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ABSTRACT

In this study, the activated carbons prepared from chestnut shells (CnSACs) were applied for
methylene blue (MB) adsorption from aqueous solutions. The surface properties of CnSACs were
identified by Brunauer-Emmett-Teller (BET) and scanning electron microscopy analysis. And the
N, adsorption-desorption isotherms indicate that the CnSACs exhibit Type I isotherms. Besides,
response surface methodology in combination with Box-Behnken design was used to optimize the
preparation parameters (impregnation mass ratio, impregnation time, activation temperature and
activation time). The MB adsorption capacity was used as the response value. The statistical analysis
showed that the quadratic model was significant. The R? for the model was 0.98 and the adjusted
R? was 0.97. In addition, the activation temperature was found to have a more significant impact
on the MB adsorption due to the highest F-value. Moreover, the optimum preparation conditions
were found to be impregnation mass ratio of 11.36, impregnation time of 29.17 h, activation tem-
perature of 632.40°C and activation time of 81.390 min. The experimental value of MB adsorption
capacity prepared under the optimum preparation parameters was 1,060.94 mg/g with the BET
surface area of 1,602.99 m*/g.

Keywords: Activated carbon; Methylene blue adsorption; Chestnut shell; Response surface

methodology; Box-Behnken design

1. Introduction

With the increasing attention paid to environmen-
tal protection, the treatment of industrial wastewater has
become an urgent problem in various industries. Dyes
are one of the major components of wastewater produced
from many industries related to textile, paint, tanneries,
ink, plastics, and paper [1,2]. Among these industries, the
textile industry is the major consumer of dyes and sources
of dye wastewater [3]. The statistics show that the losses of
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reactive dyes are about 11% in the textile industry. Thereby,
about 40,000~50,000 tons of dyes are continuously entering
the water systems annually [4]. Dye wastewater is charac-
terized by strong biotoxicity, high chrominance, high pH,
poor bio-degradability, complex composition and a large
amount of suspended solids [5]. Consequently, the dis-
solved oxygen level in the dye wastewater declines due to
the shielding effect of disperse dye molecules on sunlight.
Besides, heavy-metal salts such as chromium, lead and
mercury in dye wastewater can endanger human health
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through the food chain. Therefore, the removal of dyes from
dye wastewater is of vital importance from both viewpoints
of environment protection as well as human health [6,7].

The main pollutants of dye wastewater are basic raw
materials and their by-products from the reaction, and the
pollutants are mainly composed of dyes, slurries, and addi-
tives [8]. There is a wide variety of dyes including reactive
dye, acidic dye, direct dye, cationic dye, insoluble azo dye
and sulfide dye, etc [9]. Methylene blue (MB) is a typical cat-
ionic phenothiazines dye, which can be used to make ink,
lake, organisms and dye bacterial tissues. Besides, it also can
be used for the dyeing of cotton, hemp, silk fabrics, paper,
bamboo and wood [10]. However, ingestion of too much MB
may cause nausea, vomiting, sweating, mental confusion
and dyspnea. Thus, in this paper, the removal of MB from
aqueous solutions was used as the laboratory test for the
decolorization and biosafety disposal of dye wastewater.

There are many processes available for the color removal
from dye wastewater, namely adsorption [11], coagulation
[12], chemical oxidation [13], floatation [14], membrane
separation [15], ion exchange [16], photochemistry [17],
electrochemistry [18], biofilm [19] and anaerobic treatment
[20]. Among these treatment methods, adsorption has been
considered widely used due to its universality, economy
and easy operation. Adsorption is a mass transfer process
in which substances in an aqueous solution are adsorbed
onto an adsorbent. The commonly used adsorbents are acti-
vated carbon, clay, resin, coke, diatomite, nanocomposite
and slag [21,22]. However, activated carbon is usually pre-
ferred for wastewater treatment for its low cost, simplicity
and no-toxic.

Activated carbon (AC) is characterized by high sur-
face area, well-developed pore structure, large adsorption
capacities and fast adsorption rate [23,24]. However, the
high cost of ACs limits their widespread use in industry.
Therefore, the researches of ACs preparation have been
focused on the identification of cheaper sources and activa-
tion methods. From the perspective of treating waste with
waste, various agricultural wastes and forestry products
have been used as raw materials for the preparation of ACs.
Naushad et al. [25] proposed a modified sodium hydrox-
ide-treated pine nutshell with a surface area of more than
266 m*/g, and the maximum MB adsorption was found to
be 39.73 mg/g. Khan et al. [26] presented an investigation
on the biosorption potential of sodium hydroxide treated
pistachio shell biomass for MB. The results showed that
the Brunauer-Emmett-Teller (BET) surface area of the
adsorbent was greater than 35.57 m?/g. Pérez-Marin et al.
[27] used the orange waste as a biosorbent material for the
removal of Cd(Il) ions from aqueous solutions. The maxi-
mum adsorption capacity was found to be 0.43 mmol/g.

In this study, a porous activated carbon prepared from
chestnut shell (CnSAC) by the chemical activation (ZnCl,)
was used for MB adsorption from aqueous solutions. Based
on the previous investigation of the influence of preparation
parameters (impregnation mass ratio, impregnation time,
activation temperature, activation time) on MB adsorption
capacity, the preparation process was optimized using Box-
Behnken design (BBD) under response surface methodol-
ogy (RSM) to establish a model to predict MB adsorption
capacity. In addition, the optimum preparation parameters

were obtained. Eventually, the surface properties of CnSAC
prepared under the optimum preparation conditions were
identified by BET and scanning electron microscopy (SEM)
analysis. This paper aims to obtain the surface morphology
of CnSACs, specify the type of isothermal adsorption and
reveal the relationship between preparation parameters and
MB adsorption capacity. The rest of the paper is organized
as follows. The preparation of CnSACs and experimental
design are discussed in the next section. The characteriza-
tion of CnSACs, regression analysis and the optimization of
preparation parameters are presented in Section 3. Finally,
the paper closes with a summary of the results in the last
section.

2. Experimental
2.1. Materials and characterization

The MB (C,,H,,CIN,S-:3H,0) used in the experiment was
supplied by Tianjin Zhiyuan Chemical Reagent Co., Ltd.,
(China) with a purity greater than 98.5%. And the chemical
structure of MB is shown in Fig. 1. The ZnCl, was produced
by Pingxiang Baishi Chemical Reagent Co., Ltd., (China)
with a purity greater than 98.0%.

The stock solution (200 mg/L) of MB was prepared by
dissolving 250 mg of MB in 250 mL deionized water and
the working concentrations were prepared by its dilu-
tion. The MB concentration measurement was carried
out using an ultraviolet spectrophotometer (model T6,
Pgeneral, China) at a wavelength of 665 nm. The surface
morphology of CnSACs was analyzed by scanning elec-
tron microscope (SEM, Hitachi S-4800, 7593-H, Japan). And
the surface area of CnSACs was calculated from the BET
method and pore size distributions were measured using
Autosorb iQ.

2.2. Preparation of CnSAC

Firstly, about 2 g of the chestnut shell was dried
for 24 h in an air-dry oven. Then, it was grounded in a
grinder and sieved (200 mesh). Secondly, the powder was
impregnated in 25 wt.% ZnCl, aqueous solution with the
mass ratio was 12.5:1 (ZnCl, aqueous solution to chest-
nut shell powder) for 27 h. And then, the mixture was
carbonized in a tube furnace at 600°C under a nitrogen
atmosphere for 75 min with a heating rate of 10°C/min.
Finally, the cooled carbonation products were washed thor-
oughly with deionized water and dried at 102°C for 24 h.
Thus the porous activated carbon prepared from chestnut
shell (CnSAC) was obtained.
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Fig. 1. Chemical structure of MB.
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2.3. Box—Behnken design

RSM is a collection of statistical and mathematical tech-
niques, which is used to model and reveal the relationship
between independent variables and response variables
[28,29]. Based on the results of multiple linear regres-
sion, a regression equation with a good fitting degree is
obtained, and a multidimensional space surface is estab-
lished. Besides, a reasonable experimental design can per-
mit simultaneous optimization of variables and minimize
error with the minimum number of runs. In this paper, the
experiments for MB adsorption capacity of CnSACs were
designed using BBD with four factors, that is, impregna-
tion mass ratio (A, i), impregnation time (B, i,), activa-
tion temperature (C, atp) and activation time (D, a, ) using
Design-Expert 10.0 with 29 runs. BBD is a second-order
experimental design method based on three levels [30].

the low and high levels were coded as -1 and +1,
respectively.

3. Results and discussion
3.1. Characterization of the CnSACs

The N, equilibrium adsorption isotherm of two typ-
ical CnSACs (No. 1 and No. 2) at 77.35 K is shown in
Fig. 2. The preparation parameters of the two typi-
cal CnSACs are shown in Table 2. It can be seen that the
nitrogen volume adsorbed increases firstly (P/P, < 0.4)

Table 2
Preparation parameters of the two typical CnSACs

Compared with other design methods, it is characterized Samples i i, (h) a,, (°C) a,, (min)
by fewer time.s experimer}ts and higher efficiency. Tablg 1 No. 1 125 9 550 90
sh0w§ the designed experlme.ntal parameters tqgether w%th No. 2 10 o 600 75
experimental results. The independent variables with
Table 1
Designed experimental parameters

No. i i, (h) a, (°C) a, (min) MB adsorption g, (mg/g)

A code B code C code D code

1 12.5 0 27 0 650 1 60 -1 936.47

2 10 -1 27 0 600 0 90 1 967.67

3 10 -1 27 0 550 -1 75 0 906.71

4 10 -1 24 -1 600 0 75 0 947.83

5 15 1 27 0 650 1 75 0 934.02

6 12.5 0 27 0 600 0 75 0 1,026.48

7 12.5 0 30 1 600 0 60 -1 920.70

8 12.5 0 27 0 600 0 75 0 1,026.48

9 15 1 30 1 600 0 75 0 916.80

10 10 -1 27 0 600 0 60 -1 903.57

11 12.5 0 27 0 550 -1 90 1 873.90

12 12.5 0 24 -1 600 0 90 1 895.92

13 12.5 0 27 0 600 0 75 0 1,026.48

14 10 -1 30 1 600 0 75 0 979.48

15 15 1 27 0 600 0 60 -1 915.15

16 12.5 0 27 0 650 1 90 1 971.61

17 12.5 0 27 0 600 0 75 0 1,026.48

18 12.5 0 30 1 550 -1 75 0 901.59

19 12.5 0 27 0 600 0 75 0 1,026.48

20 12.5 0 24 -1 600 0 60 -1 957.30

21 15 1 27 0 550 -1 75 0 906.21

22 12.5 0 30 1 650 1 75 1,024.60

23 12.5 0 27 0 550 -1 60 -1 888.51

24 12.5 0 24 -1 550 -1 75 0 908.41

25 12.5 0 24 -1 650 1 75 0 948.38

26 15 1 24 -1 600 0 75 0 928.94

27 10 -1 27 0 650 1 75 0 993.69

28 12.5 0 30 600 0 90 1 995.56

29 15 1 27 600 0 90 1 893.13
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Fig. 2. N, adsorption isotherms of CnSACs.

and then tends to be stable (P/P, > 0.4) with the increase
of relative pressure. The results indicate that both typical
CnSACs exhibited Type I isotherms, which means that N,
molecules are adsorbed mainly in the microporous struc-
ture. Therefore, more N, is adsorbed due to the pore-fill-
ing mechanism [31,32]. Moreover, the BET surface area
analysis of the typical CnSACs is shown in Table 3. The
results show that the specific surface area of the typical
CnSACs based on the BET surface area analyzer is 1,268.62
and 1,524.65 m?/g, respectively. Besides, the average pore
diameter based on the DFT method is 2.59 and 2.21 nm,
correspondingly.

The pore size distributions and accumulative pore
volume vs. pore width of the typical CnSACs using the
DFT method are shown in Fig. 3. The pore size distribu-
tions show that the pore size is in the range of 0-3 nm.
The results indicate that more micropores on the precur-
sor are developed under the action of ZnCl, which greatly
enriches the diversity of pore structure. Indeed, the char-
acteristics of the pore structure also can explain the results
that the adsorption is dominated by micropores in N,
equilibrium adsorption. Moreover, the SEM micrographs
of the typical CnSACs are presented in Fig. 4. The images
show that there are abundant abnormity protrusions,
depressions and folds on the surface of CnSACs, which
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Table 3
BET analysis of the typical CnSACs

No. 1 No. 2
Multi-point BET
Correlation coefficient 0.9997 0.9994
C constant 117.27 155.11
Surface area 1,268.62 m*/g 1,524.65 m?/g
DFT method
Average pore diameter 2.59 nm 2.21 nm

results in considerable specific surface area of CnSACs
and provides more adsorption sites for the adsorbate.

3.2. Development of regression model equation

To establish a correlation model between the prepara-
tion parameters and MB adsorption capacity, Box-Behnken
design-response surface methodology with the center point
per block of 5 was used. The parameters of the sequen-
tial model are summarized in Table 4, which includes the
sum of squares, lack of fit tests and model summary sta-
tistics. The results show that a quadratic model is sug-
gested for the MB adsorption onto CnSACs. In addition,
regression analysis was performed to fit the response
function of MB adsorption onto CnSACs. The final qua-
dratic model preferred to calculate the MB adsorption
is given by Eq. (1), where the variables take their coded
values (-1, 0, 1), represents the MB adsorption (g) as a
function of impregnation mass ratio (A), impregnation
time (B, h), activation temperature (C, °C) and activation
time (D, min).

q,(mg/g)=1,026.48 -17.06 A +12.66B + 35.29C + 6.34D
-10.95AB-14.79AC - 21.53AD +20.76 BC
+34.06BD +12.44CD - 48.10A* - 31.56 B>
—47.98C* - 57.31D? (1)

where the negative signs indicate antagonistic effects and
positive signs indicate synergistic effects.

=
.
(B/wuya3) (p)AP

—m— Cumulative Pore Volume 1 0.2

—&—dV(d) loa

Cumulative Pore Volume (cc/g)

0.0
10

Pore width (nm)

Fig. 3. Pore size distribution and accumulative pore volume curve (a) No. 1 and (b) No. 2.
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Fig. 4. SEM images of the typical CnSAC: (a—c) No. 1 and (d—f) No. 2.

Table 4

Summary table of the fitted sequential model

Sequential model sum of squares (Type I)

Source Sum of squares df Mean square F-value p-value Prob. > F
Mean vs. total 2.62 x 107 1 26,169,745
Linear vs. mean 20,840.17 4 5,210.04 2.53 0.067
2FI vs. linear 10,191.84 6 1,698.64 0.78 0.60
Quadratic vs. 2FI 38,141.94 4 9,535.49 117.16 <0.0001 Suggested
Cubic vs. quadratic 845.33 8 105.67 2.16 0.18 Aliased
Residual 294.07 6 49.01
Total 2.62 x 107 29 904,829.6
Lack of fit tests

Linear 49,473.18 20 2,473.66
2F1 39,281.34 14 2,805.81
Quadratic 1,139.40 10 113.94
Cubic 294.07 2 147.04
Pure error 0.000 4 0.000

Model summary statistics
Source Std. Dev. R-Squared Adjusted R-Squared Predicted R-Squared PRESS
Linear 45.40 0.30 0.18 0.10 63,049.40
2F1 46.72 0.44 0.13 0.081 64,600.23
Quadratic 9.02 0.98 0.97 0.91 6,562.96 Suggested
Cubic 7.00 0.996 0.98 0.40 42,346.55 Aliased
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3.3. Statistical analysis

Based on the correlation coefficient value, the quality
of the developed quadratic model was evaluated as shown
in Table 4. The adjusted R-Squared indicates a measure of
the amount of variation about the mean explained by the
quadratic model, while the predicted R-Squared is a mea-
sure of how good the model predicts response data [33].
As shown in Table 4, the R-Squared, adjusted R-Squared
and predicted R-Squared for Eq. (1) is 0.98, 0.97 and 0.91,
respectively. The predicted R-Squared of 0.91 is in rea-
sonable agreement with the adjusted R-Squared of 0.97
due to the difference between them is less than 0.2. And
the standard deviation (Std. Dev.) for the regression
model is 9.02. Therefore, it can be concluded that the pre-
dicted values are very close to the experimental values.

Moreover, the analysis of variance (ANOVA) was used
to justify the significance and adequacy of the regression
model. And the results are shown in Table 5, which suggest
the significant contribution of the quadratic model with the
p-value < 0.0001 and F-value of 60.71. This means that only
a 0.01% chance that “F-value” this large could occur due
to noise. In general, a term will be considered with a sig-
nificant effect if it has a p-value less than 0.05 [34]. Thus, in
this case, A, B, C, D, AB, AC, AD, BC, BD, CD, A? B? C? D?
are significant model terms as shown in Table 5.

In addition, Fig. 5a shows the comparison between pre-
dicted values and the experimental values for MB adsorp-
tion capacity. It can be seen that the predicted values are
quite close to the experimental values, which indicates
intuitively that the developed regression model is success-
ful in elucidating the correlation between the preparation
parameters and the MB adsorption capacity. Moreover,

Table 5
Analysis of variance (ANOVA) for quadratic model

the residual diagnostic diagrams of the quadratic model
are shown in Figs. 5b and c. Fig. 5b shows that the normal
probability distribution of the residuals is approximately
linear, which indicates that the distribution of data residu-
als is normal. And the irregular distribution of data resid-
uals in Fig. 5c also proves that the established response
quadratic model is reliable.

3.4. Response surface methodology plots

Among the preparation parameters, activation tem-
perature (C) was found to have a more significant impact
on the MB adsorption capacity due to the highest F-value
of 183.59 as shown in Table 5. Besides, the interaction
between impregnation mass ratio and activation time
(AD), impregnation time and activation temperature (BC),
impregnation time and activation time (BD), had an appre-
ciable effect on MB adsorption capacity than the interaction
between impregnation mass ratio and impregnation time
(AB), impregnation mass ratio and activation tempera-
ture (AC), activation temperature and activation time (CD)
(the F-value of AD, BC and BD is 22.78, 21.18 and 57.02,
respectively). The results also can be seen from Figs. 6a—f,
which indicates that the closer the contour is to the ellipse,
the more obvious the interaction is.

Fig. 7a shows the combined effect of impregnation
mass ratio and activation time on MB adsorption capacity
with the impregnation time of 27 h and activation tempera-
ture of 600. It can be seen that the MB adsorption capac-
ity increases firstly and then reduces with the increase of
impregnation mass ratio, which indicates that the MB
adsorption capacity becomes lower at lower and higher
impregnation mass ratio. The roles of ZnCl, during the

Source Sum of squares df Mean square F-value p-value

Model 69,173.94 14 4,941.00 60.71 <0.0001 significant
A 3,491.84 1 3,491.84 42.90 <0.0001 significant
B 1,924.07 1 1,924.07 23.64 0.0003 significant
C 14,941.79 1 14,941.79 183.59 <0.0001 significant
D 482.47 1 482.47 5.93 0.0289 significant
AB 479.39 1 479.39 5.89 0.0293 significant
AC 875.27 1 875.27 10.75 0.0055 significant
AD 1,854.16 1 1,854.16 22.78 0.0003 significant
BC 1,723.91 1 1,723.91 21.18 0.0004 significant
BD 4,640.33 1 4,640.33 57.02 <0.0001 significant
CD 618.77 1 618.77 7.60 0.0154 significant
A? 15,004.86 1 15,004.86 184.37 <0.0001 significant
B? 6,459.73 1 6,459.73 79.37 <0.0001 significant
c 14,934.75 1 14,934.75 183.51 <0.0001 significant
D? 21,304.45 1 21,304.45 261.77 <0.0001 significant
Residual 1,139.40 14 81.39

Lack of fit 1,139.40 10 113.94

Pure error 0.000 4 0.000

Cor. total 70,313.34 28
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Fig. 5. Diagnostics of the prediction model.

carbonization process can be embodied from two aspects,
catalytic dehydration and providing carbon skeleton. On
the one hand, ZnCl, can catalyze dehydration at high tem-
peratures, so that the hydrogen and oxygen atoms in the
raw material can be separated in the form of water. Thus
more carbon is retained in the raw material. On the other
hand, ZnCl, can provide a skeleton, where the carbon can
deposit on it during the carbonization process. Therefore,
the developed carbon skeleton cannot be formed when the
impregnation mass ratio is lower. Meanwhile, the developed
microporous structure may be destroyed when the impreg-
nation mass ratio is higher. Moreover, Fig. 6a shows that the
MB adsorption capacity also improves when the activation
time increases, but thereafter declines from its peaks. The
decrease is possibly due to the developed porous struc-
ture may collapse as a result of sintering for a prolonged
time. However, a reasonable extension of activation time is
needed to enhance porosity and produce developed porous
activated carbons.

Furthermore, the combined effect of impregnation time
and activation temperature on MB adsorption capacity
with impregnation mass ratio of 12.5 and activation time of

(©)

75 min is shown in Fig. 7b. The variation of MB adsorption
capacity are consistent with that affected by impregnation
mass ratio and activation time, that is, increases firstly and
then declines. As described above, ZnCl, can remove the
hydrogen and carbon atoms from raw materials and act
as the carbon skeleton. Thus, the porous structure will be
more developed with the increase of impregnation time.
But the developed porous structure may collapse and
results in the widening of micropores with a prolonged
impregnation time. In addition, more volatile matters are
released during the carbonization process before the acti-
vation temperature reaches the peak value, thereby more
pores are developed, and then the MB adsorption capac-
ity increases progressively. However, the reduction of MB
adsorption capacity after the peak value can be due to
the widening of micropores caused by excessive burn-off
at higher temperatures. The widened micropores become
mesopores or macropores, resulting in the significant
reduction of the specific surface area of CnSACs and even
the lack of well-developed pores. Overall, the MB adsorp-
tion capacity not only depends on the development of
porous structure but also on the width of micropores.
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3.5. Optimization

To investigate the maximum MB adsorption capacity,
optimization of the preparation parameters was carried
out using numerical optimization methods. After the cal-
culation, the optimum preparation parameters were found
to be impregnation mass ratio of 11.363, impregnation time
of 29.17 h, activation temperature of 632.42°C and activa-
tion time of 81.39 min. And the MB adsorption capacity of
CnSAC prepared under the optimum preparation condi-
tions was 1,047.75 mg/g predicted by the response quadratic
model with desirability of 0.93. Then, an opt-CnSAC was
prepared (impregnation mass ratio of 11.4, impregnation
time of 29 h, activation temperature of 632°C and activa-
tion time of 81 min). The amount of MB absorbed onto the
opt-CnSAC is 1,060.94 mg/g. Compared with the predicted
values, the error is less than 1.3%, which indicates that the
predicted values are in good agreement with the experimen-
tal values. Consequently, the quadratic model has sufficient
accuracy to predict the MB adsorption capacity.

3.6. Characterization of CnSAC prepared under optimum
preparation conditions

The N, adsorption isotherms of opt-CnSAC are shown
in Fig. 8. With the increase of relative pressure (P/P),
the smaller gas volume adsorbed increases sharply and
then stabilizes. The relative pressure is around 0.4 at
the turning point. Therefore, opt-CnSAC exhibits Type I
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isotherms, which also proves the conclusion that nitro-
gen molecules are adsorbed mainly in the microporous
structure. Moreover, Table 6 shows the BET surface
area, total pore volume, micropore volume and average
pore diameter of opt-CnSAC. The results show that the
micropore volume is about 96.4% of the total pore vol-
ume. Compared with the typical CnSACs in Section 3.1
(Table 3), the BET surface area and average pore diam-
eter are all optimized. Moreover, we compared the BET
surface area of activated carbons prepared from different
sorts of biomass, which is shown in Table 7. The compar-
ison indicates that the CnSAC has a bright application
in the preparation of porous adsorption materials.

4. Conclusion

From the concept of treat waste with waste perspec-
tive, an activated carbon prepared from chestnut shell

Table 6
BET surface, total pore volume, micropore volume and average
pore diameter of opt-CnSAC

BET surface area (m?/g) 1,602.99
Total pore volume (cm?/g) 0.84
Micropore volume (cm®/g) 0.81
Average pore diameter (nm) 211
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Fig. 7. Response surface plot of MB adsorption.

(CnSAC) was proposed in the present research. And the
investigations of methylene blue (MB) adsorption from
aqueous solution onto CnSACs were carried out. The SEM
micrographs show that there are abundant abnormity pro-
trusions, depressions and folds on the surface of CnSACs,
which provide more adsorption sites for the adsorbate. And
the N, adsorption-desorption isotherms indicate that the
CnSACs exhibit Type I isotherms. Besides, response surface
methodology (RSM) in combination with BBD was used to
reveal the relationship between the preparation parame-
ters and MB adsorption capacity. The results indicate that
activation temperature is found to have a more significant
impact on MB adsorption capacity than the other parame-
ters. Moreover, the optimization of preparation parameters
was carried out to investigate the maximum MB adsorp-
tion capacity. The BET surface area analysis of the activated
carbon prepared under the optimum preparation parame-
ters confirmes the development of a porous material with
a BET surface area, total pore volume, micropore volume,
and average pore diameter of 1602.99 m?/g, 0.84 cm’/g,
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Fig. 8. The N, adsorption—desorption isotherms of opt-CnSAC
(impregnation mass ratio of 11.4; impregnation time of 29 h; acti-
vation temperature of 632°C; activation time of 81 min).
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Table 7
BET surface area of activated carbons
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Raw material BET surface area (m?/g) Reference

Chestnut shell 1,602.99 This paper

Camel bones 162 Algadami et al. [7]
Amygdalus 209.74 Bagheri et al. [23]
Pine nut shell 266 Naushad et al. [25]
Pistachio shell 35.57 Khan et al. [26]
Palm shell 642 Arami-Niya et al. [33]
Waste rubber tires 468.98 Danmaliki et al. [34]
Pomegranate seeds 978.8 Ucar et al. [35]
Sugarcane bagasse 790 Tsai et al. [37]
Tectona grandis sawdust 585 Mohanty et al. [38]
Banana stem waste 267.54 Praveena et al. [40]
Tamarind wood 1,322 Sahu et al. [42]

0.81 cm®/g and 2.11 nm, respectively. Therefore, it can
be concluded that the CnSAC has a good potential to be
used as a better alternative to commercial activated carbon
for the removal of dyes from wastewaters.
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