effluent discharges from vari-
ous industries like tanneries, textile, paper, cosmetics, and
printing are increasing annually due to the increasing rate
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of production and consumption [1, 2]. These dyes are usu-
ally synthetic in origin and also have a complex aromatic
molecular structure that in turn makes them more stable,
thereby retarding biodegradation [3]. The annual production
of dyes approximates 7 x 10° tons/year whose discharge into
the water bodies may cause significant environmental prob-
lems due to their high solubility that increases the level of
toxicity and chemical oxygen demand, lessen light penetra-
tion, etc., into the receiving water streams [4, 5]. This in turn
affects aquatic life, crop yield, and health. Some of the com-
mercially used dyes or their degradation products are even
carcinogenic and mutagenic [6]. However, these industries
discharging dye-bearing effluents play an important role in
a country’s global export business that supports livelihood.
Hence, the removal of the dyes from the industrial effluent
discharges is of great importance for well-being.

Several separation techniques are applied in effluent
treatment plants for the removal of dyes from effluents
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like ion exchange, adsorption, precipitation, coagulation,
membrane separation, ozonation, and advanced oxidation
[7]. However, each technique has its own advantages and
disadvantages associated with it. Among various tech-
niques, adsorption for the removal of dyes has gained
attention due to its high efficiency, recyclability, environ-
mental benignity, cost-effectiveness, ease of operation,
and implementation. Physical adsorption arises when
weak forces or bonds like van der Waals, hydrogen, and
dipole—dipole exist between the adsorbate and adsorbent.
In addition, physical adsorption is reversible in most mate-
rials, whereas chemical adsorption arises when strong
forces or bonds like covalent or ionic bonds occur between
the adsorbate and adsorbent, and it is irreversible [8—10].
Various adsorbents such as nanoparticles, metal oxides,
carbon nanotubes, nanotubes, clays, layered materials,
silica, industrial solid wastes, activated carbon (AC), and
metal-organic frameworks (MOFs) have been developed
for adsorptive removal of water pollutants [9, 11-16].
Among these, AC is the widely utilized adsorbent because
of its high specific surface area and a high degree of sur-
face reactivity which leads to high adsorption capacity and
faster removal rate. However, AC is generally synthesized
using commercially available chemical substrates, involves
intricate reaction conditions, and is expensive [17, 18].
Recently, agro-residues/biowastes like rice husk,
coconut shell, wood char, and almond shell are widely
researched to synthesize carbonaceous adsorbents to study
their effect on dye removal [19, 20]. There exist several
studies on the use of waste-based activated carbon for
the removal of dyes. Among various commercial dyes,
rhodamine B (RhB) and methylene blue (MB) are widely
applied in the making of several products including paper,
leather, silk, weed, bamboo, and straw [21, 22]. Both of
these dyes can penetrate into the cells easily by reacting
with the negatively charged surface of the cell membrane.
Methylene blue dyes cause eye burns, dyspnea, methemo-
globinemia, skin irritation, and diarrhea if ingested. Like-
wise, rhodamine B dye also causes eye and skin irritation,
gastrointestinal tract irritation, etc. [23]. The adsorption
of RhB and MB dyes was carried out using the biochar
derived from Pongamia glabra seed cover by pyrolysis
at 550 °C at a heating rate of 40 °C/min. The optimum
biochar demand was found to be 30 g/L for RhB dye and
50 g/L for MB dye with an optimum initial dye concen-
tration of 50 ppm. Malhotra et al. [24] experimented with
tea waste—derived carbon for the adsorptive removal of
sodium diclofenac at varying concentrations and found
the highest adsorption capacity of 62 mg/g by activation
of adsorbent using ZnCl,. Also, Hou et al. [25] utilized
sorghum root and stem as carbon precursors and carried
out KOH activation of the resultant char. The adsorptive
removal of MB dye was found to be 98%. These findings
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reveal the synthesis of sustainable and efficient adsorbents
from wastes for the removal of dyes.

Among various feedstocks, the waste shell of the bael
fruit (Aegle marmelos) is widely available throughout the
regions of India and the plant is native to India and Bang-
ladesh. The outer shell of the fruit is hard whereas the
inner portion is edible. The fruit is regarded for its multi-
ple medicinal benefits to treat several health disorders like
jaundice, obesity, piles, edema, and gynecological and uri-
nary disorders [26, 27]. Apart from the use of inner pulp,
the outer shell is a waste, which is mostly discarded along
with the municipal solid waste that could be utilized as a
feedstock for biochar synthesis to lessen the waste in the
dumpsites. An existing study on the use of bael fruit shell
waste—based activated carbon for the removal of patent
blue dye recorded a dye removal efficiency of 74% with
a maximum sorption capacity of 3.7 mg/g (pH of 2.7) in
batch adsorption experimentation [28]. In addition, the
electrostatic interactions, apart from the n-n interaction,
during adsorption rely on the charge and chemical struc-
ture of the dye and thus influence the adsorption capacity
of ionic pollutants on the adsorbent and also aid selective
adsorption [29]. The dispersive interactions are found to
be prevalent during the adsorption of dyes on basic acti-
vated carbon since the oxygen surface groups of carbon
promote the basic dye adsorption. Hence, the charge of the
dye is also an influential factor that imparts the adsorption
capacity of the dye on the waste-derived carbon. Further,
changes in the pH of the initial dye solution could also
cause a change in the surface charge of the adsorbent as
well as the degree of ionization. For instance, Bhattacha-
ryya et al. [30] observed a low sorption capacity of RhB
dye solution using kaolinite (positive surface) under an
acidic pH range. However, the applications of the activated
carbon from this bael fruit waste shell waste for adsorp-
tion of largely available commercial dyes like MB, RhB,
and reactive red (RR) were not investigated to the best of
our knowledge.

Herein, the current research aim to experiment the perfor-
mance of bael fruit shell waste (BFSW)—derived activated
carbon for the removal of synthetic dyes. Also, the effects
of surface charge and type of dyes (cationic, anionic, and
zwitterionic) on the adsorption capacity of activated car-
bon derived from BFSW waste were studied. BFSW was
potentially utilized as a feedstock for the synthesis of carbon
material. Furthermore, the synthesized carbon was activated
using KOH to enhance its physicochemical property for
improved pollutant removal. The physicochemical properties
of the adsorbent were presented. The adsorption was experi-
mented and analyzed under varying experimental conditions
(adsorbent amount, pH, and concentration of pollutants). In
addition, the experimental results were fitted in adsorption
kinetic and isotherm models.
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2 Experimental section
2.1 Materials and methods

Activated carbon (AC) was synthesized from bael fruit shell
waste (BFSW). Bael fruit was collected from the campus
of the CLRI Regional Centre, Jalandhar, Punjab (Fig. 1a).
The shells were removed, cut into small pieces, and dried
under sunlight for 2 days (11 a.m — 4 p.m., maximum sun-
light intensity) (Fig. 1b). Sodium hydroxide (NaOH, 98.5%),
potassium hydroxide (KOH, >85%), hydrochloric acid (HCI,
35-37%), methylene blue (97%), rhodamine B (80%), and
reactive red (95%) dyes were purchased from S.D. Fine
Chemicals Ltd., Mumbai, India. The molecular structure
and chemical properties of dyes are given in Table 1. All the
chemicals were used as received, and double-distilled water
was used for the preparation of the experimental solution.

2.2 Synthesis of activated carbon

The dried BFSW waste biomass was carbonized in a muffle
furnace with temperature control at a heating rate of 10 °C
/min to the final temperature of 350 °C and kept at the set
temperature for a 2-h reaction time. The resultant carbon was
cooled down to room temperature, and the obtained carbon
material was rinsed with distilled water for the removal of
soluble inorganic ions and then dried at 100 °C for 12 h.
Afterwards, the carbon material was ground using mortar
and pestle and subsequently sieved through 400-mesh sieve
and used for AC synthesis. The carbon yield of 25 +2% was
obtained.

Following the pre-carbonization process, the carbon was
activated in the activation process using KOH in a 1:1 (w/w
basis) ratio by mixing with water (100 mL) in a beaker by
constant stirring for a period of 1 h and heated at 100 °C
for 36 h. Afterwards, the carbon material was heated in a
muffle furnace at 600 °C for a period of 2 h at a heating rate

of 10 °C /min under a limited oxygen atmosphere (Fig. 2).
Then, the synthesized activated carbon was cooled down
to room temperature and washed with a copious amount
of distilled water until the pH of the filtrate was neutral.
Afterwards, the activated carbon was filtered and dried in an
oven at 100 °C for 12 h, ground, and stored for subsequent
use and the activated carbon samples were abbreviated as
BFSW-AC.

2.3 Characterization of activated carbon

The surface morphology and pore formation of the carbon
obtained from BFSW (before and after activation) were stud-
ied by field emission scanning electron microscopy analy-
sis (model: Phenom ProX FESEM). The crystallographic
structure of BESW-AC was identified by X-ray diffraction
(XRD) characterization using a Rigaku MiniFlex X-ray dif-
fractometer with Cu Kal radiation (1=0.15406 nm). The
pore formation on the carbon material after the activation
was carried out by surface area analysis at — 196 °C using
a sorptometer (Quantachrome Instruments, Autosorb 1Q
series). Prior to analysis, the carbon materials were degassed
at 150 °C for 3 h. The surface area and pore size distribution
were determined using the Brunauer—-Emmett—Teller (BET)
and Barrett-Joyner-Halenda (BJH) methods. The zeta poten-
tial and the particle size of the carbon material were deter-
mined using a Zetasizer (Malvern Instruments Inc., UK).
CHN analysis was carried out using a EuroVector CHN ana-
lyzer (EA 3000), and the bulk density was found by the ratio
of the mass of the dry sample (g) to the volume occupied
(mL). The yield of activated carbon was determined by the
ratio of the weight of carbon to the weight of the precursor.

2.4 Adsorption experiments
Initially, the batch adsorption tests were carried out using

aqueous methylene blue (cationic), rhodamine B (zwitte-
rionic), and reactive red (anionic) dye solutions (100 mL)

Fig. 1 Photographic images of bael fruit and its shell
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Table 1 Molecular structure
and chemical properties of dyes

Fig.2 Schematic representation
of activated carbon synthesis
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Molecular structure

Chemical Properties

Chemical formula | C16H18CIN3S
N@i :@\N Molecular weight | 319.85 g/mol
| |
CHa CHs Absorption 663 nm
maximum
Methylene Blue Type Cationic
H,C . CH;
H3CV?% o _N_cH Chemical formula | C2sH31CIN203
+
O / Molecular weight | 479.02 g/mol
OOH
O Absorption 554 nm
. maximum
Rhodamine B Type Zwitterionic
Chemical formula | C2sH16CI2NsO16S3
Molecular weight | 715.52 g/mol
Absorption 535 nm
)\ maximum
: CO
SOzH SOzH
HoS O Type Anionic

Reactive red

Carbonization

350 °C, 2h 10 °C/min

Bael fruit shell waste

Carbon

1. Activation with KOH
2. 100 °C, 36h
3. 600 °C, 2h, 10 °C/min

Activated Carbon
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separately with activated carbon. Followed by, the vary-
ing amounts of adsorbent with 100 mL of aqueous meth-
ylene blue dye solution by varying the concentration
(100-500 mg adsorbent/100 mL of aqueous dye solution
of 10-100 ppm) in a conical flask of 250 mL of glass
with stopper were carried out. The mixture was stirred
at room temperature using a magnetic stirrer. At prede-
termined time intervals such as every 15 min for the first
1 h and then every 1 h up to 5 h sampling, and centrifuga-
tion (REMI, 12,000 rpm) were performed to separate the
activated carbon and the residual dye concentration was
determined using a UV—Vis spectrophotometer (Shimadzu
UV-2600). The MB dye adsorption reaction was per-
formed in triplicate. Finally, the number of dyes adsorbed
(Q.) per unit mass of activated carbon (BFSW-AC) and
the percentage (%) adsorption was calculated using the
following equation (Egs. 1 and 2):

Qe = {((Cy — C,)) x V)/m} x 1000 (1)

Percentage adsorption (%) = {C, — C,/C,} X 100 2)

where Cj, is the initial concentration and C, is the concentra-
tion of the dye at time ¢ (ppm), m is the mass of the adsor-
bent (g), and V is the volume of the solution (L).

2.5 Adsorption isotherms

Adsorption isotherms are important to determine the
adsorption potential of the adsorbent and to define the
dye-carbon interaction relationship to describe how the
adsorbate molecules distribute between solid and liquid
phases when the process reaches a state of equilibrium. In
order to optimize the design of an adsorption system for
the adsorption of MB dye on BFSW-AC, the adsorption
data were fitted to Langmuir and Freundlich isotherms to
explain the equilibrium state of the adsorption process.

2.5.1 Langmuir isotherm

The Langmuir isotherm was developed to explain how
adsorption occurs on a homogenous surface. The lin-
earized form of Langmuir model is as follows:

ceo Ly 3)
Qe KLQe dm

where ¢, is the maximum adsorption capacity (mg/g) and
K; is the Langmuir constant related to the energy for adsorp-
tion (L/mg), which is calculated from the slope and intercept
of the linear plot (C./Q, Vs C,).

2.5.2 Freundlich isotherm

The Freundlich isotherm is mainly applied to explain how
adsorption occurs on a heterogenous surface. In this study,
this model was applied to discuss the MB dye and carbon
particle interaction relationship.

InQ, = 11nC, + Inky @
n

where Q, is the amount of dye adsorbed at equilibrium time
(mg/g); C, is the equilibrium concentration of dye in solu-
tion (mg/L); kg is the Freundlich adsorption parameter; and
1/n is the heterogeneity factor, which can be calculated from
the slope and intercept of the linear plot of In Q, against In
C.. A value of n>1 denotes a favorable adsorption system.

2.6 Adsorption kinetics

The kinetic modeling of the adsorption process gives out
information about the mechanism of adsorption, which is
essential for process efficiency. The present study involves
the use of kinetic models such as pseudo-first-order and
pseudo-second-order models for modeling the kinetics of
adsorption of MB dye into BFSW-AC.

2.6.1 Pseudo-first-order kinetics

The pseudo-first-order kinetics model is expressed by

dQ

T =k (0.~ 0) )
While integrating Eq. (5) for the boundary condition at

t=0tot=¢tand Q=0 to Q=0, the linear form is repre-

sented as follows (Eq. 6):

In(Q, - 0,) = InQ, — kyt (6)

where k is the rate constant of the pseudo-first-order model
(min™1), Q. is the amount of dye adsorbed per unit mass of
adsorbent at equilibrium (mg/g), and Q, is the amount of
dye adsorption at time ¢ (mg/g). The rate constant (k) of
the model can be determined by the slope of the linear plot

of In(Q,—Q,) vs t.

2.6.2 Pseudo-second-order kinetics

The pseudo-second-order kinetics is expressed as follows:
do

5 =h(0.-0) )

@ Springer



8766

Biomass Conversion and Biorefinery (2024) 14:8761-8774

The above equation can be rearranged as follows:
dg

(Q —Q)2 = k,dt

®)

While integrating the above equation at t=0 to r=¢ and
0=0to Q=0Q,, the equation can be rearranged as below.

;:L-i-k[

©0.-0) 0. 2 ©)
t 1 t

2 koo (10

where k, is the rate constant of pseudo-second-order model
(g/mg min) and Q, is the amount of dye adsorption at equi-
librium (mg/g). The value of Q, can be determined from the
slope and intercept of linear plot of #/Q, vs t.

3 Results and discussion
3.1 XRD analysis

The XRD patterns of BFSW-derived carbon before and after
activation with KOH are shown in Fig. 3. The diffraction
peak at 24.8° and 44.34° are assigned to the reflection from
the (002) and (100)/(101) planes of carbon materials, attrib-
uted to the graphitic nature of the carbon, and the obtained
activated carbon is amorphous in nature [31, 32]. The inten-
sity of these broad peaks is enhanced as a result of KOH
activation by heat treatment which showed the enhanced
graphitic structure formation [33]. Furthermore, it could be
attributed to the presence of potassium compounds in the

400

{1 a BFSW-Before activation
350

Intensity (c/s)

T Y T ¥ T v T Y T v 1
30 40 50 60 70 80

2 theta (degree)

carbon materials after activation with KOH [34]. In gen-
eral, KOH treatment of activated carbon would result in the
complete removal of lactone and carboxy groups that would
decrease the acidic and basic groups roughly between 8 and
9% [35].

3.2 FE-SEM analysis

The creation of pores in the carbon material by activating
the carbon materials with KOH was determined by FE-SEM
analysis. The FE-SEM images of BFSW carbon before and
after activation are presented in Fig. 4. The results revealed
that no pores can be seen in BESW carbon before activation,
and it looks like a uniform thin film with a smooth surface.
However, a macro-porous structure with a rough texture
can be clearly observed after activation with KOH (BFSW-
AC), which was further confirmed by surface area analysis.
Similar pore formation was observed by Ozsin et al. [36] in
the activation of carbon by KOH obtained from agricultural
waste of chickpea.

3.3 Surface area, bulk density, and particle size
analysis of BFSW-AC

The pore formation after activation with KOH was con-
firmed by surface area analysis. BFSW-activated carbon
has a higher specific surface area of 944.09 m?/g compared
to the carbon obtained before activation, which has a lower
specific surface area of 2.43 m%/g. The significant enhance-
ment in the surface area obviously indicates pore creation
after activation with KOH and validated the FE-SEM results.
The N, adsorption isotherms of carbon material before and
after activation are exhibiting type I isotherm which is usu-
ally observed for microporous materials. Furthermore, the

600

b BFSW-After activation
500 H
400
@
S
2 300
(2]
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=
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Fig. 3 XRD pattern of BFSW-derived carbon a before activation and b after activation
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Fig.4 FE-SEM image of carbon a before activation and b after activation

bulk density is also an important factor that influences the
design of commercial adsorption columns and is inversely
proportional to the particle size of the adsorbent. The bulk
density was found to be 0.4 g/cm® for BESW-AC, which is
beyond the lower limit set by the American Water Works
Association at a value of 0.25 g/cm? for field application
[37]. Furthermore, the average particle size of the synthe-
sized activated carbon material is 282.6 nm.

3.4 CHNS analysis

The CHNS analysis revealed that the BFSW contains
44.368% C, 46.609% O, 7.239% H, and 1.784% N and the
carbon percentage is increased to 66.333%, whereas the
oxygen, hydrogen, and nitrogen content is decreased to
27.132%, 5.043%, and 1.492% after carbonization. Further-
more, after activation with KOH, the carbon percentage was
significantly enhanced to 93.032%, whereas the oxygen and
hydrogen decline to 2.531% and 4.437% and the nitrogen
content is completely removed. The significant enhancement
in the carbon percentage is attributed to the fact that the
KOH activation followed by heat treatment intensified the
complete decomposition of lignocellulose materials. Simi-
lar results were obtained by Thongpat et al. [38] during the
preparation of microporous activated carbon from rubber-
wood by activating with KOH.

3.5 FTIR analysis

From FTIR spectra of carbon before activation, the band at
3151-3334 cm™' may be attributed to the stretching band
of N-H and O-H due to amine and carboxylic acid groups,

respectively. The peak at 1760-1612 cm™! can be attributed
to the stretching band of C=0 due to the presence of the
carboxylic acid group while the peak at 1605 cm™! indi-
cates the presence of N-H bend due to the 1° amine group
or stretch vibrations of C=C bonds. The broad sharp peak
at 1000-1404 cm™" is attributed to the C—C stretching of
aromatics and C-N stretching due to aliphatic amines while
the absorption peak at 932 cm™ indicates the aromatic C—H
bending vibration.

From the FTIR spectra of activated carbon after activa-
tion with KOH, changes in the spectrum occurred (Fig. 5).

AC- before activation

MB dye

% T (a.u)

AC- after MB dye adsorption

AC- after activation

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig.5 FTIR spectra of activated carbon (before and after activation),
after MB dye adsorption, and MB dye
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The wave number at 3334 cm™! is corresponding to the -OH
stretching in hydroxyl functional groups. Similar to carbon
before activation, the broad peak at 1760-1607 cm~! s
observed which indicates the stretching band of C=0 due
to carboxylic acids. The adsorption intensity of the C—C
stretch of the aromatic group at 1404 cm™! decreased after
activation of carbon. The broad stretching peak from 1233
to 1134 cm™! belongs to the C—O or C—-O—C stretching. The
absorption intensity of C—H bending due to the carboxylic
acid group decreased after activation of carbon.

From the FTIR spectra of MB dye, the bands at
3413 cm™', 1603 cm™', 1401 cm™', and 1143 cm™" were
observed. The band at 3413 cm™' can be attributed to
—OH/-NH overlapped stretching vibration whereas the peak
at 2963 cm™! indicates the symmetrical stretching C—H of
the —-CH, band. The peak at 1603 cm™! can be attributed to
the N—H bend while the absorption peak at 1493-1401 cm™!
belong to the stretching band of the C—C group. The bands
at 1251 cm™! and 1143 cm™! belong to the stretching band
of C-N from the amide group and C-O from the carboxylic
group, respectively. The strong peak at 888 cm™ indicated
the bending band of C-H from the aromatic functional
group.

The FTIR spectrum of activated carbon after adsorption
of MB dye is found to be similar to that of carbon before
activation with KOH. There is a strong increase in the band
intensity of N-H and O-H stretching between 3709 and
3000 cm™! due to an increase in the adsorption of MB dye
on carbon. The peak of C-H of the -CH, band of MB dye
shifted from 2963 to 2942 cm™! after adsorption in carbon
while the peaks at 1706 cm™" and 1613 cm™ indicated the
stretching band of C=0 due to carboxylic acids and N-H
bend in the carbon and dye, respectively. The absorption
peaks at 1493 cm™!, 1251 cm™, and 1143 cm™! of methyl-
ene blue dye disappeared after adsorption of methylene blue
dye. The peak appearing at 802 cm™! indicates the adsorp-
tion of the aromatic group of MB dye in carbon.

3.6 Adsorption of dye pollutants
3.6.1 Preliminary study on adsorption of MB dye

Initially, the adsorption capacity of a raw bael fruit shell and
carbonized and activated carbon materials are investigated,
and the results are shown in Fig. 6. The results revealed that 68
and 59% of MB dye got adsorbed on bare bael fruit shell and
carbonized materials, whereas it was significantly enhanced
to 94.15% using carbon activated with KOH. The enhance-
ment in the adsorption capacity could be attributed to the fact
that the volatile matters are thermo-chemically decomposed
during the activation stage which creates pores and enhances
the surface area of activated carbon. Furthermore, the results
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Fig.6 Percentage adsorption of MB dye using bare bael fruit shell
(BFS), carbonized (AC-before activation), and activated carbon (AC-
after activation) materials with the standard error value
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Fig.7 Effect of dye type on adsorption capacity of BESW-AC with
the standard error value

validate that the activated carbon could be an efficient adsor-
bent for the removal of methylene blue dye.

3.6.2 Effect of surface charge and type of pollutants
on adsorption

Three types of pollutants, namely methylene blue (cationic),
rhodamine B (zwitterionic), and reactive red (anionic) dyes,
were chosen, and the adsorption reaction was performed
with a dye concentration of 50 ppm and 300 mg of activated
carbon (Fig. 7). The results demonstrated that the maximum
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adsorption of 94.15% was obtained for MB dye compared
to the other adsorbates that showed comparatively low per-
centages of adsorption of 65.71% and 50.59% for RhB and
RR dyes, respectively. The zeta potential value reveals the
surface charge of the activated carbon. The zeta potential
of BFSW-AC was measured to analyze the magnitude of
charge attraction/repulsion among the particles to deter-
mine the material’s suitability. The result revealed that the
zeta potential of activated carbon is—16.2 mV. The nega-
tive value of zeta potential implies that the net charge of
the activated carbon is negative. Therefore, the significant
adsorption towards the MB dye is due to the electrostatic
attraction between the cationic MB dye and negative surface
of activated carbon (Fig. 8). Thus, the negatively charged
BFSW-AC is found to be effective in MB dye removal due
to the huge availability of a negatively charged surface that
enhanced the rate of ionization and protonation of the adsor-
bent’s hydroxyl and oxygen groups [39]. Furthermore, the
RhB and RR dye showed some adsorption towards activated
carbon, although lower than that of the MB dye. The lower
adsorption may be attributed to the presence of a negative
charge on the RhB (-COOH, zwitterionic) and RR dye
(-SO;3H, anionic).

Similarly, Lim et al. [40] studied the effect of adsorbent
surface charge and type of dyes on the adsorption capacity of
Ti;C,-MXenes. They demonstrated that anionic dyes showed
higher adsorption towards negatively charged Ti;C,-MXene
adsorbent through electrostatic attraction. Therefore, the MB
dye has been chosen for all subsequent adsorption studies
for optimizing the influence of different reaction operational

N
/Oi I)\
HyC = CHsy
Ny § e
| I \
CHs

CHy

Methylene Blue (cationic) ——)

Rhodamine B (zwitterionic)

BFSW-AC

cl
N/kN OH
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parameters on the adsorption capacity of prepared activated
carbon.

3.6.3 Effect of adsorbent dosage

The adsorbent concentration is among the major parameters
that need to be primarily considered which impart efficient
adsorption of dyes. For this study, varying amounts of
activated carbon (100, 200, 300, and 500 mg) were experi-
mented at a constant initial dye concentration of 50 ppm at
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Fig.9 Effect of activated carbon amount on adsorption of MB dye
with the standard error value
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different time intervals (15-300 min). Figure 9 shows the
plot of the percentage of MB dye adsorbed at varying time
intervals at varying adsorbent amounts.

While varying the amount of adsorbent at a fixed MB
dye concentration of 50 ppm, it was observed that the ini-
tial adsorption of dye increased with an increase in the
amount of the adsorbent. It was also observed that the
adsorption of dyes with a high amount of activated carbon
reached equilibrium earlier than those with a low share of
carbon. Thus, the adsorption of MB dye, with the increase
in the dose of adsorbent, on the surface of the adsorbent
was faster but that ended up with a lower adsorbate con-
centration in bulk solution than the low adsorbent dose
condition. Also, for adsorption of MB dye of 50 ppm,
an optimal point for adsorption was attained remarkably
rapidly at a time interval of 15 to 45 min, which shows
the highly absorptive nature of the carbon. Furthermore,
the rapid adsorption of dyes would be advantageous for
field applications for effective adsorption of dye-contain-
ing effluents. At varying concentrations of the adsorbent,
the rate of adsorption was found to be 40.04% (100 mg),
68.0% (200 mg), 94.15% (300 mg), and 99.64% (500 mg).
Thus, it was observed that the increase in the adsorbent
dosage from 100 to 500 mg results in the decrease of the
amount of dye adsorbed (Q,) from 21.25 to 10.69 mg/g
with the increase in the percentage of dye removal from
40.04 to 99.64%. The optimum is considered 300 mg (with
a drop in Q. from 21.25 to 16.83 mg/g), although a higher
adsorption rate was attained while using 500 mg of carbon
(i.e., Q. decreased from 21.25 to 10.69 mg/g) consider-
ing the rate of increase with regard to the quantity of the
adsorbent to arrive at a most economical minimal dosage
to benefit large-scale applications. Hence, further studies
were continued with varying amount of initial dye con-
centrations (10-100 ppm) with an adsorbent amount of
300 mg.

3.6.4 Effect of initial MB dye concentration

The initial dye concentration has a significant effect dur-
ing its adsorption from effluents/aqueous solutions. For this
study, the effects of varying initial concentrations of MB
dye (10, 25, 50, 75, and 100 ppm) on the adsorptive removal
of dye using fixed activated carbon (300 mg) were experi-
mented at different time intervals (15-300 min) as shown
in Fig. 10.

It was found that the percentage of dye adsorbed
decreased with increasing initial concentration of MB dye
from 25 to 100 ppm. The initial dye concentration gives a
driving force against the resistance to the mass transfer of
dye and adsorbent, i.e., between the aqueous solution and
the solid phase of the adsorbent. At the same time, the per-
centage of dye removal decreased from 99.75% (25 ppm)

@ Springer

0 1907 g0 ¥ * —

=)

=

=2

> 804

o

=) -~—¥

>

g —

‘= 60 /v/

=

-

> ]

n

= 3

< 40 1

& 25 ppm

g 50 o

3 204 ppm

e —— 75 ppm

5

P 100 ppm
0 T T T T T T

0 50 100 150 200 250 300

Time (min)

Fig. 10 Effect of initial MB dye concentration on adsorption effi-
ciency with the standard error value

to 52.80% (100 ppm) with the increase in the initial MB
dye concentration from 25 to 100 ppm. However, there is
no prominent difference in the % of adsorption between
10 ppm (98.86%) and 25 ppm (99.75%). Thus, the high
concentration of initial dye led to the accumulation of
dye molecules on the adsorbent surface, which causes the
saturation of active sites on the adsorbent surface, therein
decreasing the percentage of dye removal. Furthermore, the
amount of adsorption increases within the time interval of
15 to 45 min and then slowed down with a further increase
in the contact time, which reveals the highly adsorptive
nature of the activated carbon produced. It is observed that
there is an increase in the amount of dye adsorbed from
2.84 to 16.82 mg/g at an increasing initial dye concentra-
tion ranging between 10 and 50 ppm. However, beyond
this, there is a slight drop in the amount of dye adsorbed
from 16.82 mg/g at 50 ppm to 16.28 mg/g and 15.67 mg/g
at an initial dye concentration of 75 ppm and 100 ppm,
respectively. So, an adsorbent dose of 300 mg for an initial
MB dye concentration of 50 ppm was found to be optimal
for a higher percentage of adsorption. Although the per-
centage of adsorption, i.e., 94.15%, at 50 ppm is lower than
the removal attained at 25 ppm, i.e., 99.75%, still it is found
to be an optimal concentration considering the commercial
application.

3.6.5 Effect of initial solution pH

The initial pH of the aqueous solution influences the adsorp-
tion process by affecting the surface of the adsorbent and
the chemistry of the adsorbate [41]. Figure 11 shows the
percentage of adsorption against varying time intervals with
different initial pH values of the dye solution.
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The percentage of adsorption was found to be 77.30%,
73.21%, 94.15%, 97.26%, and 99.60% at a solution pH of
2.80, 3.60, 6.56, 9.25, and 10.9, respectively. Thus, there
is an increase in the amount of MB dye adsorbed with the
increase of the solution pH. So, when the pH increased,
the H* ions in the solution decreased. This results in less
competition between dye molecules and positive ions,
thereby ending up with a greater number of negatively
charged sites by means of oxygenated group dissociation
and formation of MB-oxygen binding sites that favor
cationic dye adsorption. Hence, MB dye revealed excel-
lent adsorption in a basic medium because of its cationic
properties. In contrast, in an acidic medium, the adsorbent
becomes more positively charged, and hence, the number
of positively charged sites increases, which hinder the
dye adsorption due to electrostatic repulsion. A similar
behavior for MB dye adsorption was reported on biomass-
based carbon [41-43].

3.7 Adsorption isotherms

Adsorption isotherms aid to understand the relationship
between the adsorbate and the adsorbent at a given temper-
ature. Langmuir and Freundlich isotherms are applied, and
the results are elucidated in Fig. 12. The Langmuir isotherm
model is suitable for monolayer adsorption of dye on the
adsorbent as a finite number of identical sites whereas the
Freundlich isotherm is suited for multilayer adsorption on
the adsorbent surface with an assumption of heterogenous
surface by means of non-uniform distribution of adsorbed
molecules over the adsorbent surface [44]. Here, the adsorp-
tion of MB dye on the BFSW-AC adsorbent agrees with
the Langmuir isotherm with the best fit (R? value =0.9995)
than the Freundlich isotherm that exhibited comparatively
lower linear regression coefficient determination of 0.7821
(R2 value).

The maximum adsorption capacity, Q.. of 15.77 mg/g
was observed with the Langmuir isotherm, which is higher
than those from the existing studies on the removal of MB
dye using the carbon synthesized from wheat straw (Q,,,, of
12.03 mg/g), nut shell (Q,,,, of 5.3 mg/g), and fruit wastes
(Opax Of 10.6 mg/g) [45—47]. Similar experimental finding
was also observed by Roy et al. [28] with the best fit with
the Freundlich isotherm plot of carbon from BFSW for the
adsorptive removal of patent blue dye. This can also be
visualized from the experimental and calculated Langmuir
isotherm plots of C, vs Q.. Thus, the Langmuir adsorption
isotherm model showed the best fit for the system of BFESW-
AC for MB dye adsorption in terms of maximum linear
regression coefficient and the curve fit.

3.8 Adsorption kinetics studies

The pseudo-first-order and pseudo-second-order models are
used to analyze the experimental data obtained in order to
assess the adsorption kinetics of MB dye on BFSW-AC. The
results of the calculated rate constant for different initial dye

Fig. 12 a Langmuir and b
Freundlich isotherm models for a % b 2
MB dye adsorption on BESW- < P ¢
AC. 15 - * 15 * *
I )
Eo 10 E 10
E£E10 5 £
() ()
g g
5 - 5
L 2
0 /V T T T 1 O A 4 T T T T 1
0 10 20 40 50 0 10 20 30 40 50
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Table 2 Kinetic results of pseudo-first-order and pseudo-second-order models for varying concentrations of MB dye adsorption on BESW-AC

Initial concen-
tration (mg/L)

Q.. exp (mg/g)

First-order kinetic model

Second-order kinetic model

k (b7 Q,, cal (mg/g) R? SSE (%)  k,(gmgh) Q. cal (mg/lg) R? SSE (%)
10 2.84 0.004 0.01 0.3161 2.837 1.540 2.85 0.9999 0.009
25 9.11 0.003 0.00 0.9176 9.103 1.698 9.11 1 0.001
50 16.83 0.006 3.73 0.4816 13.095 0.017 16.89 0.9997 0.064
75 16.28 0.006 14.98 0.6616 1.299 0.009 16.31 0.9986  0.035
100 15.67 0.003 10.35 0.9471 5.322 0.011 15.22 0.9945  0.452
Fig. 13 Pseudo-second-order
plot of #/g, vs time for MB dye 120 4
adsorption on BFSW-AC == 10ppm -
100 - 25ppm
30 4 50ppm -
=ie=75ppm
g 60 - e===100ppm -
40 - -
20 - >
|
0 ———r— : : : : .
0 50 100 150 200 250 300 350
Time (min)
concentrations using pseudo-first-order and pseudo-second- 100
order models are presented in Table 2 and Fig. 13. 2 ] ] — S —
For the adsorption process, highest correlation coeffi- =
cients close to unity (R>=0.99—1) were observed for the E 50
pseudo-second-order kinetic model against the pseudo-first- S
order model (R?=0.31-0.92). This reveals the soundness S 604
of the pseudo-second-order model for MB dye adsorption 2
while using BESW-activated carbon. §
Similarly, several authors observed the best fit with the T 404
pseudo-second-order kinetic model for adsorption of MB &0
dye [2, 5, 43]. The results were further demonstrated with *2 20
the slight deviation between the calculated Q, against experi- :-5
mental Q, values for the pseudo-second-order kinetic model &
(observed from SSE %). This remark supports the assump- 0 - . - - .
Ist cycle 2nd cycle 3rd cycle 4th cycle Sth cycle

tion that the adsorption occurred primarily by chemisorption
[41].

In addition, the regeneration and reusability of adsorbent
material is highly essential for commercial scale applica-
tion. Therefore, after every cycle of the experiment, BESW-
AC was separated by centrifugation and washed with water
and dried in an oven for its reusability. The adsorption
reaction was repeated up to 5 cycles of experiment and the
results revealed that the adsorption capacity of BESW-AC
was retained (Fig. 14).

@ Springer

Fig. 14 Cyclic run in the adsorption of MB dye using BFSW-AC

4 Conclusion

Activated carbon was successfully synthesized from bael
fruit shell waste through carbonization followed by acti-
vation using a KOH agent and characterized by various
physicochemical techniques. The significant enhancement
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in the surface area after activation confirmed the crea-
tion of pores on the activated carbon’s surface, which
was further validated by FE-SEM analysis. Zeta poten-
tial analysis revealed the negative surface of the activated
carbon. The adsorption results revealed that 300 mg of
activated carbon, 50 ppm, and pH 6.56 are the optimum
conditions for higher adsorption capacity of activated
carbon towards methylene blue pollutant. The adsorption
experimental data was best fitted into the Langmuir iso-
therm and second-order kinetic model (R =0.99-1.00).
The mechanism of enhanced adsorption towards MB dye is
the electrostatic interaction between the cationic MB dye
and negatively charged BESW-AC surface. The activated
carbon material was reused and retained its efficiency up to
5 cycles of adsorption experiment. Herein, it is concluded
that synthesizing of activated carbon from waste biomass
could be an alternative way to develop an adsorbent for
environmental pollutants removal from wastewater.
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