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a b s t r a c t
Chestnut shell offers an abundant, renewable and low-cost precursor for the preparation of acti-
vated carbon. In this study, a novel activated carbon was prepared from the chestnut shell (CnSAC) 
by chemical activation with ZnCl2. Based on the N2 adsorption/desorption isotherm, it is concluded 
that more micro-pores are developed on the precursor with pore size falls in the range of 0–3 nm. 
And the X-ray diffraction analysis shows that amorphous carbon and graphite carbon coex-
ist in CnSACs. Moreover, the CnSACs were used to remove methylene blue (MB) from an aque-
ous solution. Batch adsorption experiments were performed as a function of impregnation mass 
ratio, impregnation time, activation temperature, activation time and dye solution pH. Besides, 
the Langmuir, Freundlich and Dubinin–Radushkevich models were applied to describe the equi-
librium isotherms. The results showed that equilibrium data fitted well for the Langmuir adsorp-
tion isotherms with correlation coefficients of 0.99. The adsorption kinetics of MB were discussed 
by pseudo-first-order, pseudo-second-order, Elovich and intraparticle diffusion models, which 
showed that the adsorption followed pseudo-second-order reaction with regard to the intrapar-
ticle diffusion rate. Moreover, the maximum adsorption of MB onto CnSACs is 1,489.88 mg/g 
(impregnation mass ratio: 12.5, impregnation time: 27 h, activation temperature: 600°C, acti-
vation time: 75 min, initial MB dye concentration: 600 mg/L). Compared with the ACs prepared 
from different raw materials, the chestnut shell can be used as a raw material for the preparation 
of high adsorption performance ACs for the treatment of colored wastewater.
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1. Introduction

Dyes are widely used in textile, food, leather, cosmet-
ics, paper, lithography, plastics industries [1,2]. It is esti-
mated that more than 100,000 different kinds of commercial 
dyes with over 700,000 tons are produced annually. And 
about 10%–20% of dyes are discharged in water resources 

as waste effluents in their production and application [3]. 
The dyes diffusing into the water bodies lead to colored 
wastewater, which is rich in color, pH, chemical oxygen 
demand, biological oxygen demand and turbidity. Besides, 
the dyes molecules in colored wastewater obstruct sun-
light from reaching the water system, which slows down 
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photosynthesis and causes the decline of dissolved oxygen 
in colored wastewater [4,5]. More seriously, most of the 
dyes are toxic and carcinogenic. Therefore, from the liv-
ing being’s health perspective, the treatment of the colored 
wastewater is becoming an issue that needs taking care of  
desperately.

Due to the high organic matter and poor biodegrad-
ability of colored wastewater, great efforts have been 
invested in color removal and organic matter degrada-
tion. The most commonly used methods of color removal 
from industrial effluents include coagulation, air flotation, 
adsorption, membrane separation, ion exchange, oxi-
dation, photochemistry and biological treatment [6–13]. 
Among the methods stated above, adsorption has been 
identified to be superior compared with other methods in 
terms of cost-effectiveness, simplicity of design, easy oper-
ation and environmental benignity. The adsorption can 
be achieved by using adsorbents with a high adsorptive 
capacity and selectivity. Thus, the characteristics of adsor-
bents are the key factors to affect the adsorption capacity. 
Various adsorbents have been utilized for color removal 
such as activated carbon, kaolin, synthetic polymer, clay, 
slag [14–17]. However, activated carbon appears to be the 
first option in the treatment of colored wastewater.

Activated carbon is a porous material with a high sur-
face area, which can be produced based on coal [18], petro-
leum coke [19] and biomass [20]. Compared with the coal 
and petroleum coke-based activated carbons, biomass-based 
activated carbons are the most promising porous materi-
als for the following reasons. Firstly, the raw materials are 
abundant and cost-effective. Secondly, they have no adhe-
siveness and need not vis-breaking treatment. Lastly, the 
preparation process is simple and easy to operate [21]. 
Therefore, plenty of agricultural by-products and waste 
materials are used for the production of activated carbons 
including rattan sawdust [22], jute fiber [23], fruit stones 
and nutshells [24], rice hull [25], cola nutshell [26], dead 
leaves [27], dross licorice [28], eucalyptus residue [29], bam-
boo chip [30], orange peel [31], mushroom [32], liquefied  
wood [33], etc.

Chestnut is a Fagaceae plant, which is widely distrib-
uted and rich in germplasm resources [34]. Besides, chest-
nut is an excellent source of unsaturated fatty acids, min-
erals and vitamin C. However, the chestnut shell is usually 
discarded as a residue during post-harvesting process-
ing, which causes a great waste of resources. Thus, some 
studies have been focused on the resource utilization of 
chestnut shells [35,36].

In this work, a novel porous activated carbon was pre-
pared from the chestnut shell (CnSAC) by chemical activa-
tion (ZnCl2) in the absence of air. The chestnut shells were 
obtained from wild forests. Then the CnSACs were used 
as the adsorbents to remove methylene blue (MB) from the 
aqueous solution. The effect of impregnation mass ratio, 
impregnation time, activation temperature, activation time 
and pH on the adsorption capacity of MB were investigated. 
Moreover, the adsorption equilibrium and kinetic studies 
were also carried out to understand the adsorption pro-
cess. The aims of this work are to provide a novel porous 
activated carbon for colored wastewater treatment and a 
promising treatment method of agricultural residues.

2. Experimental methods

2.1. Materials

The MB (chemical formula: C16H18CIN3S·3H2O; for-
mula mass: 373.90 g/mol) was supplied by Tianjin Zhiyuan 
Chemical Reagent Co., Ltd., (China) with the purity greater 
than 98.5%. And its chemical structure is shown in Fig. 1. 
Besides, potassium hydroxide and HCl were purchased by 
Jinan Xiaoshi Chemical Co., Ltd., China. A stock solution 
of MB (1,000 mg/L) was prepared and suitably diluted to 
the required concentration with deionized water. And the 
concentrations of the MB dye were determined at 665 nm, 
using a UV spectrophotometer (Pgeneral Model: T6, China). 
Besides, the ultimate analysis of the chestnut shell was con-
ducted using an elements analyzer (Vario ELIII, Elementar) 
and the result is presented in Table 1. Remarkably, 
all the chemicals were of analytical reagent grade.

2.2. Preparation of CnSACs

Firstly, the chestnut shells were left to dry at 80°C for 
2 h, then they were cut into small pieces and sieved to 
average particle size (75 μm). Secondly, the chestnut shell 
powder was impregnated in ZnCl2 aqueous solution (mass 
fraction of ZnCl2: 25%) for 24 h. After impregnation, the 
mixture was carbonized in a tube furnace at 600°C under 
a nitrogen atmosphere for 90 min with a heating rate of 
10°C/min and a N2 flow of 2.0 L/min. Lastly, the obtained 
chestnut shell-based activated carbons (CnSACs) were 
washed with deionized water and dried at 102°C for 
24 h. Remarkably, the chestnut shell powder was impreg-
nated in ZnCl2 aqueous solution with different impreg-
nation mass ratios (mass ratio of ZnCl2 aqueous solution 
to chestnut shell powder, ri) of 5, 7.5, 10, 12.5, 15, 20 and 
25, respectively. And the impregnation time (ti) varied at 
6, 12, 18, 21, 24, 27, 30 and 36 h. Besides, the CnSACs were 
prepared at different activation temperatures (Ta), that 
is, 400°C, 450°C, 500°C, 550°C, 600°C, 650°C and 700°C. 
And the activation time (ta) was adjusted to seven levels, 
which were 30, 45, 60, 75, 90, 120 and 150 min.

2.3. Characterization

The surface morphology and fundamental physical 
properties of CnSACs were analyzed by scanning electron 
microscope (SEM, Hitachi S-4800, 7593-H, Japan). And 
the porous characterization of CnSACs was investigated 
by the multi-point adsorption of nitrogen at 77 K using 
Autosorb iQ, supplied by Quantachrome Corporation, USA. 

Table 1
Ultimate analysis of chestnut shell

Elements wt.%

C 52.66
H 5.13
O 40.84
N 0.58
S 0.01
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The total surface area was calculated from the Brunauer–
Emmett–Teller (BET) method and pore size distributions 
were calculated using Barrett–Joyner–Halenda method 
based on the nitrogen adsorption and desorption data. 
Moreover, the X-ray diffraction (XRD) spectra analysis 
was done on an X-Ray Diffractometer (Ultima IV, Japan).

2.4. Adsorption experiments

Several factors affecting the adsorption capacity of 
MB, that is, impregnation mass ratio, impregnation time, 
activation temperature and activation time were studied. 
For each experimental run, 8.0 mg of CnSAC was stirred 
with 80 mL of MB solution with the same concentration 
(300 mg/L) in a 150 mL stoppered conical flask. And then the 
flasks were put in a temperature-controlled shaking water 
bath at a constant speed of 180 rpm for 24 h.

Besides, the adsorption equilibrium and adsorption 
kinetic studies were conducted. Adsorption equilibrium 
experiment was performed in a set of stoppered conical 
flasks, 8.0 mg of CnSAC stirred with 80 mL solutions of MB 
dye at different initial concentrations (100, 200, 300, 400, 
500, 600, 700 mg/L) were placed in these flasks. Then the 
flasks were put in a temperature-controlled shaking water 
bath at 180 rpm for 24 h at different temperatures of 30°C, 
40°C and 50°C, respectively. In the adsorption kinetic stud-
ies, 8.0 mg of CnSAC was dosed in a series of MB solutions 
with a same concentration (300 mg/L). The residual concen-
trations of each flask was measured at pre-set time intervals 
(2, 5, 7, 10, 15, 20, 30, 40, 50, 60, 70, 80, 90 min), respectively.

The equilibrium adsorption capacity was calculated 
from the equation [37]:

q
C C V
we

e=
−( )0  (1)

where qe (mg/g) is the equilibrium adsorption capacity of 
MB, Ce is the MB concentration at equilibrium, V(L) is the 
volume of MB solution and w(g) is the weight of CnSACs.

3. Results and discussion

3.1. Characterization of CnSACs

The preparation parameters and BET surface areas of 
three typical CnSACs (CnSAC-01, CnSAC-02, CnSAC-
03), are given in Table 2. In addition, the SEM images of 
the three typical CnSACs are shown in Fig. 2. The images 
show that the pore structures of CnSAC-01 is more devel-
oped than that of CnSAC-02 and CnSAC-03, which can 
be explained by the abundant abnormity protrusions, 
depressions and folds on the surface of CnSAC-01 as 

shown in Figs. 2a and b. Thereby, the surface characteristics 
of CnSAC-01 result in high surface area and more adsorp-
tion sites for the adsorbate. On the contrary, there exist 
some areas where pore structures are not formed as shown 
in Figs. 2c–f. The difference in surface morphology is con-
sistent with the difference of BET surface areas in Table 2. 
Thus, it can be seen that the preparation parameters have a 
significant influence on the surface morphology of CnSACs.

Fig. 3 shows the pore size distribution curve and accu-
mulative pore volume vs pore width of CnSAC-01. The 
results show that the pore size of CnSAC-01 falls in the 
range of 0–3 nm. This indicates that more micro-pores are 
developed on the precursor under the activation of ZnCl2, 
which greatly enriches the diversity of pore structure. 
Moreover, the XRD analysis was performed to investigate 
the crystallinity of CnSAC-01, as shown in Fig. 4. It is clear 
that there are two obvious peaks that represent to amor-
phous carbon at a 2θ value of 22.42° and 42.56°. This phe-
nomenon indicates that amorphous carbon (amorphous 
state) and graphite carbon coexist in carbon materials [38].

3.2. Investigations of preparation and sorption parameters

3.2.1. Effect of impregnation mass ratio

The effect of impregnation mass ratio on the adsorp-
tion capacity of MB (qe) onto CnSACs was studied as shown 
in Fig. 5. It can be seen that the adsorption capacity of MB 
was found to increase firstly and then decrease with the 
increase of impregnation mass ratio. The adsorption capacity 
reached the peak value (994.18 mg/g) when the impregna-
tion ratio was 12.5. The results indicated that there existed 
an optimal impregnation mass ratio for the pore struc-
ture formation of CnSACs. With the increase of impregna-
tion mass ratio, the pore structure of CnSACs was getting 
more developed under the influence of polycondensation 
and dehydration caused by ZnCl2. But as the concentra-
tion of ZnCl2 was further increased, the formed micropo-
res were etched into mesopores or even macropores. Thus 
the developed pore structure of CnSACs collapsed, and 
the adsorption capacity of MB decreased consequently.

3.2.2. Effect of impregnation time

The effect of impregnation time on the adsorption capac-
ity of MB (qe) onto CnSACs was studied as shown in Fig. 6. 
The results show that the adsorption capacity of MB first 
increases, and attains maximum value when the impreg-
nation time is 27 h, then decreases when the impregnation 
time was beyond 27 h. In addition, the maximum adsorption 

Fig. 1. Chemical structure of MB.

Table 2
Three typical CnSACs

Samples ri ti (h) Ta (°C) ta (min) BET surface area 
(m2/g)

CnSAC-01 12.5 27 600 75 1,539.410
CnSAC-02 10 24 600 75 1,524.647
CnSAC-03 10 27 600 90 954.445
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capacity of MB is 1,013.51 mg/g. This may be due to that 
the developed pore structure gradually formed by the ero-
sion of ZnCl2 with time. However, when the impregnation 
time was more than 27 h, the micropores and mesopores 
formed were destroyed into macropores or even collapse. 
Therefore, the increase of pore size led to the decrease of 
the adsorption capacity of MB.

3.2.3. Effect of activation temperature

The effect of activation temperature on the adsorp-
tion capacity of MB (qe) onto CnSACs is shown in Fig. 7. 

Similarly, the changing trend is to increase firstly and then 
decrease. The adsorption capacity of MB reached the peak 
value (1,013.51 mg/g) when the activation temperature was 
600°C. The increase of activation temperature was condu-
cive to the pore structure formation under the activation of 
ZnCl2 at a lower temperature range. Therefore, the num-
ber of micropores gradually increased with the increase of 
activation temperature. But the wall of the formed microp-
ores was ablated and collapsed to form larger pores when 
the activation temperature was over 600°C. This led to the 
decrease of the specific surface area of CnSACs and further 
affected the adsorption capacity of MB.

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Fig. 2. Scanning electron micrograph of CnSACs: (a and b) CnSAC-01, (c and d) CnSAC-02, (e and f) CnSAC-03.
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3.2.4. Effect of activation time

Fig. 8 shows the effect of activation time on the 
adsorption capacity of MB (qe) onto CnSACs. As shown in 
Fig. 8, the adsorption capacity of MB increased with the 

increase of activation time, when the activation time was 
shorter than 75 min. However, the adsorption capacity of 
MB decreased when the activation time was longer than 
75 min. This may be due to that impurity in the chestnut 

 
Fig. 3. Pore size distribution and accumulative pore volume 
curve of CnSAC-01.

Fig. 6. Effect of impregnation time on the adsorption capacity of 
MB at ri = 12.5; Ta = 600°C; ta = 90 min; pH = 7.5.

Fig. 7. Effect of activation temperature on the adsorption 
capacity of MB at ri = 12.5; ti = 27 h; ta = 90 min; pH = 7.5.

Fig. 8. Effect of activation time on the adsorption capacity 
of MB at ri = 12.5; ti = 27 h; Ta = 600°C; pH = 7.5.

 

 
Fig. 4. X-ray diffraction plots of CnSAC-01.

Fig. 5. Effect of impregnation mass ratio on the adsorption 
capacity of MB at ti = 24 h; Ta = 600°C; ta = 90 min; pH = 7.5.
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shell gradually reduces at the beginning of carbonization 
and activation. With the evaporation of water vapor, pores 
were gradually formed on the carbon surface, and the spe-
cific surface area also increased. As a result, the adsorp-
tion capacity of MB increased. However, when the acti-
vation time was longer than 75 min, carbon was burned 
out gradually and the carbon skeleton began to collapse. 
Consequently, some micropores formed were destroyed 
and expanded to mesopores or macropores. Thus the 
adsorption capacity of MB decreased.

3.2.5. Effect of dye solution pH

Fig. 9 illustrates the effect of dye solution pH on the 
adsorption capacity of MB (qe) onto CnSACs. The results 
indicate that the adsorption capacity of MB is clearly 
pH-dependent, which presents the trend that first increases 
and then decreases with the increase of dye solution pH. 
And the maximum adsorption capacity of MB was observed 
at dye solution pH: 5.0. The dye solution pH may affect 
the ionization degree and structure of adsorbate, surface 
charge, functional group and active site of the adsorbent. 
Under acidic conditions (i.e., dye solution pH 2.5–5.0), 
the increase of MB adsorption capacity might be due to 
the proton reduction in an aqueous medium. However, 
the decrease of MB adsorption capacity with a further 
increase in dye solution pH from 5.0 to 11.5 was caused 
by surface protonation [39]. Therefore, the dye solution 
pH should be was optimized at 5.0 for the best adsorption.

3.3. Adsorption equilibrium analysis

The adsorption isotherms of CnSACs towards MB 
are shown in Fig. 10. It could be seen that the adsorption 
capacities of MB increased with the increase of the initial 
concentration of MB (Ce). Higher initial concentration may 
lead to a stronger driving force to promote diffusion of 
MB molecules from aqueous solution to CnSACs. Besides, 
the maximum adsorption amount of MB increased with 
the increase of temperature, which are 1,119.13; 1,216.64 
and 1,429.88 mg/g, respectively. With the increase of tem-
perature, the viscosity of MB solution decreased, and the 

molecular motion and collision were intensified, which pro-
moted the diffusion of adsorbate molecules and accelerated 
the adsorption process.

Moreover, the adsorption isotherm can be approxi-
mately expressed by an appropriate function based on the 
isothermal adsorption model, which can reveal the relation-
ship between the equilibrium concentration of MB and the 
adsorption capacity of CnSACs. In this work, the isotherms 
experimental data were fitted by three models (Langmuir 
model, Freundlich model, and Dubinin–Radushkevich 
model), respectively. The fitting results are shown in the fol-
lowing sections.

3.3.1. Langmuir model

Langmuir’s theory is one of the frequently-used 
adsorption isotherm equations, which assumes that there 
are a certain number of adsorption sites on the surface of 
the adsorbent, and each adsorption site can only adsorb 
one molecule or atom [40]. The Langmuir theory can be 
expressed by [41]:

C
q q K

C
q

e

e m L

e

m

= +
1  (2)

where Ce is the equilibrium concentration (mg/L), qe is the 
capacity of MB adsorbed at equilibrium (mg/g), qm (mg/g) 
and KL (L/mg) are Langmuir constants.

In order to analyze the Langmuir model thoroughly, 
dimensionless separation factor (RL) was calculated 
according to experimental data, which can be calculated by 
the Eq. (3) [42]:

R
K CL
L

=
+
1

1 0

 (3)

where C0 is the initial methylene blue dye concentration, 
mg/L.

The fitting results of the Langmuir model are shown in 
Table 3 and Fig. 11. As shown in the results, the fitting of 
experimental data is good and the correlation coefficients, 

Fig. 9. Effect of dye solution pH on the adsorption capacity of 
MB at ri = 12.5; ti = 27 h; Ta = 600°C; ta = 75 min. Fig. 10. MB dye adsorption isotherm onto CnSACs.
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R2, is higher than 0.99. Besides, the saturated adsorption 
capacity of MB increased with the increase of tempera-
ture, which are 1,143.219; 1,248.327 and 1,435.870 mg/g 
at 30°C, 40°C and 50°C, respectively. KL increased from 
0.0426 to 0.0683 L/mg. Therefore, the results showed that 
the endothermic reaction occurred in the adsorption of MB 
onto CnSACs. Moreover, the dimensionless separation fac-
tor (RL) is in the range of 0–1, thus the adsorption is easy  
to occur.

3.3.2. Freundlich model

The Freundlich isotherm model is an empirical model, 
which is related to the adsorption capacity and adsorp-
tion heat based on the adsorption theory on the hetero-
geneous surface [43]. The amount of solute adsorbed (qe) 
is related to the equilibrium concentration of solute in 
solution (Ce) as shown in Eq. (4) [44]:

q K Ce F e
n=
1

 (4)

Therefore, Eq. (4) can be expressed linearly by Eq. (5):

ln ln lnq K
n
Ce F e= +

1  (5)

where KF is the Freundlich model constant, which is 
related to the binding energy.

As shown in Table 4 and Fig. 12, the correlation coef-
ficient (R2) of the Freundlich isotherm model fell into 
0.895~0.983. Compared with the Langmuir model, the 
correlation is lower relatively.

3.3.3. Dubinin–Radushkevich model

Dubinin–Radushkevich’s model is based on the adsorp-
tion potential theory. The adsorption potential theory can 
be used to judge the mechanism of the adsorption pro-
cess, which is more applicable than the Langmuir isotherm 
model. The Dubinin–Radushkevich isotherm model is 
expressed by Eq. (6) [27]:

ln ln lnq q B RT
Ce m
e

= − +


















1 1
2

 (6)

where B is a constant related to the sorption energy 
(mol2/J2), R is the ideal gas constant (8.314 J/mol K), T is 
the Kelvin temperature.

The fitting results are shown in Table 5 and Fig. 13. 
The energy-related to adsorption in Table 6 can be obtained 
by Eq. (7) [45]:

E B
=

−1 2

2

/

 (7)

As shown in Table 5 and Fig. 13, the energy values range 
between 1 and 8 kJ/mol, which indicates that the adsorp-
tion is due to physical interactions between adsorbent and 

Table 3
Langmuir isotherm constants for the adsorption of MB

Adsorption 
temperature (°C)

30 40 50

qm (mg/g) 1,143.219 1,248.327 1,435.870
KL (L/mg) 0.0426 0.0442 0.0683
RL 0.0324~0.190 0.0313~0.185 0.0205~0.128
R2 0.997 0.996 0.998

Table 4
Freundlich isotherm constants for the adsorption of MB

Adsorption 
temperature (°C)

30 40 50

KF [(mg/g)(L/mg)1/n] 531.658 670.484 717.663
1/n 0.116 0.0917 0.110
R2 0.895 0.954 0.983

Fig. 11. Langmuir isotherms for adsorption of MB onto CnSACs.

Fig. 12. Freundlich isotherms for adsorption of MB onto CnSACs.
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adsorbate [46]. The values obtained for MB adsorption 
onto CnSACs were found to be 1.492, 2.575 and 3.059 kJ/
mol at 304.15, 314.15 and 324.15 K, respectively. Therefore, 
the weak physical interactions are the driving force of 
MB onto CnSACs. However, the correlation coefficient 
(R2) of the Dubinin–Radushkevich isotherm model is less 
than 0.7 when the temperature is 30°C and 40°C, thus the 
Dubinin–Radushkevich isotherm model does not fit the 
experimental data well.

3.4. Adsorption kinetic analysis

The adsorption kinetics of adsorbates onto acti-
vated carbons is complex, which can be influenced by 
the reactivity of adsorbent, the pH and temperature of 
the solutions, the surface and compositional features of 
adsorbate molecules, etc [47]. And the influence of these 
factors can be elucidated by investigating the experi-
mental data using different kinetic models. In this work, 
four adsorption kinetic models, pseudo-first-order model, 
pseudo- second-order model, Elovich model and intrapar-
ticle diffusion model were used to analyze the adsorption 
kinetic experimental data.

The adsorption kinetic analysis of MB onto CnSACs 
was performed at temperatures of 30°C, 40°C and 50°C, 
respectively. The initial concentration of MB aqueous 
solution is 300 mg/L. As shown in Fig. 14, the adsorption 
capacity of MB increased with the increase of adsorption 

time. Besides, the adsorption rate increased faster initial 
and grow slower after. This can be explained that sufficient 
adsorption active sites on the surface of CnSACs existed 
firstly. However, the active sites were occupied by MB 
gradually along with the increase of adsorption time.

3.4.1. Pseudo-first-order model

The pseudo-first-order model relies on that the rate 
of occupation of adsorption sites is proportional to the 
number of unoccupied sites [48], which is shown in Eq. (8):

ln , ,q q q K te t ecal calln−( ) = − 1  (8)

As shown in Table 6 and Fig. 15, the experimental adsorp-
tion capacity of MB are 1,023.38; 1,055.680 and 1,285.71 mg/g 
at 30°C, 40°C and 50°C, respectively. The calculated val-
ues obtained from Eq. (8) are 1,020.243; 1,052.0787 and 
1,278.401. The results show that the pseudo-first-order 
model has a good fitting effect in the first 50 min, but 
there is a big difference between the experimental val-
ues an d values when the adsorption time is over 50 min. 
The same conclusion was obtained by many authors [49–51].

3.4.2. Pseudo-second-order model

The pseudo-second-order kinetic model assumes that 
the adsorption rate is determined by the square of the num-
ber of unoccupied adsorption vacancies on the adsorbent 
surface, which is expressed as a linear form [52,53]:

t
q k q q

t
t e e

= +
1 1

2
2
, ,cal cal

 (9)

And as shown in Table 7 and Fig. 16, the pseudo-sec-
ond-order model fitted the experimental data better than 
the pseudo-first-order model with a higher correlation 
coefficient (R2) of more than 0.999. The results indicate 
that the adsorption capacity depends on the active sites 

Table 5
Dubinin–Radushkevich isotherm constants for the adsorption of 
MB

Adsorption 
temperature (°C)

30 40 50

qm (mg/g) 1,033.804 1,126.758 1,331.418
B (mol2/J2) 2.247 × 10–5 7.543 × 10–6 5.342 × 10–6

E (kJ/mol) 1.492 2.575 3.059
R2 0.588 0.666 0.865

Fig. 13. Dubinin–Radushkevich isotherms for adsorption of 
MB onto a CnSACs.

Fig. 14. Adsorption kinetics of MB molecules onto CnSACs at 
different solution temperatures.
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on the surface of CnSACs. Therefore, chemisorption may 
dominate the adsorption process [54].

3.4.3. Elovich model

Elovich model was firstly used in the kinetics of 
chemisorption of gases on solids, but now it has been suc-
cessfully applied for the adsorption of solutes from a liq-
uid solution. Elovich model is used to describe the chemi-
cal adsorption process, which is based on the assumption 
of surface energy inhomogeneity of adsorbed materials. 
The equation of the Elovich model is given as follows [55]:

q tt = +( )1 1
β

αβln  (10)

Fig. 17 shows the curve-fitting plots of the Elovich 
equation, and the kinetics parameters for the adsorption 
of MB are presented in Table 8. The linear relationship in 
Fig. 17 was obtained between the adsorption capacity of 
MB at different times, qt, and ln(1 + αβt), with correlation 
coefficients between 0.927 and 0.945. Compared with the 
correlation coefficients of the pseudo-second-order model, 
the correlation coefficients of the Elovich model is lower 
relatively. Therefore, the Elovich model is inappropriate to 
describe the adsorption process of MB onto CnSACs. This 
may be due to the fact that the Elovich equation is mainly 
used to describe adsorption on highly heterogeneous  
adsorbents.

3.4.4. Intraparticle diffusion model

When the diffusion of MB molecules inside the acti-
vated carbon is the rate-limiting step, the adsorption data 
can be presented by Eq. (11) [56]:

q k tt i= 1 2/  (11)

Table 6
Pseudo-first-order kinetics parameters for the adsorption of MB

Adsorption 
temperature (°C)

30 40 50

qe,exp (mg/g) 1,023.38 1,055.68 1,285.71
qe,cal (mg/g) 1,020.243 1,052.0787 1,278.401
K1 (min–1) 0.0899 0.0913 0.0933
R2 0.981 0.983 0.988

Table 7
Pseudo-second-order kinetics parameters for the adsorption 
of MB

Adsorption 
temperature (°C)

30 40 50

qe,exp (mg/g) 1,023.38 1,055.68 1,285.71
qe,cal (mg/g) 1,070.809 1,090.330 1,322.520
K2 (min–1) 2.492 × 10–4 3.241 × 10–4 2.766 × 10–4

R2 0.9993 0.9997 0.9998

Fig. 15. Pseudo-first-order kinetics plots for the adsorption of 
MB onto CnSACs.

Fig. 16. Pseudo-second-order kinetics plots for the adsorption 
of MB onto CnSACs.

Fig. 17. Elovich kinetic plots for the adsorption of MB onto 
CnSACs.
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where ki is the intraparticle diffusion rate constant.
Fig. 18 presents the adsorption capacity of MB vs. t1/2 

at different temperature. The results showed that two or 
more steps occurred in the adsorption process. During 
the first stage, the adsorption rate was the fastest and 
the duration of this stage was about 20 min, and then 
the adsorption process entered the second stage, where 
intraparticle diffusion control was attained and contin-
ues from 20 to 50 min. Finally, the equilibrium adsorption 
started after 50 min. However, the correlation coefficients 
of this model are lower than 0.810 as shown in Table 9. 
The fittings results indicate that intraparticle diffusion 
is involved in the adsorption process and multiple limit-
ing mechanisms exist. Moreover, surface adsorption and 
intraparticle diffusion may occur simultaneously, which 
control the adsorption kinetics of MB onto CnSACs.

3.5. Comparison of activated carbons prepared from raw materials

Based on the adsorption experimental data of MB 
onto CnSACs, the maximum adsorption value of MB is 
1,489.88 mg/g under optimal conditions (impregnation mass 
ratio: 12.5, impregnation time: 27 h, activation temperature: 
600°C, activation time: 75 min, initial MB dye concentration: 
600 mg/L). Table 10 lists the comparison of adsorption capac-
ity of MB onto activated carbons prepared from different 
materials. As shown in Table 10, the CnSACs have a bright 
application prospect in the treatment of colored wastewater.

4. Conclusion

In this work, a novel activated carbon prepared from 
the chestnut shell (CnSAC) has been used as an adsorbent 

Table 8
Elovich kinetics parameters for the adsorption of MB

Adsorption 
temperature (°C)

30 40 50

α 1,448.873 4,383.673 5,898.207
β 0.00617 0.00717 0.00599
R2 0.945 0.936 0.927

Table 9
Intraparticle diffusion kinetics parameters for the adsorption 
of MB

Adsorption 
temperature (°C)

30 40 50

ki [mg/(g min1/2)] 140.276 146.555 178.308
R2 0.809 0.800 0.771

Table 10
Comparison of activated carbons prepared from different materials

Raw material Activator Maximum adsorption 
capacity, (mg/g)

Reference

Chestnut shell ZnCl2 1,489.88 This work
Rattan sawdust KOH 294.12 Hameed et al. [22]
Jute fiber Phosphoric acid 225.64 Senthilkumaar et al. [23]
Almond shell

ZnCl2

1.33

Aygün et al. [24]
Walnut shell 3.53
Hazelnut shell 8.82
Apricot stone 4.11
Rice hull H2SO4 60.1 El-Halwany [25]
Cola nut shell ZnCl2 87.37 Ndi Nsami and Ketcha Mbadcam [26]
Dead leaves ZnCl2 149.85 Dural et al. [27]
Dross licorice HCl and HNO₃ 82.9 Ghaedi et al. [28]
Eucalyptus residue H3PO4 977 Ahmed et al. [29]
Bamboo chip KOH 305.3 Jawad and Abdulhameed [30]
Orange peel KOH 382.15 Bediako et al. [31]
Mushroom K2CO3 872 Sun et al. [32]
Liquefied wood ZnCl2 1,159 Ma et al. [33]
Date pits ZnCl2 455 Mahmoudi et al. [57]
Polyvinyl alcohol FeCl3 952.9 Jia et al. [58]
Used rubber slipper KOH 60.2 Rajendaran et al. [59]
Asphaltenes KOH 556 Han et al. [60]
Oil sludge H3PO4 316.02 Li et al. [61]
Palm kernel shell CaO 524.2 Ali et al. [62]
Oil palm empty fruit bunches ZnCl2 357 Sakamoto et al. [63]
Banana trunk waste H3PO4 166.51 Danish et al. [64]
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for the removal of methylene blue (MB) dye from aque-
ous solutions. And 25 wt.% ZnCl2 was used as the active 
agent. The results show that the adsorption capacity is 
influenced by preparation parameters (impregnation mass 
ratio, impregnation time, activation temperature, activation 
time), the dye solution pH and initial MB dye concentra-
tion. The maximum adsorption capacity of MB occurred at 
an initial pH of 5.0. And the maximum adsorption of MB 
onto the CnSACs is 1,489.88 mg/g. The CnSAC with the 
best adsorption capacity has a higher specific surface area 
reaching a value of 1,539.410 m2/g. Moreover, equilibrium 
and kinetic studies were conducted for the adsorption of 
MB from aqueous solutions onto CnSACs. The adsorption 
isotherms of MB were fitted well by the Langmuir model, 
and the pseudo-second-order kinetic model provided the 
best correlation of the experimental data, which indicates 
that a chemisorption mechanism is a rate-controlling step. 
In addition, based on the comparison of adsorption of MB 
onto activated carbons prepared from different raw materi-
als, it can be concluded that the CnSACs may be used as a 
low-cost, natural and abundant source for the treatment of 
the colored wastewater.
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