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Enhancement adsorption capacity of Methylene blue (MeB), Malachite green (MaG), and Rhodamine B
(RhoB) onto activated carbon derived from oil palm empty fruit bunches (Biochar). The activated carbon
was produced by pyrolysis with impregnation in KOH solution. To enhance its efficiency, the activation
process was performed twice, yielding the adsorbents 1KAC and 2KAC. The adsorption capacity and equi-
librium of the three dyes onto the biochar and activated carbon samples were determined by examining
the removal efficiency, capacity, kinetics and isotherm models. The pseudo-second-order model per-
formed better than the pseudo-first-order model in terms of adsorption kinetics. The Langmuir model fits
well for all three dye molecules with high correlation coefficient values, suggesting that the activated car-
bon surface is homogeneous and characterized by a finite number of identical sites. The maximum
adsorption capacity was 1123.57, 1315.36, and 982.87 mg/g for MeB, MaG, and RhoB, respectively.
This founding indicated a high potential adsorbent more than among KOH activated carbon reported
in the literature. The study provides valuable insights into the use of activated carbon derived from oil
palm empty fruit bunches for the removal of dyes from wastewater.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Environmental pollution is a major issue in our current era and
has been on the rise due to the growth of industries and agricul-
ture. These industries are releasing a large number of pollutants,
particularly dyes. Dyes are widely used in various industries, such
as the textile industry, food industry, cosmetics industry, paint
industry, pMAPEr industry, pharmaceutical industry, printing
industry, leather industry, and plastic industry. Even trace amounts
of dyes in aquatic environments can have negative effects. Dyes
can prevent light from penetrating water systems, disrupting the
biological activity of aquatic organisms and leading to serious
health problems, diseases, allergies, dermatitis, skin irritation, res-
piratory toxicity, and even cancer (Pauletto et al., 2020). There are
three types of dyes based on their nuclear structures: anionic, non-
ionic, and cationic. Methylene blue and malachite green are exam-
ples of cationic dyes, while Rhodamine B is a water-soluble basic
red cationic dye commonly used as a water tracer due to its excel-
lent photophysical properties. Rhodamine B belongs to the xan-
thene class of dyes and is one of the oldest synthetic dyes (Pang
et al., 2020).

Activated carbons are excellent adsorbents in biomass adsor-
bents due to their high performance, large surface area, and high
degree of microporosity. However, the efficiency of activated car-
bons is largely dependent on the precursor, activators, and produc-
tion techniques used. The use of expensive and nonrenewable
precursors, including traditional long-term heating methods, is a
significant challenge for commercial activated carbon production
(Gupta et al., 2009; Jagtoyen et al., 1993). Numerous studies have
explored alternative sources for adsorbtion and found that using
biological materials such as agricultural waste and biomass, is a
highly effective option due to their abundance and renewability
(Sud et al., 2008). Whether with or without activation treatment,
the production process of activated carbon begins with carboniza-
tion. This is the most widely used method, a low-cost technique in
which organic matter can be transformed into elemental carbons
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through conventional or microwave-assisted pyrolysis (Rao et al.,
2006).

Microwave-assisted pyrolysis is now a popular technique due to
its quick and selective heating mechanism (Mahari et al., 2016),
which surpasses the limitations encountered in conventional heat-
ing methods. The media molecules in this process undergo high-
frequency vibrations and frictional collisions, leading to a sharp
rise in temperature. This results in a shorter treatment time, owing
it to the utilization of microwave energy.

The use of biochar-based activated carbons has been shown to
have high efficiency in sorption applications (Gale et al., 2021;
Park et al., 2023; Dissanayake et al., 2020). Acid activation is a com-
monly used and straightforward process, typically done in a single
step, to improve the adsorptive properties, functionality, specific
surface area, and selectivity of different adsorbates. Research into
multi-stage acid activation is relatively rare. This study aimed to
evaluate the potential of activated carbons derived from empty
palm oil empty fruit bunches through 1-step and 2-step KOH acti-
vation. The effects of response parameters such as solution pH,
metal ion concentration, and contact time were analyzed. The
adsorption capacity of the activated carbon was evaluated for
Methylene Blue (MeB), Malachite Green (MaG), and Rhodamine B
(RhoB) using two-parameter adsorption isotherms.

2. Theoretical background

2.1. Adsorption kinetic models

There are various kinetic models available for analyzing adsorp-
tion kinetics, with the pseudo-first order and pseudo-second order
models being the most frequently used. The Lagergren pseudo-first
order model (Lagergren 1898) defines the amount of substance
adsorbed as follows:

dqt

dt
¼ k1ðqe � qtÞ ð1Þ

where qe and qt , at equilibrium and at a given time (mg/g) respec-
tively, and k1 as the rate constant of the model (1/min). On the other
hand, pseudo-second-order model developed by Blanchard et al.
(Blanchard et al., 1984) is favored when the adsorption/desorption
rates play a significant role in controlling adsorption kinetics,

dqt

dt
¼ k2ðqe � qtÞ2 ð2Þ

where k2 is the rate constant for the pseudo-second-order model (g/
mg/min).

2.2. Adsorption isotherm models

The Langmuir model (Langmuir 1918) is based on the assump-
tions that adsorption occurs in a single layer (chemical adsorption)
and the surface of the adsorbent particles, or the adsorption sites
are consistent in nature. The mathematical representation of the
Langmuir model is as follows:

qe ¼
qmKCe

1þ KCe
ð3Þ

where qm is the maximum adsorption (mg/g), Ce is the concentra-
tion of adsorbate that is held at equilibrium (mg/L), and K , the Lang-
muir constant (L/mg). In contrast, the Freundlich isotherm is
relatively unrestricted. It can handle surfaces that are either hetero-
geneous or homogeneous, and physical or chemical adsorption can
occur. The mathematical representation of the Freundlich isotherm
is:

qe ¼ Kf C
1=n
e ð4Þ
2

where Kf and n are the model parameter. The Temkin isotherm,
which is a widely used two-parameter model proposed by Temkin
and Pyzhev in 1940, was also evaluated for the complex solid–liquid
adsorption system. The equation for the Temkin isotherm (Equation
(5) was derived based on the assumption that the heat of sorption

decreases linearly with temperature, rather than logarithmically:

qe ¼
RT
bT

lnðKTCeÞ ð5Þ

where bT represents the heat of adsorption (kJ/mol) and KT repre-
sents the binding constant at equilibrium (L/g), which corresponds
to the highest binding energy. The values of bT and KT can be calcu-
lated by determining the slope and intercept of a linear fit between
qe and ln Ceð Þ:

3. Material and chemicals

The raw material for this study, oil palm empty fruit bunches,
was sourced from Surat Thani in southern Thailand (DMS latitude
longitude coordinates for Surat Thani are: 9�8024.400N, 99�19059.200

E.). Only analytical grade substances were used throughout the
investigation. The dyes used, Methylene blue (MeB), Malachite
green (MaG), and Rhodamine B (RhoB), were obtained from Ajax
Finechem and Loba Chemie.

3.1. Adsorbent preparation

The raw material for this study was gathered from Surat Thani
in Southern Thailand in the form of oil palm empty fruit bunches.
The production of activated carbon was accomplished through sev-
eral steps, including the crushing and sieving of the raw materials
into small pieces of 1.0 to 2.0 mm, pyrolysis in a fixed bed reactor
using nitrogen as the flowing gas at a temperature of 450 �C for
1.5 h to produce biochar. This biochar was then impregnated in a
KOH solution, with a biochar to KOH ratio of 1:1.75 (wt.%) and sub-
jected to stirring. Activation was completed overnight at room
temperature. The resulting activated carbon was then subjected
to microwave-induced activation for 10 min at 600 W, followed
by washing with deionized water until a pH of 6–7 was achieved.
To further enhance its adsorption efficiency, the activation process
was performed twice, yielding two samples, 1KAC and 2KAC (Foo
and Hameed, 2012; Foo and Hameed, 2012a).

3.2. Batch adsorption

A series of batch experiments were performed to assess the
effectiveness of 1KAC and 2 KAC in removing Methylene blue
(MeB), Malachite green (MaG), and Rhodamine B (RhoB) from an
aqueous solution. The stock solutions were created by dissolving
1.0 g of each dye in 1L of distilled water. Then, standard metal solu-
tions with concentrations ranging from 50 to 800 mg/L were pro-
duced by diluting the stock solution. The pH of the metal
solutions was adjusted with 0.1 M NaOH or HCl, respectively.
The batch adsorption study involved placing 50 mL of the prepared
solution in a 250 mL conical flask and adding 0.1 g of adsorbent.
The flask was then placed in an incubator under controlled temper-
ature (298 K) and agitated at 150 rpm. The effects of pH, contact
time, initial metal concentration and Biochar dose on the adsorp-
tion efficiency were carefully studied to determine the optimal
conditions and to assess the reusability performance of the adsor-
bent. The amount of adsorption was calculated by using the follow-
ing formula:

qe ¼
Co � Ceð ÞV

m
ð6Þ
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where qe represents the quantity of metal ions adsorbed onto a unit
mass of adsorbent at equilibrium (mg/g). The calculation takes into
account the volume (V) of the solution utilized in the batch exper-
iments (L), the mass (m) of the adsorbent (g), as well as the initial
and equilibrium concentrations of the metal ions in the solution
(Co and Ce, respectively) in units of mg/g.
3.3. Instrumentation

The Methylene blue (MeB), Malachite green (MaG) and Rho-
damine B (RhoB) concentrations were measured using a UV/Visible
spectrophotometer (UV–Vis) from Perkin-Elmer, located in Nor-
walk, CT, USA, at 665, 619, and 553 nm, respectively. The biochar
EFB and activated carbons were examined using Fourier Transform
Infrared Spectrometer (FTIR) from Bruker, Germany. The surface
area and porosity of the samples were analyzed with a BET-
technique from Micromeritics, USA. The surface elements of the
catalyst were determined through X-ray Energy Dispersion Spec-
troscopy (EDX). The morphological characterization of the catalyst
was analyzed through Scanning Electron Microscopy (SEM) pic-
tures captured with the HITACHI S-3400 equipment.
4. Result and discussion

4.1. Characterization of adsorbent

4.1.1. Chemical composition and BET
The BET results revealed that the surface area of 1KAC and 2KAC

increased when compared to the biochar EFB, with values of
733.72 m2/g and 779.3 m2/g, respectively. These findings align
with previous research studies in the field (Yakout et al., 2016;
Valero-Romero et al., 2019). The higher surface area indicates an
increase in the number of active sites and an improvement in the
mass transfer rate, due to an increase in the pore volume
(Valero-Romero et al., 2019). The activation process through KOH
reaction enhanced the existing pores and generated new ones,
whereas the devolatilization process further developed the basic
pore structure in the biochar (Hayashi et al., 2002). However, at a
Fig. 1. FTIR of untreated bio
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low activation temperature of 600 �C, the increase in the BET
was not significant, likely due to the insufficient heat to fully melt
the KOH, leading to limited physical pyrolysis on the carbon
surface.

4.1.2. FTIR
The surface functional groups of an object can be identified

through the study of its Fig. 1. A broad band at 3350 cm�1 typically
represents hydroxyl groups, while the band between 2800 and
2950 cm�1 signifies the presence of C–H stretching vibration. The
region between 1600 and 1730 cm�1 is related to the axial defor-
mation of carbonyl groups (C = O). The stretching vibration of the
molecular plane of C = C bonds in aromatic rings can be observed
between 1540 and 1580 cm�1. Alcoholic (C-OH stretching) and
ether (R-O-R) groups can be identified by the broad band at
1050–1200 cm�1. The band caused by cyclic groups is located at
650–880 cm�1. The presence of hydroxyl groups, carbonyl groups,
ethers, and aromatic compounds supports the notion that the palm
shell has a lignocellulosic structure, as similarly observed in mate-
rials like Tunisian olive-waste cakes. Previous studies (Baccar et al.,
2009) have also reported that palm shell is mainly composed of
cellulose, holocellulose, and lignin.

4.1.3. XRD
Compositional analysis of EFB offers insights into its chemical

structure. Fig. 2 shows a comparison of XRD crystallinity analysis
between raw EFB and 1KAC, 2KAC. The XRD patterns of raw EFB
exhibit peaks at 2h = 22� and 35�, indicating the presence of carbon
and oxygen atoms (Fig. 2a). In Fig. 2b, the peaks at 2h = 44.6� and
2h = 35� correspond to zeolite and phosphorus, respectively, attrib-
uted to the effect of phosphoric acid in producing activated carbon
from EPB. Additional peaks at 2h = 21�, 27�, 50.1�, 60�, and 68� sig-
nify the amorphous nature of the activated carbon, consistent with
other research (Imoisili et al., 2019).

4.1.4. SEM-EDX
The SEM images of biochar, 1KAC, and 2KAC at an activation

temperature of 600 �C are presented in Fig. 3. These micrographs
char, 1KAC and 2KAC.



Fig. 2. XRD of (a) Biochar, (b) 1KAC and 2KAC.

Fig. 3. SEM-EDS of (a) Biochar, (b) 1KAC and (c) 2KAC with X-ray mapping of potassium element.
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Table 1
Physical and chemical composition of adsorbents.

Item Sample

Biochar 1KAC 2KAC

BET Surface Area (m2/g) 700.65 733.72 779.3
Pore volume (cm3/g) 0.46 0.58 0.62
Pore Size (Å) 32.16 31.92 30.26
Ultimate analysis (wt%)
C 71.44 75.56 64.14
N 2.23 3.04 2.57
O 26.33 13.06 20.58
K – 8.34 12.73
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reveal that the exterior surface of the activated carbon particles
display cracks and crevices as well as a range of crystals in large
openings. The EDX results suggest that these crystals in the macro-
pores (Fig. 3 (c) and 3 (e)) are likely potassium compounds, as the
EDX analysis indicates a high potassium content in both activated
carbons. This is likely the result of activation in the presence of
KOH-related compounds that formed during the pyrolysis process
(Deng et al., 2020). The BET results also align with this observation,
Fig. 4. Effects of pH on MeB (a), MaG (b), and Rh
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as a large amount of potassium compounds is believed to cover the
surface of the activated carbon. The elemental analysis of the resi-
due found that it contained C, N, O, and K (Table 1) (Tseng et al.,
2008). The EDX results also support this, as an increase in potas-
sium is associated with a decrease in carbon.
4.2. Adsorption studies

The adsorption capacity and equilibrium of Methylene blue
(MeB), Malachite green (MaG), and Rhodamine B (RhoB) onto bio-
char, 1KAC and 2KAC were determined. The findings were com-
piled based on the removal efficiency and capacity, as well as the
fitted kinetics and isotherm models.
4.2.1. Effect of pH
The pH of the medium plays a significant role in the adsorption

process as it can influence the chemical properties of the activated
carbon, including the load on the adsorbent surface and the degree
of functional group dissociation. In addition, pH can affect the ion-
ization level of dye molecules. In this study, the adsorption of MeB,
oB (c) adsorption onto different adsorbents.
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MaG, and RhoB onto biochar, 1KAC, and 2KAC was examined at
various pH values ranging from 2 to 11. Batch experiments were
conducted using an initial concentration of 200 mg/L for each
dye, a contact time of 3 h, and an adsorbent dose of 10 mg. The
pH of the solution was controlled using 0.1 N HCl and 0.1 N NaOH.
The results showed that the adsorption capacity of the dyes
increased as the pH of the solution increased, and maximum
adsorption was found in the pH range 6–8 shown in Fig. 4, similar
to those reported in the literature (Belcaid et al., 2022). This could
be explained by the fact that at low pH, the surface of the biochar is
positively charged due to the occupation of active sites by hydro-
gen ions, which compete with the cationic dyes for the same
adsorption sites on the adsorbents.

4.2.2. Effects of contact time
The adsorption kinetics of MeB, MaG, and RhoB onto biochar

were investigated by measuring the adsorption capacity at differ-
ent time intervals between 5 and 180 min at a constant tempera-
ture of 25 �C and a biochar dose of 10 mg. Results presented in
Fig. 5 indicate that the adsorption of each dye increased rapidly
during the first 20 min, with removal rates of 77.72–80.42% for
MeB, 79.06–82.67% for MaG, and 69.10–77.09% for RhoB. This
Fig. 5. Effect of contact time on MeB (a), MaG (b), an
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increase was due to the rapid adsorption of the dye molecules onto
the active sites on the external surface of the biochar. Subse-
quently, the adsorption rate of each dye increased slightly after
80 min and then reached equilibrium after 120 min due to the sat-
uration of most of the adsorption sites by the dye ions.

4.2.3. Effect of initial concentration of adsorbate

Two factors that affect the concentration of adsorbates, are
incomplete adsorption and aggregation of adsorbent particles at
high concentrations. In this study, the removal of MeB, MaG, and
RhoB was examined at various initial concentrations ranging from
50 to 800 mg/L at an optimum pH of 6 and 180 min of contact time.
Fig. 6 depicts the effects of initial dye concentrations on their
removal from the aqueous solution using biochar, 1KAC, and
2KAC. The maximum removal percentages for Biochar, 1KAC, and
2KAC ranged from 84.72% to 93.66%, 85.60% to 94.12%, and
87.18% to 94.68%, respectively. The removal efficiency decreased
with increasing initial adsorbate concentration for all adsorbents.
However, 2KAC demonstrated much higher removal efficiency.
The initial concentration of the metal ion is the main driver of mass
transfer from aqueous to solid phase, and a higher initial concen-
tration of dye can increase the adsorption capacity. Nonetheless,
d RhoB (c) adsorption onto different adsorbents.



Fig. 6. Effect of initial concentration of dyes on the removal of MeB (a), MaG (b), and RhoB (c) by biochar, 1KAC, and 2KAC, adsorbent dosage 10 mg, pH 6 and contact time
180 min.
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the removal of all dyes decreased with higher initial concentration
since a given mass of adsorbent has a limited number of adsorption
sites, which become saturated as the dye concentration increases
(Saravanan et al., 2016).
4.2.4. Effect of adsorbent dosage
The performance of adsorption is significantly influenced by the

adsorbent dose. To determine the optimal dose of adsorbent for a
variety of MeB, MaG, and RhoB concentrations, the influence of
adsorbent dose on adsorption has been studied. (Salleh et al.,
2011) As indicated in the graphic below (Fig. 7), the effect of adsor-
bent dose was investigated using 50 mL of MB concentrations 200
mgL-1, each with a different adsorbent dose (2 – 50 mg).

The removal rate of MeB, MaG, and RhoB gradually increased as
the mass of adsorbents increased as a result of the growth in adsor-
bent pores and adsorption sites. When the mass of the adsorbent
reached a certain level, the adsorption would tend toward equilib-
rium. At an adsorbent mass of 10 mg, which corresponds to an ini-
tial dye concentration of 200 mg/L, the removal rate of dyes
reached its saturation value. Adsorption capacity per unit mass of
adsorbent decreased at high adsorbent dosages because there wer-
7

en’t enough MB dye molecules in solution to fully bind to all of the
material’s active adsorption sites. This led to a surface equilibrium
state.
4.3. Adsorption kinetics

The adsorption mechanism and rate-controlling steps of MeB,
MaG, and RhoB onto EFB biochar were investigated using three
kinetic models: pseudo-first order, pseudo-second order, and intra-
particle diffusion. The fitting results of these models were pre-
sented in Fig. 8 and summarized in Table 2. The results indicated
that the pseudo-second order model performed better than the
pseudo-first order model. The R2 values obtained from the
pseudo-second-order model were close to unity (0.98 for MB,
0.991 for MG, and 0.989 for RB), and the calculated error MAPE
was relatively lower compared to the pseudo-first order model.
Moreover, the calculated adsorption capacities of the pseudo-
second order kinetic model were consistent with the experimental
adsorption capacities, indicating that the adsorption rate was con-
trolled by chemisorption involving the exchange and sharing of
electrons between the dyes and the functional groups of biochar.



Fig. 7. Effect of adsorbent dose on MeB (a.), MaG (b), and RhoB (c) adsorption onto Biochar, 1KAC, and 2EFB. (Ci = 200 mg/L, contact time = 120 min, pH = 5).
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Therefore, the pseudo-second order model can describe the
adsorption behavior of MeB, MaG, and RhoB onto activated carbon.
4.4. Adsorption isotherm

Equilibrium isotherm models were utilized to evaluate the
adsorption capabilities of biochar, 1KAC, and 2KAC for MeB, MaG,
and RhoB. Several isotherm models, such as Langmuir, Freundlich,

and Temkin, were employed in the analysis. These models were fit-
ted to the experimental results, and the fit quality was quantita-
tively compared using the mean absolute percentage error

(MMAPE):

MAPE %ð Þ ¼
PN

i¼1 qe;exp � qe;pre

� �
=qe;exp

�� ��

N
� 100 ð7Þ

where qe;exp and qe;pre are the experimental and predicted adsorbed
amounts (mg/g), and N is a number of data points.

Table 3 summarizes the Langmuir and Freundlich model fitting
parameter values and correlation coefficients for the adsorption
isotherms of MeB, MaG, and RhoB onto biochar from oil palm
8

empty fruit bunches and 1 and 2-step KOH activated carbon at
25 �C, as illustrated in Fig. 9. The sorption isotherm results
revealed that the Langmuir model fit well for all three dye mole-
cules with high correlation coefficient (R2) values and low MAPE.
This suggests that the CPC surface is homogeneous and character-
ized by a finite number of identical sites and that the adsorption
occurs as a monolayer onto the biochar surface. In contrast, the
Freundlich model did not fit well, with a low correlation coeffi-
cient and the highest MAPE compared to the Langmuir model
(Table 3).

For the Langmuir isotherm, the R2 values were 0.99 for MeB,
0.83 for MaG, and 0.98 for RhoB, whereas for the Freundlich iso-
therm, the R2 values were 0.98 for MeB, 0.81 for MaG, and 0.94
for RhoB. The presence of a plateau region in Fig. 9 confirmed that
the biochar surface is homogeneous and that all sites on the bio-
char surface have equal energy. The maximum monolayer adsorp-
tion capacity (qmax) of biochar for MeB, MaG, and RhoB entrapment
in a single systemwas found to be 796.17, 1081.20, and 850.28 mg/
g, respectively. For 1KAC and 2KAC, the adsorption capacities of
MeB, MaG, and RhoB improved to 944.81, 1164.37, and
903.06 mg/g for 1KAC and 1123.57, 1315.36, and 982.87 mg/g



Fig. 8. Kinetics of (a) MeB, (b) MaG, and (c) RhoB adsorption onto different adsorbents.

Table 2
Fitting parameters for the kinetic models of dyes adsorption.

Adsorbents dyes Peudo first-order Peudo second-order

qe k1 R2 k2 qe R2

Biochar MeB 102.07 0.0041 0.720 0.0012 357.14 0.999
MaG 80.37 0.0056 0.725 0.0012 370.37 1.000
RhoB 69.60 0.0040 0.540 0.0009 344.83 0.998

1KAC MeB 76.67 0.0047 0.590 0.0009 357.14 0.998
MaG 66.63 0.0051 0.654 0.0013 384.62 1.000
RhoB 78.61 0.0037 0.452 0.0008 322.58 0.998

2KAC MeB 76.81 0.0043 0.593 0.0010 370.37 0.998
MaG 96.07 0.0045 0.646 0.0011 370.37 0.999
RhoB 98.27 0.0039 0.633 0.0009 322.58 0.999
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for 2KAC. This indicated that the activation used in this study can
enhance the performance of activated carbon as an alternative
adsorbent. The removal of MeB and MaG towards the cassava peel
surface in a single system was higher than RhoB, which is because
smaller molecules gain easier access to the internal pore of the
adsorbent than larger molecules. MeB and MaG have lower molec-
ular weights than RhoB (MeB = 320 g/mol, MaG = 365 g/mol,
RhoB = 478 g/mol) (Belcaid et al., 2022).

Table 4 presents a comparison of the maximum adsorption
capacities (qmax) estimated from the Langmuir model for 2-step
9

KOH activated carbon with relevant prior studies. The results
showed outstanding performance for the adsorption of MeB
and MaG, but only middling quality for the adsorption of RhoB.
The simple and attractive pre-processing used to prepare and
activate the adsorbent was found to be a contributing factor to
these results. The comparison clearly indicates that the 2-step
KOH activation process enhances the physical and chemical
properties of the adsorbent, which effectively improves its
capacity as an adsorbent and enhances the adsorption efficiency
of dyes.



Table 3
Adsorption isotherms of different dyes onto biochar and activated carbon.

Adsorbents Metal Langmuir model Freundlich model Temkin model

K qmax R2 MAPE (%) Kf n R2 MAPE (%) bT kT R2 MAPE (%)

Biochar MeB 0.0361 796.17 0.996 3.73 66.11 2.09 0.940 18.86 13.64 0.352 0.975 12.99
MaG 0.0296 1081.20 0.998 3.96 72.18 2.00 0.929 18.16 12.21 0.393 0.992 10.57
RhoB 0.0177 717.29 0.998 2.09 31.85 1.70 0.957 20.90 12.13 0.146 0.981 26.10

1KAC MeB 0.0284 944.81 0.997 3.29 69.63 2.18 0.955 15.83 14.61 0.389 0.989 7.26
MaG 0.0295 1164.37 0.997 4.38 72.18 1.93 0.939 17.02 11.28 0.392 0.992 11.41
RhoB 0.0150 903.06 0.996 3.19 32.11 1.62 0.953 18.32 10.92 0.150 0.974 23.79

2KAC MeB 0.0268 1123.57 0.995 3.78 73.25 2.11 0.955 17.32 13.35 0.404 0.984 9.03
MaG 0.0298 1315.36 0.996 4.39 66.11 2.09 0.940 27.65 10.40 0.423 0.991 12.88
RhoB 0.0153 982.87 0.999 2.23 35.31 1.61 0.947 18.38 10.39 0.166 0.984 24.02

Fig. 9. Non-linear curves of various adsorption isotherms with experimental data.
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4.5. Comparison of performance of oil palm empty fruit bunch biochar
and activated carbon with reported adsorbents

In this study, the Qmax and equilibrium time were compared to
those of other activated carbons derived from raw materials
(Table 4). It has been found that Biochar, 1KAC, and 2KAC have a
higher adsorption capacity and shorter contact times than most
of the literature. Both of these factors indicate that the future looks
promising for the use of Biochar, 1KAC, and 2KAC in the process of
removing organic dyes from aqueous solutions.
10
4.6. Adsorption mechanism

Physical and chemical adsorption were involved in MeB, MaG,
and RhoB adsorption using oil palm empty fruit bunch biochar
and activated carbon. FTIR analysis reveals that there are numer-
ous functional groups, including O–H, C–H, C = C, C–C, and C-O
(Fig. 10). In addition, the effect of pH on dye adsorption demon-
strates that electrostatic interaction is also a significant contributor
to the adsorption of the three organic dyes using Biochar, 1KAC,
and 2KAC (Yu et al., 2019). In accordance with BET analysis of Bio-



Table 4
A comparison of maximum adsorption capacity (qmax) of activated carbon for Langmuir model of previous studies in literature.

Dyes Adsorbent source Activator BET m2

g�1
Equilibrium time (min) qmax (mg/g) Reference

Methylene blue (MeB) dragon fruit peels KOH 756.3 195.2 Jawad et al., 2021
coconut shell KOH 623.37 Tu et al., 2021
chickpea (Cicer arietinum) peel KOH 917 120 523.56 Jahan et al., 2021
Bamboo waste KOH 1621.8 250 454.2 Hameed et al., 2007
Almond shell KOH 2054 – 833.33 Ahsaine et al., 2018
Bamboo chip KOH 720.69 – 305.3 Jawad and Abdulhameed, 2020
Coconut leaves KOH – 150 151.5 Rashid et al., 2016
Sorghum waste KOH 948.6 120 98.1 Hou et al., 2020
Calicotome villosa H3PO4 1051 100 169.78 Ibrahim et al., 2021
cassava peel H3PO4 618.265 180 286.41 Belcaid et al. 2022
Lignocellulosic -
agriculture wastes

water vapor
K2CO3

1771
2120

5
5

290.69
215.52

El Bery et al., 2022

Oil palm empty fruit bunches (2KAC) KOH 779.3 120 1123.57 This study
Malachite green (MaG) Hevea brasiliensis root KOH 477.74 259.49 Ahmad et al., 2021

Activated carbon pellet KOH 979 120 395 Tang and Zaini, 2020
yarn processing sludge KOH + KI 1037 120 498 Tang and Zaini, 2021
cassava peel H3PO4 618.265 180 282.64 Belcaid et al. 2022
Oil palm empty fruit bunches (2KAC) KOH 779.3 120 1315.36 This study

Rhodamine B (RhoB) WO3/AC KOH 1666.67 Anfar et al., 2018
Raphia hookerie 0.00351 60 666.67 Inyinbor et al., 2016
Sibipiruna KOH 1984 – 630.94 Spessato et al., 2021
carnauba palm CaCl2 430.695 120 34.87 Lacerda et al., 2015
white sugar – 1144.77 12 123.46 Xiao et al., 2020
cassava peel H3PO4 618.265 180 265.36 Belcaid et al. 2022
Oil palm empty fruit bunches (2KAC) KOH 779.3 120 982.87 This study

Fig. 10. Scheme of adsorption interaction of MeB, MaG, and RhoB onto activated carbon.
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char, 1KAC, and 2KAC have a large specific surface area (700.65,
733.72, and 779.3 m2/g, respectively) and an abundant meso-
porous structure, which can provide a lot of binding and adsorp-
11
tion sites for organic dyes, as well as lower diffusion resistance
and increase dye adsorption rates. Therefore, Biochar, 1KAC, and
2KAC may adsorb dye molecules using physical adsorption meth-
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ods like surface adsorption and pore diffusion. The three dyes are
adsorbing to the Biochar, 1KAC, and 2KAC in a monolayer and
chemically, according to the adsorption isotherms and kinetics
studies. Additionally, the intraparticle diffusion model demon-
strates that there are other mechanisms involved in the adsorption
of MeB, MaG, and RhoB onto oil palm empty fruit bunch biochar
and activated carbon in addition to diffusion. Finally, the thermo-
dynamic analysis can demonstrate that the endothermic and spon-
taneous nature of the three-dye adsorption onto the Biochar, 1KAC,
and 2KAC adsorbent (Belcaid et al., 2022).
4.7. Regeneration of oil palm empty fruit bunch biochar and activated
carbon

For the industrial application of any adsorbent, the regeneration
and reusability study is an essential step. Indeed, if oil palm empty
fruit bunch biochar and activated carbon can be recycled through
numerous adsorption–desorption cycles, it may be an economi-
cally beneficial adsorbent. With an initial dye concentration of
200 mg/L and a mass of 10 mg of Biochar, 1KAC, and 2KAC at
25 �C for 120 min, five adsorption–desorption cycles were exam-
ined in a batch system using HCl as the eluent (Fig. 11). The
removal efficiency of MB, MG, and RB dyes is maintained for the
first three cycles by Biochar, 1KAC, and 2KAC; however, beginning
with the fourth cycle, it gradually decreases from 96.27 to 88.81%,
97.35 to 65.96% and 90.52 to 60.xx for MeB, MaG, and RhoB respec-
tively in case of Biochar, from 77.44 to 68.79%, 68.11 to 63.04% and
62.67 to 62.03 for MeB, MaG, and RhoB respectively in case of
Fig. 11. Regeneration of Biochar (a.), 1KAC (b.)

12
1KAC, and from 81.06 to 71.62%, 74.46 to 73.16% and 64.74 to
47.74 for MeB, MaG, and RhoB respectively in case of 2KAC,.

This decrease in removal efficiency may be caused by the oil
palm empty fruit bunch biochar and activated carbon that was lost
during the adsorption–desorption cycles, in addition to the fact
that some of the biochar active sites were occupied by HCl and that
its surface area decreased. These results indicate that oil palm
empty fruit bunch biochar and activated carbon may be an effec-
tive adsorbent for the removal of MeB, MaG, and RhoB, in a single
dye system that is both cost-effective and efficient (Belcaid et al.,
2022).
4.8. Decolorization of MeB, MaG and RhoB in real water samples by
Biochar, 1KAC, 2KAC and commercial activated carbon (CAC)

In three different real water samples of tap water, raw water,
and waste samples, the adsorption rates of MeB, MaG, and RhoB
by Biochar, 1KAC, 2KAC, and commercial activated carbon (CAC)
are listed in Table 5. The raw water sample was collected from
the Tapi River’s back, the industrial wastewater sample was col-
lected from Songkhla Industrial Estate, and the tap water sample
was collected from laboratory faucets. Table 5 shows the charac-
teristics of the water samples. Particular amounts of MeB, MaG,
and RhoB were prepared at concentrations of 200 mg L-1 in
50.0 mL water samples. After adjusting to a pH of 5.0, all samples
were shaken for 120 min. For comparison, distilled water samples
were used as the blank water samples. According to the results of
the experiment, the adsorption rate of MeB, MaG, and RhoB by Bio-
char, 1KAC, 2KAC, and CAC in real water samples was slightly
, and 2KAC (c.) at five consecutive cycles.



Table 5
Adsorption removal of MeB, MaG, and RhoB from real water sample.

Dyes adsorbent Water sample/ Removal (%)

Distilled water Tap water Raw water industrial wastewater

MeB Biochar 88.43 ± 1.12 91.22 ± 1.02 91.26 ± 0.37 90.68 ± 0.54
1KAC 90.01 ± 0.32 91.69 ± 0.73 91.34 ± 1.11 90.76 ± 0.58
2KAC 92.46 ± 0.81 91.60 ± 0.69 92.44 ± 0.94 92.06 ± 0.46
CACa 90.38 ± 1.03 91.18 ± 0.98 91.35 ± 1.06 92.13 ± 0.72

MaG Biochar 91.60 ± 0.83 92.93 ± 0.45 93.06 ± 0.61 92.12 ± 1.00
1KAC 92.73 ± 0.54 92.79 ± 0.60 93.27 ± 0.95 92.91 ± 0.43
2KAC 93.02 ± 0.12 93.19 ± 0.30 92.81 ± 1.49 93.55 ± 0.55
CACa 91.12 ± 0.75 91.63 ± 0.68 91.39 ± 0.82 92.49 ± 0.48

RhoB Biochar 79.49 ± 0.88 80.13 ± 0.20 81.86 ± 1.31 81.92 ± 1.32
1KAC 80.53 ± 0.95 81.45 ± 0.69 81.73 ± 0.51 83.54 ± 0.64
2KAC 81.32 ± 0.99 81.35 ± 0.82 81.31 ± 0.99 82.66 ± 0.63
CACa 80.62 ± 1.43 79.63 ± 1.02 80.45 ± 0.67 81.19 ± 0.88

a Loba ChemieTM Charcoal Activated.
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higher than it was when dye wastewater was modeled (Kuang
et al., 2020).

5. Conclusions

This study investigated the adsorption of Methylene Blue
(MeB), Malachite Green (MaG), and Rhodamine B (RhoB) onto bio-
char, 1-step KOH activated carbon (1KAC), and 2-step KOH acti-
vated carbon (2KAC) derived from oil palm empty fruit bunches.
The results showed that the adsorption capacity of the dyes
increased with increasing pH, and the adsorption kinetics followed
the pseudo-second order model. The Langmuir isotherm was found
to be the best fit for all three dye molecules, indicating the pres-
ence of homogeneous sites on the adsorbent surface. The maxi-
mum monolayer adsorption capacity (Qm) of biochar for MeB,
MaG, and RhoB entrapment in a single system were found to be
796.17, 1081.20, and 850.28 mg/g, respectively. Moreover, the
adsorption capacities of 1KAC and 2KAC were higher than those
of biochar, with 2KAC showing the highest adsorption capacities
of 1123.57, 1315.36, and 982.87 mg/g for MeB, MaG, and RhoB,
respectively. The study implied that the KOH activation process
significantly enhanced the adsorption capacity of the adsorbents,
showing outstanding potential for removing cationic dyes from
aqueous solutions.
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