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ABSTRACT

In this paper, activated carbon was prepared from cattail leaves (C-AC) by two-step procedures using
KOH as the activation agent. The structure and morphology of C-AC were characterized by scanning
electron microscopy, nitrogen adsorption and X-ray diffraction. C-AC that was highly porous and
had a high specific surface area (1546.56 m*.g) were obtained under activation at 750°C for 40 min,
which the adsorption process and equilibrium of methylene blue closely obeyed the pseudo-sec-
ond-order kinetic model and Langmuir isotherm. The adsorption capacity reached 498.95 mg-g™
with 15 mg adsorbent in 100 mg-L for 30 min at 303.15 K. The adsorption was endothermic, spon-
taneous, and a physically controlled process. This work provides a potential adsorbent from cattail
leaves for purification of wastewater containing dyes.
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1. Introduction

In various industries, dyes are used frequently and
make life colorful. Improper discharge of wastewater will
result in severe environmental problems. The toxicity and
irritation of dyes can harm animals, plants and even human
life [1-3]. Wastewater containing dyes must be purified
before discharged. Compared to other methods, adsorption
is a desirable way because of its simplicity in operation and
process control, high efficiency, as well as low material and
operational costs [4-6]. Activated carbon (AC) is an often-
used adsorbent for effective removal of dyes from waste-
water. As we all known that AC [7] is a carbon-rich material
containing a well-built internal pore structure. The high
surface area, well-organized macro-, meso-, and micropo-
res, as well as a wide range of chemical functional groups
on the surface of AC confer its versatile applications.

Biomass such as wood, nutshells, crops, crop waste,
and animal dung is the most abundant organic renewable
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resource in nature; it is inexpensive and has complicated
structures. Biomass-based AC provides more choices for
solving environmental problems. Methylene blue is cationic
dye widely used in textile dyeing and as an additive for
petroleum products. In a short period of time, it has harm-
ful effects on organisms. AC from various biomass like fir
wood, pine wood, oil palm wood, and apple shell showed
adsorption capacities of 580.1, 556, 90.9, and 48.31 mg-g™ for
methylene blue, respectively [8]. AC from Posidonia oceanica
leaves using ZnCl, as the activating agent showed an adsorp-
tion capacity of 285.7 mg-g™ for methylene blue [9]. The algi-
nate-beads-based AC had an adsorption capacity of up to
230 mg-g™ for methylene blue [10]. AC that prepared from
cashew nut shell obtained by ZnCl, activation could adsorb
methylene blue up to 476 mg-g™ [11]. The above works indi-
cated that AC from raw material with different original struc-
tures exhibited different adsorption performance. Therefore,
it is necessary to search for cheap and effective alternatives.
Cattail [12] is a genus of about 30 species of monocotyledon-
ous flowering plants. It thrives in shallow water with a depth
of 1 m or more. Because aquatic plants have relatively devel-
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oped aeration tissues, all the organs of cattail used for nutri-
tion have air cavities or ventilation tissues, which lead to a
large number of holes. The leaf length of cattail is 54-120 cm,
the upper part of which is flat and the lower part is a sponge-
like structure that is suitable for forming AC. The Brunau-
er-Emmett-Teller surface areas of cattail-based AC by H,PO,
activation were 1279 m?g™ and 1172 m*g™ [13,14]. KOH
activation is an often-used method to prepare activated car-
bon [15]. However, AC from cattail leaves prepared through
KOH activation has not been reported so far.

In this study, AC was prepared from cattail leaves as
starting material by using KOH as the activation agent,
which was used for the purification of methylene blue from
aqueous solutions.

2. Material and methods
2.1. Chemicals and raw materials

Potassium hydroxide (KOH), hydrochloric acid (HCI,
98%), NaOH and methylene blue were supplied by Yongda
Chemical Reagent Company Limited (Tianjin, China). All
of the chemicals were of analytical grade and were used as
received. Cattail leaves were collected from Daqing, Hei-
longjiang Province.

2.2. Preparation of activated carbon
2.2.1. Carbonization process

The cattail leaves were cut into uniform pieces (1 cm x
1 cm) and then ground to form a powder using a grinder
(Tianjin, China) and sieved to obtain particles with an
80-100 mesh.

Cattail leaf particles were placed in a porcelain boat
and placed in the middle of a tubular resistance furnace.
The first stage was performed from room temperature to
400°C at a heating rate of 10°C-min™ for 40 min in a nitrogen
atmosphere. The carbonized material was cooled to room
temperature in a nitrogen atmosphere and then taken out
for further activation.

2.2.2. Activation process

The carbonized material was immersed in KOH solu-
tion at 80°C for 16 h, dried in an oven at 105°C, and then

Table 1
Preparation scheme and results of AC from cattail leaf

placed in a tubular furnace. The porcelain boat was heated
to the specified temperature (Table 1) in a nitrogen atmo-
sphere. The activated sample was then immersed in 0.01
mol-L! HCI for 10 h,washed with distilled water at 80°C
until a neutral pH of the washings was achieved, and dried
at 105°C for 20 h. The obtained products were denoted as
C-AC-X-Y (X =700, 750°C; Y = 40, 50, 60 min).

2.3. Characterization of C-AC-X-Y

The surface morphologies of C-AC-X-Y were examined
by using a scanning electron microscope (Hitachi SU-70,
Japan). A thin layer of gold was sprayed on the surfaces
of the samples before observation. C-AC-X-Y was charac-
terized by the adsorption—-desorption isotherm of nitrogen
(ASAP 2020) at 77 K. The Brunauer-Emmet-Teller method
was used to determine the specific surface area and the pore
size distribution was calculated through the Barrett-Joyner—
Halenda method. X-ray diffractometer (XRD) (Rigaku, D/
max 2200) with Cu Ko radiation was utilized to analyze the
crystal structure of the samples.

2.4. Adsorption experiments

The experiments for batch adsorption were carried out
in a water bath shaker. In each experiment, a certain dos-
age of C-AC-X-Y and 50 mL of methylene blue were mixed
together in a conical flask and shaken at 110 rpm. The absor-
bents were removed by centrifugation after adsorption, and
the residual dye solution was obtained. The absorbance of
the residual dye solution and the standard curves of the dye
solution were recorded with a UV-visible spectrophotome-
ter (7230 G). The effects of the dosage, temperature, initial
pH value, concentration, and contact time were studied.
The pH of the dye solutions was adjusted using 0.01 mol-L-!
HCI or NaOH solution. In this work, C-AC-750-40 was used
to study the adsorption performance.

3. Results and discussion
3.1. Characterization of the prepared AC
3.1.1. SEM

The SEM images of cattail leaf, carbonized cattail leaf
and C-AC-750-40 are shown in Fig. 1. As shown in Fig. 1a the

Number KOH:C  Carbonization Carbonization A B C D
Temperature Time (min) Activation Activation time  Adsorption Yield (%)
(°C) temperature (°C)  (min) capacity (mg-g™)

1 4:1 400 40 700 40 496.14 50.49

2 700 50 494.63 58.16

3 700 60 471.96 55.61

4 750 40 498.95 34.67

5 750 50 498.79 32.09

6 750 60 189.27 32.22
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Fig. 1. SEM images of cattail leaf at (a) x30 and (b) x500; carbonized cattail leaf at (c) x30 and (d) x300; and C-AC-750-40 at (e) x30 and
(f) x200. C-AC is the abbreviation of activated carbon prepared from cattail leaves; X denotes the activation temperature; Y presents
the activation time. C-AC-700-50, C-AC-750-40 are the abbreviation of activated carbon prepared from cattail leaves activation at

700°C for 50min and 750°C for 40min, respectively.

interior of the cattail leaf, such as aerenchyma, vascular bun-
dle, paerenchyma cell, and posterior wall cell, has a compli-
cated structure. The thickness of the leaf epidermis is around
0.5 mm. After carbonization, the leaf obviously shrunk and
the thickness of the leaf epidermis decreased down to 50%.
After activation, the main structure was similar to that of the
carbonized cattail leaf. As shown in Figs. 1c and 1d, the 3D
network of the cattail leaf is clearly visible, and carboniza-
tion causes the pore diameter to decrease and the pore wall
to wrinkle after magnification. More new pores form on the
wall, which become thinner after activation (Fig. le) result-
ing from the reaction between the carbon atoms and KOH
under high temperature in the activation process.

3.1.2. BET

According to the Brunauer-Emmet-Teller and Barrett-
Joyner-Halenda methods, the specific surface area and pore
size distribution of C-AC-X-Y samples were studied by using
N, adsorption/desorption experiments. As shown in Fig. 2a,
C-AC-X-Y has a typical type IV adsorption/desorption iso-
therm according to the IUPAC classification. The platform is
close to horizontal, suggesting that there are a large number
of microporous structures in AC. The N, adsorption isotherm
for each sample rapidly increases and the adsorption rate is
rapid in the relative pressure range (P/P ) of <0.1, indicating
the existence of micropores [16]. When the relative pressure
is in the range of 0.1 < P/P < 1, the nitrogen isotherm tends
to rise slowly, showing that AC in the relatively high-pres-
sure area of N, adsorption quantity is very scant. There is a
closed loop in the stripping absorption curve. The adsorption

branches do not overlap [17]. As shown in Table 2, higher
temperature and longer time are beneficial to the formation
of pore structure. The C-AC-750-40 is highly porous and has
a high specific surface area (1546.56 m*g™) and average pore
size of 2.1704 nm.

3.1.3. XRD

From the XRD diagram, two broad diffraction peaks
appeared at about 23° and 43°, which can be indexed to the
(002) and (100) lattice planes [18], indicating the character-
istic of amorphous carbon of AC. High intensity in the low
angle region may be due to large ratio of micropores in the
six samples which is further confirmed from the N, adsorp-
tion-desorption measurements in Figs. 2a and 2b. As shown
in Fig. 2¢, the diffraction peak intensity of sample C-AC-
750-40 is the lowest which certifies that its crystallinity is
the lowest, the ordered structure of the molecule is the most
disruptive, and there are more holes and gaps between
molecules. Therefore, methylene blue is easier to enter the
inside of C-AC-750-40. This proves that the adsorption
capacity of C-AC-750-40 is the largest in all samples.

3.2. Performance in methylene blue adsorption
3.2.1. Effect of dosage of C-AC-750-40 on the adsorption

The effect of the AC dosage on the removal rate of meth-
ylene blue is shown in Fig. 3a. When the AC dose increased
from 5 mg to 30 mg, the removal rate increased from 92.7%
t0 99.98% and the absorption capacity increased from 315.6
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Table 2
Pore structural parameters and specific capacity of the C-AC-X-Y samples
Sample SBET Langmuir Micropore VTotal Micropore D
m2- g—l m2 g-1 m2 g—l cmd- g—l cm?- g—l nm
C-AC-700-40 1245.06 1826.27 1080.74 0.6479 0.5649 2.0815
C-AC-700-50 142113 2093.72 931.93 0.7587 0.4955 2.1489
C-AC-700-60 984.54 1442.07 871.51 0.5016 0.4553 2.0379
C-AC-750-40 1546.56 2273.26 1255.86 0.8392 0.6565 2.1704
C-AC-750-50 1283.69 1900.22 901.93 0.6703 0.4798 2.0888
C-AC-750-60 565.15 831.65 468.15 0.3145 0.2445 2.2262
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Fig. 2 (a) N, adsorption—desorption isotherms of C-AC-700-50 and C-AC-750-40; (b) BJH pore-size distributions (inset) of C-AC-700-
50 and C-AC-750-40; (c) XRD patterns of the C-AC-X-Y samples. C-AC is the abbreviation of activated carbon prepared from cattail
leaves; X denotes the activation temperature; Y presents the activation time. C-AC-700-50 and C-AC-750-40 are the abbreviation of
activated carbon prepared from cattail leaves activation at 700°C for 50 min and 750°C for 40 min, respectively.

mg-g™ to 498.95 mg-g'. This phenomenon is due to the
increase in adsorbent dosage, which provides more active
adsorption sites and increases the contact area of the dye
and adsorbent so that the removal rate increases. When the
adsorbent was more than 10 mg, the change in removal rate
was not obvious, and the dye solution was colorless. C-AC-
750-40 was therefore effective for the removal of methylene
blue from aqueous solution.

3.2.2. Effect of pH on the adsorption

The effect of pH on the removal rate of methylene blue is
shown in Fig. 3b.The pH affects not only the surface charge
of the adsorbent, but also the chemical properties of the dye
solution [19]. The effect of pH on the adsorption of methylene
blue by C-AC-750-40 was not significant, about 99.8-99.85%.
Therefore, the pH in the experimental range has little effect
on the adsorption of methylene blue on C-AC-750-40. The
reason is that the adsorption of the dye group is first affected
by the surface charge of the AC, and is then affected by the
pH of the solution. The surface of the polar functional group
provides a sufficient negative charge, which gives AC a bet-
ter adsorption effect for methylene blue.

3.2.3. Effect of initial dye concentration on the adsorption

The effect of the initial dye concentration on the removal
rate of methylene blue is shown in Fig. 3c. As the initial

concentration of methylene blue increased, the removal
rate decreased gradually from 99.99% to 63.35%. Because
of the constant adsorbent dosage, the adsorption sites were
also certain. When the adsorption reached equilibrium,
the adsorption sites were saturated. When the initial con-
centration of methylene blue increased, the removal rate
decreased. The increase in methylene blue concentration
increased the probability of collision with the adsorbent and
increased the adsorption capacity. Because of the restriction
of adsorption capacity, however, the adsorption capacity of
C-AC-750-40 for methylene blue decreased gradually.

3.2.4. Effect of contact time on the adsorption

The adsorption dynamics of the methylene blue system
strongly depend on the contact time. As shown in Fig. 3d,
the change in adsorption capacity during the first 60 min
took place the fastest and then became slower. The equilib-
rium time of the adsorption of methylene blue on C-AC-
750-40 at 303.15 K was 120 min, and the corresponding
adsorption capacity was 498.95 mg-g™. At the beginning
of adsorption, methylene blue is mainly adsorbed on the
surface of C-AC-750-40, resulting in a high adsorption rate.
With the adsorption process, the methylene blue concen-
tration gradually decreased. At the same time, methylene
blue diffused into the pores of C-AC-750-40 and the dif-
fusion resistance gradually increased. The adsorption rate
is mainly dependent on the diffusion rate, resulting in a
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Fig. 3. The effect of (a) activated carbon dosage (T =303.15K; t =5 h; C = 100 mg-L™; V = 50 mL), (b) pH (dosage = 10 mg; T = 303.15
K;t=2h; C=100mg-L"; V =50 mL), (c) concentration (dosage = 10 mg; t =2 h; V =50 mL), and (d) contant time (dosage = 10 mg; C

=100 mg-L*; V = 50 mL) on the adsorption of methylene blue.

lower adsorption rate. At the end of adsorption, adsorption
mainly occurs in the pore surface of AC. The driving force
weakens, and adsorption reaches equilibrium. The removal
rate changes from 80.65% to 99.89%.

3.3. Adsorption isotherms

Langmuir [20] and Freundlich [21] isotherm models are
well-known adsorption isotherms. The equilibrium adsorp-
tion of methylene blue on C-AC-750-40 at 303.15 K, 313.15
K, and 323.15 K was analyzed using adsorption isotherms,
as discussed below (Table 3). The R?values of the Langmuir
isotherms are 0.99956, 0.99922, and 0.99954, respectively.
However, R? values of the Freundlich isotherms are much
lower. These indicate that the data fitted well the Langmuir
isotherm in the present adsorption studies.

3.4. Adsorption kinetic models

In this study, three kinetic models were used to describe
the reaction order of adsorption of C-AC-750-40 on methy-
lene blue, such as the pseudo-first-order model [22], pseu-
do-second-order model [23,24], and intraparticle diffusion

Table 3
The parameters of adsorption isotherms formethylene blue at
different temperatures

T (K)

303.15 313.15 323.15
Langmuir
K,, L-mg™ 1.223 1.078 2.966
q,, mg-g! 636.968 758.081 761.215
R? 0.99956 0.99922 0.99954
Freundlich
K, L-g?! 530.033 556.524 587.103
1/n 0.04043 0.07559 0.07558
R? 0.98208 0.97089 0.89922

model [25]. Fig. 3d shows that equilibrium was established
at 60 min at a temperature of 303.15 K, while equilibrium
was reached at 50 min at 313.15 K and 323.15 K. The corre-
sponding adsorption capacities were 498.95 mg-g™, 499.10
mg-g™, and 499.45 mg-g™.
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Fig. 4. Fitting curves of the (a) Langmuir isotherm, (b) Freundlich isotherm, (c) pseudo-first-order model and (d) pseudo-second-or-

der model; (e) intraparticle diffusion equation.

The plots and parameters of kinetic model for C-AC-
740-40 are shown in Figs. 4c, d, e and Table 4. The correlation
coefficients R* (~0.99) of the pseudo-second-order model
were more uniform and higher than those of the pseu-
do-first-order model. Moreover, the calculated adsorption
capacity (q,,,) form the pseudo-second-order model was
closer to the experimental adsorption capacity (qem). As
the temperature increased, K, gradually became larger. This
indicates that the increased temperature was favorable for
the adsorption. The results suggested that the adsorption
of methylene blue on C-AC-750-40 fitted the pseudo-sec-
ond-order model better than the pseudo-first-order model.

The plot in Fig. 4e is not linear over the entire time range.
In three consecutive processes, the adsorption of methylene
blue on C-AC-750-40 is continuous. This behavior suggests
that more than one process affects adsorption, but only one
process limits the rate within a specific time frame. In the
initial stage of adsorption reaction, a good linear relation-
ship was shown. This process corresponds to the diffusion
of dye molecules from the solution body to the adsorbent
surface. The second part corresponds to the slow adsorp-
tion process, in which the internal diffusion is the decisive
step. The third part is adsorption equilibrium. The slope of
the linear portion reflects the rate of adsorption.

The Arrhenius equation [26] was used to calculate the
activation energy of the adsorption:

InK,=-E /RT +In K

Table 4

The parameters of kinetic models for methylene blue adsorption

at different temperatures

T(K)

303.15 313.15 323.15
Doy MGG 498.95 499.10 499.45
Pseudo-first-order
K, min™! 0.05720 0.07555 0.05601
Doy MGG 93.86 76.32 3892
R? 0.98185 0.96711 0.95442
Pseudo-second-order
K,x10°, mg-g-min 1.62 2.75 3.77
ey MGG 505.05 502.50 502.50
R? 0.99998 0.99997 0.99999
Intraparticle diffusion
k,, mg-g'-min™* 151.1712 156.4675  159.1489
R? 0.96767 0.97813 095517
k, mg-g*-min=0> 10.31003  5.66515 5.72376
R? 0.96619 0.95937 0.84542
k., mg-g'-min=*° 2.19192 0.67837 0.70286
R? 0.76288 0.82722 0.86030
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The value of E, is also evaluated by plotting In K, ver-
sus T™'. Generally speaking, low activation energies (540
kJ-mol™) are characteristic of physical adsorption. In this
study, the E  value is 34.48 kJ-mol™" for the adsorption
of methylene blue on C-AC-750-40. It is shown that the
adsorption should be a physically controlled process.

3.5. Thermodynamic parameters

It is important to study the thermodynamic parameters
for evaluating the spontaneity of the adsorption process.
The adsorption of methylene blue by C-AC-750-40 was cal-
culated from temperature data and the free energy change
(AG®), enthalpy change (AH®), and entropy change (AS®)
[27,28]:

The values of AG® and AH° were obtained from the
slope and intercept of the van’t Hoff curve. The thermody-
namic parameters are as follows: AH® = 150.628 kJ-mol™,
AS° =26.218 J-K™-mol" and AG® = —19.591 kJ-mol, —20.640
kJ-mol™, —22.624 kJ-mol™ at 303.15 K, 313.15 K, and 323.15
K, respectively. The negative value of AG®° [29] reflects the
spontaneous and viable adsorption of methylene blue on
the adsorbent. AH® has a positive value [30], indicating that
the adsorption is endothermic. AS® has a positive value [31],
which shows that the randomness of the interface increases
during the adsorption process. These results prove that the
higher the temperature, the better the adsorption effect.

4. Conclusions

In summary, AC was prepared by two-step procedures
with single KOH as the activation agent from cattail leaves.
SEM showed that cattail leaf had complex internal structures.
Carbonization made the pore diameter decrease and the
pore wall wrinkle. After activation, C-AC-750-40 exhibited
high specific surface areas (1546.56 m*g™) and an average
pore size of 2.1704 nm. The maximum adsorption capacity
for methylene blue at equilibrium was 498.95 mg-g™. The
adsorption followed the Langmuir isotherm and the pseu-
do-second-order kinetic well. The calculated activation
energy is 34.48 kJ-mol”, indicating that the adsorption of
methylene blue onto activated carbon is a physically con-
trolled process. Adsorption is a spontaneous and endother-
mic process, as thermodynamic studies have shown. This
research indicates that C-AC is a promising absorbent for
purification of wastewater.
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