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KEYWORDS Abstract The objective of this study is to find optimum preparation conditions in converting teak
Activated carbon; wood waste into activated carbon (TWAC) and to evaluate its performance in adsorbing cationic
Adsorption; dye of methylene blue (MB). TWAC was produced via physiochemical activation (potassium
Physicochemical activation; hydroxide, KOH chemical treatment, and carbon dioxide, CO, gasification) and heated through
Microwave heating; microwave irradiation technique. With the aid of response surface methodology (RSM), optimized
Optimization; TWAC was successfully synthesized at radiation power, radiation time, and impregnation ratio (IR)
Methylene blue; of 366 W, 5.30 min, and 1.15 g/g, respectively. These preparation conditions produced TWAC with
Teak wood MB adsorption uptakes of 66.69 mg/g and a yield of 38.23%. Characteristics of TWAC in terms of

BET surface area, mesopores surface area, total pore volume, and average pore diameter were
determined to be 1345.25 m?/g, 878.63 m?/g, 0.6140 cm’/g, and 2.85 nm, respectively. Isotherm
studies divulged that the MB-TWAC adsorption system followed the Langmuir model with a max-
imum monolayer adsorption capacity of 567.52 mg/g. In terms of kinetic studies, this adsorption
system fit pseudo-second order model the best whereas Boyd plot confirmed that the adsorption
process was controlled by the film diffusion mechanism. Thermodynamic parameters of enthalpy
change, AH®, entropy change, AS°, Gibbs free energy, AG® and Arrhenius activation energy, E,
were calculated to be —4.06 kJ/mol, 0.06 kJ/mol.K, —22.69 kJ/mol and 16.03 kJ/mol, respectively.
The activation and microwave heating methods employed succeeded to produce TWAC with excel-
lent adsorption performance in removing MB dye. TWAC was also successfully regenerated for 5
cycles via microwave heating technique.
© 2022 The Authors. 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/).
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1. Introduction

Over the recent years, the adsorption process has been showing a
prominent role in removing pollutants by using activated carbon
(AC) as an adsorbent. As compared to other methods, the adsorption
process using AC is more desirable due to its simple operation, achiev-
ing high pollutant removal, flexibility in the process (batch or contin-
uous), inert towards toxic substances, and regeneration of used AC is
possible. But most importantly, AC is popular due to its versatility in
adsorbing various types of contaminants ranging from dyes (Yusop
et al., 2021a, Yusop et al., 2021b, Yusop et al., 2017), heavy metals
(Pelaez-Cid et al., 2020, Abbas, 2020, Yusop et al., 2022), phenolic
compound (Zhang et al., 2021, Theanacho et al., 2021), antibiotics
(Yang et al., 2020, Wang et al., 2021), medicines (Conde-Rivera
et al., 2021, Omorogie et al., 2021), hydrogen sulphide, H,S gas
(Wang et al., 2020, Habeeb et al., 2020), carbon dioxide, CO, gas
(Garcia-Diez et al., 2021, Serafin et al., 2021) and others. Researchers
nowadays are actively utilizing agricultural wastes as AC’s precursors
such as durian peel (Yusop et al., 2021a), acacia wood (Yusop et al.,
2021b), pomegranate peel waste (Ahmad et al., 2021a), peanut shell
(Ahmad et al., 2021b), glycidia sepium woodchip (Ahmad et al.,
2020) and others. Therefore, in this study, teak wood (Tectona grandis
Linn. F.), a waste from the furniture industry was chosen to be con-
verted into AC by subjecting it to microwave-irradiation technique
coupled with potassium hydroxide, KOH chemical treatment, and
CO, gasification. The teak tree is native to South Asia countries
including Bangladesh, India, Indonesia, Malaysia, Myanmar, Thai-
land, and Sri Lanka, and according to (Veridiano et al., 2020), many
tropical countries have begun to reinstate their deforested lands with
teak tree since its wood is admired for its durability.

The growing number of synthetic dyes produced annually is a man-
ifestation of the great demand for colour by the world’s society which
led up to the expansion of the textile industry. Considered one of the
most water-polluted industries, the textile industry is comprised of
integrated activities of pre-treatment, spinning, polymerization, print-
ing, texturizing, and dyeing processes (Yusop et al., 2021a). According
to Yusop et al. (2021a), the dyeing operation yields a huge amount of
wastewater that comes primarily from the wash water, followed by the
spent dye bath. Not only in the textile industry but dyes are also uti-
lized in papers, foods, magazines, leather, and cosmetics industries
too (Mahapatra et al., 2021). Therefore, it was not surprising when
the annual production of synthetic dyes had reached one million tons
around the globe and in terms of the type of dyes, almost 10,000 dyes
variations are found in the literature (Daoud et al., 2017). Even though
synthetic dyes are contributing to the development of industries and
the blooming of the economy, extensive use of synthetic dyes is jeop-
ardizing the safety of the environment and ecosystem. Synthetic dyes
can be classified into two groups: ionic dyes and non-ionic dyes. Ionic
dyes can be further grouped into the cationic dye and anionic dye
where these dyes dissolved in water and produce positive ions and neg-
ative ions, respectively. These ions are attracted toward the polar side
of water molecules, making them more reluctant to be removed
(Yusop et al., 2021b). Methylene blue (MB) dye which falls in the
cationic group is one of the most utilized dyes in the textile industry.
This dye is exceptionally stable towards degradation, chemically and
biologically owing to the existence of the azo group in its molecular
structure (Ahmad et al., 2021b). Because of that, once MB dye is
escaped from industries and enters the environment, it can impart tox-
icity for a very long time. According to Moosavi et al. (2020), as high
as 15% of dyes are lost in the environment. MB dye is known to be
linked with health issues like enhancement of heart rate and lep-
tomeninges inflammation in humans (Hassan et al., 2014). Due to
these hazardous effects, it is important to develop an optimized AC
from teak wood to treat MB dye wastewater. To the best of authors’
knowledge, this study is the first one to employ the microwave-
irradiation technique to activate teak wood and convert it into teak
wood-based AC (TWAC). Furthermore, optimum preparation condi-

tions of TWAC were determined with the aid of response surface
methodology (RSM). Besides being abundantly discarded and having
good physical strength, producing TWAC, will solve the disposal
problem of teak wood waste generated in furniture industries and
add some value to this waste.

2. Materials and methods

2.1. Materials

Methylene blue, MB dye (C;sH;gCIN3S), in a powder form
was obtained from Sigma-Aldrich (M) Sdn. Bhd., Malaysia.
Potassium hydroxide, KOH in powder form was supplied by
Riedel-el Haen, Germany, which was used as chemical activat-
ing agent during chemical activation step. Gases of nitrogen,
N, and carbon dioxide, CO, which were utilized during car-
bonization and physical activation steps respectively, were pro-
vided by MOX Gases Berhad, Malaysia. The precursor used in
this study, teak wood chip in the size between 5 and 10 mm
was obtained from furniture factory located in Sungai Petani,
Kedah, Malaysia.

2.1.1. Preparation of TWAC

Teak wood chip was cleaned properly using water and then,
was let to dry in an oven for 72 h. Once dried, 50 g of teak
wood chip was packed inside vertical tubular furnace. The fur-
nace was heated for carbonization process to take place at
550 °C for 1 h, while N, gas was allowed to purge through
the furnace at the flow rate of 150 cm’/min, to create pyrolysis
atmosphere. The resulted sample from carbonization process
was called char. Char was then impregnated with KOH at dif-
ferent impregnation ratio (IR) of 0.00, 0.50, 1.25, 2.00 and
2.51 g/g, which determined as follows:
~ Wkon

IR = 1
Wchar ( )

where Wk oy is the mass of KOH and W, is the mass of the
char.

KOH was dissolved in 250 mL of deionized water in a bea-
ker. The beaker was left in an oven overnight at the tempera-
ture of 110 °C to allow chemical activation and drying
processes to occur. In the next step, an improvised microwave
oven (EMM2001W, Sweden) was used to provide microwave
radiation to the samples. Samples was radiated at various radi-
ation power (144, 264, 440, 616 and 736 W) and various radi-
ation time (2.60, 4.00, 6.00, 8.00 and 9.40 min). During the
entire radiation process, CO, gas at the flowrate of 150 cm?/
min was let to purge through the microwave to provide phys-
ical activation effect on the sample. Once the radiation process
was done, sample was unloaded from microwave oven and
washed with hot deionized water several times to recover
excess KOH. Then, 0.1 M HCI was used to wash the sample
until the pH of washing solution becomes 7. In the final step,
wet sample was dried in an over for 24 h at temperature of
110 °C. Dried sample which is known as TWAC was weighted
to determine its yield, according to the following equation:

W,
Yield = Wf x 100% (2)

i

where Wy is the mass of dried AWAC, and W; is the dried mass
of precursor.
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2.1.2. Characterization methods

TWAC was subjected to several characterization tests to deter-

mine its characteristics which include: the surface area of
Brunauer-Emmet-Teller (BET), mesopores surface area, total
pore volume, and average pore diameter of the sample by
employing Micromeritics volumetric adsorption analyser
(ASAP 2010), proximate analysis obtained from simultaneous
thermal analyzer (Perkin Elmer STA 6000, USA), elemental
analysis gathered from elemental analyzer (Perkin Elmer Series
II 2400, USA), surface morphology and surface chemistry
acquired from scanning electron microscopy (SEM) (LEO
SUPRA 55VP, Germany) and Fourier transforms infrared
spectroscopy (FTIR) (Shidmazu Prestige 21, Japan),
respectively.

2.2. Experimental design

This study aimed to determine the optimum preparation con-

ditions for producing TWAC. This task was aided by using a
standard response surface methodology (RSM) design called
central composite design (CCD). To analyze the experimental
data, the software known as Design Expert (STAT-EASE Inc.
Minneapolis, USA) version 6.0.6 was utilized. The variables
chosen in this study were radiation power, radiation time,
and IR, which were denoted as X;, X5, and X3, respectively,
whereas the responses were set to be MB removal percentage
and TWAC’s yield, which were denoted as Y, and Y5, respec-
tively. Table 1 shows the variables, variables’ experimental
range, and levels together with responses. CCD had generated
20 experiments since 3 variables were studied. These experi-
ments consisted of factorial points (8), axial points (6), and
replicates (6). The corresponding model developed is a quadra-
tic model, which is conveyed by the following equation:

3 3 3 3
Y= (bo + 8) + Zb,‘.x,' + Zb,-,-x? + Z b,'}'x,'.x/' +e; (3)
i=1 i=1

i=1 j=it1

where Y is the predicted response, by, b;, b;, and b;; are the con-
stant coefficient, linear coefficient, interaction coefficient, and
quadratic coefficient, respectively, x;, and x; are the coded val-
ues of the AWAC preparation variables and ¢; is the error. The
adsorption study was conducted by using 250 mL of the con-
ical flask with 100 mg/L of MB initial solution, 200 mL of

2.3. Equilibrium and isotherm study

An equilibrium study was conducted to evaluate the MB
adsorption uptakes under the effects of (i) dissimilar MB dye
initial concentration, (ii) dissimilar MB dye solution tempera-
ture, and (iii) dissimilar MB dye solution pH. To understand
the effect of MB dye initial concentration, six MB dye solu-
tions with a volume of 200 mL each, were prepared inside
Erlenmeyer flasks at different concentrations of 25, 50, 100,
200, 250, and 300 mg/L. These Erlenmeyer flasks were orga-
nized inside a water bath shaker and 0.2 g of TWAC was
added to each one of these flasks. The water bath shaker
was switched on for 24 h with an agitation speed of 60 rpm,
a temperature of 30 °C, and original pH condition. To evaluate
the impact of solution temperature, adsorption experiments
were carried out at three different solution temperatures of
30, 45, and 60 °C with no alteration on solution pH being
made. On contrary, the impact of solution pH was verified
by performing experiments at six different pH of 2, 4, 6, 8,
10, and 12 while the solution temperature remained constant
at 30 °C. For both solution temperature and pH studies, other
conditions such as solution concentration, solution volume,
adsorbent weight, and agitation speed were fixed at 100 mg/
L, 200 mL, 0.2 g, and 60 rpm, respectively. UV—Vis spec-
trophotometry (Agilent Cary 60, USA) was utilized to measure
the concentration of MB dye solution at a wavelength of
668 nm. The following equations were used to determine MB
adsorption uptakes and MB percentage removal, respectively:

e )

Co 7 Ce

0

% Removal =

x 100% (5)

where C, refers to the MB concentration at the initial point
(mg/L), C. denotes the MB concentration at the equilibrium
point (mg/L), W indicates the AWAC’s weight (g) and V
stands for the MB’s solution volume (mL).

In the isotherm study, the equilibrium data was applied to
four models namely Langmuir, Freundlich, Temkin, and
Koble-Corrigan (KC). A non-linear method was employed
to solve isotherm models with the aid of Microsoft Excel Sol-
ver. The non-linearized formulas of these models are as fol-
lows, respectively:

Langmuir (Langmuir, 1918):

solution volume, and 0.2 g of TWAC’s mass. Once the conical g = 0,,K.C. (6)
flasks were rigged inside the water bath shaker, the speed and ¢ 14+ K.C,
tempergture of the .shaker.were ss:t Fo be 150 rpm and 3A0. C, Freundlich (Freundlich, 1906):
respectively. For this specific optimization study, the original
pH of the solution was used.
Table 1 Experimental variables and levels.
Unit Notation Coded values
—1.682 -1 0 +1 + 1.682
Variables Radiation power Watt (W) X4 144.00 264.00 440.00 616.00 736.00
Radiation time Minutes (min) X5 2.60 4.00 6.00 8.00 9.40
IR /g X, 0.00 0.50 1.25 2.00 2.51
Responses MB dye removal mg/g Y, -

AWAC's yield % Y,
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q. = KeC/" ()
Temkin (Tempkin and Pyzhev, 1940):

q, = R—}gfln(AQ) (8)

Koble-Corrigan (Koble and Corrigan, 1952):
aKCCZKC

_ C 9
9 =T breCie )

where Q,, is the Langmuir maximum monolayer adsorption
capacity (mg/g), K; is the Langmuir constant that is related
to the adsorption capacity (mg/g), Ki denotes the constant
of Freundlich ((mg/g)(L/mg)'™), ng (dimensionless) refers to
the intensity of the adsorption or surface heterogeneity, A
and B signify the constants of Temkin while akxc, bxc, and
ngc refer to the constants of Koble-Corrigan. The model of
Koble-Corrigan is becoming more of Langmuir isotherm when
ngc is getting close to 1.

2.4. Kinetic study

Unlike the isotherm study, the kinetic study was conducted by
measuring MB’s concentration at a few points between 0 and
180 min. Six different concentrations of MB dye (25 to
300 mg/L) were utilized, and other adsorption conditions were
fixed to be 0.2 g for TWAC’s dosage, 200 mL for solution vol-
ume, 30 °C for solution temperature, and 80 rpm for shaking
speed of water bath shaker. The pH of the MB solution was
not altered for this study. The kinetic data obtained were
applied to kinetic models namely pseudo-first order (PFO),
pseudo-second order (PSO), and Boyd plot. The kinetic mod-
els were solved using the linear method. These models in lin-
earized form were described in formulas as follows:
Pseudo-first order (PFO) (Lagergren, 1898):

In(g, —q,) =Ing, — ki (10)
Pseudo-second order (PSO) (Ho and McKay, 1998):
t 1 t

A +— 11

a9  kq; 4. ()
Boyd plot (Islam et al., 2017):

B, = —0.4977 —ln(l —%) (12)

where rate constant for PFO and PSO are denoted by k; and
k,, respectively and B, is referred to as Boyd number. Besides
correlation coefficient, R?, root mean square error (RMSE)
was judged too, to find the best isotherm and kinetic models.
RMSE was calculated wusing the following formula
(Marrakchi et al., 2020):

[ 1 n
RMSE = nj Z (qe,e,\'p,n - qe,calgz)z ( 13)
n=1

where n is the number of data points.

2.5. Thermodynamic study

The affinity of adsorbate onto adsorbent is highly influenced
by the temperature of the adsorption solution, thus the ther-
modynamic study was executed. Thermodynamic parameters

of change of enthalpy and change of entropy which are
denoted by AH® (kJ/mol) and AS° (kJ/mol.K), respectively,
can be computed using Van’t Hoff equation as follows:

AS AH
PR=TR T RT (14)

where R, T, and K, refer to gas constant (8.314 J/mol.K),
solution temperature (K), and dimensionless constant of equi-
librium. According to Lima et al. (2019), the K. value can be
calculated using the following formula:

1000% x Ky x molecularweightofadsorbate x [adsorbate]

o y

(15)

where [adsorbate] is the adsorbate’s standard concentration at
a standard state where this value can be considered as 1 mol/L,
T is the dimensionless constant of adsorbate’s activity coeffi-
cient and K refers to the Langmuir constant of adsorption
(L/mg). On the other hand, other thermodynamic parameters
of Gibbs free energy, AG® (kJ/mol), and Arrhenius activation
energy, E, (kJ/mol) are determined from the equations as fol-
lows, respectively:

AG’ = AH' — TAS (16)
E,
Inky = InA — RT (17)

where k2 and A refer to PSO’s rate constant and Arrhenius
factor, respectively.

2.6. Regeneration study

The regeneration study was performed by subjecting saturated
TWAC to microwave irradiation technique at optimum radia-
tion power and radiation time, under the flow of CO, gas, for
gasification effect, at a flow rate of 150 cm®/min. This study
was conducted by using MB solution with an initial concentra-
tion of 100 mg/L, solution volume of 200 mL, and the weight
of the regenerated TWAC, TWAC, of 0.2 g. The weight reduc-
tion of TWAC, was calculated from the following formula:
Weightlosspercentage(%) = Wrwac = Wrwac, x 100%  (18)
Wrwac

where Wy 4c is the weight of saturated TWAC (n = 0),
Worwacn 18 the weight of regenerated TWAC at n times and
n is the number of the regeneration cycle.

3. Results and discussions
3.1. Optimization study

3.1.1. Regression model development

A complete design matrix for preparing TWAC is shown in
Table 2. Both responses studied (MB dye removal and
TWAC’s yield) were best fitted by the quadratic model, as sug-
gested by the software. The highest values obtained were
95.11 mg/g and 53.52% whilst the lowest values obtained were
19.25 mg/g and 17.96% for MB removal response and
TWAC’s yield responses, respectively. The relationship
between variables and responses in terms of the empirical
model (coded factors) is presented as follows:
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Table 2 Complete experimental design matrix for TWAC’s preparation.

Run TWAC’s preparation variables Responses
Radiation power, X; (watt) Radiation time, X, (min) IR, X; MB removal, Y; (mg/g) TWACs yield, Y, (%)

1 440 (0) 6 (0) 2.51 (+1.68) 63.58 17.96
2 440 (0) 6 (0) 0 (-1.68) 39.69 32.44
3 440 (0) 6 (0) 1.25 (0) 79.85 32.19
4 616 (+1) 8(+1) 2(+1) 83.51 23.54
5 440 (0) 6 (0) 1.25 (0) 82.96 33.75
6 440 (0) 6 (0) 1.25 (0) 73.88 30.85
7 264 (-1) 8 (+1) 0.5 (-1) 41.08 42.79
8 616 (+1) 4 (-1) 2 (+1) 79.85 26.11
9 616 (+1) 8 (+1) 0.5 (-1) 63.15 29.43
10 264 (-1) 4 (-1) 0.5 (-1) 30.25 48.22
11 440 (0) 9.36 (+1.68) 1.25 (0) 67.85 30.44
12 144 (-1.68) 6 (0) 1.25 (0) 19.25 53.52
13 440 (0) 2.64 (-1.68) 1.25 (0) 50.11 39.64
14 736 (+1.68) 6 (0) 1.25 (0) 95.11 23.33
15 440 (0) 6 (0) 1.25 (0) 85.14 33.11
16 440 (0) 6 (0) 1.25 (0) 75.48 35.26
17 616 (+1) 4 (-1) 0.5 (-1) 45.85 28.24
18 264 (-1) 4 (-1) 2 (+1) 37.58 41.55
19 264 (-1) 8 (+1) 2(+1) 40.55 25.11
20 440 (0) 6 (0) 1.25 (0) 77.52 31.52

MB dye removal, Y;:
Yy =79.20 + 18.34X; + 4.73X, + 7.49X; + 0.895X, X,
+ 595X, X; — 2.69X,X; — 8.11X7 — 7.49X;
—10.20X2 (18)
TWAC’s yield, Y»:
Yy = 32.77 — 7.40X, — 2.84X, — 4.15X; + 2.56X, X,
+2.04X,X; — 1.85X,X; + 2.05X] + 0.8524X3
—2.65X3 (19)

Fig. 1(a) and (b) provide the regression plots (predicted ver-
sus actual) for the responses of MB removal and TWAC’s
yield, respectively. These plots were validated by four parame-
ters namely R?, adjusted R? (adj. R?), standard deviation (S.
D.), and adequate precision (A.P.) The plots of Eq. (18) and
(19) produced high R? and adj. R? values of (0.9686 and
0.9404) and (0.9696 and 0.9423), respectively, therefore assur-
ing the quality of the models developed. Relatively low S.D.
and relatively high A.P. of (5.31 and 16.69) and (2.09 and
22.10) for MB removal and TWAC’s yield responses, respec-
tively, were obtained which reflected the data was lowlily dis-
persed from the mean value and the data formed an
adequate signal which enabled the navigation of design space,
respectively.

Table 3 provides the optimum preparation conditions gen-
erated by the Design Expert software. In doing so, all variables
and responses studied were set to be minimum and maximum,
respectively. The desirability for this model was 0.597 which is
considered acceptable. The optimum preparation conditions of
TWAC were revealed to be 366 W, 5.30 min, and 1.15 g/g for
radiation power, radiation time, and IR, respectively, which
are associated with MB removal of 66.69 mg/g and TWAC’s
yield of 38.23%. A low error percentage for both responses
(<10%) signified that the models developed were competently
accurate in predicting the experimental data.

3.1.2. Analysis of variance (ANOVA)

Further analysis in understanding the models developed by
RSM can be done by inspecting the analysis of variance
(ANOVA). If the Prob > F value in ANOVA is below 0.05
and the F value is high, then the model term is significant
towards the response and the data is not random (Liew
et al., 2018). Table 4(a) and (b) show the ANOVA results
for MB removal response and TWACs yield response, respec-
tively, where their Prob > F values were revealed to
be < 0.0001 and < 0.0001, respectively, hence assuring the
significance of these models. In terms of the lack of fit test,
both responses produced Prob > F values of 0.2357 and
0.1792, respectively, thus reflecting insignificant results. It is
desired to have an insignificant result for the test of lack of
fit as it signifies the notable effects of variables on the studied
responses and the developed models described the experimen-
tal data competently (Melliti et al., 2021). Based on Table 4(a),
radiation power (X)), radiation time (X,), IR (X3), the interac-
tion between radiation power and impregnation ratio (X;X3),
quadratic of radiation power (X3), quadratic of radiation time
(X3) and quadratic of IR (X3) were the significant terms whilst
other terms not stated were the insignificant terms for MB
removal response. Among the three variables studied, X
imposed the greatest effect on MB removal response, followed
by X3 and X, due to their high F values of 162.65, 27.04, and
10.82, respectively. Table 4(b) revealed that radiation power
(X1), radiation time (X,), IR (X3), the interaction between
radiation power and radiation time (X;X,), the interaction
between radiation power and impregnation ratio (X;X3), the
interaction between radiation time and impregnation ratio
(X>X3), quadratic of radiation power (X3) and quadratic of
IR (X3) were the significant terms whereas other terms not
announced were insignificant for TWAC’s yield response. This
response was majorly affected by X;, followed by X5 and X,
due to their high F-value of 171.18, 53.48, and 25.10,
respectively.
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Fig. 1 Regression plot of predicted versus actual for (a) MB removal and (b) TWAC’s yield responses.
Table 3 Optimum preparation conditions for TWAC’s preparation.
Variables Responses
MB removal, Y; (mg/g) TWAC’s yield, Y, (%)
Radiation power, X; (Watt) Radiation time, X, (min) IR, X3 (g/g) Predicted Actual Error Predicted Actual Error
366 5.30 1.15 66.69 63.89 4.20 38.23 34.85 8.84

3.1.3. Three-dimensional (3D) plots

Investigating the effect of variables on responses studied can
be done in a better way using three-dimensional (3D) plots.
Since both responses were majorly influenced by radiation
power, therefore Fig. 2(a) and (b) provide 3D plots for radia-
tion power versus IR and radiation power versus radiation
time, respectively for MB removal response whereas the same
3D plots for TWAC’s yield response are given in Fig. 3(a) and
(b), respectively. Based on Fig. 2(a), the highest MB removal
was achieved when radiation power and radiation time were
at the highest value and vice versa. A similar trend was also
observed in Fig. 2(b) where maximum MB removal occurred
at the highest value of radiation power and IR, and vice versa.
However, MB removal was noticed to drop more significantly
at a lower value of IR (Fig. 2(b)) as compared to a lower value
of radiation time (Fig. 2(a)). Hence, it verified the greater effect
of IR on MB removal than radiation time as obtained in Sec-
tion 3.1.2. At a higher radiation power, the more volatile mat-
ter was condensed from the sample, thus leaving the samples
with vacant sites which eventually became pores. At higher
IR value, mobile metallic potassium existed in a higher quan-
tity and enabled to penetrate more space of samples, thus cre-
ating more pores. Increasing the radiation time allowed the
pores formation process to be developed properly. Based on
Fig. 3(a) and (b), TWAC’s yield was found to be at the highest
point when radiation power together with radiation time and
IR, respectively were at the lowest values. It was observed that

TWAC’s yield decreased more significantly when IR decreased
(Fig. 3(b)) as compared to when radiation time decreased
(Fig. 3(a)). Hence, it verified the results obtained in Sec-
tion 3.1.2. where IR imposed a greater effect on this response
as compared to radiation time. At the lowest radiation power,
the volatilization process occurred at minimal intensity, thus
preserving more volatile matter inside the samples, hence caus-
ing the weight of the sample to be higher. At the lowest IR,
penetration of samples’ surface was at minimum strength
due to lack of mobile potassium ions, therefore the samples
retained their weight. When radiation time was reduced, the
pores formation process on samples was incomplete, thus pro-
ducing samples with a higher yield.

3.2. Characteristics of samples

The values of surface area and pore characteristics of precur-
sor, char, and TWAC are presented in Table 5. It was found
that BET and mesopores surface area of TWAC were
1345.25 and 878.63 m?/g, respectively. A study conducted by
Yusop et al. (2021b) was noticed to produce acacia wood-
based AC, AWAC via KOH/CO, activation and the resulted
AWAC posed lower BET and mesopores surface area of
1045.56 and 689.77 m>/g, respectively. This was caused by
the fact that TWAC was produced at higher radiation power,
radiation time, and IR of 366 W, 5.30 min, and 1.15, respec-
tively, as compared to AWAC’s preparation conditions of
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Table 4 (a) ANOVA result for MB dye removal, Table 4(b) ANOVA result for TWAC’s yield.

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

Model 8716.92 9 968.55 34.29 < 0.0001 significant
X; 4594.09 1 4594.09 162.65 < 0.0001

X> 305.49 1 305.49 10.82 0.0082

X; 763.61 1 763.61 27.04 0.0004

XX 6.41 1 6.41 0.2269 0.6441

X1 X; 282.74 1 282.74 10.01 0.0101

XoX;5 57.78 1 57.78 2.05 0.1831

X; 949.38 1 949.38 33.61 0.0002

X3 807.12 1 807.12 28.58 0.0003

X3 1475.69 1 1475.69 52.25 < 0.0001

Residual 282.45 10 28.24

Lack of fit 187.66 5 37.53 1.98 0.2357 not significant
Pure error 94.78 S 18.96

Cor Total 8999.37 19

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

Model 1396.31 9 155.15 35.47 < 0.0001 significant
X 748.78 1 748.78 171.18 < 0.0001

X, 109.80 1 109.80 25.10 0.0005

X; 233.92 1 233.92 53.48 < 0.0001

XX, 52.48 1 52.48 12.00 0.0061

X1 X5 33.33 1 33.33 7.62 0.0201

X,X; 27.27 1 27.27 6.23 0.0316

X; 60.43 1 60.43 13.82 0.0040

X3 10.44 1 10.44 2.39 0.1534

X3 99.28 1 99.28 22.70 0.0008

Residual 43.74 10 4.37

Lack of fit 30.88 5 6.18 2.40 0.1792 not significant
Pure error 12.86 S 2.57

Cor Total 1440.05 19

360 W, 4.50 min, and 0.90 g/g, respectively. Besides these
preparation conditions, the type of heating process involved
in the AC’s production also plays an important role in the
pores’ development. For instance, lower BET and mesopores
surface area for durian peel-based AC (DPAC) of 886.31
and 547.85 mz/g, respectively, were obtained, due to the heat
treatment of using a conventional furnace, despite the same
KOH/CO, activation being applied (Yusop et al., 2021a). Con-
ventional heating took a longer time to heat the sample, thus
the pores development is formed primarily on the outer layer
of the samples first. On contrary, microwave energy can be
absorbed by the volatile matter inside the samples at every
layer simultaneously, thus promoting a more uniform and
effective volatilization process, which makes way for higher
surface area formation. The total pore volume of TWAC
was 0.61 cm?/g and the average pore diameter of TWAC were
2.85 nm which concluded that the pores in TWAC was in a
mesopores region. AC with mesopores type of pores is the
most suitable one to be used to treat pollutants in the water
phase. This was supported by the fact that the accessibility
of water pollutants in the micropores region of AC is greatly
reduced due to the molecular sieve effect (Pelekani and
Snoeyink, 2000, Bhatnagar and Sillanpéé, 2017). On the other
hand, the existence of macropores in AC reduced the contact
points between the AC’s surface and adsorbate molecules
(Newcombe et al., 1997, Li et al., 2002).

The precursor of teak wood was found to have a relatively
high fixed carbon percentage of 31.22% as compared to other

wood types of waste such as wood chips of 20.00% (Pedicini
et al., 2020) and acacia wood of 24.75% (Yusop et al.,
2021b). The higher the percentage of fixed carbon, the better
the precursor is since the fixed carbon will make up the matrix
skeleton of the AC. This value was observed to increase
tremendously to 86.22% in TWAC whilst both moisture and
volatile matter reduced significantly from 11.25 and 55.52%
in the precursor to 4.34 and 7.71% in TWAC, respectively,
which proved the effectiveness of microwave heating employed
in this study. In terms of elemental analysis, TWAC posed
83.61% of C, 2.14% of H, 0.03% of S, and 14.22% of combi-
nation between N and O. Relatively high accumulated percent-
age of S, N, and O gave a good indication that TWAC’s
surface was filled with a variety of functional groups.

SEM images for precursor, char, and TWAC are displayed
in Fig. 4(a), (b), and (c) respectively. Based on Fig. 4(a), very
minimal pores can be seen on the surface of the precursor,
and after the carbonization process was performed, higher
numbers of pores can be seen in Fig. 4(b) which resulted
mostly from the evaporation of moisture. After KOH/CO,
activation coupled with microwave irradiation technique was
executed, TWAC was noticed to form numerous pores scat-
tered randomly on its surface as can be seen in Fig. 4(c). The
formation of these pores in TWAC was contributed by: (i)
the diminishing of cellulose and lignin compounds that absorb
microwave energy effectively and got evaporated and (ii) pen-
etration of mobile potassium ions deep into the skeleton
matrix of TWAC.
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Table 5 Surface area and pore characteristics of the samples.

Sample BET surface area (m?/g) Mesopores surface area (m/g) Total pore volume (cm’/g) Average pore diameter (nm)
precursor 1.33 = 0.0001 2.53
char 461.25 293.57 0.3880 2.64
TWAC 1345.25 878.63 0.6140 2.85

Fig. 4 SEM images of (a) TW, (b) TW char and (c) TWAC (magnification of 500x).

Fig. 5 presents the FTIR spectrums for samples whilst
Table 6 summarizes all peaks in samples. All samples of pre-
cursor, char, and TWAC were observed to pose similar func-
tional groups of polysulfide, S-S stretch (500 cm™!),
cyclohexane ring vibrations (1000 cm™'), and nonbonded
hydroxy group, OH (3600, 3630 and 3640 cm™", respectively).
Other functional groups that existed in the precursor were sec-
ondary amine, CN stretch (1172 cm™!), carbonate ions

500

E 1172 1477

£

'_

g

E 21002193
£

e

@

'_

0 500 1000 1500 2000

(1477 ecm™"), aldehyde (1732 cm™!), methoxy, O-CH;, C-H
stretch (2850 cm™!) and methylene C-H asymmetric stretch
(2927 cm™ ). Some of these functional groups diminished by
heat treatment during the carbonization process, thus cannot
be detected in char’s FTIR spectrum whilst some of them were
transformed into other functional groups. For instance, car-
bonate ions and nonbonded hydroxy group, OH in precursor
were changed to alkyl carbonate (1743 cm™') and hydroxy

2927

Precursor
Char
TWAC

Bandwidth, cm?

2500 3000 3500 4000

Fig. 5 FTIR spectrums for (a) precursor, (b) char and (c) TWAC.
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Table 6 Summary of FTIR spectrums for samples (Nandiyanto et al., 2019).

Precursor Char TWAC
Peaks Functional groups Peaks Functional groups Peaks Functional groups
(em™Y) (em™) (em™)
500 polysulfides (S-S stretch) 500 polysulfides (S-S stretch) 500 polysulfides (S-S stretch)
1000 Cyclohexane ring vibrations 1000 Cyclohexane ring vibrations 1000 Cyclohexane ring vibrations
1172 Secondary amine, CN 1377 Aliphatic nitro compounds 1215 Phenol, C-O stretch
stretch
1477 Carbonate ions 1743 Alkyl carbonate 2100 C=C Terminal alkyne
(monosubstituted)
1732 Aldehyde 1986 C=C Terminal alkyne 2193 C=C Medial alkyne
(monosubstituted) (disubstituted)
2850 Methoxy, O-CH;, C-H 2190 C=C Medial alkyne 3640 Nonbonded hydroxy group, OH
stretch (disubstituted)
2927 Methylene C-H asymmetric 3300 Hydroxy group, H-bonded OH
stretch (broad) stretch
3600 Nonbonded hydroxy group, 3630 Nonbonded hydroxy group, OH
OH

group, H-bonded OH stretch (3300 cm ™) in char, respectively.
Several new functional groups were formed in char after the
carbonization process took place such as aliphatic nitro com-
pounds, C=C terminal alkyne (monosubstituted), and C=C
medial alkyne (disubstituted) which can be found at the peaks
of 1215 cm™', 1986 cm™', and 2190 cm™!, respectively. Both
C=C terminal alkyne (monosubstituted) and C=C medial
alkyne (disubstituted) were noticed to survive KOH/CO, acti-
vation coupled with microwave heating, though their respec-
tive peaks were shifted a bit in TWAC’s FTIR spectrum to
2100 cm™' and 2193 cm™!, respectively. However, aliphatic
nitro compounds disappeared in TWAC and a new functional
group of phenol, C-O stretch was manifested at a peak of
1215 em™!. Adsorption of MB onto TWAC was aided by
the dipole—dipole interaction between polar functional groups

N

AN

Phenol H

(phenol and hydroxy group) and MB molecules. The potential
mechanisms of MB interactions with functional groups in
TWAC’s surface is given in Fig. 6.

3.3. Adsorption equilibrium

3.3.1. Effect of contact time and different M B initial
concentration

Fig. 7(a) and (b) provide the plots of MB adsorption uptakes
and MB percentage removal by TWAC, respectively, versus
adsorption time for six different initial concentrations. Based
on Fig. 7(a), the adsorption capacity of MB was found to
increase from 24.39 to 265.95 mg/g as the MB initial concen-
tration increased from 25 to 300 mg/L. Such findings were sup-
ported by the fact that by increasing the initial concentration

N/CH3

|
CHs;

N Dipole-dipole
\ interaction

H—C—C—O0—H

H H Hydroxy group

TWAC’s surface

Fig. 6 The potential mechanisms of MB interactions with functional groups in TWAC’s surface.
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Fig. 7 Plots of (a) adsorption capacity versus time and (b) percentage removal versus time for different initial concentrations.

of adsorbate, the driving force of mass transfer becomes
greater which enables them to triumph mass transfer resistance
between adsorbate molecules in the solid phase and adsorbate
molecules in the bulk phase (Yusop et al., 2021b). In terms of
reaching an equilibrium state, lower initial concentrations of
25 and 50 mg/L achieved this state at a shorter time of 3 to
4 h whilst higher initial concentrations between 100 and
300 mg/L took longer hours to reach this state of 6 to 7 h.
At higher initial concentration, the number of adsorption pro-
cesses to take place was higher due to the existence of a higher
number of adsorbate molecules, therefore longer hours were
needed for the adsorption process to complete. Based on
Fig. 7(b), MB percentage removal was noticed to drop from
97.55 to 88.65% as the MB initial concentration increased
from 25 to 300 mg/L. At higher initial concentration, the ratio
of MB molecules to available adsorption sites was high, so a
bigger percentage of MB molecules was unable to be adsorbed,
thus explaining the drop of MB percentage removal at higher
initial concentration.

3.3.2. Effect of solution pH

The plot of adsorption capacity versus different solution pH is
given in Fig. 8. It was found that the lowest removal of MB
dye occurred at pH 2 of 67.22 mg/g. At this acidic condition,
MB solution was filled excessively with H™ ions that compete
with cationic MB dye to be adsorbed by TWAC. Besides that,
these H™ ions induced TWAC’s surface to be positively
charged, therefore creating a repulsion force between TWAC’s
surface and MB dye ions. As the solution pH increased to 4
and 6, the adsorption capacity of MB increased to 78.22 and
85.22 mg/g, respectively, due to the weakening effect of H™

100
90
80
70
60

Adsorption capacity at
equilibrium, ge (mg/g)

Solution pH

Fig. 8 Plot of adsorption capacity at different solution pH.

ions in inducing the charge of TWAC’s surface to be positive.
At alkaline pH of 8 MB adsorption capacity achieved
91.44 mg/g because, at this state, the solution was filled with
extra OH  ions that induced the TWAC’s surface to be nega-
tively charged, thus creating a pulling force towards MB ions.
At pH 10, the adsorption capacity kept increasing to 98.20 mg/
g since the OH -induced effect on TWAC’s surface occurred at
a higher intensity. By further increasing the solution pH to 12,
an only small increment of 98.77 mg/g was noticed, which sig-
nified that the OH -induced effect had reached its maximum
potential.

3.4. Adsorption isotherm

The plots of isotherm models and the isotherm parameters
obtained are provided in Fig. 9 and Table 7, respectively. In
this study, the parameters of isotherms were solved using a
Microsoft Excel solver since the classic method of linearization
generates propagated errors, thus causing inaccuracy in the
estimation of isotherm’ parameters (Guo and Wang, 2019).
All four isotherm models utilized in this study produced high
R? values (>0.99). However, MB adsorption onto TWAC
can be concluded to follow Freundlich isotherm the best due
to the low RMSE value produced of 4.80. Therefore, it signi-
fied that multilayer coverage of MB occurred onto the hetero-
geneous surface of TWAC. The value of ng was 1.44 which
indicated a good adsorption process since its value is between
1 and 10 (McKay et al., 1980, Isiuku et al., 2021). Further-
more, the value of the 1/ng was 0.69 which signified that
TWAC was a good adsorbent since 1/ng value is between 0.2
and 0.8 (Sathasivam and Mas Haris, 2010). Besides that, as
the 1/ng value approaches 0, the more heterogeneous the
adsorbent is (Sulaymon et al., 2012). The Langmuir monolayer
adsorption capacity, Q,, was found to be 567.52 mg/g and this
value is relatively higher as compared to MB removal by var-
ious adsorbents such as peanut shell-based AC (555.60 mg/g)
(Ahmad et al., 2021b), acacia wood-based AC (338.29 mg/g)
(Yusop et al., 2021b) and biomass sludge-based adsorbent
(45.68 mg/g) (Ahmad et al., 2021c). According to (Isiuku
and Nwabueze, 2019), an adsorption process would be gov-
erned by physisorption if Bt is below 8 kJ and chemisorption
if Bt is above 8 kJ. Therefore, the MB-TWAC adsorption sys-
tem was controlled by chemisorption due to a high Bt value of
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Fig. 9  Plot of isotherm models for MB-TWAC adsorption system at 30 °C.

Table 7 Parameters of isotherm models for MB-TWAC
adsorption system at 30 °C.

Isotherms Parameters

Langmuir Qm (mg/g) 567.52
Kp (L/mg) 0.025
R? 0.9994
RMSE 8.41

Freundlich ng 1.44
1/ng 0.69
Ky (mg/g)(L/mg)"/" 23.27
R? 0.9982
RMSE 4.80

Temkin Bt (kJ) 59.71
At (L/mg) 1.31
R? 0.9913
RMSE 32.94

Koble-Corrigan Axc 42.41
Bkc 0.09
Ngc 0.69
R? 0.9989
RMSE 22.06

59.71. However, this result is not credible since the Temkin iso-
therm did not fit the adsorption data with good accuracy due
to the high RMSE value of 32.94. Therefore, the thermody-
namic study was conducted in section 3.5 to conclude this
matter.

3.5. Adsorption kinetic

Fig. 10(a) and (b) present the kinetic plots of PFO and PSO,
respectively, whilst the kinetic parameters are summarized in
Table 8. It was revealed that the adsorption process of MB
onto TWAC was kinetically best described by PSO due to high
R? values (>0.9927) for all six different initial concentrations
studied and relatively low RMSE of 13.26, which signified that
there is a possibility that chemisorption is the major force

involves in this adsorption process. However, as mentioned
in the previous section, confirmation of this matter can only
be done by executing the thermodynamic study which is pro-
vided in the next section. Chemisorption involved the ionic
or covalent bonding between MB ions with functional groups
that existed on TWAC’s surface as disclosed in section 3.2. In
terms of rate constant for PSO, k»,, this value was noticed to
reduce from 0.001350 to 0.000080 g/mg h as the initial concen-
tration increased from 25 to 300 mg/L. At low initial concen-
tration, a smaller number of MB ions were available in the
solution which led to less competition for the adsorption pro-
cess to occur. Therefore, the adsorption process can proceed at
a faster time, yielding a higher reaction rate and vice versa.
Further investigation was made by constructing the Boyd plot
as provided in Fig. 11. It was found that all lines did not pass
through the origin point, hence implying that the film diffusion
mechanism was the rate-limiting step in the adsorption
process.

3.6. Adsorption thermodynamic

The plot of adsorption capacity under different solution tem-
perature and thermodynamic parameters are presented in
Fig. 12 and Table 9, respectively. Fig. 12 revealed that the
adsorption capacity of MB decreased from 92.35 to
85.41 mg/g as solution temperature increased from 30 to
60 °C. The favourability of MB adsorption at lower solution
temperature signalled an exothermic type of process. This
was in agreement with the negative value obtained for AH®
of —4.06 kJ/mol. The exothermic nature of the adsorption pro-
cess occurred because MB molecules gained more kinetic
energy at higher solution temperature, thus enabling them to
escape from the solid phase into the bulk phase, thus, enhanc-
ing the desorption process. The neegative value of AG® (-
22.69 kJ/mol) and the positive value of AS® (0.06 kJ/mol.K)
signified that the adsorption process was naturally sponta-
neous and the randomness degree rise higher at the liquid—
solid interface, respectively. Last but not least, the E, value
was found to be 16.03 kJ/mol which implied the adsorption
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Fig. 10  Kinetic plots of (a) PFO and (b) PSO for MB-TWAC adsorption system at 30 °C.

Table 8 Kinetic parameters for MB-TWAC adsorption system at 30 °C.

Parameters MB dye initial concentrations
25 50 100 200 250 300
(e, exp (Mg/8) 24.39 47.11 92.35 180.22 224.75 265.95
Pseudo-first order (PFO)
k; (1/h) 0.0123 0.0118 0.0110 0.0084 0.0069 0.0059
Qe. cal (Mg/g) 15.37 31.73 70.88 142.64 181.51 213.11
R? 0.9498 0.9655 0.9959 0.9803 0.987 0.9853
RMSE 33.80
Pseudo-second order (PSO)
k, (g/mg h) 0.001350 0.000610 0.000200 0.000100 0.000083 0.000080
Qe. cal (Mg/g) 26.11 50.51 104.17 188.68 217.39 238.10
R? 0.9991 0.9997 0.9949 0.9947 0.9947 0.9927
RMSE 13.26
3
O 25mg/L
Table 9 Thermodynamic parameters.
2 <& 50 mg/L
Parameters Values
A A 100 mg/L
- AH® (kJ/mol) —4.06
g 1 o X 200 mg/L AS® (kJ/mol K) 0.06
X 250 mg/L AG® (kJ/mol) —22.69
E, (kJ/mol) 16.03
0 O 300 mg/L
-0.50 0.50 1.50 2.50 3.50
-1
t
. . process of MB onto TWAC was indeed controlled by
Fig. 11  Boyd plot for MB-TWAC adsorption system at 30 °C.
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physisorption (Preeti et al., 2021).

3.7. Regeneration study

A regeneration study is vital to explore the potential of AC to
promote sustainability and save resources. Fig. 13 shows the
regeneration plot for the MB-TWAC adsorption system. It
was revealed that after 5 regeneration cycles, TWAC’s yield
dropped from 100 to 27.14% whilst MB adsorption uptakes
decreased from 92.32 to 11.87 mg/g. Microwave heating
employed during each regeneration cycle caused the volatile
matter to escape from TWAC,, thus explaining the reduction
in its yield. Besides that, microwave heating also caused the
pores structure inside TWAC, to be destroyed, hence reducing
its adsorption capacity.
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4. Conclusion

TWAC derived from teak wood waste was efficient in removing MB
dye with maximum monolayer adsorption capacity, Q,, of 567.52 mg/
g. KOH/CO, activation coupled with microwave heating was respon-
sible for creating TWAC with mesopores surface area of 878.63 m%/g
and average pore diameter of 2.85 nm which implied mesopores type
of porosity. TWAC’s surface was filled with functional groups of
polysulfides (S-S stretch), cyclohexane ring vibrations, phenol, C-O
stretch, C=C terminal alkyne (monosubstituted), C=C medial alkyne
(disubstituted) and nonbonded hydroxy group, OH. RSM produced
the quadratic type of models for both responses of MB removal
and TWAC’s yield with high R? values and low SD values of
(0.9686 and 5.31) and (0.9696 and 2.09), respectively. Optimum
preparation conditions were computed to be 366 W for radiation
power, 5.30 min for radiation time and 1.15 g/g for impregnation
ratio which corresponds to MB removal and TWAC’s yield of
66.69 mg/g and 38.23%, respectively. When the initial concentration
of MB increased from 25 to 300 mg/L, adsorption capacity and per-
centage removal were observed to increase from 24.39 to 265.95 mg/g
and to decrease from 97.55 to 88.65%, respectively. In terms of pH
effect, the highest removal of MB occurred at pH 12 of 98.77 mg/
g. Adsorption data were found to fit the Freundlich model and
PSO model for isotherm and kinetic study, respectively. Boyd plot
disclosed that the slowest step in the adsorption process was con-
tributed by the film diffusion mechanism. Thermodynamic parame-
ters of AH°, AS°, AG°, and E, were determined to be
—4.06 kJ/mol, 0.06 kJ/mol.K, —22.69 kJ/mol, and 16.03 kJ/mol which
signified the adsorption process to be exothermic, increased random-
ness at the solid-liquid interface, spontaneous and governed by
physisorption, respectively. A regeneration study revealed that
TWAC’s yield, and MB adsorption uptakes dropped from 100 to
27.14% and from 92.32 to 11.87 mg/g, respectively, after 5 regenera-
tion cycles.
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