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a b s t r a c t

The conditions for the preparation of activated carbon from flamboyant pods treated with NaOH were
optimized through response surface methodology (RSM) and central composite rotatable design (CCRD).
The effects of the activation temperature, activation time, and impregnation ratio were studied from the
ccepted 28 April 2010

eywords:
ctivated carbon
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ptimization
hemical activation

BET surface area, micropore volume, and yield results. The results showed that the activation temperature
and the impregnation ratio are the factors that most influence the activated carbon production. Activation
temperature of 761.70 ◦C, activation time of 0.86 h, and impregnation ratio (NaOH:char) of 3.46 led to BET
surface area, micropore volume, and yield values of 2854 m2 g−1, 1.44 cm3 g−1, and 10.80%, respectively.
Porosity parameters and scanning electron microscopy were used to investigate the activated carbon
obtained under optimal conditions.
icroporosity

. Introduction

The constant concern with the increase in the quantity of pol-
utant gases released into the atmosphere has led to the search for

aterials capable of capturing these gases and reducing their envi-
onmental impact. Microporous activated carbons (ACs) are some
f the most appropriate porous materials for the removal of gases
nd have applications in the most varied areas [1].

Chemical activation using bases (KOH or NaOH) is one of the
ost efficient methods of production of microporous ACs with large

urface areas [2–4]. The two-step chemical activation has raised
uch interest due to the good results obtained as compared to

ne-step activation [5]. In this process, an initial carbonization step
roduces a material free of volatile compounds, and the second step
activation) allows the development of porosity.

Various precursors, both of mineral and of vegetable are used in
he production of ACs. Researchers have reported the preparation of
hemically ACs from many kinds of raw materials, such as coconut
usks [6,7], Spanish anthracite [3], olive husk [8], sewage sludge [9],

etroleum coke [10], Siberian anthracite [2], coffee endocarp [11],
otton stalks [12], plum kernels [13], coal tar pitch [4], fir wood
nd pistachio shells [14,15], and olive stones [16]. Besides being
enewable resources, biomasses are inexpensive, largely available,

∗ Corresponding author. Tel.: +55 44 3261 3678; fax: +55 44 3261 4334.
E-mail address: vcalmeida@uem.br (V.C. Almeida).
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have low ash contents, a greater diversity, and a short production
time.

The most studied chemical activation parameters are time, tem-
perature, and impregnation ratio (activating agent:char). In most
studies, one factor is fixed at a certain level, varying another to
determine the best condition. This procedure has disadvantages
such as: (i) the lack of research on the interactive effects of the
studied factors, and (ii) the large number of experiments required,
which consequently require more time with a higher cost and con-
sumption of reagents [17].

Multivariate statistical techniques arise as an important tool
for the optimization of analytical procedures. One of the most
important multivariate techniques used in optimization analysis
is response surface methodology (RSM) [18]. This method consists
of diverse mathematical and statistical techniques based on the
adjustment of a polynomial equation and symmetrical models to
the experiment data to describe the behavior of the independent
variables [17]. Among the second-order symmetrical models most
used in analytical procedures, central composite rotatable design
(CCRD) has been widely applied in various scientific areas [19]. In
recent years, some authors have applied this optimization method
to the production of ACs [6,7,20,21].
Delonix regia, a flowering tree species from the Fabaceae family,
is known for its fern-like leaves and flamboyant display of flow-
ers. It grows in southern Brazil and is also found in other parts
of the world. The pods gradually fall off the trees after a period
of maturation. Due to their abundance and lack of use, the pods

dx.doi.org/10.1016/j.cej.2010.04.052
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
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total of 18 experiments. The four replicates at the central point were
used to determine the pure error and the variance. The real and cod-
ified values of the three factors of each experiment are shown in
Table 1. The development of the experiments as well as the exper-
imental response values of SBET, V�, and yield is shown in Table 2.

Table 1
Coded and actual levels for independent factors used in the experimental design.

Factors Coded values

−˛(−1.68) −1 0 +1 +˛(+1.68)

Actual values
4 A.M.M. Vargas et al. / Chemical E

ay be a very interesting precursor for the production of low-cost
Cs.

The main objective of this study was to apply CCRD to optimize
he production of ACs from flamboyant pods chemically activated
ith NaOH. The AC obtained in optimized conditions (ACop) was

nvestigated through analyses of the porosity parameters and scan-
ing electron microscopy (SEM).

. Methods

.1. Raw material

Flamboyant pods for the production of ACs were collected from
rees located in the region of Maringá City, Paraná, Brazil. The prox-
mate analysis of the study raw material using ASTM D1762-84
tandards [22] gave moisture, ash, volatile matter, and fixed carbon
ontents of 5.98, 2.16, 61.20, and 30.66%, respectively.

.2. Preparation of NaOH-activated carbons

Flamboyant pods were washed with distilled water and dried at
10 ◦C for 24 h. The material, which had particle sizes between 250
nd 425 �m, was placed in a horizontal stainless steel reactor and
eated in a furnace at a rate of 20 ◦C min−1 from room temperature
o 500 ◦C and maintained at this temperature for 1.5 h under N2 flow
f 100 cm3 min−1. The char produced from the carbonization pro-
ess was mixed with varying amounts of sodium hydroxide pellets
Merck, Germany) at different impregnation ratios (NaOH:char) in a
ertical stainless steel reactor under magnetic stirring for 2 h, and
hen dried at 130 ◦C for 4 h. The reactor containing the dry mix-
ure was placed into a furnace under N2 flow of 100 cm3 min−1,
eated at a rate of 20 ◦C min−1 up to the desired final temperature

or defined times. After cooling, the resulting mixture was washed
ith a solution of 0.1 mol L−1 HCl, followed by hot distilled water
ntil pH ∼6.5. The carbon was separated using 0.45-�m membrane
lters, dried at 110 ◦C for 24 h, and kept in tightly closed bottles for

urther analysis.

.3. Experimental design for the response surface procedure

RSM and CCRD were applied to determine the best combi-
ation of activation process factors: activation temperature (◦C),
ctivation time (h), and impregnation ratio (NaOH:char). The
xperimental planning responses were the BET surface area (SBET),
icropore volume (V�), and yield.
The CCRD is a very efficient design for fitting the second-order

odel. In this planning, it is common to codify the variable lev-
ls, generally assuming three equally spaced levels, −1, 0, and +1
or low, intermediate, and high values, respectively [17]. This level
odification consists of transforming each real value into a coordi-
ate within a dimensional value scale proportional to their location

n the experimental space or their distance from the center [19]. The
oded values of each factor level were obtained by Eq. (1):

i = Xi − X0

�Xi
(1)

here xi is the coded value for each factor, Xi is the real value
or each factor, X0 is the real value for each factor at the central
oint, and �Xi is the difference between the levels of each factor.
he experiment data were adjusted to a second-order polynomial

egression model, expressed by Eq. (2):

= ˇ0 +
3∑

i=1

ˇixi +
3∑

i=1

ˇiix
2
i +

2∑
i=1

3∑
j=i+1

ˇijxixj (2)
ering Journal 162 (2010) 43–50

where ˇ0, ˇi, ˇii, and ˇij are the regression coefficients (ˇ0 is the
constant term, ˇi is the linear effect term, ˇii is the quadratic effect
term, and ˇij is the interaction effect term), and Y is the response
value predicted by the model.

A central composite design is made rotatable by the choice of
“˛”. The term “˛” represents the planning rotatability and depends
on the number of factors used, as, for example, 1.41, 1.68, and 2 for
two, three, and four factors, respectively [18].

Variance analyses (ANOVA) were carried out in order to
determine the statistical significance of the models, the fac-
tors or coefficients, and of the residues. The fitting quality of
the polynomial model was evaluated by way of the determina-
tion coefficient (R2). The program STATISTICA 7.0 (StatSoft) was
used to develop and analyze all the parameters and experiment
data.

2.4. Textural and chemical analysis

Textural properties were deduced from nitrogen adsorption
at 77 K (QuantaChrome Nova1200 surface area analyzer). The
BET surface area, SBET, was determined from the isotherms
using the Brunauer–Emmett–Teller equation (BET). The total pore
volume, VT, was defined as the volume of liquid nitrogen cor-
responding to the amount adsorbed at a relative pressure of
P/P0 = 0.99 [23]. The micropore volume, V�, was determined with
the Dubinin–Radushkevich equation [23], and the mesopore vol-
ume, Vm, was calculated as the difference between VT and V�. The
pore diameter, Dp, was calculated using the ratio 4 VT/SBET, and the
pore size distribution, by the HK method [24].

The AC yield was defined as the final weight of the product after
activation, washing, and drying. The percent yield was determined
from Eq. (3):

Yield =
(

wc

w0

)
× 100 (3)

where wc and w0 are the dry mass values of the final AC (g) and the
precursor (g), respectively.

The morphology of the raw material and ACop was examined by
scanning electron microscopy (Shimadzu, model SS 550).

3. Results and discussion

3.1. RSM experiments and model fitting

Generally, the CCRD consists of a 2k factorial runs with 2k axial
runs and nc center runs, where k is the number of factors. The CCRD
consisted of eight factorial points or cubic points, six axial points or
star points (two axial points on each variable axis at a distance (“˛”)
of 1.68 from the center), and 4 replicates at the central point, for a
Activation temperature
(◦C), X1

531.82 600 700 800 868.18

Activation time (h), X2 0.66 1 1.5 2 2.34
Impregnation ratio

(NaOH:char), X3

0.32 1 2 3 3.68
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Table 2
Central composite rotatable design of three factors and five levels.

Order X1
a (x1)b X2

a (x2)b X3
a (x3)b SBET (m2 g−1) V� (cm3 g−1) Yield (%)

1 600 (−1) 1 (−1) 1 (−1) 360.9 0.181 20.59
5 800 (+1) 1 (−1) 1 (−1) 711.7 0.353 14.64
7 600 (−1) 2 (+1) 1 (−1) 305.6 0.157 18.98
3 800 (+1) 2 (+1) 1 (−1) 794.2 0.398 13.92
4 600 (−1) 1 (−1) 3 (+1) 1664 0.838 13.58
8 800 (+1) 1 (−1) 3 (+1) 2372 1.161 10.75

16 600 (−1) 2 (+1) 3 (+1) 2146 1.088 11.59
6 800 (+1) 2 (+1) 3 (+1) 2351 1.148 11.25

10 531.82 (−1.68) 1.5 (0) 2 (0) 1076 0.550 16.79
11 868.18 (+1.68) 1.5 (0) 2 (0) 1850 0.935 9.78
15 700 (0) 0.66 (−1.68) 2 (0) 1388 0.684 15.44
17 700 (0) 2.34 (+1.68) 2 (0) 1400 0.687 13.73
12 700 (0) 1.5 (0) 0.32 (−1.68) 409.1 0.204 15.8

9 700 (0) 1.5 (0) 3.68 (+1.68) 3124 1.531 9.66
2 700 (0) 1.5 (0) 2 (0) 1650 0.828 13.91

18 700 (0) 1.5 (0) 2 (0) 1549 0.762 15.05
13 700 (0) 1.5 (0) 2 (0) 1702 0.868 14.63
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14 700 (0) 1.5 (0) 2 (0)

BET = BET surface area, V� = micropore volume.
a Actual values.
b Coded values.

ach experiment was performed in triplicate and the average val-
es were used. For statistical reasons, the experiments were carried
ut in a random order to avoid bias errors.

The significance of regression was evaluated by the ratio
etween the media of the square of regression and the media of
he square of residuals and by comparing these variation sources
sing the F distribution (F = 0.05), taking into account its respective
egrees of freedom associated to regression and to residual vari-
nces. Thus, a statistically significant value for this ratio must be
igher than the tabulated value. The lack of fit was evaluated by
he ratio between the media of the square due to lack of fit and the

edia of the square due to pure error and by comparing these vari-
tion sources using the F distribution (F = 0.05) taking into account
ts respective degrees of freedom associated with the lack of fit
nd the pure error variances. If this ratio is higher than the tab-
lated value, it is concluded that there is evidence of a lack of fit
nd that the model needs to be improved. However, if the value is
ower than the tabulated value, the model fitness can be considered
atisfactory [19].

The p value also was used to evaluate the significance of the
arameters. The lower the p value, the less likely the result, assum-

ng the null hypothesis, the more significant the result, in the sense
f statistical significance [17]. One often rejects a null hypothesis
f the p value is less than 0.05, corresponding to a 5% chance of an
utcome at least that extreme, given the null hypothesis.

.1.1. BET surface area and micropore volume
Table 3 presents the variance analysis of all of the linear,

uadratic, and interaction effects of the three planning factors with
egard to SBET and V�. The x1, x3, (x1)2, and (x2)2 effects are signif-
cant for the SBET, and on the other hand, the x2, (x3)2, x1x2, x1x3,
nd x2x3 effects are not significant. The x1, x3, and (x2)2 effects are
ignificant for the V�, and the x2, (x1)2, (x3)2, x1x2, x1x3, and x2x3
ffects are not significant.

A quadratic regression model was obtained for SBET and V�.
he codified values for the quadratic equation after excluding the
nsignificant terms are shown in Eqs. (4) and (5):

BET = 1667.73 + 223.63x1 + 800.07x3 − 111.45(x1)2
− 135.84(x2)2 (4)

� = 0.84 + 0.11x1 + 0.39x3 − 0.073(x2)2 (5)
1732 0.877 13.34

The quadratic regression equation shows that the significant
terms present different characteristics. The elevated values of terms
x1, x3, (x1)2, and (x2)2, in relation to the other terms, indicate that
they have a greater importance or influence. Positive values indi-
cate that the terms increase the response and the negative values
decrease the response. The linear effects of the ratio NaOH:char
(x3) and the temperature (x1) present high and positive values,
indicating that the increase in these terms increases the surface
area and micropore volume in the studied experiment region. The
term x3 is much greater than x1, indicating that the ratio NaOH:char
is the most important among the response factors. However, the
quadratic effects of temperature (x1)2 (for SBET) and time (x2)2

(for SBET and V�) were significant and negative, showing that the
increase in temperature and time beyond the studied experiment
region tends to decrease the surface area and micropore volume.
The interaction effects were not significant.

3.1.2. Yield
The variance analysis for all three factor effects (linear,

quadratic, and interaction) for the yield is shown in Table 3. The x1,
x3, and x1x3 effects are significant, and the x2, (x1)2, (x2)2, (x3)2, x1x2,
and x2x3 effects are not significant. A quadratic regression model
was obtained for the yield. The codified values of the quadratic
equation after excluding the insignificant terms are shown in Eq.
(6):

Yield = 14.19 − 1.90x1 − 2.29x3 + 0.98x1x3 (6)

The linear temperature terms (x1) and the ratio NaOH:char
(x3) exert a negative influence on the response. The temperature
increase and the NaOH:char ratio cause a decrease in the yield. The
interaction term x1x3 is significant and has a positive signal; how-
ever, it has little influence on the yield. Therefore, the impregnation
ratio has a greater influence on the yield.

3.2. Variance analyses (ANOVA) of the models

Table 4 shows the variance analysis (ANOVA) of the quadratic
model adjusted to SBET, V�, and yield. For SBET, the regression

model presents an F ratio of 42.63, which is higher than the tab-
ulated value of F = 0.05(9,8) = 3.39. The regression p value obtained
(<0.0001) is less than the value of 0.05. Therefore, according to the
F ratio and p value, the quadratic model adjusted for SBET is signif-
icant. Additionally, the lack of fit presents an F ratio and p value
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of 5.75 and 0.0903, respectively. The F ratio is less than the tabu-
lated value (F = 0.05(5,3) = 9.01) and the p value is higher than 0.05,
indicating that the lack of fit is insignificant. The determination
coefficient (R2) value of 0.9800 indicates that the regression model
explain 98.00% of variations around the average, leaving 2% for the
residues.

For V�, the regression model presents an F ratio and p value of
38.30 and <0.0001, respectively; and lack of fit presents an F ratio
and p value of 3.42 and 0.1702, respectively. This is an indication
that the mathematical model is well fitted to the experimental data.
The determination coefficient (R2) for this model was 0.9773.

With regard to the yield, the regression model F ratio and p value
were 17.00 and 0.0003, respectively. The lack of fit presents an F

ratio of 1.89 and a p value of 0.3180. Comparing these values with
tabulated values for the regression model (F = 0.05(9,8) = 3.39) and
the lack of fit (F = 0.05(5,3) = 9.01), the model is significant and the
lack of fit is not significant. The p value for the regression model

Fig. 1. Relationship between the predicted and the observed values of BET surface
area (a), micropore volume (b), and yield (c).
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Table 4
Variance analyses (ANOVA) of the quadratic models adjusted to the SBET, V� , and yield results.

Source Sum of squares DF Mean square F ratio p value R2

SBET

Model 9.830 × 106 9 1.092 × 106 42.63 <0.0001 0.9800
Residual 2.050 × 105 8 25620.86
Lack of fit 1.856 × 105 5 37122.03 5.75 0.0903
Pure error 19356.75 3 6452.25
Total 1.003 × 107 17

V�

Model 2.37 9 0.26 38.30 <0.0001 0.9773
Residual 0.055 8 6.889 × 10−3

Lack of fit 0.047 5 9.377 × 10−3 3.42 0.1702
Pure error 8.225 × 10−3 3 2.742 × 10−3

Total 2.43 17

Yield
Model 137.22 9 15.25 17.00 0.0003 0.9503
Residual 7.17 8 0.90
Lack of fit 5.45 5 1.09 1.89 0.3180

0.58
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Pure error 1.73 3
Total 144.40 17

BET = BET surface area, V� = micropore volume, DF = degree of freedom, R2 = determ

nd lack of fit are in agreement with the previous description. The
etermination coefficient (R2) for this model was 0.9503. Fig. 1a–c
hows relationship between the values predicted by the model and
he experimental values for the three CCRD responses.

.3. Analysis of the influence of the factors on the responses

.3.1. Effect of the activation factors on the BET surface area and
icropore volume

Adequate pore development during the activation process leads
o ACs with large surface areas. Figs. 2 and 3 show the three-
imensional response surface plots for SBET and V�, respectively,
s a function of two factors, maintaining a third one at its central
evel. Figs. 2a and b and 3a and 3b describe the effect of the tem-
erature on SBET and V�, respectively. According to the figures, in
he studied range, the surface area and micropore volume increase
ith temperature. The temperature increase raises reaction rates

etween the char and NaOH, leading to the development of the
orous structure due to the formation and opening of the pores.

The effect of activation time on SBET and V� is described in
igs. 2a and c and 3a and 3c, respectively. According to the graph,
or the conditions studied, time does not significantly influence the
evelopment of the AC porosity. Temperatures and activation times
utside of the pre-established experimental range may lead to a
ecrease in the surface area.

The surface area and micropore volume are directly related to
he increase in the impregnation ratio (Figs. 2b and c and 3b and 3c).
he greater quantity of NaOH in the medium favored the reac-
ion with the char and contributed to increase the surface area
nd micropore volume. The stoichiometric reaction between
aOH and char during chemical activation can be expressed by
q. (7) [3,13]:

NaOH + 2C � 2Na + 2Na2CO3 + 3H2 (7)

According to Eq. (7), the stoichiometric ratio of the activating
eagent and the char is 3:1, which indicates the need to use a greater
uantity of NaOH to form the products. The metallic sodium pro-
uced can insert itself into the carbon structure produced and aid
n the development of porosity [3]. In this way, large surface areas
an be obtained when high impregnation ratios are used. In this
tudy, a SBET of 3124 m2 g−1 and V� of 1.531 cm3 g−1 were obtained
t a NaOH:char ratio of 3.68. A similar behavior was observed by
l-Hendawy et al. [12], Nowicki et al. [2], and Tseng [13].
n coefficient.

3.3.2. Effect of the activation factors on the yield
Fig. 4 shows the three-dimensional response surface plots for

the yield as a function of two factors, maintaining a third one at its
central level. The effects of temperature and impregnation ratio sig-
nificantly influenced the yield response. The temperature increase
(Fig. 4a and b) favors the direct reaction described by Eq. (7), which
generates a greater consumption of char and a consequent decrease
in the yield.

The effect of the impregnation ratio on the yield was similar, but
more pronounced than that of the activation temperature (Fig. 4a
and c). The aggressive attack of the base on the char causes its degra-
dation through oxidation and elimination reactions, leading to the
breaking of the C–O–C and C–C bonds, which causes its structure to
disintegrate [5]. The results are in accordance with the work carried
out by Nowicki et al. [2], Wu et al. [14], and Mácia-Agulló et al. [4].

Fig. 4b and c shows the possible effect of the time factor on
the yield of the ACs. According to the graphs, activation time did
not influence the yield values. Therefore, high yield values were
obtained when the three factors were maintained at the minimum
interval level of the studied values.

3.4. Optimization process

The optimal response values and real factor values that provided
these responses were obtained using the simultaneous optimiza-
tion technique proposed by Derringer and Suich [25]. This method
is based on the definition of a desirability function (d) for each
response, with values restricted to the interval 0 ≤ d ≤ 1, where if
the response is at its goal or target, then d = 1, and if the response
is outside an acceptable region, d = 0 [18]. The objective of the opti-
mization of the AC production was to find factor values which
provided the greatest yield, SBET, and V� results. However, the opti-
mization of these results is difficult, because the factors region of
interest is different, that is, SBET and V� show an inverse correla-
tion with yield. This being the case, SBET (305.6–3124 m2 g−1) and
V� (0.157–1.531 cm3 g−1) were maximized in the values within
the experiment domain and the yield was maintained in the value
range between 10 and 15%. In optimal conditions, a desirability
value d = 0.89 was obtained with the program STATISTICA 7.0 (Stat-

Soft). Optimal ACs were obtained under the following production
conditions: activation temperature of 761.70 ◦C, activation time of
0.86 h, and impregnation ratio (NaOH:char) of 3.46. Table 5 shows
the modeling and the experimental values obtained in the afore-
mentioned conditions. The differences between the surface area,
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Fig. 3. Three-dimensional response surface plots for micropore volume: time and
temperature (a), impregnation ratio and temperature (b), time and impregnation
ratio (c).

Table 5
Optimum conditions given by the model and the model verification.

Activation temperature (◦C), X1 761.70
Activation time (h), X2 0.86
Impregnation ratio (NaOH:char), X3 3.46

BET surface area (m2 g−1)
Predicted 2589
Experimental (n = 3) 2854 ± 182

Micropore volume (cm3 g−1)
Predicted 1.27
ig. 2. Three-dimensional response surface plots for BET surface area: temperature
nd time (a), temperature and impregnation ratio (b), and impregnation ratio and
ime (c).

icropore volume, and yield values predicted by the model and
he experimental values were 6.88, 8.87, and 2.46%, respectively.
he difference in the values with regard to the surface area and
icropore volume may have been due to errors associated with the

orosity development, which are greater than the errors associated
ith the yield.
.4.1. Porosity parameters and SEM of ACop

Fig. 5a shows the N2 adsorption and desorption isotherm for
Cop. The initial volume increased significantly with the relative
ressure up to 0.6. According to the IUPAC, the N2 adsorption
urves are type I (reversible), indicating that ACop is microporous.

Experimental (n = 3) 1.44 ± 0.07

Yield (%)
Predicted 10.44
Experimental (n = 3) 10.80 ± 0.40
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Fig. 5. N2 Adsorption (�) and desorption (©) isotherms at 77 K (a) and pore size
distribution (b) of ACop.
ig. 4. Three-dimensional response surface plots for yield: impregnation ratio and
emperature (a), time and temperature (b), and impregnation ratio and time (c).

dditionally, the plateau was practically parallel to the P/P0-axis,
onfirming the presence of micropores with few mesopores [23].
he other properties of ACop were: 1.60 cm3 g−1, 0.16 cm3 g−1, 90%,
nd 2.24 nm for the total pore volume, mesopore volume, percent

icropores, and pore diameter, respectively. The predominance of
icropores is evident, corresponding to 90% of the total, with only

0% of mesopores.
The pore size distribution of ACop obtained by the HK method is

hown in Fig. 5b. This method permits calculating the pore distribu- Fig. 6. Scanning electron micrographs of the raw material (a) and ACop (b).
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ion in the micropore region [24]. It is observed that the majority of
ores have a diameter of 1.51 nm, corresponding to the secondary
icropore region [11].
Fig. 6a and b shows the SEM images of the raw material and of

Cop, respectively. The formation of well-defined pores after the
ctivation process can be observed.

. Conclusions

The effects of three activated carbon preparation variables:
ctivation temperature, activation time and impregnation ratio
NaOH:char), on the BET surface area, micropore volume and acti-
ated carbon yield were studied by conducting a central composite
otatable design (CCRD). Quadratic models were developed to cor-
elate the preparation variables to the three responses.

According to the statistical model, the data were efficiently
djusted to the surface response models, and it was possible to eval-
ate the true relationship between the responses and the studied
actors. The F ratio and p value indicate that the activation temper-
ture and the impregnation ratio are the most important factors
n the activation process. The increase in these factors favors the
ncrease in the BET surface area and micropore volume. However,
t the same time, reduces the AC yield.

The optimal activated carbon (ACop) was obtained using acti-
ation temperature of 761.70 ◦C, activation time of 0.86 h, and
mpregnation ratio (NaOH:char) of 3.46. The ACop showed BET sur-
ace area of 2854 m2 g−1, micropore volume of 1.44 cm3 g−1, and
ield of 10.80%. The characteristics of the material (ACop) obtained
nable its application in gas adsorption.
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