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Abstract The abundance of gasification char residues which contributed to solid waste manage-

ment problem is one of the major concerns in biomass gasification industry. This study focuses

on synthesizing gasified Glyricidia sepium woodchip based activated carbon (GGSWAC) for the

removal of basic green 4 (BG4) dye, evaluating the GGSWAC physicochemical properties and

assessing the BG4 adsorption performance in batch and fixed-bed column systems. The optimal

conditions of GGSWAC synthesis were at radiation power, time, and impregnation ratio (IR) of

616 W, 1 min and 1.93 g/g, respectively. The surface area (SBET) and total pore volume (TPV) of

GGSWAC were 633.30 m2/g and 0.34 cm3/g, respectively. The Fritz–Schlünder best fitted to the

experimental data at all temperatures in the isothermal studies, indicating a monolayer adsorption.

The kinetic study showed that BG4 adsorption followed Avrami kinetic model. Based on

thermodynamic parameters, the adsorption of BG4 dye onto GGSWAC was an endothermic
enang,
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and spontaneous process. In continuous operation, the Thomas and Yoon–Nelson models success-

fully predicted BG4 adsorption onto GGSWAC. The low production cost of 0.54 USD/kg showed

that GGSWAC is economically feasible for commercialization.

� 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

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

The global activated carbon (AC) market accounted for $4.12
billion in 2017 and is expected to reach $14.21 billion by 2026
(S. M. R. C. P. Ltd, 2018). Key growth factors include an
increasing need for water treatment plants, rising pollution,

and increased industrialization and urbanization. However,
the high price of raw materials restricts the rapid expansion.

One of the possible pre-cursors for activated carbon is gasi-

fication char. According to the IMARC Group (IMARC
Group, 2017), it is estimated that the gasification market
reached USD 78 Billion in 2017 and is anticipated to reach

USD 126 Billion by 2023. The growth in the gasification mar-
ket means a significant increase in gasification char (GC) dis-
posal which is generated at a rate of 5–10% of the initial
feedstock (De Gisi et al., 2016). GC, which is presently treated

as waste (Benedetti et al., 2017), can be further developed as
activated carbon for water treatment. Gasification char is the
finer component of the gasifier solid residuals, comprised of

unreacted carbon with several amounts of siliceous ash. It pos-
sesses good characteristic as an adsorbent due to its well-
developed pore properties. However, research on its use in

adsorption is very rare, despite its high potential as an adsor-
bent in water and wastewater treatment applications.

Among the various technologies for pollutants removal, the

adsorption process using activated carbon has proven to be
superior compared to other techniques in terms of its simplic-
ity of design, high efficiency, and ease of operation (Selvaraju
and Bakar, 2017; Dai, 2018) Many textile industries use com-

mercial activated carbon for dye waste treatment (Yagub et al.,
2014). However, due to its high costs (such as manufacturing
cost and regeneration cost) and dependency on non-

renewable resources, there has been significant research in
seeking a low-cost adsorbent as an alternative to the existing
activated carbon in the market.

Basic green 4 (BG4) is a dye used to prevent fungal infec-
tions in commercial fisheries. Leucomalachite green is formed
from basic green 4 and remains in the tissues of exposed fish.

The use of BG4 for any aquatic species is not approved
by the FDA or the U.S. Environmental Protection Agency
(U.S. Department Of Health And Human Services, 2008).
However, it is still being used as an antiparasitic and antifun-

gal agent in aquacultures because stakeholders are unaware of
the potential genotoxic and carcinogenic properties of BG4,
and in addition, BG4 is relatively inexpensive, readily avail-

able, and highly efficacious (Shariff et al., 2018).
To date, there have been no reported studies on BG4

removal using carbon residues from biomass gasification

plants. This study aimed to synthesize AC using GC residues
from commercial gasification plants and examine their charac-
teristics and BG4 removal efficiency. The study was conducted
both in batch and continuous operation to investigate the equi-

librium and kinetic behaviour of BG4 adsorption. A non-
linear regression technique was applied, as linear equations
in regression analyses can create various errors, originating

from the removal of arbitrary data to improve linearity. In
addition, the economic feasibility of GGSWAC has been
included in this paper. The outcome of this research is signifi-

cant in providing better insight for the application of gasifica-
tion residues in wastewater treatment.

2. Materials and methods

2.1. Materials

2.1.1. Precursor preparation and physicochemical activation

Gasification waste from Glyricidia sepium woodchip (GGSW)

were obtained from a commercial gasification plant in Sri
Lanka. All chemicals used in this study were of analytical
grade supplied from Sigma Aldrich. Details on BG 4 was given

in Table 1:
The sample of GGSW was washed, dried in an oven at

105 �C for 24 h and treated with potassium hydroxide

(KOH) at various impregnation ratios (IR), as calculated by:

IR ¼ wKOH

wchar

ð1Þ

where wKOH (g) is the dry weight of the KOH pellets, and wchar

(g) is the dry weight of the GGSW. Deionized water was then
added to dissolve all the KOH pellets. The sample was dried in
the oven overnight at 105 �C for 24 h. Microwave-induced

activation of the impregnated char was conducted at different
powers (264, 440, and 616 W) and at various radiation times
(1, 4.5, and 8 min) with continuous flow of CO2 gas at
150 cm3/min using a conventional 2.45-GHz microwave oven

that was modified to accommodate the reactor and the inlet
and outlet of the gases. The microwave heating technique
was opted in this work rather than conventional heating to

ensure a uniform heating, short activation time and excellent
porosity distribution (Ge et al., 2016). The activated product
was then cooled to room temperature under nitrogen flow.

Then, the sample was rinsed with deionised water and HCl
(0.1 M) to reach pH 7. The obtained GGSWAC was dried at
110 �C for 24 h.

2.2. Characterization methods

Nitrogen adsorption–desorption measurements (Model:
Micromeritics ASAP 2020, USA) were performed to determine

the Brunauer–Emmett–Teller (BET) surface area, Barrett-
Joyner-Halenda (BJH) pore size distribution, total pore vol-
ume (TPV), and average pore diameter (APD) of the sample.

The surface morphology of the samples was examined via
scanning electron microscopy (Model: LEO SUPRA 55VP,
Germany). The proximate analysis was analysed using TGA

equipment (Model: Perkin Elmer STA 6000, USA), while

http://creativecommons.org/licenses/by-nc-nd/4.0/


Table 1 BG4 basic information.

Molecular formula Molecular weight Chemical structure

C52H54N4O12 927.01 g/mol
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elemental analysis was conducted using a CHONS analyser
(Model: Perkin Elmer Series II 2400, USA). Fourier-

transform infrared (Model: Shimadzu Prestige 21, Japan)
spectroscopy was used to evaluate the chemical structural
properties. The sample was mixed with KBr powder and the

mixture was pressed into pellet. The spectra were recorded
from 4000 to 400 cm�1, 40 scans were taken at a resolution
of 4 cm�1.
2.3. Experimental design

Presently, AC are mostly synthesized using ‘‘one-factor-at-a-t
ime” (OFAT) approach, whereby the parameter of interest is
varied whilst the other parameters are fixed. Nevertheless,
the conventional approach is time-consuming and requires

few numbers of experiment, making it unfavourable from the
economic perspective. The approach also fails to describe the
interaction of these parameters with the chosen response.

Therefore, a useful tool called as RSM was employed for
developing, improving and optimizing the preparation condi-
tion of AC. Standard Response Surface Methodology (RSM)

with Central Composite Design (CCD) was used to optimize
the GGSWAC preparation conditions based on BG4 removal
efficiency and obtained yield. Three variables were used includ-

ing radiation power (A), activation time (B), and impregnation
ratio (C) as shown in Table 2.

A total of 20 experiments were performed for the three fac-
tors which consisted of 14 experiments plus 6 replicate param-

eters to evaluate the pure error. The corresponding model is a
quadratic model, expressed by Eq. (2):

Y ¼ b0 þ
Xn

i¼1

bixi þ
Xn

i¼1

biix
2
i þ

Xn�1

i¼1

Xn

j¼iþ1

bijxixj þ ei ð2Þ

where Y is the predicted response, b0 is the constant coefficient,
bi is the linear coefficient, bij is the interaction coefficient, bii is

the quadratic coefficient, xi and xj are the coded values of the
GGSWAC preparation variables and ei is the error. Design
Table 2 Experimental variables and levels.

Variable Code Unit

Radiation power x1 W

Radiation time x2 min

Impregnation ratio (IR) x3 g/g
Expert Software (version 6.0.7) was used for analyses of regres-
sion, variance (ANOVA), and response surfaces.

The adsorption process was conducted in a water bath sha-
ker, using a 250 mL conical flask at an initial BG4 concentra-

tion, GGSWAC dosage, shaker speed, and temperature of
100 mg/L, 0.2 g, 150 rpm, and 30 �C, respectively.

2.4. Equilibrium study

The adsorption of BG4 was conducted at various initial BG4
concentrations (50–300 mg/L) and temperatures (40, 45 and

60 �C) using a water bath shaker for 24 h. In each test,
GGSWAC with a mass of 0.2 g was added to the 200 mL
BG4 solution. The experimental points were examined using

isotherm models, as listed in Table 3. Due to several limita-
tions of Langmuir and Freundlich models, other 3 and 4
parameter isotherms were also employed to predict the adsorp-
tion behaviour of BG4 onto the adsorbent. These non-linear

equations were solved using a curve fitting tool provided in
MATLAB R2019b.

2.5. Kinetic study

The same steps described previously were followed for the
desired contact time ranging from 15 to 1440 min. Non-

linear kinetic models were used to evaluate the effects of
contact time on BG4 adsorption as shown in Table 4. A curve
fitting tool provided in MATLAB R2019b was used to solve

the non-linear equations.

2.6. Thermodynamic study

Thermodynamic parameters of BG4 adsorption were studied

by applying the van’t Hoff equation (Saha and Chowdhury,
2011):

lnKc ¼ DS
�

R
� DH

�

RT
ð3Þ
Coded values

�1 0 1

264 440 616

1 4.5 8

0.5 1.25 2



Table 3 Isotherm model equations.

Isotherm Equation Parameter Model description Ref

Freundlich qe ¼ KFC
1=n
e

KF; 1=n An empirical model

assuming that the

distribution of the heat on

the adsorbent surface is

non-uniform.

(Freundlich,

1906)

Langmuir qe ¼ qmaxKLCe

1þKLCe

qmax;KL Assuming monolayer

adsorption occurs on the

solid surface with identical

homogeneous sites.

(Langmuir,

1918)

Dubinin-

Radushkevish

(D-R)

qe ¼ qDRexp
RTln 1þ1=Ceð Þð Þ2

�2E2

h i
qDR;E Often used to estimate the

characteristic porosity in

addition to the apparent

free energy of adsorption.

(Temkin and

Pyzhev, 1940)

Temkin qe ¼ RT
bT

ln KTCeð Þ bT;KT Heat of adsorption

decrease linearly rather

than logarithmically due

to adsorbate–adsorbent

interactions.

(Ayawei et al.,

2017; Redlich

and Peterson,

1959)

Redlich-

Peterson (R-P)
qe ¼ KRCe

1þARC
aRP
e

KR;AR; aRP Valid when the

mechanism of adsorption

is a hybrid and does not

follow ideal monolayer

adsorption.

(Saravanan

et al., 2018;

Sips, 1948)

Sips qe ¼ qSKSC
nS
e

1þKSC
nS
e

qS;KS; nS Valid for predicting the

heterogeneous adsorption

systems and localized

adsorption without

adsorbate–adsorbate

interactions.

(Popoola et al.,

2019; Koble

and Corrigan,

1952)

Koble-

Corrigan

(K-C)

qe ¼ AKCC
kKC
e

1þBKCC
kKC
e

AKC;BKC; kKC Incorporates both

Langmuir and Freundlich

isotherms. Mostly applied

for heterogeneous

adsorbent surface.

(Wakkel et al.,

2019; Fritz and

Schluender,

1974)

Fritz–

Schlünder

(F-S)

qe ¼ ACa
e

1þBCb
e

A;B; a;b An empirical equation

which can fit a wide range

of experimental data.

(Fritz and

Schluender,

1974)

n-layer BET
qe ¼ qm

KSCe 1� nBETþ1ð Þ KLBET
Ceð ÞnBETþnBET KLBET

Ceð ÞnBETþ1
� �

1�KLBET
C
eð Þ 1þ KS

KLBET
�1

� �
KLCe� KS

KLBET

� �
KLBET

Ceð ÞnBETþ1

h i qm;KS;KLBET
; nBET Assuming that there are a

maximum n layers that

can be adsorbed onto the

internal surface of

adsorbent.

(Gritti and

Guiochon,

2003; Ebadi

et al., 2009;

Scheufele, 2016;

Toth, 1971)

Toth qe ¼
qmToth

kTothCe

1þ kTothCeð ÞnToth½ �1=nToth
qmToth

; kToth; nToth Best suited to multilayer

adsorption.

(Toth, 1971)
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where
Kc is the equilibrium constant (dimensionless),

DG
�
kJ mol�1
� �

is the Gibbs energy change, DH
�
kJ mol�1
� �

is the enthalpy change, DS
�
kJ mol�1 K�1
� �

is the entropy

change and R 8:314 J mol�1 K�1
� �

is the universal gas constant.

The standard free energy change was calculated as:

DG
� ¼ DH

� � TDS
� ð4Þ

DG
� ¼ �RTln Kcð Þ ð5Þ
The thermodynamic equilibrium constant was approxi-

mated by the equilibrium constant of the monolayer (KS) (pro-
vided in the BET equation) (Ebadi et al., 2009; Qu et al., 2019).

This simplification is only valid for dilute solutions such as dye
molecules (Liu, 2009).
The calculation of the thermodynamic equilibrium constant
was based on following equation:

Kc¼1000 mg=g�KL�molecular weight of adsorbate� adsorbate½ ��
c

¼Kc

c
¼Kc

ð6Þ
where

adsorbate½ �� is the standard concentration of the adsorbate,

whose concentration by definition is 1 mol/L at standard con-
ditions and c is the coefficient of activity of the adsorbate (di-
mensionless) (Lima et al., 2019).

It is assumed that the solution is sufficiently diluted to con-
sider that the activity coefficient (which is a function of the



Table 4 Non-linear kinetic model equations.

Isotherm Equation Parameter Description Ref

Pseudo-first

order (PFO)

qt ¼ qe 1� exp �k1tð Þ½ � qe; k1 The change in rate of the solute uptake with time is directly

proportional to the difference in saturation concentration and the

solute uptake with time.

(Lagergren,

1898)

Pseudo-

second order

(PSO)

qt ¼ k2q
2
e t

1þk2qet
qe; k2 The rate limiting step are chemisorption involves forces by sharing

or exchanging electrons between the adsorbent and the adsorbate.

(Ho and

Mckay,

1999)

Elovich qt ¼ 1
b ln aEbð Þ þ 1

b ln tð Þ aE; b Commonly used in chemisorption processes. (Low, 1960)

Avrami qt¼ qe 1� exp � kAVtð ÞnAV½ �f g qe; kAV; nAV Used to verify specific changes of kinetic parameters as functions of

temperature and reaction time.

For unusual adsorption kinetic quantities when the adsorption rate

is very slow and presents more than one adsorption mechanism.

(Avrami,

1939)
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ionic strength of the solute at adsorption equilibrium and the
charge carried by solute) is unitary (Kasperiski et al., 2018).

2.7. Continuous adsorption study

The adsorption of BG4 was evaluated in continuous adsorp-

tion mode using a 14 mm inner diameter glass tube with a
length of 160 mm. BG4 solution with an initial concentration
of 100 mg/L was pumped upward through the column at a

desired flow rate by a peristaltic pump (0.5, 1 and 2 mL/
min). Samples were gathered from the exit of the column,
and the operation of the column was stopped when saturation
occurred (Ct/C0 reached unity). The BG4 concentration in the

effluent was determined using a UV/Vis spectrophotometer at
617 nm.

For the analysis of experimental breakthrough curves, the

Thomas Eq. (7) (Jain and Gogate, 2018; Yoon and Nelson,
1984) Yoon–Nelson Eq. (8) (Lonappan et al., 2019; Bohart
and Adams, 1920) and Bohart–Adam Eq. (9) (Jang and Lee,

2019; Lam et al., 2017) models were used:

Ct

C0

� 	
¼ 1

1þ exp kTHq0
m
Q
� kTHC0t

� � ð7Þ

Ct

C0

� 	
¼ 1

1þ exp kYN s� tð Þ½ � ð8Þ

Ct

C0

� 	
¼ exp kBAC0t� kBAN0H

v

� 	
ð9Þ

where kTH mL=mg � hrð Þ is the Thomas kinetic constant,
q0 mg=gð Þ is the maximum capacity of the sorbent, Q mL=hrð Þ
is the volumetric flow rate, m gð Þ is the mass of the adsorbent

used, C0 mg=mLð Þ is the initial adsorbate concentration,

kYN hr�1
� �

is the Yoon–Nelson kinetic constant, s hrð Þ is the

contact time required for 50% breakthrough of the adsorbate,
kBA mL=mg � hrð Þ is the Bohart–Adams constant, N0 mg=Lð Þ is

the saturation concentration, H cmð Þ is the bed height, and
v cm=minð Þ is the linear flow rate.

2.8. Economic analysis

The production cost of GGSWAC was estimated using the
method adopted from Selvaraju and Bakar (2017), Lam
et al. (2017) and Liew et al. (2018) to determine the feasibility
of GGSWAC for commercialization.

3. Results & discussion

3.1. Experimental results

Table 4 shows the experimental results for GGSWAC obtained

for the two investigated responses. For both responses, the
quadratic model was selected and the final empirical formulas
for BG4 removal (Y1) and GGSWAC yield (Y2), in terms of

the coded factors, are given by Eqs. (10) - (11).

Y1 ¼ 91:90þ 10:20x1 þ 7:13x2 þ 9:07x3 � 6:90x1x2 ð10Þ

Y2 ¼ 69:57� 3:85x1 � 4:06x2 þ 2:62x2
2 ð11Þ

The R2 values of Eq. (10) and (11) are 0.8305 and 0.9191,
respectively, indicating that the predicted values for BG4
removal and GGSWAC yield reasonably matched the actual

value.
From Table 5, it was observed that high IR, radiation

power, and time resulted in better BG4 removal but reduced
the GGSWAC yield. Thus, an optimized solution is necessary

to compromise both responses.
The ANOVA results of the quadratic model corresponding

to BG4 removal and GGSWAC yield are shown in Tables 6

and 7. The model is significant if the F value is large while
the P value < 0.05 (Liew et al., 2018; Bello et al., 2011).

Additionally, Prob. >F less than 0.05 show that both mod-

els were significant. From Table 6, the model terms of X1 (ra-
diation power), X2 (time), X3 (IR), and X1X2 were significant
to the response. The lack of fit P value of 0.0827 was not sig-

nificant, and the regression model was shown to be effective
for BG4 adsorption onto GGSWAC. From Table 7, X1, X2,
and X22 were significant model terms with lack of fit showing
insignificance to the response.

Fig. 1 (a) shows the surface plot for the effects of radiation
power and IR on BG4 removal. BG4 removal increased when
the radiation power and IR increased as more pores and sur-

face area developed which could be occupied by BG4 mole-
cules. Increasing the radiation power widened the existing
pores and formed new pores via a continual carbon–CO2

reaction of the carbon burn off, resulting in an increased
BET surface area (Yang and Lua, 2003). In addition, increas-
ing IR improved the BG4 adsorption due to the reduction



Table 5 Experimental results of the responses.

Run A: Power B: Time C: IR Ratio BG4 Removal GGSWAC Yield

17 264 1.00 0.50 30.56 79.67

10 264 1.00 2.00 81.73 80.48

12 264 4.50 1.25 94.67 75.98

2 264 8.00 0.50 78.68 75.43

7 264 8.00 2.00 93.73 74.33

14 440 1.00 1.25 90.12 78.32

5 440 4.50 0.50 86.81 70.78

9 440 4.50 1.25 80.98 69.89

11 440 4.50 1.25 89.67 65.98

13 440 4.50 1.25 94.34 70.65

15 440 4.50 1.25 88.97 71.23

16 440 4.50 1.25 85.89 70.00

20 440 4.50 1.25 95.68 70.00

18 440 4.50 2.00 95.96 67.37

19 440 8.00 1.25 96.45 65.89

8 616 1.00 0.50 89.89 73.78

1 616 1.00 2.00 99.91 75.30

6 616 4.50 1.25 96.72 66.98

3 616 8.00 0.50 94.78 65.98

4 616 8.00 2.00 99.91 65.31
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hydroxide and the potassium metal ion intercalation into the
char sample which facilitated the improvement of GGSWAC

pore structures. From Fig. 1 (b), it was found that the yield of
produced GGSWAC was inversely proportional to the
microwave power and irradiation time, and a lower yield

was obtained at higher microwave powers and longer irradi-
ation times. This was due to the release of more volatile mat-
ter during the activation stage at higher microwave powers

and longer irradiation times. The carbonaceous matrix pre-
sent in the sample absorbed more microwave energy, thus
inducing dipole rotation of carbon molecules at the rate of
a million times per second (Liew et al., 2018). Thus, the rapid

rotation of carbon molecules within the char produced fric-
tional force and released more heat energy within the char
itself, which, in turn, improved the pyrolysis cracking of the

GGSW and released more volatile matter. As a result, lower
GGSWAC yield was obtained due to the release of higher
amounts of volatile matter from the sample. This finding is
Table 6 ANOVA results for BG4 removal.

Source Sum of squares Degree of freedom

Model 3498.33 9

x1 1040.81 1

x2 508.94 1

x3 822.65 1

x1 x2 381.29 1

x1 x3 323.72 1

x2 x3 210.23 1

x1
2 0.08 1

x2
2 18.34 1

x3
2 55.25 1

Residual 713.83 10

Lack of fit 566.64 5

Pure error 147.19 5

Cor total 4212.16 19
identical with the study conducted by Lam et al. (2017) and
Ahmad et al. (2017) who also synthesized AC using micro-

wave irradiation techniques.
The optimal conditions for GGSWAC synthesis are sum-

marized in Table 8. It was found that the optimal conditions

for GGSWAC were achieved at high radiation power and IR
with minimum activation time and exhibited the highest BG4
removal compared to other studies using different types of AC.

3.2. N2 adsorption isotherms and physical properties

The N2 adsorption–desorption isotherms for GGSW and
GGSWAC are illustrated in Fig. 2 (a). GGSW exhibited a

Type II isotherm, while GGSWAC illustrated a combination
of Type I and II sorption isotherms (Yang and Hong, 2018;
Foo and Hameed, 2012) indicating the presence of micropores

and mesopores. As observed in Table 9, the GGSW initially
possessed a relatively low BET surface area and a TPV of
Mean square F-value P value Prob. >F

388.70 5.45 0.0070

1040.81 14.58 0.0034

508.94 7.13 0.0235

822.65 11.52 0.0068

381.29 5.34 0.0434

323.72 4.54 0.0591

210.23 2.95 0.1169

0.08 0.00 0.9737

18.34 0.26 0.6233

55.25 0.77 0.3996

71.38

113.33 3.85 0.0827

29.44



Table 7 ANOVA results for GGSWAC Yield.

Source Sum of squares Degree of freedom Mean square F-value P value Prob. >F

Model 398.11 9 44.23 12.63 0.0002

x1 148.53 1 148.53 42.42 <0.0001

x2 164.92 1 164.92 47.09 <0.0001

x3 0.81 1 0.81 0.23 0.6405

x1 x2 6.85 1 6.85 1.95 0.1923

x1 x3 0.16 1 0.16 0.05 0.8338

x2 x3 2.10 1 2.10 0.60 0.4565

x1
2 10.91 1 10.91 3.11 0.1081

x2
2 18.82 1 18.82 5.38 0.0429

x3
2 0.47 1 0.47 0.13 0.7216

Residual 35.02 10 3.50

Lack of fit 17.75 5 3.55 1.03 0.4881

Pure error 17.26 5 3.45

Cor total 433.13 19

Fig. 1 Effects of (a) IR and power on BG4 removal and (b) effects of power and time on GGSWAC yield.
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39.52 m2/g and 0.0279 cm3/g, respectively. After the activation
step, the surface area and TPV increased based on pore devel-
opment and widening of the existing pores. The TPV increase

was evidenced by the increase in adsorption at low relative
pressures (P/P0 < 0.1), as shown in the N2 adsorption iso-
therms. The aperture distribution in Fig. 2 (b) showed that

the pore size of GGSWAC was concentrated in the range of
1.64–1.91 nm. Similar trends were reported by Pallarés et al.
(2018), Jang and Kan (2019), and Haryati et al. (2018), where
each studied the characterization of AC and biochar. Accord-

ing to Song et al. (2013); BG4 has a molecular size of 1.21 n
m � 1.19 nm � 0.53 nm (L � W � D), which indicated that
BG4 molecules can agglomerate on the surface of GGSWAC

with an APD of 2.1620 nm.

3.3. Sample morphology

The surface morphology details of the samples are provided in
SEM micrographs for further comparison of porosity. Fig. 3
(a) illustrates the morphology of GGSW, while Fig. 3 (b)
shows the GGSWAC structure. Generally, GGSW exhibits a
highly porous structure with open pores in cylindrical-

shaped. After the activation step, it was clearly observed that
the cylindrical porous structure became wider and new slit-
shaped pores formed. Therefore, it was concluded that, the

surface of GGSWAC is heterogenous, possessed a combina-
tion of micro and mesopores as observed in N2 adsorption–
desorption data. Similar structures were reported by Mondal
and Majumder (2019), who characterized AC derived from

natural resources.

3.4. Proximate and elemental analysis

Table 10 summarizes the proximate and ultimate composition
of GGSW and GGSWAC. In general, the synthesized
GGSWAC closely follows the AC standard in SNI-06-3730-

1995 (Pandia et al., 2018). The reduction of volatile matter
in GGSWAC indicated the release of volatile matter resulting



Table 8 Optimal activation conditions for GGSWAC synthesis.

Type of AC Power (Watt) Time (min) IR Yield (%) BG4 removal (%) Reference

GGSWAC 616 1 1.93 75.28 99.91 This study

Banana peel 700 5–15 1.00 21.29 80 (Liew et al., 2018)

Ricinus communis 100 4 0.30 69.68 55.6–88.24 (Makeswari and Santhi, 2013)

Orange peel 550 5 1.00 87.00 57 (Lam et al., 2017)

Fig. 2 (a) N2 adsorption-desorption isotherms of GGSW and GGSWAC (b) PSD of GGSWAC.

Table 9 Physical Properties of GGSW and GGSWAC.

SBET (m2/g) TPV (cm3/g) Vmicro (cm3/g) APD (nm) %Vmicro Smicro/SBET

GGSW 39.52 0.028 0.006 2.82 21.53 27.31

GGSWAC 633.30 0.342 0.194 2.16 56.77 61.09
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in the formation of new pores. Moisture content of GGSWAC
increased due to water formation at high irradiation power

resulting from dehydration reactions of adjacent carboxylic
and phenol groups to anhydrides, lactones, and ethers (Bedia
et al., 2018). In addition, high IR values increased the amount

and volume of pores and surface area, which caused an
increase in the hydrophilic performance of AC to absorb water
from the air (Pambayun et al., 2013). KOH-CO2 modification

reduced the ash, which was confirmed by the largest decrease
in ash content from 9.633 to 1.295% after modification. The
elemental molar ratios were calculated to estimate the aro-
maticity (H/C) and hydrophilicity (O/C) of the GGSWAC
Fig. 3 SEM images of (a)
(Jang and Kan, 2019). In general, H/C and O/C ratios of
<0.7 and <0.4, respectively, indicate a good degree of biochar

carbonization (Haryati et al., 2018). Based on high H/C ratios,
it can be concluded that GGSWAC exhibited a high degree of
aromaticity and stability, which is suitable for adsorption

applications (Abdulrazzaq et al., 2014).

3.5. Sample functional groups

The FTIR spectra for GGSW and GGSWAC are shown in
Fig. 4. Alcohols, phenol and ether groups can be suggested
GGSW (b) GGSWAC.



Table 10 Proximate and elemental composition of GGSW and GGSWAC.

Proximate analysis (%) Elemental analysis (%) H/C O/C

Volatile matter Fixed Carbon Moisture Ash C H N O S

GGSW 13.491 67.243 9.648 9.633 59.87 3.98 0.54 35.16 0.45 0.798 0.440

GGSWAC 10.925 69.289 18.491 1.295 68.3 3.47 0.32 27.71 0.2 0.606 0.305
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as the main oxygen group present in GGSW. The broad peak
at 3495 cm�1 is assigned to OH stretching (Machrouhi et al.,

2019) in the phenolic and aliphatic structures of GGSW
(Haeldermans et al., 2019). The peaks at 1562–1411 cm�1 indi-
cate the C‚C stretching vibrations in the aromatic ring

(Joseph et al., 2015; Rattanapan et al., 2017), and OAH bend-
ing (Djelloul and Hamdaoui, 2015). The 1310–1000 cm�1 re-
gion was assigned to CAO stretching in ethers (Korus et al.,

2019) which was almost vanished after KOH activation. In
conclusion, FTIR results suggested the reduction in functional
groups concentration due to the release of volatile matter dur-
ing activation. Similar findings were reported by Wang et al.

(2018) and Yang et al. (2014).

3.6. Equilibrium study

3.6.1. Effect of initial concentration

Fig. 5 shows that as the initial BG4 concentration increased from

50 to 300 mg/L, the adsorption uptakes of BG4 molecules
increased from 49.62 to 220.58 mg/g. This was due to larger mass
transfer driving force at higher initial concentration to overcome

the mass transfer resistance of BG4 between the liquid and solid
phase. At higher initial concentrations, the number of ions compet-
ing for the available sites on the surface of adsorbent is high, thus
causing higher dye adsorption capacity (Azari et al., 2020). The

trend was consistent with adsorption study reported by Bhatti
et al. (2017), Chowdhury et al. (2011) and Sayğılı and Güzel (2018).

3.6.2. Effect of temperature

The influence of temperature on BG4 adsorption is given in
Fig. 6. An increasing trend in BG4 dye adsorption capacity
Fig. 4 FTIR Spectra of G
was observed as the solution temperature increased from 30
to 60 �C indicating the endothermic nature of the BG4 adsorp-

tion reaction. The adsorption capacity increased from 220.58
to 230.47 mg/g when the temperature was raised from 30 to
60 �C. At higher temperature, more BG4 molecules have suffi-

cient energy to undergo an interaction with active sites at the
surface of AC. Increasing the temperature resulted in an
increase of rate of diffusion of the adsorbate molecules across

the external boundary layer and in the internal pores of the
adsorbent particle due to the decrease in the viscosity of the
solution (Ahmad and Alrozi, 2011). Similar finding was
reported by Sayğılı and Güzel (2018), who studied the effect

of temperature on BG4 adsorption at temperature between
25 and 55 �C using AC from tomato processing waste.

3.6.3. Effect of pH

Fig. 7 indicates the plots of BG4 adsorption capacity against
initial solution pH. The equilibrium uptake of BG4 signifi-
cantly increased with the increase of pH from 2.0 to 4.0.

Beyond pH 4.0, there was no significant change in the BG4
adsorption capacity. The reduced uptake of the BG4 below
pH 4.0 was due to electrostatic repulsion between positively

charged surface of the adsorbent and the positively charged
cationic BG4 dye. The pHPZC of optimized GGSWAC for
BG4 adsorption was found at pH 6.0. At pH < pHpzc, the

adsorbent surface becomes predominantly positively charged
and tend to repel the cationic dye since the number of the neg-
atively charged groups at the surface of the adsorbent
decreased, while the positively charged groups increased.

Hence the adsorption of the dye molecules to the surface of
the adsorbent reduced as pH was decreased from 4 to 2 due
GSW and GGSWAC.



Fig. 5 Effect of initial concentration.

Fig. 6 Effect of temperature.

Fig. 7 Effect of pH.
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to electrostatic repulsion. The adsorption of BG4 was favor-

able above pH 4, which might be due to H-bonding and when
pH > pHPZC, which can be attributed by electrostatic interac-
tion between negatively charged AC surface and positively

charged BG4. Similar trend was reported by Murthy et al.
(2019) and Sharma et al. (2019).

3.6.4. Fitting of isotherm models

The isotherm models such as Sips, Redlich-Peterson, Dubinin–
Radushkevish, Toth and Koble Corrigan were used to analyze
the heterogeneity of the system. The determined error function

values and isotherm parameters obtained from nonlinear
regression for all temperatures are shown in Table 11. Among
the 10 applied equations, the Fritz–Schlünder and n-BET iso-
therms could be identified as the most suitable models for

modelling the equilibrium sorption behaviour of GGSWAC
covering the entire concentration range. Fritz–Schlünder
model shows excellent agreement to the experimental data,

with the highest values of R2 and the lowest values of v2 and
RMSE at all studied temperatures. Similar finding was

reported by Aljeboree et al. (2017) who also discovered that
the Fritz–Schlünder as the best model for maxilon blue and
direct yellow dyes adsorption onto coconut shell. The equilib-

rium adsorption capacity predicted by the Fritz–Schlünder
model was 225.71 mg/g, which is higher than Qu et al.
(91.24 mg/g) (Qu et al., 2019) and Rangabhashiyam & Bala-
subramanian (62.50 mg/g) (Rangabhashiyam and

Balasubramanian, 2018) and slightly higher than Jiang et al.
(212.7 mg/g) (Jiang et al., 2017); who also studied BG4 adsorp-
tion but used different types of adsorbents. The n-BET model
was the second-best fit for the isotherm studies. The n-BET
isotherm assumes that there are numbers of layer, n that can
be adsorbed onto the internal surface of AC. The adsorption

is limited by n layers when the adsorption space is finite due
to finite size of pores. In this study, n is lower than 2, indicating
a monolayer adsorption.

The Redlich-Peterson isotherm consists of three parameters
and incorporates the features of the Langmuir and the Fre-
undlich isotherms. The mechanism of adsorption is hybrid

and does not follow ideal monolayer adsorption. This model
can be applied either in homogeneous or heterogeneous sys-
tems. The exponent, aRP values were close to unity, which
reduce to Langmuir model equation, revealing the homoge-

neous system. The three important parameters for Sips model
were maximum adsorption capacity, qs, equilibrium constant,
Ks and the heterogeneity constant, ns. The constant ns referred

to the heterogeneity factor, which could stem from the adsor-
bent, adsorbate or the combination of both. The system is
heterogenous when this value deviates from 1, while the value

close to 1 describes a homogeneous system. The values of ns
for GGSWAC were slightly greater than 1 for BG4 adsorption
at all studied temperature, indicating the homogeneity of the

systems, which was supported by Langmuir model. Moreover,
the maximum monolayer adsorption capacity predicted by
Sips was close to that predicted by Langmuir equation. This
was further proven by the values of nToth and kKC provided

by Toth and Koble Corrogan models which were close to
unity, suggesting homogeneous distribution of adsorption
sites. Therefore, it was concluded the adsorption of BG4

occurs at specific homogeneous sites of the GGSWAC, possi-
bly on the mesoporous surface.

The low sorption energy, E (<8 kJ/mol), provided from

Dubinin–Radushkevich indicated physisorption. Similar find-
ings were reported by Azizi et al. (2019) and Lee and Choi
(2018). In addition, the values of the Temkin parameter bT,

which is related to the heat of adsorption, were low, suggesting
a physical adsorption process. The relatively high value of the
regression coefficient R2 obtained for the Redlich-Peterson,
Toth, and Sips models confirmed their applicability for

describing experimental data. The following show the ranking
of the isotherm models in descending order (best to poorest fit-
ting), with respect to the R2 value: Fritz–Schlünder > nth

layerBET>Redlich–Peterson>Toth>Sips>Langmuir>K
oble Corrigan > Dubinin– Radushkevich > Temkin > Freu

ndlich; with respect to the v2 value: Fritz–Schlünder > nth

layer BET > Sips > Langmuir > Redlich–Peterson > Tot
h > Koble Corrigan > Dubinin–Radushkevich > Temkin >



Table 11 Values of isotherm parameters for the adsorption of BG4 onto GGSWAC at different temperatures.

Model Parameter Temperature (�C)

30 45 60

Freundlich KFðmg1�1=nL1=ng�1Þ 106 110.5 116.9

n 5.394 5.424 5.505

R2 0.8745 0.8601 0.8448

v2 26.6653 29.6945 34.1912

RMSE 26.9628 29.2563 31.8500

Langmuir KL(L/mg) 1.098 1.132 1.307

qmax(mg/g) 215 221 227.6

R2 0.9650 0.9731 0.971

v2 6.9366 5.9393 7.1927

RMSE 14.2490 12.8348 13.7766

Dubinin–Radushkevish (D-R) qDR(mg/g) 201.7 206.9 214.4

E(kJ/mol) 0.5207 0.4885 0.4357

R2 0.9337 0.9455 0.9606

v2 8.5221 7.1768 5.4661

RMSE 19.5992 18.3295 16.0513

Temkin bT(J/mol) 0.08496 0.08592 0.08792

KT(L/mg) 33.81 34.08 40.01

R2 0.93 0.926 0.9147

v2 15.9109 17.3434 20.2392

RMSE 20.1357 21.5187 23.6181

Redlich–Peterson (R-P) KR(L/g) 275 278.3 321.3

AR(L/mg) 1.468 1.389 1.517

aRP 0.9619 0.9722 0.9788

R2 0.9697 0.9758 0.9727

v2 7.0921 6.1697 7.5014

RMSE 13.2554 12.1754 13.3702

Sips qS(mg/g) 214.2 219.4 222.2

KS(L/mg) nS 1.116 1.171 1.535

nS 1.025 1.053 1.208

R2 0.965 0.9733 0.9729

v2 6.7940 5.5639 5.4186

RMSE 14.2456 12.7785 13.3131

Koble–Corrigan (K-C) AKC(L/g) 233.1 258.5 338.1

BKCðL=mgÞ 1.047 1.144 1.52

kKC 1 1.068 1.196

R2 0.9578 0.9675 0.9729

v2 7.5493 6.0424 5.4866

RMSE 15.5903 14.0764 13.3114

Fritz–Schlünder (F-S) A(L/g) 140.6 150.6 162.1

B(L/mg) 0.08414 0.1343 0.1212

a 0.1082 0.09836 0.08855

b �3.002 �2.435 �2.36

R2 0.9924 0.9926 0.9943

v2 0.8523 0.9080 0.7789

RMSE 6.6148 6.7385 6.0836

n-layer BET qmBET
(mg/g) 197.3 205.8 215.4

KL;BET(L/mg) 0.003204 0.005007 0.0038

KS(L/mg) 1.311 1.305 1.4560

nBET 1.585 1.336 1.327

R2 0.9728 0.9774 0.9742

v2 6.5208 5.8509 7.2190

RMSE 12.5419 11.7540 12.9993

Toth qmaxT
(mg/g) 220.9 225.7 221.6

kToth(L/mg) 1.189 1.199 1.23

nToth 0.916 0.9371 1.088

(continued on next page)
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Table 11 (continued)

Model Parameter Temperature (�C)

30 45 60

R2 0.9652 0.9731 0.9712

v2 7.2212 6.2141 6.7482

RMSE 14.1946 12.8364 13.7291

Table 12 Values of kinetic model parameters for the adsorption of BG4 onto GGSWAC at different initial concentrations.

Model Parameter Initial Concentration (mg/L)

50 100 150 200 250 300

PFO qek1 49.45

0.1075

99.66

0.06597

145.60

0.05024

181.10

0.05832

210.80

0.06152

216.20

0.09133

PSO qek2 50.25

0.006377

102.9

0.001307

151.9

0.0006027

188.2

0.0005855

219.1

0.0005293

221.7

0.000967

ELOVICH aE � 104b 122.9

0.3808

78.66

0.1813

1.664

0.09309

11.51

0.08472

18.68

0.07426

195.2

0.08255

AVRAMI qe 49.33 99.09 146.40 182.60 212.00 216.70

kAV 0.085 0.061 0.052 0.062 0.064 0.100

nAV 1.849 1.778 0.820 0.741 0.796 0.824

Table 13 Kinetic error deviation data related to the adsorption of BG4 dye on GGSWAC sorbent using non-linear regression

analysis.

Error function Model Initial concentration (mg/L)

50 100 150 200 250 300

R2 PFO

PSO

0.9608

0.7502

0.9393

0.7738

0.9764

0.9483

0.9734

0.9697

0.9726

0.9638

0.9541

0.9395

Avrami 0.9944 0.9995 0.9867 0.9946 0.9814 0.9580

Elovich �0.1397 0.3817 0.6297 0.6461 0.659 0.5178

v2 PFO 0.0824 1.2935 1.0237 0.9537 0.8984 0.6077

PSO 0.5481 4.6423 1.8226 1.0048 1.4290 0.9234

Avrami 0.0112 0.0077 0.4747 0.1557 0.6078 0.5605

Elovich 2.3857 11.7644 13.3609 11.8198 12.7033 6.8132

RMSE PFO 0.6543 3.306 3.396 3.917 4.504 3.816

PSO 1.652 6.38 5.031 4.184 5.174 4.38

Avrami 0.248 0.290 2.553 1.765 3.715 3.648

Elovich 3.528 10.55 13.46 14.29 15.89 12.36

SSE PFO 3.854 98.366 103.821 138.109 182.591 131.037

PSO 24.558 366.367 227.832 157.541 240.914 172.635

Avrami 0.5518 0.7581 58.6440 28.0224 124.1941 119.7791

Elovich 112.019 1001.510 1631.419 1837.126 2271.902 1375.174

%ARE PFO 0.2271 1.0762 0.8214 0.6649 0.3824 0.1831

PSO 0.8031 2.3006 0.7636 0.5914 0.7982 0.5053

Avrami 0.0369 0.0201 0.3558 0.0961 0.2710 0.2025

Elovich 1.1228 4.4166 3.3861 2.8586 2.8937 1.3463
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Freundlich; and with respect to the RMSE value: Fritz–Schl
ünder > nth layer BET>Redlich–Peterson > Toth > Sips >

Langmuir > Koble Corrigan > Dubinin–Radushkevich >
Temkin > Freundlich.
3.7. Kinetic study

Tables 12 and 13 summarize the kinetic parameter values and
the error functions of the PFO, PSO, Elovich. and Avrami



Fig. 8 Fitting of experimental data to the (a) PFO (b) PSO (c) Avrami, and (d) Elovich models.

Table 14 Thermodynamic parameters of BG4 adsorption by

GGSWAC.

Temperature (K) DG (kJ/mol) DH (kJ/mol) DS (J/K.mol)

303.15 �35.312 2.883 125.841

318.15 �37.047

333.15 �39.097
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models. The results clearly showed that the adsorption of BG4
dye onto GGSWAC followed the Avrami model, which
recorded the highest values of R2 and the lowest values of

v2, RMSE, SSE, and %ARE. Besides, the calculated equilib-
rium adsorption capacity (Qe.cal, = 49.3, 99.1, 146.4, 182.6,
212.0, and 216.7 mg/g) agreed well with the experimental equi-

librium adsorption capacity (Qe,exp, = 49.6, 99.4, 148.1, 184.3,
216.6, and 220.6 mg/g). The fractionary values of nAV of the
Avrami model could be related to the adsorption kinetic

orders. It was observed that most of nAV values were close
to unity indicating a kinetic order of 1. This was supported
by the results from PFO model fitting, whereby the BG4

adsorption also can be seen to fit well with PFO model indicat-
ing the possibility of physisorption. The PSO and Elovich
models give poor fitting with lower values of R2 and higher

values of v2, RMSE, SSE, and %ARE, demonstrating that
these models were not appropriate to describe the behaviour
of BG4 adsorption. Similar findings have been reported by

Qu et al. (2019) who also studied the adsorption of BG4 dyes
onto AC. Fig. 8 illustrates the fitting of these models using the
experimental data at various initial BG4 concentrations (see

Table 14).

3.8. Thermodynamics

DG values were all negative, indicating that the adsorption of
BG4 by GGSWAC was thermodynamically spontaneous. The
absolute values of DG slightly increased as the temperatures of

the adsorption conditions increased, indicating that the
adsorption process was thermodynamically favorable at higher
temperatures. The DH value was 2.883 kJ mol�1 revealing an
endothermic reaction. The positive value of DS indicated that
the reversibility of adsorption was poor and suggested a ran-
dom adsorption process at the GGSWAC / BG4 interface
(Bello, 2011). Similar findings have been reported by Qu
et al. (2019) and Gautam et al. (2018).

3.9. Adsorption mechanism

The plausible mechanism of BG4 adsorption is indicated in

Fig. 9:

i. the electrostatic attractions between the negatively

charged GGSWAC surface (when pH > pHPZC) and
the positively charged BG4 cations;

ii. hydrogen bonding between hydroxyl groups (H-bond

donors) of the GGSWAC and H-bond acceptor in
BG4; as well as hydrogen bonding between hydroxyl
group of GGSWAC and carbonyl group (H-bond
acceptor) of the BG4. BG4 possessed 4H-bond donors

and 14H-bond acceptors which enhanced the adsorption
process.



Fig. 9 Adsorption mechanism of BG4 onto GGSWAC.
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iii. p-p interaction between aromatic groups in GGSWAC
surface and BG4 molecules were also contributed to
the adsorption process.

3.10. Dynamic modelling of breakthrough curves

Table 15 indicates fixed bed column parameters for BG4

adsorption by GGSWAC at 30 �C. It was found that an
increase in the flow rate resulted in a decrease in the break-
through time (tb), exhaustion time (te), and the maximum

adsorption capacity of the column (qc). This decrease was
attributed to the short residence time of the BG4 solution in
the column, which did not allow the propagation of the solute
in the pores of the GGSWAC. A similar trend was observed by

Khadhri et al. (2019), who studied the adsorption of indigo
carmine onto AC derived using date palm petiole. The Tho-
mas, Yoon–Nelson, and Bohart–Adam models were applied

to adapt the experimental data of the continuous adsorption
of BG4 onto GGSWAC, and the fitting results are shown in
Table 16 and Fig. 10. The Thomas and Yoon–Nelson models
Table 15 Fixed bed column parameters for BG4 adsorption by GG

Flow rate (mL/min) tb hrð Þ
0.5 160.7

1.0 45.0

2.0 11.1

Table 16 Thomas, Yoon–Nelson, and Bohart–Adam model param

Flow rate (mL/min) Thomas model Yoon–Nel

kTH mL=mg � hrð Þ q0 mg=gð Þ R2 kYN hr�1
� �

0.5 1.821 466.0 0.9965 0.1876

1.0 3.126 314.7 0.9950 0.2870

2.0 8.872 144.6 0.9959 0.8774
better describe the breakthrough curves than the Bohart–
Adam model based on high regression coefficients (R2). The

validity of the Thomas model was confirmed by the close
agreement between the experimental and calculated values of
the bed capacity. Meanwhile, the validity of the Yoon–Nelson

was confirmed by the close values of the time required for 50%
BG4 breakthrough (s) between the experimental and calcu-
lated data.

3.11. Application of GGSWAC as a dye adsorbent

3.11.1. Comparison with other adsorbents

The values of the BG4 adsorption capacities were compared in
Table 17. Many researchers have examined efficiency of vari-
ous low-cost adsorbents for the removal of BG4 dye. Compar-

isons of different adsorbents found in the literature were done
based on maximum adsorption capacity. It was concluded that
GGSWAC can be considered as a valuable alternative for the

removal BG4 from aqueous solution due to its high adsorption
capacity.
SWAC.

te hrð Þ t50 hrð Þ qc mg=gð Þ
188.0 171.90 457.91

65.5 59.00 306.49

17.0 13.00 134.79

eters for BG4 adsorption by GGSWAC.

son model Bohart–Adam model

s hrð Þ R2 kBA � 10�4 L=mg � hrð Þ N0 � 105 mg=Lð Þ R2

172.8 0.9964 4.937 1.846 0.9566

58.58 0.9995 9.364 1.324 0.9596

13.54 0.9994 10.940 0.837 0.7783



Table 18 Estimated production costs (USD/kg) of

GGSWAC.

Component Estimated cost

(USD/kg)

Transportation cost 0.5

Chemicals (KOH & HCl)

KOH = 0.01 USD, HCl = 0.01 USD

(Selvaraju and Bakar, 2017)

0.03

CO2 gas, 15 USD/25 kg

1 standard refill of CO2 gas in

Malaysia = 25 kg

Total consumption = 1.5 L

0.002

Electrical consumption (activation process)

(0.616 kW � 1 min)

* Charges rate of electricity in Malaysia (1

kWh) = 0.05 USD (Liew et al., 2018)

0.005

Total estimated production cost 0.537

Table 19 Comparison of estimated production cost using

different feedstocks.

Feedstock Production cost

(USD/kg)

Reference

GGSWAC 0.54 This study

Artocarpus

integer

0.18–0.20 (Selvaraju and Bakar, 2017)

Orange peel 1.67 (Lam et al., 2017)

Banana peel 0.9 (Liew et al., 2018)

Charcoal

Wood

Pet coke

1.72–3.84

1.54

5.76

(Stavropoulos and

Zabaniotou, 2009)

Table 17 Comparison of BG4 adsorption capacity of

GGSWAC with other low-cost adsorbents.

Adsorbent BG4 adsorption

capacity (mg/g)

Ref

Coconut AC 91.24 (Qu et al., 2019)

Rice-bran 147.47 (Bhatti et al., 2017)

Rice husk 24.92 (Chowdhury et al., 2011)

Seed hull 8.40 (Mohammad et al., 2018)

Oyster

mushroom

32.33 (Chen et al., 2014)

Copperpod

fruit shell

62.5 (Rangabhashiyam and

Balasubramanian, 2018)

Wood apple 80.65 (Sartape et al., 2017)

GGSWAC 230.47 This study

Fig. 10 Experimental and predicted breakthrough curves for

BG4 adsorption onto GGSWAC at flow rates of 0.5–2 mL/min.
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3.11.2. Economic evaluation

To study the feasibility of GGSWAC for commercialization,
the production costs were calculated based on the cost incurred
by feedstock transportation, chemicals (KOH and HCl), CO2

gas, and the electricity used. Table 18 shows the estimated pro-
duction cost of GGSWAC by KOHmicrowave activation. The
production cost was estimated to be approximately 0.54 USD/

kg of GGSWAC, which was significantly lower than the mar-
ket price of AC (up to 5.76 USD/kg of AC), as shown in
Table 19. This indicates that KOH microwave activation of

GGSW is economically feasible for commercialization.

4. Conclusion

The prepared GGSWAC at a radiation power, time, and IR of
616 W, 1 min, and 1.93, respectively, possessed excellent char-
acteristics for use as a dye adsorbent due to high SBET
(633.30 m2/g) and TPV (0.34 cm3/g), as well as high BG4
removal capability (99.91%) and AC yield (75.28%). The
Fritz–Schlünder isotherm and Avrami kinetic models were

the best models to describe the behavior of BG4 adsorption
onto GGSWAC in batch operations, while the Thomas and
Yoon–Nelson were the best models to predict BG4 adsorption
in fixed-bed columns. The estimated production costs were

very low compared to commercial AC indicating its commer-
cial feasibility.
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