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a b s t r a c t
The aim of the current study was to synthesis activated carbon from corn stalk using a simple thermal 
activation method. The physical and chemical characteristics of prepared activated carbon have 
been investigated using scanning electron microscopy, Brunauer–Emmett–Teller, Fourier-transform 
infrared spectroscopy, and pH of zero point charge (pHZPC). Then, the application of the prepared 
corn stalk activated carbon was investigated to remove the Methylene Blue (MB) dye from aque-
ous solution. The effect of four independent factors including initial concentration (10–210 mg L–1), 
adsorbent dosage (0.2–1.4 g L–1), pH (3–11), and contact time (10–50) were also evaluated by response 
surface methodology at five levels. Complete dye removal was observed at an initial concentration 
of 10 mg L–1, and adsorbent dosage of 1.4 g, pH of 11, and contact time of 50 min. The adsorption 
kinetics was also described by the pseudo-second-order model with R2 = 0. 9833. The results of com-
parison equilibrium data between Langmuir and Freundlich models showed that the adsorption 
process was best described by Freundlich with the maximum adsorption capacity qm = 2.34 mg g–1. 
The experimental data were also fitted with Freundlich isotherm (R2 = 0.91). Base on the results, it can 
be concluded that corn stalk activated carbon produced from agricultural wastes is a highly prom-
ising nontoxic and environmentally friendly adsorbent with great potential for removing of MB.

Keywords:  Activated carbon; Corn stalk; Methylene Blue; Central composite design; Modeling and 
optimization; Kinetic analysis

1. Introduction

Recently, the world is experiencing freshwater scar-
city due to the growing increase of global economic, popu-
lation, and unplanned urbanization [1]. Besides, the rapid 
advances in different industries have led to produce high 
quantities of wastewater from industrial processes, finally 
release different pollutants such as nitrogen components 

[2,3], organic carbon [4], heavy metals [5], and dyes [6] 
into water resources without meeting requirements. These 
wastewaters usually contain recalcitrant contaminations, 
which have different resistance to biological degradation 
in water and soil [6].

The dyes are important pollutants in wastewaters, 
which are mainly discharged from industries like textile, 
printing, food, and leather, etc [7,8]. The colored wastewaters 
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possess different kinds of dyes that most of them are con-
sidered to be non-oxidizable owing to their large sizes and 
complicated molecular structure [6]. Various techniques 
such as coagulation [9,10], flocculation [9,10], nano photo-
catalyst [11–13], membrane filtration [14], nano-sorbents 
[15], or biosorbents [16] have been applied for the removal 
of these pollutants from aqueous medium. Many of these 
methods suffer drawbacks of simply transferring the pollut-
ant from one phase to another, large energy requirements 
(e.g., thermal destruction), and requiring long treatment 
periods (e.g., biological treatment) [8]. Recently, the adsorp-
tion process has been established as a valuable technique for 
dye removal. Adsorption is one of the best solutions for the 
removal of dyes from the wastewater due to its cost-effec-
tive nature [15,17], low development cost, simple design, 
free from toxic substances, easy, and safe recovery of adsor-
bent [15,16], high efficiency, simplicity, high selectivity at the 
molecular level, low energy consumption, ability to separate 
numerous chemical compound, design flexibility, technolog-
ical maturity, ability to regenerate the used adsorbent, high 
reliability and easy operation [16–18]. Although adsorption 
is a widely used method for dye removal but resulted in 
secondary pollution [16]. Among different adsorbent mate-
rials, activated carbon has received much attention due 
to its high adsorption efficiency and high surface area [19].

Recently, many efforts have been done to produce low 
cost activated carbon from agricultural waste due to its 
availability in large quantities and high carbon content [20]. 
The corn stalk has great potential to produce activated car-
bon due to availability, biodegradability, nontoxic properties, 
low cost [21,22]. Cornstalk composed of cortex and core. The 
cortex is composed of cellulose and lignin [23]. The cellulose 
content has a high hydroxyl group resulting in high adsorp-
tion capacity. It has been estimated that about 520 × 109 kg 
of corn stalk is produced annually in the world [24]. Some 
investigations are done to remove Methylene Blue (MB) with 
adsorbents which are produced from breadnut peel [25], 
cotton stalk [26], wood apple shell (Feronia acidissima) [27], 
canola residues [28], Ageratum conyzoides leaf powder [29].

In this work, corn stalk activated carbon was synthe-
sized, characterized, and applied to the adsorption of MB 
as a cationic dye. The effect of initial dye concentration, 
adsorbent dosage, pH, and contact time on the adsorption 
efficiency was also evaluated. The adsorption experiments 
were also modeled and optimized using a central compos-
ite design (CCD). The adsorption isotherm equation was 
used to investigate equilibrium data. The kinetic of MB 
adsorption was studied at optimum operating conditions.

2. Material and methods

2.1. Chemicals and reagents

In this study, MB with high purity (99.9%) and all chem-
icals were analytical grades and purchased from (Merck, 
Germany). HCl (0.1 M) and NaOH (0.1 M) used for adjusting 
the pH using pH meter (WTW, Germany).

2.2. Synthesis of corn stalk activated carbon

The corn stalk was collected from the farm located in 
Kermanshah, Iran, and washed with deionized water several 

times to remove any impurities and then dried under sun-
light after 8 h. The dried corn stalks were cut into pieces with 
an average size of 2–3 cm and then were milled to get small 
pieces (sieve with 50 mesh). The corn stalk pieces are sepa-
rated with a mesh size of 40 and 28. After that, the small pieces 
were taken at a hot air oven (Germany, Memmert 854) about 
4 h at 150°C. The activation was done in a furnace (Germany, 
Nabertherm 11/s27) at 500°C for 1 h under 150 mL min–1 N2 
flow. The cooled sample was then washed with HCl (0.1 M) 
at 110°C in a hydrothermal reactor for 1 h. The prepared 
powdered activated carbon (PAC) washed with deionized 
water to remove any impurities. Finally, the washed acti-
vated carbon was dried in a vacuum oven at 105°C overnight.

2.3. Characterization of the prepared activated carbon

Morphology of the prepared activated carbon was 
investigated by scanning electron microscopy (SEM) (MIRA 
III, Japan). Fourier-transform infrared spectroscopy (FTIR) 
spectra were recorded in KBr wafers with Alpha, Bruker 
FTIR (Germany). Brunauer–Emmett–Teller (BET) was mea-
sured using a BELSORP-mini II, Japan. Also, the pH of the 
zero point charge (pHZPC) was measured by the pH drift 
method [30].

2.4. Adsorption experiments

MB adsorption experiments were performed based on 
designed conditions using CCD as described in the follow-
ing section. 100 mL of MB aqueous solution with the desired 
amount of adsorbent was added to 250 mL Erlenmeyer 
flasks which were placed on the incubator under stirring 
conditions at the rate of 200 rpm at 25°C. The samples 
were withdrawn at regular intervals. The samples were 
centrifuged (ShimiFan, Iran( at 4,000 rpm for 10 min. The 
centrifuged solution was analyzed by a UV-Vis spectro-
photometer (Jenway 6305, Germany) at 675 nm then the 
efficiency of the system was calculated based on (Eq. (1)) [31]:
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where A0 and At are the initial and final concentration 
of MB after the adsorption process, respectively.

2.5. Experimental design

Response surface methodology (RSM) as a collection of 
the statistical and mathematical techniques was devel-
oped to process design, analysis, modeling, and optimi-
zation of experimental responses with least experimental 
when several variables influenced a response or a set of 
responses [4,5]. The results explore the optimal operat-
ing conditions using RSM. In this study, CCD based RSM 
was chosen for the optimization of four independent 
numerical variables (MB concentration, adsorbent dos-
age, pH, and contact time). The range of selected vari-
ables was determined using primarily tests as shown in 
Table 1. The experimental conditions and results also rep-
resented in Table 2. In this study, the results were com-
pletely analyzed using analysis of variance (ANOVA) 
automatically performed by Design-Expert software.
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2.6. Kinetic study and equilibrium data

The adsorption kinetics was studied to determine the 
adsorption rate at MB concentration of 210 mg L–1, pH 
of 7, different adsorbent concentration (0.2–1.4 g L–1) at 
200 rpm for different time intervals. This experiment con-
tinued until equilibrium conditions were reached when 
no further decrease in the MB concentration was measured.

The qe and qt were defined as the amount of MB adsorbed 
onto the corn stalk activated carbon at equilibrium and 

time t, respectively which could be illustrated as given 
Eqs. (2) and (3) [32]:
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The kinetic of the MB adsorption process was studied 
using pseudo-first-order and pseudo-second-order models, 
respectively which are expressed by following Eqs. (4) 
and (5) [33]:
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To investigate the mechanism of MB adsorption, Lang-
muir, and Freundlich isotherm as an empirical model were 
also employed to correlate experimental adsorption data. 
The correlation coefficient (R2) and standard errors were 
also evaluated to fit the best isotherm model.

The Langmuir isotherm model assumes that the adsorp-
tion process occurs on a finite number of definite sites and 
thickness of the adsorbed layer is one molecule or mono-
layer adsorption was formed on the adsorbent homogeneous 
sites [34]. The Freundlich isotherm model is often applied 
to describe the adsorption process on a heterogeneous 
surface. The Langmuir and Freundlich expressions are 
represented as Eqs. (6) and (7) [35]:
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3. Results and discussion

3.1. Carbon characterization

SEM image of the prepared corn stalk activated car-
bon before the adsorption process is shown in Fig. 1a. 
The valleys or large pores, cracks, and crevices on the 
surface of activated carbon were observed which indi-
cates its rough surface thereby increasing its porosity and 
improving the adsorption process. In Fig. 1b depicting 
the surfaces of particles after adsorption it is seen that the 
caves, pores, and surfaces of adsorbent were covered by 
MB dye molecules. As well, the surface area of the pre-
pared activated carbon was estimated using BET analy-
sis. Accordingly, the BET specific surface area of activated 
carbon prepared from corn stalk is 85.12 m2 g–1.

FTIR analysis was used to identify some characteris-
tic functional groups of activated carbon before and after 
the dye adsorption as shown in Figs. 2a and b, respectively. 

Table 1
Independent variables and their levels for the design of the tests

High (+1)Low (–1)SymbolsParameter name

21010AInitial concentration, mg L–1

1.40.2BAdsorbent dosage, g
113CpH
5010DContact time, min

Table 2
Experimental conditions and data for MB removal

Run A (mg L–1) B (g L–1) C D (min) MB removal (%)

1 210 1.4 11 10 33.79
2 10 1.4 11 10 99.50
3 210 1.4 3 10 26.84
4 10 0.2 3 10 98.00
5 10 0.2 11 10 98.57
6 10 1.4 3 10 99.23
7 210 0.2 11 10 29.77
8 210 0.2 3 10 23.00
9 110 0.8 7 20 23.18
10 60 0.8 7 30 24.46
11 110 0.8 7 30 24.93
12 110 0.8 7 30 35.05
13 110 0.8 7 30 33.66
14 110 0.8 5 30 20.39
15 160 0.8 7 30 31.11
16 110 0.8 7 30 15.50
17 110 0.8 7 30 26.67
18 110 0.5 7 30 23.88
19 110 0.8 7 30 13.41
20 110 0.8 9 30 23.88
21 110 1.1 7 30 21.44
22 110 0.8 7 40 22.83
23 10 1.4 3 50 98.92
24 10 0.2 11 50 99.57
25 210 0.2 11 50 41.11
26 210 1.4 11 50 48.79
27 10 1.4 11 50 99.57
28 210 1.4 3 50 28.12
29 10 0.2 3 50 98.88
30 210 0.2 3 50 21.17
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The high intense band at 3,416 cm–1 corresponds to the 
O–H or N–H stretching vibrations thus indicating the pres-
ence of free hydroxyl or primary amine groups on the sur-
face of adsorbent [31]. The bands at 1,600–1,700 cm–1 and 
2,900–3,200 cm–1 are related to the stretching vibration of 
C=O and CH2 groups [31,36]. In the region 1,400–1,600 cm–1, 
there are clusters of complex bands, which may be due to 
the presence of aromatic (C=C) bands and various substitu-
tion modes of the aromatic rings [37]. The broadband at 1,387 
and 1,168 cm–1 has been assigned to CH3 bending vibration 
and C–C skeletal vibration [37]. Bands below 950 cm–1 corre-
spond to the out-of-plane deformation vibrations of the C–H 
groups in the aromatic structure [36,37].

The MB adsorption process was done at MB concen-
tration of 10 mg L–1, 1.4 g L–1 of activated carbon and pH 

of 11 after 10 min. The activated carbon is centrifuged, 
washed with deionized water and dried at 110°C for about 
3 h. Then the FTIR spectrum of regenerated activated car-
bon is recorded. The MB concentration is negligible after 
the regeneration process so, the FTIR spectrum of activated 
carbon was not changed after MB adsorption.

3.2. CCD process modeling and optimization

The ANOVA data is given in Table 3. As a result, the 
quadratic model was selected based on lower p-value 
(<0.001) and higher F-value (196.19) compared to the other 
suggested models and its expression was represented as 
follow:

MB removal (%) = −26.16283 + 1.12537 × A –5.57285 ×  
  B + 10.72673 × C –1.32135 × D –0.082652 ×  
  A  × B –0.014185 × A × C –5.07437E-004 × A × 
  D + 0.23115 × B × C + 0.051365 × B × D –0.045919 ×  
  C × D –1.00058E-003 × A2 + 2.03956 × B2 –0.67411 × 
  C2 + 0.026786 × D2

 (8)

Based on the p-value, parameters with a p-value higher 
than 0.05 are not significant. Therefore, A, B, C, AB, AC, 
and CD are significant and their degree of importance 
based on F-values are A > C > AC > B > AB > CD.

The A parameter (MB concentration) has a maximum 
effect on the response because dye concentration con-
trols mass transfer resistance and the poisoning of adsor-
bent [38]. The R2 value is about 0.9946, close to 1, indicates 
fully matched of proposed models with experimental data 
which is approved by the conformity of predicated and 
experimental data (Fig. 3). The high adequate precision 
(>4) and low coefficient of variation (C.V.) indicate high 
precision and good reliability of proposed models [38,39].

As can be seen in Table 3, MB adsorption (MB removal 
efficiency) affected by their parameters and interactions. 
Therefore, the three dimensional (3D) response surface 
plots were employed to evaluate their effects and achieve 
optimum conditions.

(a) (b)

Fig. 1. SEM of activated carbon prepared from corn stalk (a) before and (b) after the adsorption process.

 

Fig. 2. FTIR spectrum of (a) activated carbon before MB adsorp-
tion and (b) regenerated activated carbon after MB adsorption.
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Two-dimensional response surface plot of pH and 
contact time as a function of the response at MB concen-
tration of 110 mg L–1 and adsorbent dosage of 0.8 g L–1 are 
displayed in Fig. 4. As observed, the value of MB removal is 
low at pH of 3 up to 7 while its value increases up to 99.5% 
at a pH of 7 to 11. The alkaline pH shows a high MB adsorp-
tion capacity. The pHzpc of the prepared activated carbon was 
determined using the pH drift method (Fig. 5). As observed, 
the pH of the zero charge point for activated carbon is 
about 5. It is indicated that the surface of activated carbon 
is positively charged at pH < 5 and its surface is negatively 
charged at pH > 5. At pH higher than the pKa of MB (3.8), MB 
molecules are positively charged. Therefore, at acidic pH, 
the repulsion attraction between MB molecules and acti-
vated carbon surface cause to decrease of MB adsorption. 

Also, with increasing pH of the solution, the number of 
hydroxyl groups increases which have a strong electrostatic 
attraction with positively charged MB molecules thereby 
improving adsorption capacity and color removal [39]. 
El Qada et al. [40] and Wang et al. [41] reported a similar 
result for MB adsorption. They observed that MB adsorp-
tion increases with an increase in pH of solution [40,41].

The effect of contact time on the response was also 
displayed in Figs. 4a and b. Dye removal was found to 
improve with increasing contact time. The adsorption rate 
was rapid at the initial period of contact time while it was 
slower with increasing contact time. Initially, the active 
sites of activated carbon are vacant and the MB concen-
tration gradient is high. However, the sites of adsorbent 

Table 3
Developed models and ANOVA results using Design Expert 7.0.0.1 for studied responses

P-valueF-valueMean  
square

dfSum of  
squares

Coefficient  
estimate

Source

0.0001196.116,386.951489,417.2581.90Model
0.00012,661.1386,633.32186,633.3272.46A-C
0.003112.40403.541403.54–4.95B-PAC
0.000817.38565.681565.68–5.86C-pH
0.48430.5116.74116.74–1.01D-Time
0.003412.09393.491393.49–4.96AB
0.001215.82515.111515.11–5.67AC
0.48770.5116.48116.48–1.01AD
0.70280.154.9214.920.55BC
0.67180.196.0816.080.62BD
0.02116.63215.911215.91–3.67CD
0.48540.5116.66116.66–10.01A2

0.95882.7 E-0030.0910.090.73B2

0.45260.5919.36119.3610.79C2

0.45550.5919.10119.1010.71D2

––32.5615488.33–Residual

Fig. 3. Predicted vs. actual data.

Fig. 4. Two-dimensional response surface plot correlation 
between initial pH and reaction time on MB removal at an initial 
concentration of 110 mg L–1 and adsorbent dosage of 0.8 g.
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were saturated during the adsorption process thereby 
increasing the unavailability of active sites [42].

The effect of initial MB concentration and adsorbent 
dosage on the response at a contact time of 30 min and pH 
equal 7 was also illustrated as shown in three-dimensional 
(3D) and two-dimensional response surface plots (Figs. 6a 
and b), respectively. Dye removal efficiency reduced from 
99.5% to 21% with varying MB concentrations from 10 up 
to 210 mg L–1. The adsorbent dosage has a reveres effect. 
When the adsorbent dose changes from 0.2 to 1.4 g L–1, dye 
removal improves about 75.5%. At low MB concentration, 
the ratio of surface active sites to dye molecules is high so 
the dye molecules can be employed the vacant sites on the 
adsorbent surface resulting enhancement of color removal. 
However, at a high concentration of MB, the active sites of 
adsorbent diminish thereby decreasing MB removal effi-
ciency which agrees with the observation of Pirbazari et al. 
[8]. They found that increases in MB concentration from 
20 to 50 mg L–1 cause to reduce adsorption capacity from 
152 to 62.6 mg L–1 [8]. Mulugeta and Lelisa [43] was also 
reported a similar result in which adsorption rate reduces 
with changing MB concentration from 50 to 400 mg L–1 [43]. 
As activated carbon concentration increases MB removal 
improves due to the increasing number of reaction sites. 
A similar result was reported by Khairud Dahri et al. [44]. 
They observed that the various mass of adsorbent from 
0.01 to 0.03 g increase MB removal from 57% to 91% [44].

3.3. Adsorption isotherms and kinetics

Langmuir and Freundlich isotherms for MB adsorp-
tion are given in Figs. 7a and b, respectively. The calcu-
lated Langmuir and Freundlich constants and R2 values 
for both of the isotherm models are also given in Table 4. 
As can be seen, the R2 of the Freundlich model (0.9139) is 
higher than its value for Langmuir isotherm (0.9032). This 
is suggested that the experimental data was more fitted 
with the Freundlich model. Therefore, the experimental 
data reveals that the multilayer adsorption process occurs 
on the heterogeneous surface. In the Freundlich model, 
1/n value demonstrates the strength of adsorption. If n = 1 

indicates the linear adsorption, n < 1 implies chemical 
adsorption and n > 1 shows favorable physical adsorption 
[45,46]. From Table 4, n value equal to 0.33 corresponding to 
1/n > 1 which confirmed cooperative chemical adsorption.

The kinetic study of MB adsorption on the corn stalk 
activated carbon is studied and results are indicated in 
Table 5 and Figs. 8a and b. As observed, the pseudo- 
second-order model with higher R2 (0.9833) compared 
to the pseudo-first-order model (R2 = 0.8759) has a good 
fit with experimental data. The adsorption rate constant 
(K2) is 0.018 min–1. A comparison of adsorption rate con-
stant (K1 and K2) for MB using different adsorbents which 
are previously reported, was performed and presented in 
Table 6. As a result, the prepared activated carbon showed 
a better adsorption rate in comparison to other adsorbents 
listed here.

3.4. Reusability result

The reusability of the prepared activated carbon was 
also studied by repeating the same experiment at opti-
mum conditions (MB concentration of 10 mg L–1, the adsor-
bent concentration of 1.4 g L–1 and pH of 11 after 10 min). 
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Fig. 5. pHzpc of the prepared activated carbon using a pH drift 
method.
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(b) 
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Fig. 6. (a) Three-dimensional (3D) and (b) two-dimensional 
response surface plots correlation between initial concentra-
tion of MB and PAC dosage on the MB removal (reaction time 
equal 30 min and pH equal 7).
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After the first cycle, the suspension of activated carbon and 
treated dye solution was centrifuged and activated carbon 
washed with deionized water. Finally, the activated carbon 
was dried at 110°C (3 h). The reusability of the prepared 
corn stalk activated carbon was proved when 75% removal 
efficiency could be achieved after 1 consecutive batch. 
The reusability result was confirmed by the FTIR spectrum 
which shows no obvious changes in the FTIR spectrum 
of regenerated activated carbon.

(a) 
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Fig. 7. (a) Langmuir and (b) Freundlich isotherm for MB 
adsorption on corn stalk activated carbon.

(a) 

 
(b) 

 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

10 20 30 40 50

Lo
g 

(q
e-

qt
)

Time (min)

0

1

2

3

4

5

6

7

10 20 30 40 50

t/q
t

Time (min)

Fig. 8. Kinetic plot for MB adsorption on corn stalk activated 
carbon (a) pseudo-first-order model and (b) pseudo-second- 
order models.

Table 4
Isotherm parameters for adsorption of MB onto the corn stalk 
activated carbon

Langmuir model Freundlich model

y = –0.426x + 49.434 y = 2.8971x – 10.189
R2 = 0.90 R2 = 0.91
KL = 0.0086 (L mg–1) KF = 0.00004 (mg1–1/n L1/n g–1)
qm = 2.347 mg g–1 n = 0.345

Table 5
Kinetics models for MB adsorption onto the corn stalk activated carbon

Kinetic parameters Pseudo-first-order kinetic model Pseudo-second-order kinetic model

Equation y = –0.0155x + 1.493 y = 0.118x + 0.76
R2 0.8759 0.9833
Rate constant (min–1) K1 = 0.0358 (min–1) K2 = 0.018 (g mg–1 min–1)
qe (mg g–1) 31.12 8.47
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4. Conclusions

In this study, corn stalk was applied to synthesize acti-
vated carbon for the removal of MB from aqueous solution 
using batch sorption technique. The CCD was used to inves-
tigate the effect of initial MB concentration and adsorbent 
dosage, pH, and contact time, and the adsorption capacity of 
activated carbon was calculated as a response. The optimal 
condition was found at an initial concentration of 10 mg L–1 
adsorbent dosage of 1.4 g pH of 11 and contact time 50 min 
with higher than 99.5% of MB removal. The adsorption 
parameters for the Langmuir and Freundlich isotherm mod-
els were determined and the equilibrium data were best fitted 
into the Freundlich isotherm model with acceptable R2 = 0.91. 
The pseudo-second-order equation was best fitted for the 
kinetics of the MB adsorption process due to its high R2.
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Symbols

C0 — Initial concentration of dye solution, mg L–1

qe — Equilibrium adsorption capacity, mg g–1

Ce — Dye concentration, mg L–1 at equilibrium
V — Volume of solution, L
W — Weight of adsorbent, g
qm —  Maximum adsorption capacity reflected a com-

plete monolayer (mg g–1) in Langmuir isotherm 
model

K2 —  Rate constant of pseudo-second-order adsorp-
tion, g mg–1 min–1

K1 —  Equilibrium rate constant of pseudo-first-order 
adsorption, gg–1 min−1

KF —  Isotherm constant indicates the capacity para-
meter (mg g–1) related to the intensity of the 
adsorption

R2 — Correlation coefficient
%R — Percentage of absorption process efficiency
β0 — Offset term
βij — Interaction effect

βii — Squared effect
βi — Linear effect
KL —  Langmuir constant or adsorption equilibrium 

constant (L mg–1) that is related to the apparent 
energy of sorption

Y — Predicted response
n — Freundlich constant
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