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Abstract This study assesses the performance of optimized acacia wood-based activated carbon

(AWAC) as an adsorbent for methylene blue (MB) dye removal in aqueous solution. AWAC

was prepared via a physicochemical activation process that consists of potassium hydroxide

(KOH) treatment, followed by carbon dioxide (CO2) gasification under microwave heating. By

using response surface methodology (RSM), the optimum preparation conditions of radiation

power, radiation time, and KOH-impregnation ratio (IR) were determined to be 360 W,

4.50 min, and 0.90 g/g respectively, which resulted in 81.20 mg/g of MB dye removal and

27.96% of AWAC’s yield. Radiation power and IR had a major effect on MB dye removal while

radiation power and radiation time caused the greatest impact on AWAC’s yield. BET surface area,

mesopore surface area, and pore volume of optimized AWAC were found to be 1045.56 m2/g,

689.77 m2/g, and 0.54 cm3/g, respectively. Adsorption of MB onto AWAC followed Langmuir

and pseudo-second order for isotherm and kinetic studies respectively, with a Langmuir monolayer

adsorption capacity of 338.29 mg/g. Mechanism studies revealed that the adsorption process was

controlled by film diffusion mechanism and indicated to be thermodynamically exothermic in

nature.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Dyes are heavily utilized in a wide range of industries including

textiles, paper, magazines, food, cosmetics, and leather
(Mahapatra et al., 2021). The yearly production of synthetic
dyes is between 700,000 and 1,000,000 tons worldwide and

according to Daoud et al. (2017), as many as 10,000 different
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types of dyes were reported in the literature. In terms of
molecular structure, most synthetic dyes contain complex aro-
matic structure which explains their stability against light,

heat, and oxidizing chemicals (Kono, 2015). Due to the molec-
ular complexity, escaped dyes can exist in open water for a
very long time and potentially harming the aquatic organisms

by preventing sunlight from reaching aquatic plants (Dai et al.,
2019). A highly demanded dye in textile industries with such
molecular structure / complexity is methylene blue (MB) dye.

This dye belongs in the basic group and upon dissociation in
water, it produces positive ions. These positive ions are
attracted to the negative polar region of water molecules, mak-
ing MB dye to be harder to be removed in a solution. Serious

health issues such as cyanosis, jaundice, tissue necrosis, methe-
moglobinemia, and quadriplegia have been reported when
humans are exposed to MB dye for adequate time

(Kushwaha et al., 2014). Porhemmat et al. (2017) stated that
the degradation of MB dye products is potentially carcinogenic
and mutagenic. Furthermore, the growth of plants can also be

disrupted when MB dye merges with phosphate and lipid
molecules in plants’ cell membrane (Zhang et al., 2016).

There are many methods to treat dyes wastewater but,

according to Khanday et al. (2017a, 2017b), methods like oxi-
dation, catalytic degradation and biodegradation are not pre-
ferred due to limited efficiency, time consuming and costly.
The adsorption process using activated carbon (AC) was

found to be effective in treating dyes wastewater. In the study
conducted by Marrakchi et al. (2016), AC was proven to be
versatile due to its ability to adsorb both basic and reactive

dyes. Unfortunately, commercial AC derived from lignite,
bituminous coal, and petroleum coke are generally expensive
and non-renewable. Besides that, AC production from coal

is a highly energy demand process (Marrakchi et al., 2017).
Because of that, many researchers had chosen agricultural
wastes as the precursors to be converted into AC since they

are cheap and available in large quantities. Some examples
of these agricultural wastes are Glyricidia sepium (Ahmad
et al., 2020), durian peel (Yusop et al., 2021), spent tea leaves
(Guclu et al., 2021), date palm fiber (Melliti et al., 2021), man-

gosteen peel (Zhang et al., 2021), corncob (Medhat et al.,
2021), Pentace sawdust (Khasri et al., 2018) and oil palm ash
(Khanday et al., 2017a, 2017b). Apart from the cost, the oper-

ation complexity, technical flexibility, and low waste genera-
tion is among the consideration to choose the adsorption
process for treating dyes in wastewater (Al-Ghouti & Al-

Absi, 2020).
Generally, there are two major steps in producing AC. The

first step is the carbonization process, a thermal degradation
process that occurs in an absence of oxygen (Lam et al.,

2016). During this step, the precursor is converted into char
by subjecting it to a moderately high temperature between
400 and 600 �C. The main objective of carbonization is to

increase carbon content and to build the preliminary pores net-
work (Chen et al., 2018). The next step is the activation process
which can be performed in several ways of physical activation,

chemical activation, and physicochemical activation. Physical
activation is conducted under an oxidizing gas environment
like water steam, O2 or CO2 at higher activation temperature

between 800 and 1100 �C, whereas chemical activation is done
by impregnating the char with chemical activating agents like
KOH, phosphoric acid (H3PO4) and zinc chloride (ZnCl2)
before being heated once again at moderate temperature
(González-Garcı́a, 2018). On the other hand, physicochemical
activation combines both physical and chemical activation. It

starts with the impregnation of char with a chemical activating
agent, followed by gasification treatment by oxidizing gas at
moderately high temperature.

Process activation using a conventional furnace has some
disadvantages such as high energy consumption and long acti-
vation time. Alternatively, researchers are now keener in using

microwave heating techniques as the activation process (Sousa
et al., 2021; Li et al., 2021; Zhou et al., 2021). According to
Njoku et al. (2014), microwave energy induces the dipole rota-
tion in the atomic scale of the material at the rate of over a mil-

lion times per minute. This resulting frictional force between
atoms and molecules within the material and creating heat that
is distributed rapidly throughout the material (Lam et al.,

2016). Because of the shorter activation time needed to activate
the sample, the amount of activating gas used can be reduced
as well.

Optimization in AC production is important because it can
improve efficiency without adding more cost. RSM is widely
employed as an optimization tool due to several advantages

that it poses such as a minimum number of experiments
required, the interactive effect between variables is considered,
and the development of mathematical equation that relates
responses with variables (Das and Mishra, 2017). Besides that,

the variation in parameters can be studied with the aid of
three-dimensional graphs (Ghaedi et al., 2016). In this present
work, Acacia wood (AW) chip from the Acacia mangium spe-

cies, which is a by-product in furniture industry was collected
and used as a precursor to be converted into AC. In the liter-
ature, several studies utilizing acacia wood as an adsorbent to

adsorb caffeine (Danish et al., 2020), chromium (VI) (Danish
et al., 2012) and rhodamine B and MB dyes (Danish et al.,
2018) had been done. However, these studies were using con-

ventional furnace to activate the sample. Therefore, this study
is the first to investigate the adsorption performance of MB
dye using acacia wood based activated carbon derived via
microwave irradiation technique.

2. Materials and methods

2.1. Materials

The adsorbate of methylene blue, MB (C16H18ClN3S) dye was

provided by Sigma-Aldrich (M) Sdn. Bhd., Malaysia. The
chemical activating agent, KOH used during the chemical acti-
vation step was supplied by Riedel-el Haen, Germany. Gases

used during carbonization and activation steps were nitrogen
gas, N2, and CO2 which were supplied by MOX Gases Berhad,
Malaysia. AW chip in the size between 5 and 10 mm was col-

lected from furniture factory in Sungai Petani, Kedah,
Malaysia.

2.1.1. Preparation of AWAC

Once collected, AW chip was washed thoroughly and then
dried in oven for 72 h. 50 g of dried AW chip was loaded inside
vertical tubular furnace for carbonization process to take
place. The precursor was heated at 550 �C for 1 h with N2

gas purging through the furnace at the rate of 150 cm3/min.
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The resulted char was then impregnated with KOH at various
impregnation ratio (IR) (0.00, 0.50, 1.25, 2.00 and 2.51 g/g),
calculated as follows:

IR ¼ WKOH

Wchar

ð1Þ

where WKOH is the weight of KOH pellet and WCHAR is the
weight of the char. 250 mL of deionized water was added to
dissolve the KOH pellet. The impregnated sample was left in

an oven for 24 h at 110 �C for chemical activation and dehy-
dration process to occur. The thermal step is introduced to fur-
ther removing moisture with the assistance of acid. During this

step, reactions of depolymerization, dehydration, and conden-
sation take place, which causing higher carbon yields with less
tar formations and volatiles (Bedia et al., 2020). The depoly-
merization of cellulose, hemicellulose, and lignin which catal-

ysed by KOH has led to decrease in mechanical resistance,
has subsequently causes swelling of the particle. The condensa-
tion reaction may induce the formation of cross-linking and

formation of small pores (Izgi et al, 2019). After that, the sam-
ple was heated in an improvised microwave oven
(EMM2001W, Sweden) at different radiation power (144,

264, 440, 616 and 736 Watt) and different radiation time
(2.60, 4.00, 6.00, 8.00 and 9.40 min). The CO2 gas was purged
through the microwave oven at the rate of 150 cm3/min to pro-

vide gasification effect to the sample. Sample that was
retrieved from microwave oven was washed with hot deionized
water and 0.1 M HCl solution until the pH of the washing
solution was in the range between 6.5 and 7. Lastly, the sample

was kept in oven for 24 h at 110 �C to dry. Once dried, the
yield of AWAC was determined by using the following
equation:

Yield ¼ Wf

Wi

� 100% ð2Þ

where Wf and Wi are dried weight of AWAC and dried weight
of precursor, respectively.

2.1.2. Characterization methods

Characterization of AWAC was done by nitrogen adsorption–
desorption measurements to determine the Brunauer-Emmet-
Teller (BET) surface area, Barrett-Joyner-Halenda (BJH) pore

size distribution (PSD), total pore volume and average pore
diameter of the sample using Micromeritics volumetric adsorp-
tion analyser (ASAP 2010), proximate analysis by using simul-
taneous thermal analyzer (Perkin Elmer STA 6000, USA),

elemental analysis by using elemental analyzer (Perkin Elmer
Series II 2400, USA), surface morphology using scanning elec-
tron microscopy (SEM) (LEO SUPRA 55VP, Germany), sur-

face chemistry using Fourier transforms infrared spectroscopy
(FTIR) (Shidmazu Prestige 21, Japan) and zeta potential using
zeta potential analyzer (Zetasizer Nano Series DKSH).

2.2. Experimental design

The objective of this study was to find the optimum prepara-

tion conditions of AWAC by employing a standard RSM
design known as Central Composite Design (CCD). In this
study, Design Expert software (STAT-EASE Inc. Min-
neapolis, USA) version 6.0.6 was used to analyse the experi-

mental data. The variables were set to be radiation power
(X1), radiation time (X2) and IR (X3) while the responses were
MB removal (Y1) and AWAC’s yield (Y2). Table 1 summarizes
the variables, responses and variables’ experimental range and

levels. Since 3 variables were studied, a design matrix with 20
experiments were generated by CCD which comprised of 8 fac-
torial points, 6 axial points and 6 replicates. The replication is

used to determine the error of experiments. The corresponding
model is a quadratic model, expressed by the following
equation:

Y ¼ bo þ eð Þ þ
X3

i¼1

bixi þ
X3

i¼1

biix
2
i þ

X3

i¼1

X3

j¼iþ1

bijxixj þ ei ð3Þ

where Y is the predicted response, b0, bi, bij and bii are the con-
stant coefficient, linear coefficient, interaction coefficient and
quadratic coefficient, respectively, xi and xj are the coded val-

ues of the AWAC preparation variables and ei is the error. The
adsorption process was performed using 250 mL of conical
flask with MB initial concentration of 100 mg/L, solution vol-
ume of 200 mL and AWAC dosage of 0.2 g. The conical flask

was loaded inside water bath shaker and the shaker speed was
set at 150 rpm and temperature of 30 �C. The pH of the solu-
tion was kept original without any alterations.
2.3. Equilibrium study

The equilibrium study was performed to study the effect of dif-

ferent initial concentration, effect of solution temperature and
effect of solution pH on MB dye adsorption. To study the

effect of initial concentration, six different initial concentration
of 25, 50, 100, 200, 250 and 300 mg/L were prepared. 200 mL
of each of these solutions were filled inside 250 mL of Erlen-

meyer flasks. 0.2 g of AWAC was added in each flask and these
flasks were loaded in a water bath shaker for 24 h. The agita-
tion speed was set at 150 rpm, temperature was set at 30 �C
and pH was kept original.

To study the effect of solution temperature, three different
temperature of 30, 45 and 60 �C were used while pH was kept
original. To study the effect of solution pH, six different pH of

2, 4, 6, 8, 10 and 12 was used while the temperature was fixed
constant at 30 �C. The pH of MB solution was altered using
sodium hydroxide (NaOH) and hydrochloric acid (HCl). For

both temperature and pH studies, fixed initial concentration
of 300 mg/L and AWAC dosage of 0.2 g per 200 mL of MB
solution were chosen. All experiments were repeated three

times and average data was used. The concentration of MB
dye solution was measured at 668 nm by using UV–vis spec-
trophotometry (Agilent Cary 60, USA). For equilibrium stud-
ies, the amount of MB dye adsorbed by AWAC and MB dye

removal percentage were given by Eq. (4) and Eq. (5), respec-
tively, as follows:

qe ¼
Co � Ceð ÞV

W
ð4Þ
% Removal ¼ Co � Ce

Co

� 100% ð5Þ

where Co and Ce are the concentration of MB dye initially and
at equilibrium, respectively; V is the volume of solution (L),
and W is the weight of AWAC used (g).



Table 1 Experimental variables and levels.

Unit Notation Coded values

�1.682 �1 0 +1 +1.682

Variables Radiation power Watt (W) X1 144.00 264.00 440.00 616.00 736.00

Radiation time Minutes (min) X2 2.60 4.00 6.00 8.00 9.40

IR g/g X3 0.00 0.50 1.25 2.00 2.51

Responses MB dye removal mg/g Y1 –

AWAC’s yield % Y2 –
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The equilibrium data was tested using four isotherm models
namely Langmuir, Freudlich, Temkin and Dubinin-

Radushkevich. Their equations are given as follows:
Langmuir (Langmuir, 1918):

qe ¼
QmKLCe

1þ KLCe

ð6Þ

Freundlich (Freundlich, 1906):

qe ¼ KFC
1=nF
e ð7Þ

Temkin (Temkin and Pyzhev, 1940):

qe ¼
RT

B
lnðACeÞ ð8Þ

Dubinin-Radushkevich (Redlich and Peterson, 1959):

qe ¼ qDRexp
RT ln 1þ 1=Ceð Þð Þ2

�2e2

" #
ð9Þ

where Qm is maximum adsorption capacity; KL is the constant
of Langmuir; KF and nF are constants of Freundlich; B and A

are constants of Temkin, qDR is the adsorption capacity, R is
the universal gas constant, T is temperature and e is free
energy. These non-linear equations were solved using Micro-

soft Excel Solver version 2016.

2.4. Kinetic study

The similar procedure in equilibrium study was carried out in
kinetic study using MB solution with six different initial con-
centration of 25, 50, 100, 200, 250 and 300 mg/L. The desired

contact time is ranging from 15 to 180 min. AWAC dosage,
solution volume, solution temperature and agitation speed
were set to be 0.2 g, 200 mL, 30 �C and 150 rpm, respectively.
No alteration in pH solution is done in kinetic study. The data

of adsorption kinetic were fitted on five kinetic models namely
pseudo-first order, pseudo-second order, Elovich, Intraparticle
diffusion and Boyd plot. Their equations are given as follows:

Pseudo-first order (PFO) (Lagergren and Svenska, 1898):

qt ¼ qe 1� exp �k1tð Þ½ � ð10Þ
Pseudo-second order (PSO) (Ho and McKay, 1999)

qt ¼
k2q

2
e t

1þ k2qet
ð11Þ

Elovich (Aeenjan and Javanbakht, 2018):

qt ¼
1

b
ln abð Þ þ 1

b
lnt ð12Þ

Intraparticle diffusion (Boopathy et al., 2013):
qt ¼ kt;it
1
2 ð13Þ

Boyd plot (Islam et al., 2017):

Bt ¼ �0:4977� ln 1� qt
qe

� �
ð14Þ

where k1 is rate constant for PFO, k2 is rate constant for PSO,
a is sorption constant of adsorbate, b is constant of desorp-

tion, kt,i is rate constant for intraparticle diffusion. The error
percentage was calculated to find the percentage of deviation
between calculated qe, qe,cal and experimental qe, qe,exp using

the following equation:

Error ð%Þ ¼ qe;exp � qe;cal
qe;exp

�����
������ 100% ð15Þ
2.5. Thermodynamic study

The parameters obtained from thermodynamics study are
important in predicting the adsorption behaviour under the
influence of temperature. The Van’t Hoff equation was used

to calculate DH� and DS�:

ln Kc ¼ DS
�

R
� DH

�

RT
ð16Þ

Gibbs free energy, DG� was determined by using the follow-

ing equation:

DG
� ¼ �RT ln Kc ð17Þ
The Arrhenius equation was used to determine activation

energy as follows:

ln k2 ¼ ln A� Ea

RT
ð18Þ

where DH� is the enthalpy change (kJ mol�1), DS� is the

entropy change (kJ mol�1 K�1), DG� is the Gibbs free energy
(kJ mol�1), Kc is the equilibrium constant (dimensionless), R is
the universal gas constant (8.314 J mol�1 K�1), T is absolute
temperature, k2 is rate constant of PSO and A is Arrhenius fac-

tor. According to Lima et al. (2019), Kc can be calculated by
using the following equation:

Kc¼
1000mg

g
�KL�molecular weight of adsorbate� adsorbate½ �

�

c

ð19Þ
where [adsorbate]� and c are the standard concentration of the
adsorbate, which concentration by definition is 1 mol/L at
standard conditions and coefficient of activity of the adsorbate
(dimensionless), respectively.
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Fig. 1 (a) N2 adsorption–desorption isotherms of samples and (b) PSD of AWAC.
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3. Results and discussions

3.1. Characterization of samples

The N2 adsorption–desorption isotherm for optimized
AWAC, char and AW are given in Fig. 1(a). AW manifested
a Type II isotherm whereas both AW char and AWAC demon-

strated combination of Type 1 and Type II sorption isotherms,
which indicates the existence of micropores and mesopores.
Fig. 1(b) shows the pore size distribution (PSD) for AWAC.

It was found that the pore size of AWAC was accumulated
in the range of 1.64–1.91 nm similar to the trends found by
Ahmad, et al. (2020) and Jang and Kan (2019) in their charac-

terization study of AC. MB has a molecular size of 1.382 nm in
length and 0.92 nm in width (Jia et al., 2018), therefore it is
enables to agglomerate on the surface of AWAC with average
pore diameter of 2.78 nm.

The BET surface area for precursor was found to be
1.12 m2/g and after carbonization process took place, this
value increased to 425.41 m2/g in char. This was caused by

the removal of moisture content and light volatile matter com-
pound from precursor. Once these substances leave precursor,
vacant spaces which associated with pores network was

formed. Upon chemical activation, metallic potassium ions,
K+ travelled deep into these pores network and increased
them. After that, the following gasification treatment causing

CO2 molecules to bombard the surface and the internal side
of impregnated char, causing the pores development process
Table 2 Proximate and elemental analyses of the samples.

Proximate analysis (%)

Moisture Volatile matter Fixed carbon

Precursor 12.55 57.20 24.75

AWAC 5.23 10.74 81.14
to be further enhanced. Microwave energy was responsible in
heating the char and causing removal of heavy volatile matter.
This resulted in an increment of BET surface area to become

1045.56 m2/g in AWAC. Physicochemical activation also suc-
ceeded in increasing the mesopores surface area from
268.40 m2/g in char to 689.77 m2/g in AWAC. The total pore
volume for AWAC was 0.5350 cm3/g whereas the average pore

diameter for AWAC was 2.78 nm, which lies in the mesopores
region.

The proximate and elemental analyses of precursor and

AWAC are given in Table 2. The fixed carbon for precursor
was found to be relatively high of 24.75%, thus making it a
suitable choice of precursor in the first place. Based on proxi-

mate analysis, the composition of precursor was dominated by
moisture of 12.55% and volatile matter of 57.20%. However,
these components were successfully removed during carboniza-

tion and physicochemical activation, thus their values signifi-
cantly dropped in AWAC to be 5.23% and 10.74% for
moisture and volatile matter, respectively. On contrary, per-
centage of fixed carbon in AWAC rose sharply to81.14%.

Low ash content of 2.89% in AWAC was a manifestation that
the heat treatment used during carbonization and microwave
heating were at the right range and no combustion occur in

both processes. In elemental analysis, the C element increased
tremendously from 20.92% in precursor to 78.60% in AWAC.
On the other hand, other elements of H, S, N and O were

decreased after carbonization and physicochemical activation
took place.
Elemental analysis (%)

Ash C H S (N + O)

5.50 20.92 9.89 0.09 69.10

2.89 78.60 7.20 0.01 14.19



Precursor AWAC 

Pores 

Fig. 2 SEM images of precursor and AWAC.
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The SEM images of precursor and AWAC are shown in

Fig. 2. These images are useful to recognize the inner carbon
structure morphology (Ilnicka et al., 2020). The shape struc-
ture of precursor and AWAC was found to be different.
Unlike the precursor, AWAC’s structure was found to be filled

with numerous cavities that exist in different sizes. These cav-
ities are formed due to the volatilization of moisture and vola-
tile matter that occurred during carbonization and activation

process. Similar result was observed in the work done by
Lopes et al. (2021) where significant changes in terms of forma-
tion of cavities on AC’s surface occurred after activation pro-

cess took place. Metallic potassium, K+ from KOH was
known to penetrate deep inside the surface of sample, thus
-

3584-3700 

3200-3550 

2890 

2349 

Fig. 3 FTIR spectrum for (a)
creating more cavities (Yusop et al., 2021) distributed on the

whole surface of AWAC.
The FTIR spectrum for precursor and AWAC is given in

Fig. 3. Peaks that exist on both precursor and AWAC were
medium band 3584–3700 cm�1 that represents O-H in alcohol

(Kacan, 2016), strong band 1500–1550 cm�1 that represents
NOA compound, strong band 1638–1648 cm�1 that represents
C‚C in alkene (Zhou et al., 2017) and strong band 690 cm�1

that represents mono-substituted benzene (Yorgun and Yildiz,
2015). According to Arbanah et al. (2013), functional groups
with negatively charge polarity like hydroxyl, OAH and nitro,

NOA promote the adsorption process between cationic MB
dye and AWAC. Several peaks that were unable to withstand
(a) 

(b) 

1500-1550 

-

1638-1648 

1638-1648 

690 

690 

1300 

precursor and (b) AWAC.
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the heat treatment during carbonization and physicochemical
activation steps were broad band 3200–3550 cm�1 that repre-
sents OAH in alcohol (Ghaedi et al., 2015), weak band

2890 cm�1 that represents CAH in methylene group (Kumar
and Jena, 2016), strong band 2349 cm�1 that represents
COOH in carboxyl group (Agarwal et al., 2017) and weak

band 1300 cm�1 that represents CAO in phenol, ether or ester
(Kumar and Jena, 2016). These peaks were visible in spectrum
of precursor and diminished in the spectrum of AWAC.

The surface of AC carries a net charge, also known as zeta
potential, which affects the degree of affinity of adsorbate
towards adsorbent (Maršálek and Švidrnoch, 2020). The mag-
nitude of zeta potential can easily be affected by the pH of

environment that the surface is exposed to. Fig. 4 shows the
zeta potential curve for AWAC. AWAC was found to have
zeta potential value of �5.17. This negative value indicated

that the surface of AWAC provided a good attraction towards
positively charged adsorbate.

3.2. Optimization studies

3.2.1. Regression model development

Table 3 depicts the complete experimental design matrix for
the AWAC’s preparation. For both responses of MB dye
removal and AWAC’s yield, the software had suggested quad-
ratic model. The range for experimental values were 66.16 to

91.60 mg/g and 17.04 to 27.98% for MB removal and
AWAC’s yield, respectively. The empirical models in the form
Mean

Zeta Potential (mV): -5.17 Peak 1: -5.17

Zeta Deviation (mV): 2.46 Peak 2: 0.00

Peak 3: 0.00
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300000

400000

-200 -100

To
ta

l c
ou

nt
s 
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Fig. 4 Zeta potentia
of coded factors that relate the responses and variables were
given as follows:

MB dye removal, Y1

Y1 ¼ 91:33þ 4:21X1 þ 2:31X2 þ 3:29X3 � 5:53X2
1

� 3:72X2
2 � 5:79X2

3 � 0:83X1X2 � 1:02X1X3

� 0:61X2X3 ð20Þ
AWAC’s yield, Y2

Y2 ¼ 27:48� 2:73X1 � 1:63X2 � 1:14X3 � 1:93X2
1

� 2:49X2
2 � 2:92X2

3 þ 0:39X1X2 � 0:48X1X3

� 0:70X2X3 ð21Þ
The plot of predicted versus actual for MB removal and

AWAC’s yield are shown in Fig. 5(a) and (b), respectively.
Based on these plots, four parameters were used to validate

these plots which are correlation coefficient, R2, adjusted R2,
standard deviation and adequate precision (AP). The quality
of the model is getting better as the value of R2 approaching

1. Adjusted R2 is the better version of R2 where the insignifi-
cant data were not considered in the calculation. Larger value
of standard deviation indicates higher deviation of predicted
data from actual data and vice versa. AP measured the ade-

quacy of model to estimate the response and any value above
4 were desirable for it (Bashir et al., 2010). The models in Eq.
(20) and Eq. (21) were good, judging from the high R2 values

of 0.9781 and 0.9777, respectively. These R2 values reflect that
 (mV) Area (%) 
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Table 3 Complete experimental design matrix for AWAC’s preparation.

Run AWAC’s preparation variables Responses

Radiation power, X1 (watt) Radiation time, X2 (min) IR, X3 MB removal, Y1 (mg/g) AWAC’s yield, Y2 (%)

1 264 (�1) 4.0 (�1) 0.50 (�1) 66.38 25.00

2 440 (0) 2.6 (�1.628) 1.25 (0) 75.53 23.77

3 440 (0) 6.0 (0) 1.25 (0) 91.30 27.42

4 264 (�1) 4.0 (�1) 2.00 (+1) 72.90 25.37

5 440 (0) 6.0 (0) 1.25 (0) 91.43 27.96

6 440 (0) 6.0 (0) 1.25 (0) 91.27 27.48

7 736 (+1.628) 6.0 (0) 1.25 (0) 82.01 18.98

8 440 (0) 6.0 (0) 1.25 (0) 91.16 27.79

9 144 (�1.628) 6.0 (0) 1.25 (0) 68.10 25.41

10 264 (�1) 8.0 (+1) 2.00 (+1) 78.43 20.37

11 440 (0) 6.0 (0) 2.51 (+1.628) 82.48 17.04

12 264 (�1) 8.0 (+1) 0.50 (�1) 72.10 22.57

13 440 (0) 6.0 (0) 1.25 (0) 91.60 27.11

14 440 (0) 9.4 (+1.628) 1.25 (0) 84.83 17.48

15 616 (+1) 4.0 (�1) 0.50 (�1) 77.50 18.44

16 616 (+1) 8.0 (+1) 2.00 (+1) 82.14 13.45

17 616 (+1) 8.0 (+1) 0.50 (�1) 82.13 17.80

18 616 (+1) 4.0 (�1) 2.00 (+1) 82.17 17.10

19 440 (0) 6.0 (0) 1.25 (0) 91.41 27.06

20 440 (0) 6.0 (0) 0.00 (�1.628) 66.16 21.80
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Fig. 5 Plot of predicted versus actual for (a) MB removal and (b) AWAC’s yield.
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97.81% and 97.77% of total variation in MB dye removal and
AWAC’s yield, respectively were contributed by the variables
studied. Furthermore, low standard deviation was also

obtained for Eq. (20) of 1.79 and Eq. (21) of 0.94. Adjusted
R2 and AP values for Eq. (20) were 0.9583 and 21.58, respec-
tively whereas for Eq. (21), the values were 0.9576 and 20.52,

respectively. Therefore, the models developed in this study
were beyond adequate to predict the responses.

Normal plot of residuals for MB removal and AWAC’s

yield are given in Fig. 6(a) and (b), respectively. These plots
are useful to further confirm the adequacy of the developed
models. Based on Fig. 6, it was found that the residuals gener-
ally fall on a straight line, thus indicating that the errors are

distributed normally.

3.2.2. Analysis of variance (ANOVA)

Analysis of variance (ANOVA) is helpful in interpreting the
experimental data. According to Tounsadi et al. (2016), if
ANOVA produced a value for Prob > F that is less than
0.05 and high value of F value (Liew et al., 2018), it signified

that the term model was significant to the response and the
result was not random. The ANOVA results for MB dye
removal and AWAC’s yield are given in Table 4(a) and (b),
respectively. The Prob > F value for the model of both
responses of MB dye removal and AWAC’s yield were
<0.0001 and <0.0001, respectively, thus confirming that both

of these models were significant. Lack of fit was found to be
insignificant to MB removal and AWAC’s yield responses
due to the Prob > F value of 0.0765 and 0.7120, respectively.

Insignificant lack of fit verified that variables used have nota-
ble effects on the studied responses and the designed models
fitted the experimental data well (Melliti et al., 2021).

Based on Table 4(a), the significant terms for MB dye
removal response were radiation power (X1), quadratic effect
of radiation power (X1

2), radiation time (X2), quadratic effect
of radiation time (X2

2), IR (X3) and quadratic effect of IR

(X3
2) whereas the insignificant terms were the ones not men-

tioned. Based on F-value, radiation power of 75.63 and IR
of 46.24 were found to contribute majorly to this response

while radiation time of 22.67 had relatively minor effect on this
response. Based on Table 4(b), the significant terms for
AWAC’s yield response were radiation power (X1), radiation

time (X2), IR (X3), quadratic effect of radiation power (X1
2),

quadratic effect of radiation time (X2
2) and quadratic effect

of IR (X3
2) where other terms were not mentioned are not sig-

nificant to the response. Based on F-value, radiation power of



Table 4a ANOVA result for MB dye removal.

Source Sum of Squares DF Mean Square F Value Prob > F

Model 1428.01 9 158.67 49.53 <0.0001

x1 242.29 1 242.29 75.63 <0.0001

x2 72.61 1 72.61 22.67 0.0008

x3 148.12 1 148.12 46.24 <0.0001

x1
2 441.19 1 441.19 137.72 <0.0001

x2
2 119.54 1 119.54 62.29 <0.0001

x3
2 483.60 1 483.60 150.96 <0.0001

x1x2 5.53 1 5.53 1.73 0.2183

x1x3 8.34 1 8.34 2.60 0.1376

x2x3 2.94 1 2.94 0.92 0.3606

Residual 32.04 10 3.20

Lack of fit 31.92 5 6.38 27.74 0.0765

Pure error 0.12 5 0.23

Cor Total 1460.05 19

Table 4b ANOVA result for AWAC’s yield.

Source Sum of Squares DF Mean Square F Value Prob > F

Model 386.94 9 42.99 48.70 <0.0001

x1 102.06 1 102.06 115.61 <0.0001

x2 36.41 1 36.41 41.24 <0.0008

x3 17.65 1 17.65 19.99 0.0012

x1
2 53.91 1 53.91 61.07 <0.0001

x2
2 89.42 1 89.42 101.30 <0.0001

x3
2 122.63 1 122.63 138.91 <0.0001

x1x2 1.23 1 1.23 1.40 0.2647

x1x3 1.86 1 1.86 2.11 0.1770

x2x3 3.89 1 3.89 4.41 0.0621

Residual 8.82 10 0.88

Lack of fit 8.18 5 1.64 12.73 0.7120

Pure error 0.64 0.64 5 0.13

Cor Total 395.47 19
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Fig. 6 Normal plot of residuals for (a) MB removal and (b) AWAC’s yield.
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115.61 has the most significant effect to this response, followed
by radiation time of 41.24. IR had the least effect to this

response with F-value of 19.99.

3.2.3. Three-dimensional (3D) response surface of AWAC

The effect of the variables on the responses can be understood

better by viewing the three-dimensional (3D) response surface.
Fig. 7(a) and (b) show the 3D response surface plots for MB
dye removal and AWAC’s yield, respectively. Since ANOVA

results revealed that MB removal was significantly affected
by radiation power and IR whereas AWAC’s yield was deeply
affected by radiation power and radiation time, therefore the
3D surface plots only showed the effect of these variables only.

For MB dye removal response, radiation power and IR were
varied within experimental ranges while the radiation time
was fixed at zero level. For AWAC’s yield response, radiation

power and radiation time were varied within experimental
ranges while IR was fixed at zero level.

Based on Fig. 7(a), lowest MB dye removal took place

when radiation power and IR were 264 W and 0.5 g/g, respec-
tively. When both of these variables increased, MB dye
removal increased steadily as well. This can be explained by
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Fig. 7 3D response surface plots for (a) MB dye removal and (b) AWAC’s yield.
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the fact that an increased in radiation power leads to cracking

reaction that improved elimination of heavy volatile matter in
char, leaving more vacant sites and pores to be developed, thus
increasing adsorption capacity (Wan Mahari et al., 2016). By
increasing IR, more K+ ions were available to penetrate deep

into char, causing more pores to develop, thus improving
adsorption capacity (Rashidi and Yusup, 2017). It was noticed
that at extremely high level of radiation power, MB dye

removal dropped a bit. According to Foo and Hameed
(2012), excess energy can cause a small amount of carbon to
burn, and rupture the existing pores, thus reducing adsorption

performance of AC.
Radiation power and radiation time were found to have a

negative effect on AWAC’s yield as shown in Fig. 7(b). Due
to this, AWAC’s yield reached its maximum value when radi-
ation power and radiation time were at their lowest level of
264 W and 4.0 min, respectively. An increased in radiation

power promotes the aggressive volatilization process that leads
to reduction of weight for AWAC. By increasing radiation
time, it allowed this volatilization process to be elongated, thus

reducing AWAC’s yield even more. It was observed by Ghani
et al. (2017) that a sample that was exposed to microwave heat-
ing beyond its optimum radiation time decreased in yield

significantly.



Table 5 Model validation for AWAC’s preparation.

Variables Responses

Radiation power, X1 (watt) Radiation time, X2 (min) IR, X3 (g/g) MB removal, Y1 (mg/g) AC’s yield, Y2 (%)

Predicted Actual Error Predicted Actual Error

360 4.50 0.90 81.20 81.55 0.43 27.96 28.51 1.93
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3.2.4. Optimization of AWAC’s preparation variables

Producing AC with high adsorption performance and yield
were challenging. Because of that, RSM based on CCD was
employed in this study to find optimum values of variables

for AWAC’s preparation. The responses of MB dye removal
and AWAC’s yield were set to be maximum. On contrary,
the variables consisted of radiation power, radiation time

and IR were set to be in the range. Table 5 shows the model
validation for AWAC’s preparation. The optimum values for
AWAC’s preparation variables were found to be 360 W,
4.50 min and 0.90 g/g for radiation power, radiation time

and IR, respectively. These optimum values produce AWAC
with MB dye removal of 81.20 mg/g and yield of 27.96%.
Small error percentage for MB dye removal of 0.43% and

AWAC’s yield of 1.93% indicated that the models developed
in this study were excellent in predicting the responses. High
desirability was obtained for this model, which is 0.986, thus

signified the optimal fitting of the studied factors (Amdoun
et al., 2018).

3.3. Equilibrium studies

3.3.1. Effect of contact time and initial MB dye concentration

The MB dye adsorption uptakes by AWAC at different initial

concentration between 25 and 300 mg/L at 30 �C and pH 7 are
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Fig. 8 (a) MB dye adsorption uptakes by AWAC and (b) M
shown in Fig. 8. It can be seen that the adsorption uptakes
increased from 22.96 to 210.10 mg/g as the MB dye initial con-

centrations increased from 25 to 300 mg/L. At higher initial
concentrations, mass transfer driving force becomes higher
as well. Higher driving force made it easier to overcome mass

transfer resistance between MB dye in solution and solid
phase, thus explaining higher MB uptakes at higher initial con-
centrations (Tharaneedhar et al., 2017). This finding was in

agreement with the work done by Yusop et al. (2021) and
Ahmad et al. (2020). MB dye solution with lower initial con-
centrations (25, 50 and 100 mg/L) needed shorter contact time
between 4 and 6 h to reach equilibrium state. On contrary,

equilibrium state was attained by higher MB dye initial con-
centrations (200, 250 and 300 mg/L) at higher contact time
of 22 to 24 h. Equilibrium state was achieved faster at lower

initial concentrations due to less competition for MB dye
molecules to be adsorbed by AWAC and vice versa.

3.3.2. Effect of solution temperature and pH

MB adsorption capacity at different solution temperature is
shown in Fig. 9. When the temperature of MB dye solution
was increased from 30 to 60 �C, the adsorption capacity of

AWAC was found to reduce from 210.21 to 179.85 mg/g. Poor
adsorption performance of AWAC was contributed by the
increasing solubility of MB dye molecules at higher solution
15 20 25
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Fig. 9 MB adsorption capacity at different solution

temperature.

Fig. 10 MB adsorption capacity at different solution pH.
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temperature. According to Abbaszadeh et al. (2016), adsorbate

molecules posed higher energy at higher solution temperature,
thus enabled them to escape from solid phase to bulk phase. In
addition, electrostatic interaction between cationic MB dye

and the negatively charged functional groups in AWAC
became weaker at higher solution temperature, therefore pro-
moting desorption process (Doumic et al., 2015). In the study
of MB dye removal by Moringa oleifera leaf-based AC, the

percentage removal dropped from above 96.50% to below
than 95.75% when the solution temperature was raised from
21.85 �C to 51.85 �C (Do et al., 2021). Similarly, MB

adsorption capacity was found to decrease from 218.48 to
197.45 mg/g as solution temperature increased from 30 �C to
60 �C in the study conducted by Ahmad et al. (2021).

The pH of dye solution can affect the adsorption perfor-
mance of AC due to the existence of excess H+ and OH� ions
in acidic and alkaline conditions, respectively (Beltrame et al.,
2018). These ions can affect the zeta potential of adsorbent’s
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Fig. 11 Non-linear plots
surface as well. As mentioned previously in Section 3.1, the
zeta potential value for AWAC was �5.17. This negative value
signified that surface of AWAC was negatively charged in its

original state. The adsorption performance at different pH is
given in Fig. 10. Adsorption performance of AWAC was the
worst at solution pH of 2 with MB adsorption capacity of

177.66 mg/g. At acidic condition, excess H+ ions induced
AWAC’s naturally negatively charged surface to be neutral,
thus reducing the affinity of positively charged MB dye

towards it. As the pH increased to 4 and 6, the reduced quan-
tity of H+ ions in the solution had weakening the neutralizing
process between AWAC’s surface and H+ ions, thus adsorp-
tion capacity increased to 189.66 and 229.32 mg/g, respec-

tively. At pH 8 and 10, existence of OH� ions in the solution
induced the AWAC’s surface to be more negatively charged
that it already was. Therefore, enhanced adsorption capacity

of 256.41 and 279.33 mg/g was achieved at pH 8 and 10,
respectively. At these alkaline conditions, the magnitude of
zeta potential for AWAC was lower than �5.17. At pH 12, a

small increment in adsorption capacity of 280.71 proved that
further increasing of pH would not have any effect on the zeta
potential of AWAC anymore. This is because optimum effect

of induced process had been achieved. Similar result was
obtained by Do et al. (2021) where MB adsorption percentage
had risen from 94.60% to 97.50% as the pH of solution
increased from 4 to 11.

3.4. Adsorption isotherms

The non-linear plots of isotherm models are given in Fig. 11

and their corresponding parameters are tabulated in Table 6.
To find the best isotherm that fit the adsorption data, correla-
tion coefficient, R2 and error percentage were judged. It was

clear that adsorption of MB onto AWAC was best described
by Langmuir isotherm (R2 = 0.9970 and error = 0.41%). This
signified that the monolayer coverage of MB dye molecules

was formed on the homogenous surface of AWAC (Garcia
et al., 2018). Freundlich and Temkin isotherms produced quite
high R2 values of 0.9968 and 0.9418, respectively whereas DR
isotherm produced unsatisfactory R2 value of 0.5323. Maxi-

mum adsorption capacity, Qm generated by Langmuir and
DR isotherms were 338.29 and 120.90 mg/g, respectively. Since
the adsorption follows Langmuir, therefore Qm value gener-

ated by Langmuir is more credible. Qm value of AWAC can
be considered as relatively high compared to oak seeds-based
80 100

Experimental data

Langmuir

Freundlich

Temkin

Dubinin-Radushkevich

for isotherm models.



Table 6 Parameters for adsorption isotherms.

Isotherms Parameters

Langmuir Qm (mg/g) 338.29

KL (L/mg) 0.018

R2 0.9970

Error (%) 0.41

Freundlich nF 1.66

KF (mg/g)(L/mg)1/n 14.52

R2 0.9968

Error (%) 3.08

Temkin B (L/mg) 49.21

A (L/mg) 0.4655

R2 0.9418

Error (%) 9.05

Dubinin-Radushkevich E (J/mol) 405.00

Qm (mg/g) 120.90

R2 0.5323

Error (%) 100.00
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AC of 24 mg/g (Borghei et al., 2021), coconut shell composite
based AC of 156.25 mg/g (Yağmur & Kaya, 2021), corncob
based AC of 333.33 mg/g (Medhat et al., 2021) and Moringa
oleifera leaf based AC of 136.99 mg/g (Do et al., 2021).

Langmuir dimensionless separation factor, RL (RL = 1/(1 +
KLCO) is useful to determine type of adsorption equilibrium
which is either favourable (0 < RL < 1), irreversible

(RL = 0), linear (RL = 1) or unfavourable (RL > 1). For
Table 7 Parameters for kinetics models.

Parameters MB dye initial concentrations

25 50

qe, exp (mg/g) 22.96 42.61

Pseudo-first order (PFO)

k1 (1/h) 0.71 0.68

qe (mg/g) 15.52 31.64

R2 0.9867 0.9787

Error (%) 32.40 25.74

Pseudo-second order (PSO)

k2 (g/mg h) 0.034 0.025

qe (mg/g) 21.88 40.59

R2 0.9947 0.9910

Error (%) 4.70 4.74

Elovich

a (mg g-1h�1) 32.93 11.46

b (g mg�1) 3.15 6.18

R2 0.8448 0.8433

Intraparticle diffusion

kt1 (mg g�1 t�1/2) 12.63 20.22

C1 0 0

R2 1 1

kt2 (mg g�1 t�1/2) 8.54 17.37

C2 6.52 9.68

R2 0.8858 0.9238

kt3 (mg g�1 t�1/2) 0.35 0.52

C3 21.30 40.13

R2 0.9948 0.9948
all MB dye initial concentration studied (25 to 300 mg/L),
the RL value was found to be in the range of 0.1105 to
0.5986, thus confirming favourable adsorption. Furthermore,

nF value of 1.66 which lies between 1 and 10, indicated that
the adsorption process is favourable as well. The free energy,
E value was 405 J/mol and since this value is below than

8000 J/mol, it suggested that the adsorption process was gov-
erned by physisorption.

3.5. Adsorption kinetic and mechanism

The parameters for kinetic models are given Table 7. PSO
model was found to give highest R2 value ranging from

0.9907 to 0.9986 and lowest error between 2.53 and 4.74%,
thus confirming the adsorption kinetic follows PSO. Low error
percentage indicated that PSO model was highly accurate in
predicting the experimental qe. R

2 values for PFO was satisfac-

tory high (0.8775 to 0.9867) but large error percentage (4.66 to
32.40%) signified that this kinetic model did not represents
MB adsorption onto AWAC well. Both rate constant, k1
and k2 obtained from PFO and PSO, respectively were found
to decrease as the initial concentration of RBBR dye increase.
According to Islam et al. (2015), slower adsorption process

took place at higher initial concentration due to high ratio of
adsorbate molecules to available pores, thus explaining lower
rate constant. For intraparticle diffusion, the plot of qt versus
t1/2 produced multi-linear lines at different concentrations

which suggests that the rate limiting step was not caused by
intraparticle diffusion.
100 200 250 300
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0.64 0.51 0.48 0.46

72.98 139.76 173.83 200.42
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78.46 146.69 177.49 204.89
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Boyd plot was employed to further verify the actual slowest
step in adsorption process (Garba and Rahim 2016). The Boyd

plot is given in Fig. 12. Based on the Fig. 12, the lines for all
initial concentrations of MB dye did not pass through the ori-
gin, thus confirming the rate limiting step in the adsorption

process was film diffusion mechanism.

3.6. Adsorption thermodynamics

The values of DH�, DS� and Ea were determined to be
�44.32 kJ/mol, �0.16 kJ/mol.K and 7.80 kJ/mol, respectively.
Negative value obtained for DH� confirmed that the nature of

adsorption process was exothermic where higher MB uptakes
took place at lower solution temperature (Singh and Kuma,
2016). On the other hand, the negative value for DS� implied
a decrease in randomness at the solid–liquid interface

(Tharaneedhar et al., 2017). The adsorption of MB dye onto
AWAC was controlled by physisorption since the Ea value is
between 5 and 40 kJ/mol. Low activation energy values

(<42 kJ/mol) due to relatively weak temperature dependence
of the pore diffusivity indicated diffusion-controlled process
(Hao et al., 2020). Diffusion here refers to movement of solute

to an external surface of adsorbent. Thus, the affinity of dyes
onto activated carbon may be attributed to Van der Waals
forces and electrostatic attractions between the dye and the
surface of particles. Similar observation has been reported else-

where (Basu et al., 2018; Aljeboree et al., 2015). Additionally,
the values of DG� were found to be 2.74, 5.07 and 7.04 kJ/mol
at temperature 303, 318 and 333 K, respectively. Moreover, the

increase of DG� values with temperature signified that adsorp-
tion process was favoured at low temperature (Jung et al.,
2017). Low DG� (<20 kJ/mol) obtained in this investigation

has also validated the physisorption nature of the adsorption
process. The thermodynamics parameters obtained has suc-
ceeded in predicting how adsorption of dye might vary with

temperature changes in adsorption system.

4. Conclusion

Acacia wood chip-based AC (AWAC) was successfully synthe-
sized via microwave heating technique and physiochemical
activation involving KOH chemical treatment and CO2 gas
treatment. The resulted AWAC was found to have high BET

surface area of 1045.56 m2/g and mesopores surface area of
689.77 m2/g. RSM revealed the optimum preparation condi-
tions of AWAC to be 360 W, 4.50 min and 0.90 g/g for radi-

ation power, radiation time and IR, respectively. This
resulted in 81.20 mg/g of MB dye removal and 27.96% of
AWAC yield. Based on F-value in ANOVA, radiation power

and IR were found to affect the response of MB dye removal
the most while radiation power and radiation time majorly
impacted the response of AWAC’s yield. Adsorption of MB

dye onto AWAC was favoured at solution temperature of
30 �C with adsorption capacity of 210.21 mg/g and at solution
pH of 12 with MB removal of 280.71 mg/g. Isotherm and

kinetic studies found that adsorption of MB onto AWAC fol-
low Langmuir and PSO models, respectively. This is confirmed
by Boyd plot which shows that the adsorption process was
controlled by film diffusion mechanism and further affirmed

by thermodynamic studies that revealed adsorption process
was indeed exothermic, spontaneous, feasible and governed
by physisorption.
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