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a b s t r a c t
In this study, the preparation conditions for the gasification waste-based activated carbon 
(GWAC) were optimized with malachite green (MG) dye removal and GWAC yield as responses. 
The adsorption equilibrium, kinetic behavior, and thermodynamics properties were also ana-
lyzed. The optimum conditions for synthesizing GWAC were found at a radiation power, time, and 
impregnation ratios of 616 W, 1 min, and 1.06 g g–1, respectively, which resulted in an 89.98% yield 
of GWAC and 99.01% MG removal. This sample shows the surface area and total pore volume of 
351.92 m2 g–1 and 0.22 cm3, respectively. For the isotherm study, the Fritz–Schlünder model fitted the 
adsorption data very well with an R2 value of 0.9919–0.9932. The results of the kinetic study showed 
that the MG adsorption followed a pseudo-first-order kinetic model (R2 = 0.9625–0.9871). The film 
diffusion was found to be the rate-limiting step of MG adsorption. The adsorption of the MG dye 
onto GWAC was an endothermic and spontaneous process with ΔH of 9.183 kJ mol–1. In continuous 
mode, Thomas and Yoon–Nelson models successfully predicted the MG adsorption on the GWAC. 
GWAC demonstrates its commercial feasibility based on a low production cost of 0.23 USD kg–1.
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1. Introduction

Adsorption is one of the most effective processes of
advanced wastewater treatment that industries employ to 
reduce hazardous pollutants in effluents. Many textile indus-
tries use commercial activated carbon (AC) for the treatment 
of dye waste. AC is a carbonaceous material known for its 
large specific surface area, well-built pore structure, high 
physicochemical stability, and excellent surface reactivity, 

and it is widely employed as a functional material for various 
applications. The global AC demand was 12,804,000 tons in 
2015 and is expected to grow owing to stricter environmen-
tal regulations regarding water resources, clean gas appli-
cation, and air quality control [1]. However, there are some 
issues related to AC production regarding its sustainability 
and availability owing to the usage of conventional precur-
sors, such as coal, pitches, coke, and feeds, which are non-re-
newable, depleting, intensively generated, and consequently 
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affect the economic feasibility of the product [2]. Hence, 
many studies have been conducted to produce cheap and 
efficient AC from low-cost and renewable resources, such as 
oak wood [3], coconut pitch [4], walnut wood [5], rice straw 
[6], grape pomace [7], pomelo peel [8], mussel shell [9], saw-
dust [10], oil palm waste [11], orange peel [12], and cotton 
waste [13,14]. Most of the studies have focused on agricul-
tural waste due to its abundant availability.

This study focused on less explored gasification waste 
(GW) as an AC precursor. It is estimated that the gasifica-
tion market reached US $78 billion in 2017 and an increasing 
trend up to the US $126 billion is anticipated by 2023 [15]. 
The growth of the gasification market means a significant 
increase in gasification char (GC) disposal, which can be 
potentially used as a precursor for AC production. To date, 
there are few reports regarding its application in dye adsorp-
tion [16,17]. For example, Maneerung et al. [18] studied 
gasification residues as an AC precursor for rhodamine B 
adsorption. Other studies have utilized GC for heavy metal 
and tar removal as well as other applications, such as soil 
amendment and catalysts.

The use of malachite green (MG) for any aquatic spe-
cies is not approved by the FDA or the U.S. Environmental 
Protection Agency [19]. However, it is still being used as an 
antiparasitic and antifungal agent in aquacultures because 
stakeholders are unaware of the potential genotoxic and car-
cinogenic properties of MG, and in addition, MG is relatively 
inexpensive, readily available, and highly efficacious [20]. 
To date, there have been no reported studies on MG removal 
using carbon residues from biomass gasification plants.

In this study, GC residues from woodchip gasification 
were used as an AC precursor to study the MG adsorption 
for batch and continuous operations. The economic feasibility 
of the AC is discussed in this paper. For kinetic, equilibrium, 
and column analysis, non-linear forms of the models were 
applied for the analysis of the experimental adsorption data 
to minimize the error and to predict the trend. The non-lin-
ear isotherm models such as Fritz–Schlünder and n-BET 
(Brunauer–Emmett–Teller) were used in this study as the 
application of these models is scarcely found in the literature.

2. Materials and methods

2.1. Materials

2.1.1. Precursor preparation and physiochemical activation

GW was collected from a local commercial gasification 
plant at Kuang, Selangor, Malaysia. The sample was washed, 
dried in an oven at 105°C for 24 h, sieved to the size of 
0.5–1 mm and treated with potassium hydroxide (KOH) at 
various impregnation ratios (IR), as calculated by:

IR KOH

char

=
w
w

 (1)

where wKOH (g) is the dry weight of the KOH pellets, and wchar 
(g) is the dry weight of the GW. 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 differ-
ent powers (264, 440, and 616 W) and at different radiation 

times (1, 4.5, and 8 min) with a continuous flow of CO2 
gas at 150 cm3 min–1 using a conventional 2.45 GHz micro-
wave oven that was modified to accommodate the reactor 
and the inlet and outlet of the gases. The activated product 
was then cooled to room temperature under nitrogen flow. 
Then, the sample was rinsed with deionized water and HCl 
(0.1 M) to reach pH 7. The obtained gasification waste-based 
activated carbon (GWAC) was dried at 110°C for 24 h.

2.2. Characterization methods

Nitrogen adsorption–desorption measurements (Model: 
Micromeritics ASAP 2020, USA) were performed to deter-
mine the BET surface area, Barrett–Joyner–Halenda pore 
size distribution (PSD), total pore volume (TPV), and aver-
age pore diameter (APD) of the sample. The surface mor-
phology of the samples was examined via scanning electron 
microscopy (SEM) (Model: LEO SUPRA 55VP, Germany). 
Fourier-transform infrared spectroscopy (FTIR) (Model: 
Shimadzu Prestige 21, Japan) spectroscopy was used to 
evaluate the chemical structural properties. The proximate 
analysis was analyzed using thermogravimetric analysis 
equipment (Model: Perkin Elmer STA 6000, USA), while 
elemental analysis was conducted using a CHONS analyzer 
(Model: Perkin Elmer Series II 2400, USA).

2.3. Experimental design

Standard response surface methodology with the central 
composite design was used to optimize the GWAC prepa-
ration conditions based on the obtained MG removal effi-
ciency and yield. There were three variables used, including 
radiation power (A), activation time (B), and impregnation 
ratio (C), as shown in Table 1. A total of 20 experiments 
were performed for the three factors, which consisted of 
14 experiments plus 6 replicate parameters to evaluate 
the error. The corresponding model is a quadratic model 
expressed by Eq. (2):
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where Y is the predicted response, b0 is the constant coeffi-
cient, bi is the linear coefficient, bij is the interaction coeffi-
cient, bii is the quadratic coefficient, xi and xj are the coded 
values of the GWAC preparation variables, and ei is the 
error. Design-Expert Software (version 6.0.7) was used to 
analyze the regression, variance (ANOVA), and response 
surfaces.

The adsorption process was conducted in a water bath 
shaker using a 250 mL conical flask at an initial MG concen-
tration, GWAC dosage, shaker speed, and temperature of 
100 mg L–1, 0.2 g, 150 rpm, and 30°C, respectively.

2.4. Equilibrium and kinetic studies

The adsorption of MG was conducted at various initial 
MG concentrations (50–300 mg L–1) at different tempera-
tures (30°C, 45°C, and 60°C) using a water bath shaker for 
24 h. For each test, GWAC with a mass of 0.2 g was added 
to a 200 mL MG solution. The experimental points were 
examined using isotherm models as listed in Table 2.
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The kinetic studies followed the same steps for the 
desired contact time ranging from 15 to 1,440 min. The mod-
els that were used to evaluate the effect of contact time on the 
MG adsorption are shown in Table 3.

The equilibrium and kinetic studies were performed 
using the curve fitting tools provided in Matlab R2019b. The 
error functions that were used to optimize the model are 
listed in Table 4.

2.5. Thermodynamic study

The thermodynamics parameters of MG adsorption were 
studied by applying the Van’t Hoff equation [35]:

lnK S
R

H
RTc = −

° °∆ ∆  (3)

where Kc is the equilibrium constant (dimensionless), ∆G° 
(kJ mol–1) is the Gibbs energy change, ∆H° (kJ mol–1) is the 
enthalpy change, ∆S° (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 by:

∆ ∆ ∆G H T S° = ° − °  (4)

∆G RT Kc° = − ( )ln  (5)

Table 1
Experimental variables and levels

Variable Code Coded values

–1 0 1

Radiation power, W x1 264 440 616
Radiation time, min x2 1 4.5 8
Impregnation ratio (IR), g g–1 x3 0.5 1.25 2

Table 2
Non-linear equilibrium models

Isotherm Equation Parameter Reference
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The thermodynamic equilibrium constant was approx-
imated by the Langmuir constant (KL) or the equilibrium 
constant of the monolayer (KS) [36,37]. This simplification is 
only valid for dilute solutions, such as dyes molecules [38,39].

2.6. Fixed-bed column study

The adsorption of MG was evaluated in continuous 
adsorption mode using a 14-mm inner diameter glass 
tube with a length of 100 mm with different bed heights 
(10, 20, and 30 mm). An MG solution with an initial con-
centration of 100 mg L–1 was pumped upward through 
the column at the desired flow rate using a peristaltic 
pump (0.5, 1, and 2 mL min–1). Samples were gathered 
from the exit of the column, and the column was stopped 
when the saturation state was reached (Ct/C0 reached unity). 

The MG concentration in the effluent was determined using 
a UV-vis spectrophotometer.

For the analysis of the experimental breakthrough 
curves, the Thomas (Eq. (7)) [21], Yoon–Nelson (Eq. (8)) [40], 
and Bohart–Adams (Eq. (9)) [41] models were used:
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Table 4
Error functions and their expressions
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Table 3
Non-linear kinetic models

Isotherm Equation Parameter Reference
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where kTH (mL mg–1 h–1) is the Thomas kinetic constant, 
q0 (mg g–1) is the maximum capacity of the sorbent, Q (mL h–1) 
is the volumetric flow rate, m (g) is the mass of the adsor-
bent used, C0 (mg mL–1) is the initial adsorbate concentra-
tion, kYN (h–1) is the Yoon–Nelson kinetic constant, τ (h) is the 
contact time required for 50% breakthrough of the adsorbate, 
kBA (mL mg–1 h–1) is the Bohart–Adams constant, N0 (mg L–1) 
is the saturation concentration, H (cm) is the bed height, 
and v (cm min–1) is the linear flow rate.

3. Results and discussion

3.1. Experimental results

Table 5 shows the experimental results obtained for the 
two investigated responses. For both responses, the qua-
dratic model was selected, and the final empirical formulas 
for MG removal (Y1) and GWAC yield (Y2) in terms of the 
coded factors were given by Eqs. (10)–(11).

Y x x x x x x x1 1 2 3 1 3 2 394 53 7 16 6 70 8 16 6 53 7 41= + + + − −. . . . . .  (10)

Y x x x2 1 2 2
284 86 1 76 4 09 2 67= − − +. . . .  (11)

The R2 values from Eqs. (10) and (11) were 0.8263 and 
0.9204, respectively, indicating the predicted value for MG 
removal and GWAC yield were acceptable and reasonably 
match the real value. High IR, radiation power, and time 
resulted in better MG removal but reduced the yield of 

GWAC. Thus, an optimal solution is needed to compromise 
both responses.

The ANOVA result from the quadratic model corre-
sponding to the MG removal and GWAC yield are shown 
in Tables 6 and 7. The model was significant if the F-value 
was larger with a smaller P-value or P-value of <0.05 [42,43].

The Prob. > F of less than 0.05 shows that both models 
were significant. As shown in Table 6, the model terms of 
X1 (radiation power), X2 (radiation power), X3 (IR), X1X3, 
and X2X3 were significant to the response. The lack of a fit 
P-value of 0.0754 was not significant, and the regression 
model was effective for MG adsorption onto GWAC. As 
shown in Table 7, X1, X2, X3, X X3 and X2, X3 were significant 
model terms with a lack of fit that were insignificant to the 
response.

Fig. 1a shows the surface plot for the effects of radia-
tion power and IR on MG removal. MG removal increased 
with the radiation power and IR as more pores and surface 
area developed, which could be occupied by MG molecules. 
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 increasing BET surface 
area [44].

Fig. 1b shows a surface plot of the effect of radiation 
power and time on the GWAC yield. The yield of GWAC 
produced was inversely proportional to the microwave 
power and irradiation time, and a lower yield was obtained 
at higher microwave powers and longer irradiation times. 
This was due to the release of more volatile matter during 
the activation stage at higher microwave powers and 

Table 5
Experimental results of the responses

Run Factor 1 Factor 2 Factor 3 Response 1 Response 2

A: Power B: Time C: IR ratio MG removal GWAC yield

1 616 1.00 2.00 99.90 90.53
2 264 8.00 0.50 90.63 85.19
3 616 8.00 0.50 98.67 82.38
4 616 8.00 2.00 99.99 82.94
5 440 4.50 0.50 85.53 85.76
6 616 4.50 1.25 92.95 85.03
7 264 8.00 2.00 95.70 86.01
8 616 1.00 0.50 90.41 89.89
9 440 4.50 1.25 96.78 85.65
10 264 1.00 2.00 93.56 95.89
11 440 4.50 1.25 95.90 83.32
12 264 4.50 1.25 92.89 86.24
13 440 4.50 1.25 90.89 86.20
14 440 1.00 1.25 94.69 90.60
15 440 4.50 1.25 96.76 82.12
16 440 4.50 1.25 85.76 85.42
17 264 1.00 0.50 36.59 95.06
18 440 4.50 2.00 95.22 84.57
19 440 8.00 1.25 96.31 84.57
20 440 4.50 1.25 98.99 86.23
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Table 6
ANOVA results for MG removal

Source Sum of squares Degree of freedom Mean square F-value P-value Prob. > F
Model 2,855.27 9 317.25 5.18 0.0085
x1 512.08 1 512.08 8.36 0.0161
x2 448.36 1 448.36 7.32 0.0221
x3 665.04 1 665.04 10.86 0.0081
x1x2 276.36 1 276.36 4.51 0.0596
x1x3 340.87 1 340.87 5.56 0.0400
x2x3 438.97 1 438.97 7.17 0.0232
x1

2 12.41 1 12.41 0.20 0.6622
x2

2 0.57 1 0.57 0.01 0.9250
x3

2 59.96 1 59.96 0.98 0.3458
Residual 612.63 10 61.26 612.63
Lack of fit 491.40 5 98.28 4.05 0.0754
Pure error 121.23 5 24.25
Cor. total 3,467.90 19

Table 7
ANOVA results for GWAC yield

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

Model 256.34 9 28.48 12.84 0.0002
x1 31.05 1 31.05 14.00 0.0038
x2 167.12 1 167.12 75.34 <0.0001
x3 0.28 1 0.28 0.12 0.7318
x1x2 2.70 1 2.70 1.22 0.2955
x1x3 0.03 1 0.03 0.01 0.9170
x2x3 0.00 1 0.00 0.00 0.9834
x1

2 1.43 1 1.43 0.64 0.4414
x2

2 19.60 1 19.60 8.84 0.0140
x3

2 0.17 1 0.17 0.08 0.7864
Residual 22.18 10 2.22
Lack of fit 7.70 5 1.54 0.53 0.7475
Pure error 14.48 5 2.90
Cor. total 278.52 19

 

(b) 

 
(a)

Fig. 1. (a) Effect of IR and power on MG removal and (b) effect of power and time on the GWAC yield.
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longer irradiation times. The carbon elements present in the 
sample absorbed more microwave energy, thus inducing 
dipole rotation of carbon molecules at the rate of a million 
times per second [45]. This rapid rotation of carbon mol-
ecules within the char thus produced frictional force and 
released more heat energy within the char itself, which thus 
improved the pyrolysis cracking of the GW and released 
more volatile matter. As a result, lower GWAC yield was 
obtained owing to the release of a higher amount of vola-
tile matter from the sample. This finding was in agreement 
with those reported by Lam et al. [46] and Ahmad et al. [47], 
who also synthesized AC using a microwave irradiation  
technique.

The optimum conditions for synthesizing GWAC are 
summarized in Table 8. The optimum conditions for GWAC 
were achieved at a high radiation power with minimum IR 
and activation time. In contrast, other researchers reported 
high radiation power and time for efficient removal of the 
MG dye.

3.2. N2 adsorption isotherms, PSD, and physical properties

The N2 adsorption–desorption isotherms for GW and 
GWAC are shown in Fig. 2a. Both GW and GWAC exhibited 
a combination of Type I and II isotherms [51], which exhib-
ited micro- and mesoporous structures. A similar trend was 
reported by Ogungbenro et al. [52], Lam et al. [50], Yang and 
Hong [53], and Foo and Hameed [54] using AC from date 
seed, orange peel, Glossogyne tenuifolia leaves, and pineapple 
peel, respectively.

As shown in Table 9, raw GW possessed a relatively 
low BET surface area and a TPV of 257.96 m2 g–1 and 
0.1605 cm3 g–1, respectively. After the activation step, the 
surface area and TPV increased owing to pore develop-
ment and widening of the existing pores [55]. The increase 
in TPV was verified by the increase in adsorption at low 
relative pressures (p/p0 < 0.1), as depicted in Fig. 2a. A sim-
ilar trend was reported by Pallarés et al. [56], who studied 
the characterization of AC from barley straw. The APD of 
GWAC was 3.4932 nm, which indicated that the pore struc-
ture of GWAC can ideally accommodate the MG dye that has 
molecular dimensions of 1.21 nm × 1.19 nm × 0.53 nm [57].

3.3. Proximate and elemental analysis

Fig. 3 indicates the proximate and elemental analysis 
results of GW and GWAC. In general, the produced GWAC 
has closely followed the AC standard in SNI-06-3730-1995 
[58]. There is a slight decrease in fixed carbon composition 
after the activation process due to high irradiation power 
used that caused the breakdown of AC structures [59], as 
well as high IR value which can damage the micropore on 
the carbon surface. The moisture content of GWAC increases 
due to water formation at high temperatures resulting from 
dehydration reactions of close carboxylic groups and phe-
nyl groups to anhydrides, lactones, and ether [60]. Besides, 
high IR value increases the amount and volume of pores 
and surface area, which causes an increase in the perfor-
mance of AC to absorb water from the air [61]. An increas-
ing trend for volatile matter composition was also reported 

Table 8
Optimal activation conditions for GWAC synthesis

Type of AC Power (W) Time (min) IR Yield (%) Actual MG removal (%) Reference

GWAC 616 1 1.06 89.98 99.01 This study
Banana peel 700 10 1.00 29 90.00 [45]
Ricinus communis 100 4 0.30 69.68 55.6–88.24 [48]
Casuarina equisetifolia seeds 800 8 2.00 n/a 95.95 [49]
Orange peel 550 5 1.00 87.00 57.00 [50]
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by Yang and Qiu [62], who synthesized AC from herb 
residue using ZnCl2. KOH-CO2 modification reduced the 
ash in GWAC which was confirmed by the declining value 
of ash content from 5.17 to 4.69% after modification.

3.4. Sample morphology

The surface morphology details of the samples were 
determined by SEM for further comparison of the poros-
ity. Fig. 4a illustrates the morphology of GW, whereas 

Fig. 4b shows the GWAC structure. Generally, GW exhibited 
abundant honeycomb pore structures because most of the 
volatile compounds were released during the gasification 
process. After KOH-CO2 activation, clearly, the cylindrical 
porous structure became wider, and new slit-shaped pores 
formed. This pore structure provides channels for mole-
cules of the adsorbate to move into the cavities of the car-
bon surface. A similar honeycomb structure was observed 
by Khadhri et al. [63], who characterized AC derived from 
date palm petiole.

3.4.1. Sample functional groups

The FTIR spectra are shown in Fig. 5 reveal multiple 
types of functional groups on the surface of GW. Carbonyl, 
ether, ester, alcohol, and phenol groups are the main oxy-
gen groups present in GW. However, most of the func-
tional groups disappeared after activation. The broad peak 
from 3,700 to 3,100 cm–1 was assigned to –OH stretching 
in the phenolic and aliphatic structures of the remaining 
cellulose, hemicellulose, and lignin in GWAC [64]. The 
spectral region of 2,420–2,268 cm–1 is attributed to an alkyne 
group (C≡C) and remained in GWAC after the activation 
process [65,66]. The absorption at approximately 1,600 cm−1 
is attributed to highly conjugated carbonyls (quinone 
groups) and C=C stretching vibrations in the aromatic ring 
[67,68]. The peaks at 1,419–1,411 cm–1 indicate C–H symmet-
rical bending from methyl groups or the –CH2 scissoring 
vibration, which disappeared in the IR spectrum of GWAC, 
demonstrating a decrease in C–H bonds in favor of aromati-
zation [69,70]. Similar results have been reported by Mosley 
et al. [72] and Zhang et al. [73]. In conclusion, the FTIR 

Table 9
Physical properties of GW and GWAC

SBET (m2 g–1) TPV (cm3 g–1) Vmicro (cm3 g–1) APD (nm) % Vmicro Smicro/SBET

GW 257.9607 0.1605 0.0875 3.5729 54.5509 66.5285
GWAC 351.9315 0.2174 0.1175 3.4932 54.0496 66.1511

M
as

s f
ra

c�
on

 (w
t. 

%
)

0

20

40

60

80

100

GW GWAC
S 0.21 0.18
O 38.00 43.64
N 0.08 0.00
H 2.97 2.85
C 58.74 53.33

M
as

s f
ra

c�
on

 (w
t. 

%
)

(a) (b)

Fig. 3. (a) Proximate analysis of GW and GWAC and (b) elemen-
tal analysis of GW and GWAC.
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results suggested that the surface functional groups and 
the structure of GWAC changed significantly, which were 
mainly due to carbon-CO2 and carbon-KOH reactions [74].

3.5. Equilibrium and kinetic studies

3.5.1. Equilibrium models

As shown in Table 10, the Fritz–Schlünder isotherm 
was the one that fit best to the equilibrium data for all stud-
ied temperatures. The Fritz–Schlünder isotherm model 
is for four parameters and a combination of Langmuir 
and Freundlich isotherms. Based on the error functions 
indicated in Table 10, the Langmuir isotherm model fits 
better than the Freundlich isotherm model. An nF value 

of 0.2, which was between 0 and 1, indicates a favorable 
adsorption isotherm.

The relatively high value of the regression coefficient, 
R2, obtained in the nth layer BET (multilayer model) con-
firmed its applicability for describing the experimental 
data. The values of nBET (number of layers formed) were 
below 1.5, which can be considered to represent mono-
layer adsorption. However, there is a probability that 
the adsorption of MG predominantly occurred on the 
first GWAC layers; regardless, the possibility of multi-
layer sorption, although to a lower extend, could not be 
neglected.

The 3-parameter isotherm models, Redlich–Peterson, 
Toth, and Sips were also applicable to predict the equi-
librium behavior of MG adsorption with high R2 values. 
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Table 10
Non-linear isotherm parameters

Model Parameter Temperature (°C)

30 45 60

Freundlich

KF (mg1–1/nL1/ng–1) 96.93 105.1 109.2
n 4.98 5.285 5.305
R2 0.9036 0.8921 0.8832
χ2 19.5227 22.6050 24.9427
SSE 2,130 2,525 2,864

Langmuir

KL (L mg–1) 0.7356 1.029 1.055
qmax (mg g–1) 212 215 220.5
R2 0.9721 0.9638 0.9744
χ2 4.9400 7.8102 5.9010
SSE 617.6 848.2 628.3

Dubinin–Radushkevish (D–R)

qDR (mg g–1) 193.4 197.9 202
E (kJ mol–1) 0.6058 0.4652 0.4398
R2 0.894 0.8959 0.9042
χ2 13.8678 13.0968 12.6167
SSE 2,342 2,436 2,349

Temkin

bT (J mol–1) 0.08031 0.08692 0.08856
KT (L mg–1) 18.64 30.02 30.86
R2 0.9636 0.954 0.9513
χ2 8.1024 10.8844 11.3623
SSE 803.9 1,076 1,194

Redlich–Peterson (R–P)

KR (L g–1) 208.5 298.1 296.8
AR (L mg–1) 1.258 1.743 1.626
αRP 0.934 0.936 0.9464
R2 0.9862 0.9804 0.9858
χ2 3.5779 5.8015 4.5766
SSE 304.3 457.9 348.7

Sips

qS (mg g–1) 228.2 232.4 233.1
KS (L mg–1) 0.6524 0.8233 0.8912
nS 0.7431 0.7206 0.7781
R2 0.9822 0.977 0.9827
χ2 4.6945 6.9746 5.5670
SSE 393.5 539.2 425.1

Koble–Corrigan (K–C)

AKC (L g–1) 138.2 182.6 195.7
BKC (L mg–1) 0.6265 0.8182 0.8667
kKC 1 1 1
R2 0.9644 0.9541 0.9678
χ2 6.9368 12.2880 9.3562
SSE 787.1 1073 790.1

Fritz–Schlünder (F–S)

A (L g–1) 128.6 135.5 141.8
B (L mg–1) 0.234 0.04964 0.08194
α 0.125 0.1201 0.115
β –2.568 –3.177 –2.568
R2 0.9932 0.9920 0.9919
χ2 1.7253 0.9698 1.0832
SSE 151.2 187.9 348.9

(Continued)
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The constant values from these models (αRP, nToth, and ns), 
which were close to 1 delineated the homogeneous bind-
ing sites on the GWAC surface. The low adsorption energy, 
E (<8 kJ mol–1), indicated physisorption. In relation to the 
Temkin adsorption isotherm, the increased value of bT 
revealed that the adsorption was endothermic.

Additionally, the lower values of bT (<20 kJ mol–1) 
indicated the characteristics of physisorption. Similar 
findings were reported by Kim and Kim [74] and Soltani 
et al. [75]. The experimental and predicted equilibrium 
plots are shown in Fig. 5. The following show the rank-
ing of the isotherm model in descending order (best to 
poorest fitting) with respect to R2 and the sum of squares 
errors value Fritz–Schlünder > nth layer BET > Redlich–
Peterson > Toth > Sips > Langmuir, Koble–Corrigan > 
Temkin > Freundlich > Dubinin–Radushkevish, and with 
respect to χ2 value, the order is Fritz–Schlünder > nth layer 
BET > Redlich–Peterson > Toth > Sips > Langmuir, Koble–
Corrigan > Temkin > Dubinin–Radushkevish > Freundlich.

3.5.2. Kinetic models

Table 11 presents the kinetic constants obtained by 
fitting the kinetic data via non-linear regression analy-
sis, and their corresponding non-linear curves are shown 
in Fig. 7. The results of these fittings show that rapid 
adsorption occurred over 30 min, and equilibrium was 
reached after 6 h, indicating that the adsorbent surface 
and adsorbate molecules interacted favorably. Among 
the five kinetic models, the pseudo-first-order equation 
provided the best correlation between experimental data 
with low root mean square error values. The kinetics of 
MG adsorption on the GWAC surface can be described 
by the following descending order of fitting: pseudo-
first- order > Avrami > pseudo-second- order > Elovich and 
intraparticle diffusion models. The calculated equilibrium 
adsorption capacity agreed very well with the experimen-
tal equilibrium adsorption capacity.

The intraparticle diffusion model was used to identify 
the adsorption mechanism. As shown in Fig. 7d, the plots 
were not linear over the whole-time range and did not pass 
through the origin. This indicated that the intra-particle 
diffusion was not the only rate-limiting step. There are two 
major phases in the plot; the initial steep phase is related 
to rapid diffusion across the external boundary layer to 
the surface of the GWAC, and the second phase that has a 
gradual slope corresponds to diffusion through the pores 
of the adsorbent. This finding suggests that both surface 
adsorption and intraparticle diffusion mechanisms are 
involved in MG adsorption [76,77].

3.6. Mechanism of MG adsorption

3.6.1. Boyd’s plot

Since intraparticle diffusion was not the only rate-limit-
ing step in this adsorption process, Boyd’s plot was further 
constructed to confirm whether the adsorption was gov-
erned by film diffusion. Fig. 8 illustrates Boyd’s plot of MG 
adsorption on GWAC.

Although the plot shows the linear relation between 
bT and t, it however does not pass through the origin, con-
firming the surface diffusion is the rate-limiting step for the 
adsorption process.

3.6.2. Evaluation of pHPZC and effect of pH on MG adsorption

Fig. 9 shows the plot of MG adsorption capacity against 
initial solution pH and the value of pHpzc. The equilibrium 
uptake of MG significantly increased with the increase of 
pH from 2.0 to 4.0. Beyond pH 4.0, there was no signif-
icant change in the MG adsorption capacity. The reduced 
uptake of the MG below pH 4.0 was due to electrostatic 
repulsion between the positively charged surface of the 
adsorbent and the positively charged cationic MG dye.

The surface charge of the adsorbent can be determined 
by the point of zero charge (pHPZC). The pHPZC of GWAC 

Model Parameter Temperature (°C)

30 45 60

n-layer BET

qmaxBET (mg g–1) 163.5 169.4 172.1
KLBET (L mg–1) 0.036 0.0613 0.06293
KS (L mg–1) 1.204 1.777 1.66
nBET 1.488 1.502 1.419
R2 0.9874 0.9816 0.9865
χ2 3.3671 8.0783 4.4358
SSE 279.5 430 331.8

Toth

qmaxT (mg g–1) 257.2 306.1 279.6
kToth (L mg–1) 1.195 1.53 1.449
nToth 0.6444 0.6243 0.69
R2 0.9838 0.9788 0.984
χ2 4.3054 6.5539 5.2089
SSE 358.2 504.3 392.8

Table 10 Continued
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was found at pH 6.2. At pH < pHpzc, the adsorbent sur-
face becomes predominantly positively charged and tend 
to repel the cationic dye since the number of the negatively 
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 adsor-
bent reduced as pH was decreased from 4 to 2 due to the 
presence of electrostatic repulsion. The adsorption of MG 
was favorable above pH 4 or when pH>pHPZC, which can 
be attributed by electrostatic interaction between nega-
tively charged GWAC surface and positively charged MG. 
This result proved that the interaction mechanism of MG 
adsorption involves electrostatic interaction between MG 
adsorbate and the surface of GWAC. A similar trend was 
reported by Murthy et al. [78] and Sharma et al. [79].

3.6.3. Possible mechanism of MG adsorption

As observed in FTIR analysis, the GWAC surface con-
tains limited functional groups such as –COOH and −OH. 
H–bonding and π–π interactions could be considered as 

the possible interaction that aid the adsorption of MG 
onto GWAC. Based on the pH influence on MG uptakes, 
electrostatic interaction further enhances the MG adsorp-
tion when the pH was increased. Fig. 10 illustrates the 
probable interaction mechanism between MG molecules 
and GWAC.

3.7. Thermodynamic study

∆G° explains the thermodynamic process of adsorp-
tion with regards to its spontaneity. The ∆G values for MG 
adsorption onto GWAC were found to be –35.10 (30°C), 
–37.86 (45°C), and –39.46 (60°C) kJ mol–1, which indicate 
energetically favorable and spontaneous adsorption. With 
a positive ∆H° (9.183 kJ mol–1), the adsorption process 
was determined to be endothermic in nature. This study 
also revealed that the adsorption process of MG onto 
GWAC shows a linear plot of lnKc vs. 1/T with increasing 
qe as temperature increased as shown in Fig. 11. The ∆S of 
146.65 J mol–1 showed an increase in unpredictability at 
the solid/liquid interface during the batch adsorption [80].

Table 11
Non-linear kinetic parameters

Model

Initial concentration (mg L–1)

100 200 300

Parameter
Temperature (°C)

30 45 60 30 45 60 30 45 60

Pseudo-first-order

qe (mg g–1) 98.18 98.32 98.56 180.700 185.8 187.8 213.2 217.6 222.3
k1 0.05066 0.05953 0.06574 0.05389 0.05572 0.0588 0.08987 0.09422 0.09803
R2 0.9871 0.9774 0.9813 0.979 0.9769 0.9758 0.9679 0.9653 0.9625
RMSE 1.7415 1.9359 1.5930 3.7729 3.8891 3.8505 3.1854 3.1584 3.5792
χ2 0.3017 0.3890 0.2729 0.9282 0.9604 0.8634 0.4307 0.4158 0.5246

Pseudo-second-order

qe 102.6 102.1 102 188.200 193.2 195.1 218.5 222.7 227.4
k2 0.00088 0.00111 0.00129 0.00053 0.00054 0.00057 0.00096 0.00103 0.00108
R2 0.9436 0.9652 0.959 0.967 0.9673 0.9703 0.9398 0.9399 0.949
RMSE 3.6415 2.4020 2.3595 4.665 4.6321 4.2670 4.3654 4.1611 3.6325
χ2 1.6376 0.6261 0.5839 1.2732 1.1863 1.0171 0.9302 0.8156 0.6037

Elovich

αE × 104 1.104 10.02 26.6 4.089 7.854 12.88 106.4 121.4 138.7
β 0.1379 0.1612 0.1708 0.079 0.08039 0.08212 0.08078 0.07951 0.07822
R2 0.6004 0.6155 0.5863 0.647 0.6284 0.635 0.4647 0.4142 0.3532
RMSE 9.6904 7.9892 7.4976 15.3258 15.6139 14.9524 13.0164 12.9856 12.7591
χ2 10.4146 6.7567 5.8005 13.8107 13.7469 12.4198 7.6173 7.3487 6.8383

Avrami

qe 98.18 98.33 98.56 180.700 185.8 187.8 213.2 217.6 222.3
kAV 0.5018 0.4588 0.1526 0.188 0.2197 0.6603 0.248 0.6337 0.3088
nAV 0.101 0.1297 0.4307 0.286 0.2536 0.08906 0.3623 0.1487 0.3175
R2 0.9871 0.9774 0.9813 0.979 0.9769 0.9758 0.9679 0.9653 0.9625
RMSE 1.8471 2.0534 1.6897 4.0018 4.1250 4.0841 3.3787 3.3500 3.7963
χ2 0.3016 0.3892 0.2731 0.9276 0.9607 0.8631 0.4308 0.4157 0.5246

Weber–Morris 
intraparticle diffusion

kWM 0.64 0.5467 0.4787 1.389 1.104 1.081 0.771 0.7456 0.7158
C 79.9 82.98 85.1 141.3 154.6 157.7 192.7 198 203.6
R2 0.3259 0.3367 0.3153 0.3604 0.3475 0.3567 0.3512 0.3612 0.3611
RMSE 12.5851 10.4925 9.6458 20.9795 20.6903 19.8513 14.3295 13.5612 12.7929
χ2 16.8015 11.3429 9.4264 25.5530 23.5513 21.3216 9.3348 8.15396 7.0675
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3.8. Breakthrough column study

The breakthrough curves and obtained results from the 
application of the Thomas, Yoon–Nelson, and Bohart–Adams 
models are presented in Fig. 12 and Table 12, respectively.

The effect of the flow rate on the adsorption rate constant 
was studied to confirm the dependence of mass transfer on 
the flow rate. As shown in Table 12, the rate constant, kTH, 
increased from 1.899 to 8.383 mL mg–1 h–1 with increasing 
flow rate from 0.5 to 2 mL min–1, which indicated that the 

mass transfer was controlled by flow rate. The adsorption 
capacity, q0, was found to decrease with increasing flow rate. 
At a lower flow rate, the residence time of the adsorbate was 
longer; hence, the adsorbent had enough time for diffusion 
into the porous system of GWAC. In contrast, at a higher 
flow rate, the adsorption capacity was lower owing to the 
insufficient residence time, and the solute left the column 
before equilibrium occurred.

Fig. 12b shows that the breakthrough time was enhanced 
with increasing bed height owing to the availability of 
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Fig. 8. Boyd’s plot of MG adsorption on GWAC.
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additional binding sites for MG sorption. As shown in Table 
12, the Thomas and Yoon–Nelson models ideally fit the exper-
imental for the flow rate and bed height of 0.5−2 ml min–1 
and 1−3 cm, respectively. The value of q0 predicted from 

these models showed good agreement with the experimen-
tal adsorption capacity, further confirming the applicability 
of these models to column design and analysis, indicating 
the adsorption process was controlled by mass transfer at 
the interface. A similar trend was reported by Baghdadi et 
al. [77], who studied MG adsorption using medical cotton 
waste.

3.9. Application of GWAC for MG adsorption

3.9.1. Evaluation of adsorption efficiency using GWAC over 
other removal techniques

The performance of the adsorption process using 
GWAC was compared and summarized in Table 13. It was 
concluded that the adsorption process utilizing GWAC as 
an adsorbent has the highest removal efficiency compared 
to biosorption, Fenton oxidation, membrane filtration, and 
photodegradation. Due to its flexibility and simplicity of 
design, ease of operation, and high efficiency, MG adsorp-
tion using GWAC as adsorbent was proved to be superior 
compared to other techniques.
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Table 12
Fixed-bed column parameters for MG adsorption by GWAC

Model Fixed-bed length (cm) 1 2 2 2 3
Inflow rate (ml min–1) 0.5 0.5 1 2 0.5

Thomas model kTH (mL mg–1 h–1) 1.899 1.019 4.522 8.383 1.086
q0 (mg g–1) 333.80 363.00 287.20 138.50 359.60
R2 0.9667 0.9979 0.9967 0.9965 0.9990

Yoon–Nelson model kYN (h–1) 0.208 0.114 0.474 0.796 0.110
τ (h) 93.27 137.30 53.64 12.87 173.10
q0 (mg g–1) 332.71 367.44 287.10 137.77 360.12
R2 0.9667 0.9997 0.9963 0.9992 0.9999

Bohart–Adams model kAB × 10–5 (L mg–1 h–1) 99.35 23.04 92.72 158 29.42
N0 × 105 (mg L–1) 1.964 1.634 1.206 0.7197 1.294
R2 0.9831 0.9748 0.9380 0.8555 0.9760

Experimental value q0 (mg g–1) 318.99 351.12 275.04 130.71 353.23
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3.9.2. Comparison with other adsorbents

The values of the MG adsorption capacities are com-
pared in Table 14. Many researchers have examined the 
efficiency of various low-cost adsorbents for the removal 
of MG dye. Comparisons of different adsorbents found in 
the literature were done on the basis of adsorption capac-
ity. From the comparison, GWAC can be considered as a 
valuable alternative for the removal of MG from aqueous 
solution.

3.9.3. Economic evaluation

To study the feasibility of GWAC for commercializa-
tion, the production cost was calculated based on the cost 
incurred by feedstock transportation, chemicals (hydrox-
ides and hydrochloric acid), CO2 gas, and the electricity 
used when producing GWAC. Table 15 shows the estimated 
production cost of GWAC by KOH microwave activation. 
The production cost was estimated to be approximately 
0.23 USD kg–1 of GWAC, which was significantly lower 
than the market price of AC (up to 5.76 USD kg–1 of AC) 
as well as other types of adsorbent, as shown in Table 16. 

This indicates that KOH microwave activation of GW is 
economically feasible for commercialization.

4. Conclusion

The optimum activation conditions for GWAC synthesis 
included a radiation power, time, and IR of 616 W, 1 min, 
and 1.06, respectively, which resulted in 89.98% yield of 
GWAC and 99.01% MG dye removal. In batch mode, the 
physical adsorption with both film and intraparticle diffu-
sion involved satisfied the pseudo-first-order model kinet-
ics. The equilibrium data fit well to the Fritz–Schlünder 
model. In continuous mode, the Thomas and Yoon–Nelson 
models were utilized successfully to predict MG adsorption 
in a fixed-bed column. The results of this study confirmed 
that GWAC is a promising and feasible precursor for AC 
production.
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Oyster mushroom 32.33 [87]
Copper pod fruit shell 62.5 [88]
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