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a b s t r a c t

The preparation of activated carbon (AC) from cotton stalk was investigated in this paper. Orthogonal
array experimental design method was used to optimize the preparation of AC using microwave assisted
phosphoric acid. Optimized parameters were radiation power of 400 W, radiation time of 8 min, concen-
tration of phosphoric acid of 50% by volume and impregnation time of 20 h, respectively. The surface
characteristics of the AC prepared under optimized condition were examined by pore structure analysis,
eywords:
otton stalk
rthogonal array experimental design
icrowave radiation

sotherm
inetic

scanning electron microscopy (SEM) and Fourier transform infrared spectroscopy (FT-IR). Pore structure
analysis shows that mecropores constitute more of the porosity of the prepared AC. Compared to cot-
ton stalk, different functionalities and morphology on the carbon surfaces were formed in the prepared
process. The adsorption capacity of the AC was also investigated by removing methylene blue (MB) in
aqueous solution. The equilibrium data of the adsorption was well fitted to the Langmuir isotherm. The
maximum adsorption capacity of MB on the prepared AC is 245.70 mg/g. The adsorption process follows

kine
the pseudo-second-order

. Introduction

Cotton stalk was the largest byproduct in Xinjiang province, in
.R. China, which also stored huge potential energy. It is substantial
o make the best use of this potential source. Among all provinces in
hina, Xinjiang province has the largest cotton-producing area with
he best quality of cotton. Data provided from Xinjiang Statistical
enter Bureau in 2008 showed that there was an enormous increase

n the production of cotton, which was enhanced from 218 to 310
illion tones in recent 3 years. The higher production of cotton
eans the greater output of byproducts. Unfortunately, cotton stalk
as disposed by either burning or discarding in Xinjiang.

AC is a carbonaceous material possessing a higher porosity due
o which it is commonly used in variety of applications, concerned
rincipally with the removal of chemical species by adsorption
rom the liquid or gas phase [1]. The high adsorptive capacity of AC
s associated with its internal porosity and other properties such
s surface area, pore volume and pore size distribution [2]. These
roperties have been determined not only by the physical prop-

rties and the chemical composition of the precursor, but also by
he activation process of lignocellulosic precursors [3]. For prepa-
ation of AC, conventional heating method is usually adopted, in
hich the energy is produced by electrical furnace. Similarly, the
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preparation and characterization of ACs derived from cotton stalk
with H3PO4 were also usually used by conventional heating method
[4–6]. But the problem is that it will still take several hours and incur
extra costs for the activation process to reach the desired level of
activation in the conventional heating system.

Microwave is now being used in various fields in order to heat
dielectric materials because it can considerably shorten treatment
time and reduce energy consumption. Conventional heating is sur-
face heating. It generates a thermal gradient from the hot surface
of the char particle to its interior which leads to the difficulty of
caloric transport. Microwave heating is both internal and volumet-
ric, where the tremendous thermal gradient from the interior of
the char particle to its cool surface allows the microwave-induced
reaction to proceed more quickly and effectively at a lower bulk
temperature, resulting in energy savings and shortening the pro-
cessing time [7,8]. Recently microwave heating technology has
been applied to fabricate AC [8,9].

Orthogonal array design (OAD) is a type of fractional facto-
rial design in which orthogonal array is used to assign factors to
a series of experimental combinations [10]. The most significant
factors affecting the output can be obtained from both variance
(ANOVA) and direct observation analysis [11,12]. Several appli-

cations of this method have been reported in various processes
[13–15]. Using orthogonal arrays significantly reduces the num-
ber of experimental configurations to be studied. Furthermore,
the conclusions drawn from small scale experiments are valid
over the entire experimental region spanned by the control fac-

dx.doi.org/10.1016/j.jhazmat.2010.06.018
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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Nomenclature

A Temkin isotherm constant related to adsorption
capacity (L/mg) (L/g)

AC activated carbon
ANOVA analysis of variance
b the Langmuir constant
B Temkin constant related to heat of sorption (J/mol)
C0 the highest initial dye concentration (mg/L)
Ce equilibrium concentration (mg/L)
Dp average pore diameter (nm)
df the degree of freedom
FT-IR Fourier transform infrared spectroscopy
KL Langmuir isotherm constant related to adsorption

capacity (L/mg)
KF Freundlich isotherm constant related to adsorption

capacity (mg/g)
k1 rate constant of pseudo-first-order (min−1)
k2 pseudo-second-order rate constant (g/mg/min)
M weight of activated carbon
M0 weight of air-dried cotton stalk
MB methylene blue
1/n Freundlich isotherm constant related to adsorption

intensity
OAD orthogonal array design
PSD pore size distribution
qe the amount of dye adsorbed (mg/g)
qm qe for complete monolayer adsorption capacity

(mg/g)
qt adsorption capacity at time t (mg/g)
R gas constant (8.314 J/(mol K))
RL dimensionless separation factor
R2 correlation coefficient
SEM scanning electron microscopy
SBET BET surface area (m2/g)
Sext external surface area (m2/g)
Smic micropores surface area (m2/g)
SS the sum of the square
T absolute temperature (K)
t contact time (min)
V the volume of solution (L)
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Table 1
Design factors and levels.

Independent variable Symbol Range and levels

1 2 3 4

Radiation power (W) A 320 400 480 560

10 Å. Iodine number was normally listed as specification parameter
for commercial ACs. Therefore, the responses were iodine number
(Y1, mg/g) and AC yield (Y2, %). Iodine number (qiodine, mg/g car-
bon) of AC was obtained at 20 ± 1 ◦C on the basis of the Standard

Table 2
Experimental design matrix and results.

Runs Variables Responses (Y)

A B C D Iodine number
(Y1, mg/g)

Yield of the AC
(Y2, %)

1 1 1 1 1 733.45 22.94
2 1 2 2 2 747.37 34.25
3 1 3 3 3 798.00 40.58
4 1 4 4 4 759.70 38.08
5 2 1 2 3 758.64 28.27
6 2 2 1 4 763.78 36.03
7 2 3 4 1 843.28 43.87
8 2 4 3 2 885.14 42.95
9 3 1 3 4 787.35 32.13

10 3 2 4 3 763.20 40.15
11 3 3 1 2 758.42 35.79
Vt total pore volume (cm3/g)
Vmic micropores pore volume (cm3/g)

ors and their settings [16]. The objective of this study was to use
he Taguchi method, one of the orthogonal array designs, to opti-

ize the preparation conditions of AC from cotton stake. The effects
f the preparation variables such as impregnation time, radiation
ower, radiation time and concentration of phosphoric acid on

odine number and carbon yield were investigated subsequently.
lso, the Taguchi method was used to find the best level of each
arameter in the preparation of AC. The characteristics and the
dsorption ability of the AC prepared under optimized conditions
ere investigated, as well.

. Experimental

.1. Materials
Cotton stalk was provided from a local farm in Shihezi, Xinjiang
rovince in China. Phosphoric acid (98 wt.%) was supplied by Xi’an
hemicals & Reagent Corp of China. All other chemicals used in this
tudy were analytical grade and purchased from Xi’an Chemicals &
eagent Corp of China.
Radiation time (min) B 6 7 8 9
Concentration of H3PO4 (vol.%) C 30 40 50 60
Impregnation time (h) D 16 20 24 28

2.2. Preparation of AC

Cotton stalk was used as the raw material for the preparation
of AC. Cotton stalk was washed several times with distilled water
to remove impurities and then it was dried in oven at 80 ◦C until
constant weight. After that, cotton stalk was milled and sieved into
a uniform size of less than 2.0 mm. The chemical compositions of
cotton stalk were given elsewhere [17].

Dried cotton stalk samples with the mass of 6 g were mixed with
30 mL of H3PO4 to vary concentrations in the range of 30–60% by
volume. The slurry was kept at room temperature for various time
spans in the range of 16–28 h to ensure the access of the H3PO4
to the cotton stalk. After mixing, the slurry was placed in a ML-3
type sequence MW heating apparatus which produced by Sichuan
university (Sichuan Province, China). The experimental apparatus
is same to that described elsewhere [17]. After a certain microwave
heating power and microwave radiation time, the carbonized sam-
ples were washed sequentially with 0.05 M NaOH, hot water and
cold distilled water until the pH of the washing solution reached
6–7, filtered and finally dried at 105 ◦C.

2.3. Optimization of AC preparation conditions

In order to optimize the preparation conditions of the AC,
Taguchi experimental design method was used. An L16 orthogonal
array with four operational parameters each in four levels was used
to evaluate the corresponding optimal values. These variables and
their levels are summarized in Table 1. The complete design matrix
of the experiments and the obtained results are shown in Table 2.
Iodine is considered as probe molecules for assessing the adsorp-
tion capacity of sorbents for solutes of molecular sizes less than
12 3 4 2 1 745.36 37.73
13 4 1 4 2 741.37 30.43
14 4 2 3 1 770.75 38.05
15 4 3 2 4 759.42 37.50
16 4 4 1 3 728.13 35.43
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Table 3
Adsorption models adopted in this work and their parameters.

Isotherm Equation Parameters

Freundlich isotherm qe = KF C1/n
e

KF (L/mg): the Freundlich adsorption constant
n: the empirical parameter representing the energetic
heterogeneity of the adsorption sites (dimensionless)
qe (mg/g): the amount of dye adsorbed

Langmuir isotherm qe = qmKLCe
1+KLCe

Ce (mg/L): the equilibrium concentration
qm (mg/g): complete monolayer adsorption capacity
KL (L/mg): the equilibrium adsorption constant

Temkin isotherm qe = RT
B ln(KT Ce) B (J/mol): the Temkin constant related to heat of sorption

KT (L/g): the Temkin isotherm constant
R (8.314 J/(mol K)): the gas constant
T (K): the absolute temperature

Pseudo-first-order dqt
dt

= k1(qe − qt ) qe (mg/g): equilibrium adsorption capacity
qt (mg/g): adsorption capacity at time t
t (min): contact time
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Pseudo-second-order dqt
dt

= k2(qe − qt )
2

est Method, ASTM Designation D4607-86 [18]. The yield of the
arbon samples was estimated according to

= M

M0
× 100 (1)

here M is the weight of AC and M0 is the weight of air-dried cotton
talk. In order to investigate the influence of operational parame-
ers on the adsorption ability and the yield of the prepared AC, the
ollected data was analyzed with the statistical analysis software,
PSS, version 13.0 (SPSS, Inc., Chicago, IL, USA).

.4. Characterization of AC

The surface physical morphology of AC and cotton stalk were
dentified by using SEM technique. A JSM-6390LV (JEOL Ltd, Japan)

ith a 3 kV accelerating voltage was used to characterize the mor-
hology of the sample which was dried overnight at approximately
05 ◦C under vacuum before SEM analysis. The surface area and
he porosity of the AC prepared at optimized conditions were
haracterized by N2 adsorption–desorption isotherms. ASAP2020
Micromeritics Ltd., USA) was used to determine the surface areas
nd total pore volumes. The SBET was calculated by the BET equa-
ion, micropore volume and micropore specific surface area were
btained using the t-plot method, and pore size distribution (PSD)
as determined using the BJH model [19]. An FT-IR spectroscope

AVATAR 360, Thermo Nicolet Co., USA) with KBr pellet was used
o study the surface functional groups of the AC. The zero surface
harge characteristic of the AC was determined by using the solid
ddition method [20]. The ability of AC in the adsorption of MB was
nvestigated by batch isotherm and kinetic studies.

.5. Batch equilibrium

The 100-mL samples of MB solution with known concentration
nd the samples of the produced AC with the mass of 0.40 g were
dded to Erlenmeyer flasks. The flasks were shaken in a shaker incu-
ator in an isothermal condition of 25 ± 1 ◦C and shaking speed of
60 rpm for 2 h to reach adsorption equilibrium conditions. Then
he samples were filtered and the residual concentration of MB in
he filtrate was analyzed by a double beam UV–vis spectropho-

ometer (Hitachi Co., Japan) at 665 nm. The amount of MB adsorbed
er unit mass of adsorbent at equilibrium conditions, qe (mg/g), was
alculated by [21]:

e = (C0 − Ce)
M

× V (2)
k1 (min−1): rate constant of pseudo-first-order

qt (mg/g): adsorption capacity at time t
k2 (g/mg/min): pseudo-second-order rate constant

where C0 (mg/L) and Ce (mg/L) are the initial and the equilibrium
concentrations of MB at solutions, respectively. V (L) is the volume
of solution and M (g) is the mass of AC. We used different models,
Langmuir, Freundlich and Temkin to investigate the equilibrium
behavior of MB adsorption on the prepared AC samples. They are
described in Table 3.

Another characteristic parameter of the Langmuir isotherm is
the dimensionless factor RL (separation factor), related to the shape
of the isotherm. Its value indicates either unfavorable (RL > 1), linear
(RL = 1), favorable (0 < RL < 1) or irreversible (RL = 0) adsorption and
it is evaluated as [22]:

RL = 1
b + C0

(3)

where b is the Langmuir constant and C0 (mg/L) is the highest
concentration of the adsorbate.

2.6. Batch kinetic

The kinetic experiments were performed using a procedure
similar to the equilibrium studies. Samples containing 1500 mg/L
pollutant with the volume of 100 mL were prepared in the Erlen-
meyer flasks. Produced AC sample (0.40 g) was added to each flask.
The flasks were shaken at 26 ± 1 ◦C and 160 rpm. At different time
intervals the concentration of the residual pollutant in the solution
was analyzed by the same procedure as batch equilibrium studies.
The amount of pollutant adsorbed at each time interval per unit
mass of the adsorbent, qt (mg/g), was calculated by the following
formula [21]:

qe = (C0 − ct)
M

× V (4)

where C0 (mg/L) is initial liquid-phase concentration of the pollu-

tant and Ct (mg/L) is its concentration at time t. V (L) is the volume of
the solution and M (g) is the mass of the adsorbent. In order to deter-
mine the best kinetic model which fits the adsorption experimental
data, the pseudo-first-order, pseudo-second-order were examined.
They are described in Table 3.
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Table 4
ANOVA of the activated carbon yield.

Source SS df Mean square F P

A 31.559 3 10.520 7.291 0.068
B 306.430 3 102.143 70.790 0.003
C 98.999 3 33.000 22.870 0.014
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D 0.437 3 0.146 0.101 0.954
Error 4.329 3 1.443

Total 21046.921 16

. Results and discussion

.1. Optimization of AC preparation

.1.1. Main factors
According to the L16 array designed by Taguchi method, 16

ifferent AC samples were prepared. Iodine number and yield of
ach sample were determined and shown in Table 2. The results of
NOVA analysis are shown in Tables 4 and 5. The ANOVA was done
t 95% confidence level and established on the sum of the square
SS), the degree of freedom (df), the mean square, F value and P
alue. P value, last column in tables indicates whether the factor
ill affect the response of AC or not. A P value, which is lower than

.05, means that this factor is important to the response. Table 4
escribes that both radiation time and concentration of H3PO4 were
ignificant factors for the yield of AC. However, the radiation time
ith the biggest F value of 70.790 was the most important factor

ffecting the carbon yield followed by the concentration of H3PO4,
adiation power and impregnation time. Table 5 shows that not all
actors were significant impact factors affected the iodine number
f AC, because their P values were all greater than 0.05. Among
hese factors, the concentration of H3PO4 has the greatest effect on
odine number with the highest F value. The effects on iodine num-
er are decreased gradually in radiation power, radiation time and

mpregnation time.

.1.2. Effect of independent variable on AC preparation
Fig. 1 shows that both the yield and the adsorption ability of AC

amples were increased, enhancing radiation power (parameter A)
p to 400 W. One possible reason is that pore structure on the sur-
ace of AC was fully developed at the power up to 400 W. The yield
nd the adsorption ability of the AC reduced when radiation power
ncreased up to 480 W. A small quantity of carbon was possibly
urnt out and pore structure on its surface destroyed under over-
ull energy. Similar results have been obtained by other researchers
8,17].

As shown in Fig. 1, the adsorption ability of the AC increased
radually lengthening activation time (parameter B) up to 8 min
hile it decreased as excessive extension of activation time up to
min. There was similar tendency of carbon yield. It was also found

y Li et al. when they prepared the AC from tobacco stems using
icrowave radiation [23]. The improvement of activation degree

epended on the microwave radiation time. With the prolongation
f microwave radiation time, more and more active sites and pores
ere formed on the surface of samples. Therefore, the adsorption

able 5
NOVA of iodine number.

Source SS df Mean square F P

A 9470.583 3 3156.861 5.975 0.088
B 3078.552 3 1026.184 1.942 0.300
C 10167.308 3 3389.103 6.414 0.081
D 971.179 3 323.726 0.613 0.651
Error 1585.060 3 528.353

Total 9547681.187 16
Fig. 1. The effect of operational parameters on responses of the prepared AC sam-
ples ((A) radiation power, (B) radiation time, (C) concentration of H3PO4, and (D)
impregnation time).

capacity of AC would be increased along with the prolongation of
microwave radiation time. However, the pores of carbon would be
burnt off by microwave heating, when microwave radiation time
reached a certain value, which would lower the iodine number and
the yield of AC.

Fig. 1 shows the results of ANOVA analysis for the effect of the
concentration of phosphoric acid (parameter C) on the yield and
the iodine numbers. Enhancing the concentration of H3PO4 from
30% to 50% by volume increased the yield and the iodine numbers
of the prepared AC samples. This is perhaps due to an enhance-
ment of the formation of micropores on the AC, which are much
more effective in adsorption process and increase the adsorption
ability of the adsorbents [24]. The yield and the iodine numbers of
the prepared samples were decreased by exceeding the phosphoric
acid concentration up to 60% by volume. The observed reduction in
the sample due to the excess of H3PO4 content could be attributed
to the possible formation of phosphates via interaction with the
inorganics present under pyrolysis action, which may block some
of the pores present [25]. These salts would be leached out by 0.05 M
NaOH in the end. This assumption will be confirmed later by FT-IR
spectra through the appearing phosphate band.

The results presented in Fig. 1 also shows that impregnation
time (parameter D) had little influence on the yield, but it had a little
effect on the adsorption ability. The action of H3PO4 on the ligno-
cellulosic material could be expected as the following mechanism.
During impregnation stage the acid attacked the cellular structure
of cotton stalk, forming cleavage to the linkages between the lignin
and cellulose. It was followed by recombination reactions, where
larger structural units and strong cross linked solids were formed.
This acid worked, principally, in early stage during impregnation
and might be extended to have a slight effect in the carbonization
stage [26].

3.1.3. Optimized conditions
In the production of commercial ACs, relatively high prod-

uct yield and adsorption capacity were expected. Therefore, more
attention should be paid to improve the carbon yield and enhance
its adsorption capacity for economical viability. However, it was dif-
ficult to optimize both these responses under the same condition,
for the different interest in different region. Therefore, in order to

compromise the two responses, two experimental conditions with
the highest desirability were selected to verify. The optimum con-
ditions were radiation power of 400 W, radiation time of 8 min,
concentration of H3PO4 of 50% by volume and impregnation time
of 20 h.
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ig. 2. Adsorption–desorption isotherms of N2 at −196 ◦C on the AC prepared at
ptimized conditions.

.2. Pore structure of the AC prepared under optimized condition

The structural heterogeneity of AC plays an important role in
dsorption processes, and numerous methods have consequently
een developed and applied for the characterization of this prop-
rty. In this study, we used nitrogen adsorption and SEM methods
o characterize our carbon sample prepared under optimum con-
itions.

.2.1. Nitrogen adsorption
Nitrogen adsorption, because the relatively small molecule

iameter of nitrogen is frequently used at −196 ◦C to probe
orosity and surface area and to be a standard procedure for
he characterization of porosity texture of carbonaceous adsor-
ents. The adsorption isotherm is the information source about
he porous structure of the adsorbent, heat of adsorption, char-
cteristic of physical and chemical and so on. Adsorption isotherm
ay be grouped six types. Fig. 2 illustrates adsorption–desorption

sotherms of N2 at −196 ◦C on AC. As illustrated in Fig. 2, AC exhib-
ted adsorption isotherm of type IV according to IUPAC [27]. The
ype IV isotherm is characteristic properties of solids having both

icro and mesopores. The initial part of the isotherm followed the
ame path as the corresponding type II isotherm and therefore the
esult of monolayer–multilayer adsorption on the mesopore walls
28].

The BET surface area (SBET), external surface area (including only
esopores Sext), micropores surface area (Smic), total pore volume
Vt), micropores pore volume (Vmic) and average pore diameter (Dp)
esults obtained by applying the BET equation to N2 adsorption at
196 ◦C are listed in Table 6.

able 6
orous structure parameters of the CSAC.

Typical parameters

SBET (m2/g) 652.82
Sext (m2/g) 525.64
Smic (m2/g) 127.18
Vt (cm3/g) 0.476
Vmic (cm3/g) 0.0578
Dp (nm) 2.92
Fig. 3. Pore size distributions of the AC prepared at optimized conditions by BJH
method.

3.2.2. Characterization of pore structure
Pore size distribution (PSD), a very important property of adsor-

bents, determines the fraction of the total pore volume accessible to
molecules of a given size and shape. According to the classification
of IUPAC-pore dimensions, the pores of absorbents can be grouped
into micropores (d < 2 nm), mesopore (d = 2–50 nm) and macropore
(d > 50 nm). Fig. 3 shows the pore size distribution was calculated
in the standard manner by using BJH method [29]. It appears that
the AC included both micro and mesopores. Percentages of micro-
pores and mesopores area were 19.5% and 80.5%, respectively. The
different textural characteristics of the AC were found by Li et al.
[30], Girgis et al. [31] and El-Hendawy et al. [5], their ACs included
large number of micropores. Microwave heating generates heat
within the material and heats the entire volume at about the same
rate. This heating process could quicken the diffusing rate of the
volatilizable matter inside the AC and fasten its releasing rate from
the surface of AC, which makes more mesopores available possibly.

3.2.3. Surface morphology
SEM technique was employed to observe the surface physical

morphology of the AC. Fig. 4 shows the SEM micrograph of the
cotton stalk before and after the carbonization at the optimum
preparation conditions. For the raw cotton stalk (Fig. 4a), the sur-
face was relatively organized without any pores except for some
occasional cracks. The SEM images of the AC (Fig. 4b and c) show
that the external surfaces were full of cavities and quite irregular as
a result of activation. Fig. 4d appears that there were many macro-
pores of width more than 0.2 mm that might be ink-bottle shaped
on the surface of this carbon, indicating the aggressive attack of
the reagent with the cotton stalk during impregnation. Those pores
resulted from the evaporation of the chemical reagent (H3PO4) dur-
ing carbonization, leaving the space previously occupied by the
reagents.

3.3. Surface chemical structure of the AC prepared under
optimized condition

3.3.1. Zero surface charges
The pHZPC of an adsorbent is a very important characteristic that

determines the pH at which the adsorbent surface has net electrical

neutrality. Fig. 5 shows the plot between �pH, i.e. (pH0–pHf) and
pH0 for pHZPC measurement. The point of zero charge for the AC was
found to be 6.00. It was lower than that of AC prepared from cotton
stalk with ZnCl2 as activation under microwave radiation [17]. But it
was higher than that of AC prepared from cotton stalk with KH2PO4
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Fig. 4. SEM micrographs of the cotton stalk (a) an

s activation [30]. And it was also higher than that of AC prepared
rom jackfruit peel waste by H3PO4 chemical activation [32]. These
esults indicated that the pHZPC of AC was depended on the raw
aterial and the activated agency.
.3.2. Functional groups
Three main components of cotton stalk are cellulose, hemicellu-

ose and lignin. The expected oxygen function groups in cotton stalk

ig. 5. Determination of the point of zero charge of the AC prepared at optimized
onditions by the solid addition method.
AC prepared at optimized conditions (b, c and d).

are hydroxyl, ether, carbonyl acetoxy, etc. According research from
El-Hendawy et al. [26], cotton stalk displayed the following bands:
the band at 3495 cm−1 was attributed to O–H stretching in hydroxyl
functional groups, the band at 2950 and 2880 cm−1 were ascribed to
� C–H and ı C–H (� = stretching and ı = bending) absorption bands
that may be present in methyl and methylene groups, the band
at 1745 cm−1 was ascribed to C O stretching from ketones, alde-
hydes or carboxylic groups, the band at 1260 cm−1 was attributed
to C–O–C stretching in ethers and the later band at 817 cm−1 was
attributed to out-of-plane bending in benzene derivatives.

To characterize surface groups on the AC, FT-IR spectra were
obtained. FT-IR spectra of the AC are shown in Fig. 6. It was seen
that the absorbance bands have several peaks at 1627.7, 1584.2,
1362.2, 1342.6 and 966.3 cm−1. Most of these bands have been
reported by other investigators for different carbon materials. The
peak at 1627.7 and 1584.2 cm−1 were the characteristics of the
C O stretching vibration of laconic and carbonyl groups [33,34].
The peaks occurring at 1362.2 and 1342.6 cm−1 were all ascribed
to oxygen functionalities such as highly conjugated C–O stretch-
ing, C–O stretching in carboxylic groups and carboxylate moieties
[35,36]. The band at around 966.3 cm−1 was characteristic to P O
groupsand to P O stretching in linear and cyclic polyphosphate and
inorganic species [30].
Significant changes in the spectra of the AC were observed
which, in particular, concern the bands located in the two regions.
In the region from 3500 to 2800 cm−1 where two bands disappeared
and at 966 cm−1 where one new band appeared. These results sug-
gested that under carbonization and activation process many weak
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Table 8
Parameters of the kinetic models for MB adsorption onto AC (T = 26 ◦C, m = 0.4 g and
V = 100 mL, pH = 7, agitation rate = 160 rpm and C0 = 1500 mg/L).

models Parameters

Pseudo-first-order model k1 (min−1) 0.0389
qe,cal (mg/g) 264.24
R2 0.8848
ig. 6. Fourier transform infrared spectra of the AC prepared at optimized condi-
ions.

onds disappeared, at the same time, polyphosphate and inorganic
pecies were formed in the carbon.

.4. MB adsorption on the AC prepared under optimized
onditions

.4.1. Equilibrium adsorption isotherms
The Langmuir, Freundlich and Temkin models were fitted the

xperimental data and the results are shown in Table 7. The val-
es of correlation coefficients showed that the experimental data
f MB adsorption were fitted the Langmuir isotherm better than
he others (R = 0.9800). This implied the homogeneous and the

onolayer coverage of MB on the AC surface. The maximum MB
dsorption capacity on the AC (qm) was 245.70 mg/g and the dimen-
ionless separation factor for MB adsorption was calculated equal
o 0.0322 which showed the MB adsorption was favorable. Accord-
ng to the 1/n value (0. 1609) calculated from Freundlich isotherm,
he adsorption of MB on the AC was favorable. Since the correlation
oefficients resulted from fitting the experimental data to Temkin
sotherms was less than 0.9, it was not used to analyze the adsorp-
ion process of MB on the AC surface. The similar phenomenon has
lso been observed by Hameed et al. [37].

.4.2. Kinetics of adsorption
The experimental data of MB adsorption on the AC in different

ime intervals were examined to fit pseudo-first-order and pseudo-
econd-order models, using the plots of log(qe − qt) against t and
/qt versus t, respectively. The corresponding results are shown in

able 8. The correlation coefficients resulted from the second-order
odel were higher than the first-order model for the adsorption

f MB. Therefore, the pseudo-second-order model could better
escribe the kinetics of the adsorption of the MB on the AC.

able 7
sotherm parameters for MB adsorption onto AC (T = 26 ◦C, m = 0.4 g and V = 100 mL,
H = 7, agitation rate = 160 rpm and t = 2 h).

Isotherms Parameters

Langmuir qm (mg/g) 245.70
KL (L/mg) 1.55 × 10−2

RL 3.22 × 10−2

R 0.9800

Freundlich KF (L/mg) 75.00
1/n 0.1609
R 0.9089

Temkin KT (L/mg) 42.80
B (J/mol) 115.50
R 0.8678

[
[
[

[

[

[

[

[

Pseudo-second-order
model

k2 (g/mg/min) 1.72 × 10−4

qe,cal (mg/g) 244.50
R2 0.9818

4. Conclusions

Taguchi method was used to optimize the preparation of AC
from cotton stalk with H3PO4 as activator. Radiation time and
concentration of H3PO4 were significant factors for the AC yield.
Concentration of phosphoric acid was the greatest impact fac-
tor on iodine number of the AC. The optimum conditions were
radiation power of 400 W, radiation time of 8 min, concentra-
tion of H3PO4 of 50% by volume and the impregnation time of
20 h. N2 adsorption showed BET surface area of prepared AC was
652.82 m2/g, where the carbon included both micro and meso-
pores. Percentage of micropore and mesopore area is determined as
19.5% and 80.5%, respectively. Scanning electron microscopy (SEM)
and Fourier transform infrared spectroscopy (FT-IR) investigations
evidenced that the presence of opened-pore structure and differ-
ent functionalities on the carbon surfaces compared with those of
cotton stalk. Langmuir isotherm better fits the experimental equi-
librium data of MB adsorption on the prepared AC. The maximum
MB adsorption capacity on the AC is 245.70 mg/g. The adsorption
of MB fits the pseudo-second-order kinetic model.
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