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Single-step synthesis of eucalyptus sawdust
magnetic activated carbon and its adsorption
behavior for methylene blue

Congjin Chen, {*2 Shuai Mi,® Dongmei Lao,? Panpan Shi,® Zhangfa Tong, 2
Zhixia Li® and Huayu HuP®

Eucalyptus wood-based magnetic activated carbon (MAC) was prepared using single-step carbonization
activation magnetization with FeCls and utilized for the adsorption of methylene blue (MB). The MAC
was prepared using the following conditions: the mass ratio of FeCls to eucalyptus sawdust was
controlled to 2 : 1, the one-step carbonated activated magnetization temperature and time was 700 °C
and 75 min. The prepared MAC was evaluated for textural characteristics such as the adsorption
capacity, pore structure, surface chemical functional groups, magnetic properties, microcrystalline
structure, and the surface morphology using the test methods described in the National Standard of
China, these were N-adsorption—desorption isotherms, Fourier transform infrared spectroscopy (FTIR),
value stream mapping (VSM), X-ray diffraction (XRD) and scanning electron microscopy (SEM). Batch
experiments were carried out to evaluate the adsorption behavior of MB on the prepared MAC at
different temperatures of 298-328 K and MB initial concentration of 50.0-500.0 mg L™% The results
were as follows: the iodine number, methylene blue adsorption and phenol adsorption of the prepared
MAC were 47314, 22822 and 70.90 mg g~ ! respectively; MAC exhibited a microporous and
mesoporous structure with a mesoporosity of 36%, the BET specific surface area, average pore diameter
and pore volume were 64523 m? g~% 2.71 nm and 0.44 cm® g%, respectively, and for the magnetic
parameters the following results were found, a H. of 108.51 Oe, M of 30.37 emu g~ and M, of 2.46
emu g~} there were OH, C-0O, C=0, C=C, COO, C-N, and Fe—O groups on the MAC surface, and
FesO4 existed in the pores and surfaces of the MAC. The MB adsorption on the MAC followed the
Langmuir isotherm and Dubinin—Radushkevich isotherm model, the adsorption process was
a spontaneous, endothermic chemisorption progress, followed by the pseudo-second-order model, and
the adsorption process was influenced by multiple diffusion steps, the pore diffusion process was the
rate-controlling step, however, the adsorption process was also affected by the film diffusion and
surface adsorption. The results reveal that MAC efficiently adsorbs MB and can be easily separated and
recovered by an external magnetic field. The as-prepared MAC could be used as a potential adsorbent

for organic pollutant wastewater treatment.

of waste water® and waste gas® produced by industrial manu-
facturers or daily activities. With the increasing shortage of

Porous carbon materials have widespread applications, such as
being used as sorbents for wastewater treatment,"* catalysts or
energy carriers® and electrodes for energy storage.* Owing to its
characteristic well-developed porous construction and plentiful
surface functional groups, activated carbon is one of the most
commonly used adsorbents for the treatment and purification
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water, it is important to protect water resources’ and control
water pollution effectively. Printing and dyeing wastewater® is
one of the main sources of industrial water pollution and has
a higher chrominance and organic content, which is compli-
cated in terms of chemical composition® and is difficult to deal
with. There is a continuous demand to remove dye efficiently
from aqueous solutions and reduce the concentration to below
the discharge threshold limits.'* Compared with other methods
of water pollution control, such as coagulation/flocculation,
advanced oxidation processes, ozonation, membrane filtration
and biological treatment,'* adsorption is considered to be
a high efficient, green, low cost and easy to use procedure for
the removal of dyes.” Activated carbon, as one of the most
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commonly used adsorbents, could be used to adsorb the
organic pigment™° during the treatment of wastewater, as it
has rich pore structure and excellent specific surface area.

At present, however, the main raw material for producing
activated carbon is coal, a non-renewable resource, and
powdered activated carbon is difficult to separate from the
solution after wastewater treatment. Therefore, a growing
number of researchers have taken an interest in synthesizing
magnetic activated carbon (MAC)**>* or using renewable
resources to produce activated carbon. The renewable resources
used are mainly industrial and agricultural waste, such as
peanut shells,>*?¢ pine nut shells,” banana pseudo-stems and
so forth.”® Compared with conventional activated carbon, MAC
is more applicable in wastewater treatment because it can be
easily removed from the solution through magnetic separation
technology after adsorbing the pollutants.*

Eucalyptus is a renewable resource and grows quickly.
Eucalyptus wood sawdust (EWS) could replace coal to produce
activated carbon, and if suitable magnetic materials are added,
it can become MAC. This does not have the deficiency of being
difficult to recycle compared with ordinary powdered activated
carbon when applied in wastewater treatment. Although the
adsorption behavior of methylene blue (MB) on eucalyptus
wood-based activated carbon or magnetic activated carbon is
rarely reported, eucalyptus wood-based activated carbon has
been used to eliminate cadmium® and chromium(vi)** from
aqueous solutions.

Herein, eucalyptus wood-based MAC was prepared by single-
step carbonization activation magnetization with FeCl;. MB was
selected as a model dye for the study and the adsorption
behavior, adsorption isotherm, kinetics and adsorption mech-
anism of MB on MAC were comprehensively investigated.

2. Materials and methods
2.1 Materials

Eucalyptus grandis wood chips, were provided by Guangxi
Gaofeng Farm, China. The wood chips were washed to remove
dust and any other impurities, dried at 100 °C for 24 h, then
smashed and sieved with 40 and 60 mesh screens, and sawdust
with particles of 0.25-0.42 mm were selected as the precursor
for production of activated carbon. Ferric trichloride hexahy-
drate (FeCl;-6H,0, used as an activator and magnetic agent),
methylene blue (C;6H;3N3SCl), phenol (CsH5;OH), hydrochloric
acid (37% HCl), iodine (I,), potassium iodide (KI), sodium
thiosulfate (Na,S,0;), potassium dichromate (K,Cr,0;), copper
sulfate pentahydrate (CuSO,-5H,0), sodium phosphate dibasic
(NaH,PO,), potassium dihydrogen phosphate (KH,PO4), and
the other necessary reagents were purchased from the Shanghai
Sinopharm Chemical Reagent Company Ltd. (Shanghai, China).
All chemicals were of analytical grade and produced in China.

2.2 Methods

2.2.1 Single-step method for the preparation for MAC. The
MAC was prepared through a one-step carbonization and acti-
vation method. Eucalyptus sawdust (20.0 g) with particles of
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0.25-0.42 mm was mixed with 50 mL of FeCl; aqueous solution
(the mass ratio of FeCl; to eucalyptus sawdust was 2 : 1, 66.6 g
of FeCl;-6H,0O was dissolved in 50 mL of distilled water and
FeCl; aqueous solution was obtained) and kept at room
temperature for 24 h. Then, the samples were dried, after that
the commixture materials were placed into a porcelain crucible
and heated for 75 min in a muffle furnace at 700 °C, the
carbonized, activated materials were washed with HCI aqueous
solution, hot and cold deionized water until the pH of the
washing solution reached 6-7, filtered and finally dried at
110 °C for 24 h. After being smashed and screened through
a 120 mesh sieve, the MAC was obtained, weighed, and stored in
tightly closed bottles until further analysis.
The yield of the MAC was calculated according to eqn (1).

Y (%) = Mac/My x 100 (1)

In which M, is the weight of the prepared MAC sample and M,
is the weight of the dried eucalyptus sawdust.

2.2.2 Characterization of the prepared MAC. The adsorp-
tion capacity of iodine, methylene blue, phenol and the iron
content of the prepared MAC were determined according to the
test methods for wooden activated carbon described in the
National Standard of China,**?* GB/T 12496.8-2015, GB/T
12496.10-1999, GB/T 12496.12-1999 and GB/T 12496.19-2015,
respectively.

The pore volume and specific surface area of the prepared
MAC sample was determined according to the test methods for
granular activated carbon from coal described in the National
Standard of China GB/T 7002.20-2008. Prior to testing, the
activated carbon was dried at 150 + 5 °C for 2 h. The porous
structural properties of the prepared MAC sample were studied
using a N, adsorption-desorption isotherm measured using
a Micromeritics TriStar-3020 at 77 K. The specific surface area
was analyzed using the Brunauer-Emmett-Teller (BET) equa-
tion at a relative pressure of P/P, = 0.05-0.35. The micropore
volumes (Vinicro) Were calculated from the adsorption quantity
corresponding to the starting point of the hysteresis ring on the
N, adsorption-desorption isotherm. The mesopore volumes
(Vineso) Were calculated using the adsorption quantity corre-
sponding to the terminal point of the hysteresis ring by sub-
tracting the adsorption quantity corresponding to the starting
point of the hysteresis ring on the N, adsorption-desorption
isotherm.* The Barrett-Joyner-Halenda (BJH) method was used
to obtain the total pore volume and the pore size distribution of
the prepared MAC sample. The surface functional group of EWS
and the prepared MAC sample was measured using Fourier
transform infrared spectrometry (FTIR) (Nicolet 6700, America
Nicolet Corporation), and data analysis employing OMNIC
software. The crystalline structural information was analyzed
using X-ray diffractometry (XRD, Ultima IV), within a 26 range of
5-80°. The magnetic properties of the prepared MAC were
measured on a vibrating sample magnetometer (VSM) (Lake
Shore 7410) at room temperature. The magnetic hysteresis
curve was plotted and used to analyze the specific saturation
magnetization (M), coercivity (H.) and residual magnetism
(M;). The surface appearance and the pores of the prepared
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MAC sample were analyzed using a field emission scanning
electron microscope (FESEM) (SUPRA 55 Sapphire) or a field
emission transmission electron microscope (FETEM) (JEOL
JEM 2100).

2.2.3 Adsorption behavior of MB on the prepared MAC

2.2.3.1 Adsorption isotherms. A batch experiment was con-
ducted to evaluate the adsorption behavior of MB onto the
prepared MAC. The adsorption experiments were carried out
using 50.0 mL of MB solutions with different initial concen-
trations (50.0-500.0 mg L', concentration gradient of
50.0 mg L") with 50.0 mg of the activated carbon at various
time intervals (from 0 min to 24 h) and temperatures (25, 35, 45,
and 55 °C) in order to determine the adsorption equilibrium
time and the maximum adsorption of MB.

In a typical run, 50.0 mL of methylene blue (MB) aqueous
solution with an initial concentration of 250.0 mg L' was
placed in a 250 mL Erlenmeyer flask. 0.0500 g of the prepared
MAC, which was less than 75 pm in diameter, was added to the
flask, then the flask was put into a digital water-bathing
constant temperature vibrator and shaken at a speed of
100 rpm at 308 K for 24 h to reach equilibrium. Then, the MAC
was separated from the liquid phase methylene blue aqueous
solution using magnets and the mixtures were filtered, the
filtrate concentration of each solution was determined from the
absorbance of the filtrate measured using a UV/VIS spectro-
photometer at MB maximum adsorption wavelengths of
665 nm. The MB mass concentration, C; or C., of the filtrate
could be calculated according to the relationship calibration
curve between the MB mass concentration and absorbance. The
amount ¢, (mg g~ ') of MB adsorbed onto the MAC was deter-
mined by the difference between the initial and remaining
concentration of the MB solution, calculated using eqn (2):

Co— Ce))V
o) = M @)

1000 x Mac
In which C,, C; and C, were the initial, remaining and equi-
librium concentration (mg L") of the MB solution, respectively,
V was the volume of the MB aqueous solution (mL), and Muc
was the mass of the added MAC (g).

Prior to all of above described processes, the relationship
calibration curve between the MB mass concentration and the
absorbance was established according to the Lambert-Beer law.
The method of fitting the standard curve was as follows: firstly,
the maximum absorption wavelength of the MB aqueous solu-
tion in the visible region was determined (665 nm); secondly,
accurate concentrations of MB aqueous solution (0.1458,
0.2916, 0.729, 1.458 and 2.916 mg L ' respectively) were
prepared and the absorbance at a maximum wavelength of
665 nm was determined; finally, the relationship calibration
standard curve between the absorbance and concentration of
the MB aqueous solution was plotted.

When the adsorption process reached an equilibrium state,
the distribution of the adsorbate MB molecules between the
liquid phase MB aqueous solution and the solid phase of the
prepared MAC was analyzed using the adsorption isotherm,**
and Langmuir,*” Freundlich,®® Temkin,* and Dubinin-
Radushkevich* isotherm model equations were used to fit the
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experimental data for MB adsorption on the prepared MAC.
These isotherm model equations can be expressed as eqn (3)-
(10).

Langmuir isotherm:

Ce 1 Ce
o« Kian @
ky = ko exp(—E,/RT) (4)
Ri =11+ k.C) 5)
Freundlich isotherm:
Ing. = % In ¢, +In kg (6)
Temkin isotherm:
qe:Iz—:lnAT—o—I;—:lnce (7)
Dubinin-Radushkevich isotherm:
In g, = In g, — kuqe® (8)
e— RT 1n[1+clj 9)
1
= il (10)

In which g. (mg g~ ") was the amount of MB adsorbed at equi-
librium, c. (mg L") was the equilibrium concentration of the
MB solution; ¢, (mg g ') and ¢, (mg g~ ') were the maximum
amount of MB adsorption in the Langmuir isotherm and the
Dubinin-Radushkevich isotherm model, respectively; k; (L
mg ') was the Langmuir adsorption equilibrium constant
related to the adsorption rate. The E, (activation energy) can be
calculated using &y, at different temperatures and the adsorption
process can be determined whether there is a chemical process
(E. > 0) or a physical process (E, = 0) in the Langmuir isotherm.
The Ry, value indicates the nature of adsorption to be either
unfavorable (R, > 1), linear (R;, = 1), favorable (0 < R;, < 1) or
irreversible (R, = 0). k (mg g*) (L mg™")*") is the Freundlich
constant representing the adsorption capacity, n was the
Freundlich constant depicting the adsorption intensity; R and T
represented the gas constant (8.314 J (mol ' K™')) and absolute
temperature (K), respectively; by is the constant related to the
adsorption heat and Ar is the Temkin isotherm constant; k.q
(mol® kJ~?) is the constant of the adsorption energy, which is
related to the mean adsorption energy in the Dubinin-
Radushkevich isotherm model; E is the mean adsorption
energy, for which the value can determine whether a phys-
isorption process or chemisorption process occurred in the
Dubinin-Radushkevich isotherm, as physisorption processes
have adsorption energies in the range of 1-8 k] mol™" and
chemisorption processes have an adsorption energy larger than
8 k] mol*.#

This journal is © The Royal Society of Chemistry 2019
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2.2.3.2 Adsorption thermodynamics. The thermodynamic
behavior of MB adsorption onto MAC was evaluated using the
thermodynamic parameters including the change in the Gibbs
free energy (G), enthalpy (H), and entropy (S). The change in the
Gibbs free energy (AG) can be used as a standard of judgment
for whether an adsorption process is spontaneous, the change
of enthalpy (AH) describes whether an adsorption process is an
exothermic process and the change of the entropy (AS) indicates
whether the molecular movements have become more unor-
dered. These parameters are calculated from the following eqn
(11)-(14):

AH AS
111 Kd = *ﬁ‘f’? (11)
qe
K== 12
a= (12)
AG = —RT In(Ky) (13)
AG = AH — TAS (14)

In which the value of R is 8.314 ] (mol " K™ '), T is the absolute
temperature (K), and Ky is the distribution coefficient for the
adsorption at temperature 7.

2.2.3.3 Adsorption kinetics. The kinetic experiments were
carried out with 50 mL of MB solutions with initial concentra-
tions of 150 or 250 mg L™ " with 50 mg of the MAC in 250 mL
Erlenmeyer flasks. The flasks were put in a digital water-bathing
constant temperature vibrator and shaken at a speed of 100 rpm
at temperatures of 298, 308, 318 and 328 K for different periods
of time, respectively. Then the MAC was separated from the
liquid phase MB aqueous solution using magnets, the mixtures
were filtered, the filtrate was analyzed to determine the MB dye
concentration, and the amount ¢, (mg g ") of MB adsorbed onto
MAC was calculated according to eqn (2). The adsorption
kinetics of the MB were investigated using the pseudo-first-
order rate equation, the pseudo-second-order rate equation
and the intraparticle diffusion model rate equation. The three
sorption kinetic equations are expressing as follows in eqn (15)-
(27):

Pseudo-first-order equation:

In(ge — q) =In g — kit (15)
Pseudo-second-order equation:
t 1 1
— = + —1 16
g kg’ ge (e)
Intraparticle diffusion equation:
qu=rhat'?+ C (17)

In which g. and g, were the amounts of MB adsorbed (mg g~ ") at
the equilibrium time and at time ¢ (min), respectively; k;
(min~") was the rate constant of the pseudo-first-order equation
and k, (g mg~ " min) was the rate constant of the pseudo-second-
order equation, k; (mg g min*?) was the intraparticle diffusion
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rate constant, C (mg g ') was a constant associated with the
thickness of the boundary layer, for which a higher value cor-
responded to a greater effect on the limiting boundary layer and
a greater contribution of the surface sorption in the rate
controlling step. The ¢ is the time of absorption.

2.2.3.4 Adsorption mechanism of MB on the prepared MAC.
Fourier transform infrared spectrometry, transmission electron
microscopy (TEM) and X-ray photoelectron spectroscopy (XPS)
analysis of the prepared MAC before and after MB adsorption
were used to determine the adsorption mechanism of MB on
the prepared MAC.

3. Results and discussion

The iodine number, MB adsorption and phenol adsorption of
the prepared eucalyptus wood-based MAC were determined
using the test methods for wooden activated carbon described
in the National Standard of China and were found to be 473.14,
228.22 and 70.90 mg g~ ', respectively. The MB adsorption of the
prepared MAC in this study was higher than that reported by
Bedin et al,” 211.3 mg g ' of MB was adsorbed onto the
spherical activated carbon, which was estimated using the
Langmuir isotherm models. The adsorption capacity was higher
than the adsorption of 143.53 mg g ' of MB on mesoporous-
activated carbon prepared from chitosan flakes as reported by
F. Marrakchi, et al.® However, the MB adsorption was lower than
the mesoporous activated carbon from rattan furniture waste
carbonized using hydrothermal carbonization and activated by
NaOH with a maximum MB uptake of 359 mg g~ ',** the possible
cause for this could be because the pores of the carbon were
blocked by the magnetic material.

3.1 Characterization of the prepared MAC

3.1.1 Pore characterization of the prepared MAC. The pore
structure characterization of the adsorbents was determined
from the adsorption of inert gases.** The adsorption-desorption
isotherms of N, at 77 K and the BJH pore size distribution of the
MAC prepared from eucalyptus wood sawdust activated using
FeCl; are shown in Fig. 1. The properties and parameters of the
pores, including the Sggr, Vinicy Vmes Veotal, Mesoporosity and Wy
are listed in Table 1.

The prepared MAC was a microporous and mesoporous
carbon material. According to the IUPAC classification, the
isotherms of the MAC were typical Type IV adsorption
isotherms. The MAC derived from eucalyptus sawdust activated
with FeCl; had the characteristics of a mesoporous material, as
obvious hysteresis loops can be seen in the adsorption-
desorption isotherms, this was also proved by the mesoporosity
of 36% and the average diameter of 2.71 nm, as shown in Table
1. This statement was also confirmed by the pore size distri-
bution of MAC shown in Fig. 1 analyzed using the BJH theory.

The BET surface area of the prepared MAC calculated using
the standard BET method was 645.23 m> g~ '. The total pore
volume of the prepared MAC was 0.44 cm?® g~ . The size of the
formed pores influences the porosity, the total surface area
available for adsorption and most importantly, the size of the

RSC Adv., 2019, 9, 22248-22262 | 22251
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Fig. 1 N, adsorption—desorption isotherms at 77 K and the BJH pore
size distribution of the prepared MAC.

molecules that can diffuse into the solid.*® The average pore
diameter of the prepared MAC was 2.71 nm, greater than the
MB molecular diameter of 0.8 nm (MB molecule width of
1.43 nm, depth of 0.61 nm, thickness of 0.4 nm,*® and a molar
volume of 241.9 cm® mol ™ (ref. 46)), which is of benefit for the
MB molecule to enter the pores of MAC and promotes contact
between the adsorption sites of MAC and the MB molecules,
improving the MB adsorption on the surface of the prepared
MAC.

3.1.2 Magnetic properties. The magnetic properties of the
MAC were evaluated using the magnetic hysteresis curves ob-
tained, these are the most important characteristics of
a magnetic material, and reflect magnetic indicators including
the coercive force (H.), saturation magnetization (M;) and
remnant magnetization (M,), the results are displayed in Fig. 2.
Specific magnetic parameters of the prepared MAC are also
compiled in Table 2.

The results, magnetization hysteresis loops and the satura-
tion magnetization of 30.37 emu g ' indicated that the acti-
vated carbon was successfully coated with the magnetic

Table 1 The pore parameters of the prepared MAC
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Fig. 2 Magnetic hysteresis loops of the prepared MAC.

material. Similar results were reported by Song et al,” who
synthesized MAC via a modified coprecipitation reaction and
the value of the saturation magnetization of the MAC was
33.207-37.535 emu g~ . The coercive force is one of the main
properties that can be used to distinguish soft magnetic mate-
rials from hard magnetic materials. In generally, soft magnetic
materials are materials that have a coercive force from 0.16 A
m~" (0.002 Oe) to 400 A m~" (5 Oe), and hard magnetic mate-
rials have a coercive force from 10 kA m ™" (125 Oe)to 1 MAm ™"
(12 kOe).*® The coercive force of the prepared MAC in this study
was 108.51 Oe, meaning it is a hard magnetic material. More-
over, the results showed that the remnant magnetization (M,)
was small and the number was 2.46 emu g '. All in all, the
prepared activated carbon was magnetic, and could be sepa-
rated using a magnetic separator. This meant that the prepared
activated carbon could be recycled from waste water via a simple
magnetic separator, meaning that the MAC could be separated
and avoiding secondary pollution.

3.1.3 FTIR of the EWS and MAC. The FTIR spectrum of the
raw materials of EWS and the prepared MAC is shown in Fig. 3.
The peak at 3000-3500 cm ™' was assigned to the hydroxyl ~OH.
The peaks at 1799 cm™ ' were identified as the C=O stretching
vibration from the carbonyl and carboxyl groups.** The peak at
1579 cm ! was regarded as being from the C=C stretching
vibration.* The sharp peak that appeared at 1400 cm ™' may
belong to the bending vibrations of the C-N group® or the
stretching vibration of the COO group in the carboxylic
groups.™ The characteristic peak at 1122 cm™ " was attributed to
the C-O stretching vibrations.®® The peaks at 622 and 588 cm ™"
were ascribed to the Fe-O bending vibrations of Fe;O, or vy-
Fe,0;.*%° The peak at 877 cm™ ' was assigned to the Fe-O
bending vibrations.* The peak at 696 cm ™" could also be caused
by the Fe-O bond vibration.”” Compared with the FTIR spec-
trum of the raw material of EWS, a peak for Fe-O appeared and
the -CH; peak disappeared in the FTIR spectrum of the

Mesoporosity
SBET (mz gil) Vtutal (cm3 gil) Vmicro (cm3 gil) Vmesupore (CmS gil) (0/0) Wd (nm)
645.23 0.44 0.28 0.16 36 2.71
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Table 2 Magnetic properties of MAC

Materials H. (Oe) M, (emu g™ ) M, (emu g™ ) M,/M;
MAC 108.51 30.37 2.46 0.081
C-N or COO
-OH-OH C=0 or C=C C-C
CH, c=0i CN
EWS GO J
Vammmaasss
/\
)
A
r\—n—
MAC /_/_/"\,\ (\_/
\ Fe-O Fe-O

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber /cm™

Fig. 3 FTIR spectrum of the EWS and MAC.

prepared MAC. These characteristic adsorption peaks showed
that some iron oxides were doped into the prepared carbon
material.

3.1.4 XRD of the EWS and MAC. The XRD spectrum of the
raw material of EWS and the prepared MAC is shown in Fig. 4.
The peaks at 26-16.60°, 18.30°, 22.21°, 34.68° in the XRD
spectrum of EWS represent the major crystal planes of (101),
(10-1), (002) and (040) for cellulose in the eucalyptus sawdust,
respectively.®® The characteristic peak of cellulose in EWS
disappeared, indicating that the EWS had undergone pyrol-
ysis, its structure was broken, and carbon was formed. The
peaks at 26-30.10°, 35.45°,43.12°, 53.57°, 56.92°, and 62.56° on
the XRD spectrum for MAC, are indexed as the planes of (220),
(311), (400), (422), (511) and (400)* and are characteristic
absorption peaks for magnetite (Fe;0,) according to PDF card
19-0629. The XRD spectrum showed that the magnetic carbon
was successfully synthesized and the magnetic material was
Fe;0,.*° The characteristic peaks for the activated carbon were

EWS

MAC

10 20 30 40 30 60 70 80
20 (degree)

Fig. 4 XRD spectrum of EWS and MAC.
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not obvious, and this phenomenon could be due to the influ-
ence of Fe;O, with a high absorption peak and a high
crystallinity.®®

3.1.5 SEM of the prepared MAC. The surface topography of
the prepared MAC was investigated using scanning electron
microscopy (SEM). Fig. 5 shows the SEM images of the carbon
materials at different factors of magnification. Some columnar
channels can be seen in Fig. 5a (magnified 2000 times) and
Fig. 5b (magnified 5000 times), which may come from wood
fiber present in the eucalyptus sawdust. Some slit-shaped
channels and tiny channels in addition to the columnar
channels were found, and may be formed by activation of
FeCl; during the carbonization activation process. Of course,
parts of the tiny channels were dilapidated and became layer-
like and porous in structure, as shown in Fig. 5¢ (magnified
5000 times) and Fig. 5d (magnified 20 000 times). The
magnetic materials were half embedded in the interior or
surface of a hole, and are shown in Fig. 5b (magnified 5000
times), Fig. 5e (magnified 20 000 times) and Fig. 5f (magnified
50 000 times). Some of the Fe;O, present aggregated into large
particles as shown in Fig. 5f.

3.2 Adsorption behavior of MB on the prepared MAC

3.2.1 Adsorption isotherms. The standard calibration
curve of MB, mass concentration and absorbance have been
plotted at the maximum wavelength of 665 nm, and the linear
equation plotted between the MB mass concentration and
absorbance was A = 0.00785 + 0.20577C (C was in the range of
0.1458-2.9160 mg L '), in which 4 is the absorbance, C is the
and R

mass concentration of MB, is the correlation

Fig. 5 SEM images of the prepared MAC.
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coefficient. The value of R* was 0.9995, which manifested
a good correlation between the MB mass concentration and
absorbance.

The adsorption isotherms described the distribution of
adsorbate molecules between the liquid phase and the solid
phase when the system reached an equilibrium; and the fitting
of the isotherm data to different adsorption isotherm models

0 1(‘)0 Z(I)O
¢, (mg/L)

298K v

Inc
e

Fig. 6
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was important in order to find a sustainable model that
described the adsorption process.

The isotherm data of the MB adsorption on the prepared
MAC were fitted to four adsorption isotherm models, namely
the Langmuir, Freundlich, Temkin and Dubinin-Radushkevich
isotherm models in their linear forms. Fig. 6 shows the fitted
isotherm. The specific fitting isotherm parameters for the
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(a) Langmuir; (b) Freundlich; (c) Temkin isotherm; and (d) Dubinin—Radushkevich isotherm models of MB adsorption on MAC.

Table 3 The adsorption isotherm parameters of MB on the prepared MAC

Langmuir Freundlich

—1 —1 -1 2 —1 —1\1/n 2
T (K) Gmax (Mg g77) K. (Lmg ) Ry E, (k] mol™) R Ky (mgg™) (Lmg ) n R
298 162.87 82.23 0.074-0.802 5.19 0.9941 81.52 8.61 0.9498
308 169.78 85.18 0.080-0.717 0.9904 75.90 7.07 0.9290
318 179.21 91.46 0.076-0.849 0.9907 87.12 8.04 0.9297
328 192.31 99.48 0.073-0.900 0.9912 90.28 7.94 0.9702

Temkin Dubinin-Radushkevich

7 (K) b Ay R gs (mg g ) kua (mol” I %) e E (I mol )
298 172.99 179.85 0.9117 161.85 0.9852 41.87
308 136.42 27.28 0.9031 170.44 2.31 x 104 0.9951 46.48
318 161.90 139.10 0.8872 180.67 2.08 x 10 0.9982 49.05
328 158.66 171.96 0.9283 193.87 2.30 x 104 0.8971 46.65
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adsorption of MB on the prepared MAC are shown in Table 3.
Table 3 shows that the experimental data preferentially fits the
Langmuir isotherm, the fitted Langmuir isotherm model gave
the best correlation coefficient (R) with R* values of 0.9941,
0.9904, 0.9907 and 0.9912 at 298, 308, 318 and 328 K, respec-
tively, compared with the Freundlich, Temkin and Dubinin-
Radushkevich isotherm models, which demonstrates that the
adsorption of MB on the prepared MAC is by monolayer
adsorption. The E,, calculated using the k; at different
temperatures was 5.19 k] mol " (more than zero) and indicated
that the adsorption process of MB on the prepared MAC was by
a chemical process. The Ry values of 0.073-0.900 from the
Langmuir isotherm indicate that the nature of adsorption of MB
on the prepared MAC was favorable (0 < Ry < 1). As for the
Freundlich isotherm model, the Freundlich constant, n, depic-
ted the adsorption intensity, the value of 1/n was generally
between 0 and 1, and the magnitude of the 1/n value indicated
the extent of the influence of the MB concentration on the
adsorption capacity. The smaller the 1/n, the better the
adsorption. When 1/n was in the range 0.1-0.5, it was easy to
adsorb; when 1/n was more than 2, it was difficult to adsorb. The
Freundlich constant, n, of 7.07-8.61, and 1/n of 0.1161-0.1414,
indicated that the adsorption of MB on the prepared MAC was
easy. For the equilibrium adsorption data of MB on the adsor-
bent in an aqueous solution, other researchers® have drawn the
same conclusion that the equilibrium adsorption data fitted the
Langmuir isotherm better.

Fig. 6 gives the impression that among the Langmuir,
Freundlich, Temkin and Dubinin-Radushkevich isotherm
models, the Langmuir isotherm model is most suitable for
describing the adsorption behavior of MB on the prepared MAC.
The maximum MB adsorption capacity of 162.87-192.31 mgg "
calculated from the fitted Langmuir was less than the reported
value of 259.25 mg g ',* which was calculated from Sips
isotherm fitting and reported by Theydan and Ahmed,* they
also compared the maximum MB adsorption capacity to those
obtained in other studies concerning activated carbons
prepared from various agricultural waste, and concluded that
the prepared activated carbon can be classified as one of the
most effective adsorbents for the removal of MB from waste-
water. According to the report published by Theydan and
Ahmed, the MB adsorption value on the eucalyptus wood-based
magnetic activated carbon was within the range of effective
adsorbents. The maximum MB adsorption value of 162.87-
192.31 mg g ' calculated from the Langmuir model was similar
to the value of 195.55 reported by Mehrorang et al,* who
synthesized y-Fe,O; and loaded it onto activated carbon for
ultrasonic assisted adsorption of dyes. Therefore the prepared
MAC could also be classified as an effective adsorbent and can
effectively remove MB from wastewater. The Temkin isotherm
model came from an assumption that the free energy of sorp-
tion was a function of the surface coverage owing to adsorbate/
adsorbent interactions.® The adsorption behavior of MB on the
prepared MAC was not suitable for fitting to a Temkin isotherm
model, as the value of R* was too low (in the range of 0.8872-
0.9283). The Dubinin-Radushkevich isotherm model is
a common model, and the value of the free energy, which

This journal is © The Royal Society of Chemistry 2019
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reveals adsorption mechanism information about the adsorp-
tion process, can be calculated according the slope of the line of
the Dubinin-Radushkevich equation. The related line equa-
tions are shown as eqn (8)-(10). For the E value, the apparent
free energies, values between 1 and 8 k] mol " correspond to the
physisorption and an E value of more than 8 kJ mol™" corre-
sponds to chemisorption.** The E values for the Dubinin-
Radushkevich isotherm model analysis of MB adsorption on the
prepared MAC were 41.87, 46.48, 49.05 and 46.65 k] mol " at
298, 308, 318 and 328 K, respectively. This indicates that the MB
adsorption process on the prepared magnetic carbon was
a chemisorption process, which was consistent with the anal-
ysis results of the Langmuir isotherm model.

The relationship between the equilibrium absorption
capacity (g.) and the equilibrium MB concentrations (c.) is
shown in Fig. 7. Fig. 7 exhibited a changing trend, in that the
equilibrium absorption capacity (g.) increased with the
increasing equilibrium MB concentration (c.), which meant that
the amount of absorption of MB on the prepared MAC increased
with an increase in the initial MB concentration. The absorp-
tion speed at low c¢. was higher than that at high c., a similar
finding was reported by Yang et al.,** who also explained that
the absorption efficiency with a low initial MB concentration
was higher than that observed from a high initial concentration.

3.2.2 Adsorption thermodynamics. The thermodynamic
parameters, including the change in the Gibbs free energy (AG),
enthalpy (AH), and entropy (AS) were estimated using the eqn
(11)-(13) as shown in a preceding section of the paper (2.2.3.2).
The results are displayed in Table 4 and Fig. 8. The AH® and AS°
can be calculated from the slope and the intercept of the van't
Hoff linear plot (negative slope)® of In Kq versus 1/T, as shown in
Fig. 8. The specific thermodynamic parameters for the initial
MB concentration of 150 and 250 mg L' adsorption on the
prepared MAC are shown in Table 4. All of the negative values
for the Gibbs free energy AG® suggest that the adsorption of MB
on the prepared MAC was spontaneous, and the enhancement
of the AG® negative values with an increase in the temperature
suggested that the adsorption was more favorable at higher
temperatures.** The value of AH® was positive, which implied
the adsorption process was endothermic and chemical in

200
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Fig. 7 Adsorption isotherm for MB on the prepared MAC.
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Table 4 Thermodynamics parameters for MB adsorption on the prepared MAC at initial concentrations of 150 mg L~ and 250 mg Lt
AG® (k] mol ™)
AH® (k] AS° (]

Co (mg L™ mol ") (mol ™" K1) 298 K 308 K 318 K 328 K Fitted equation R?
150 16.46 65.76 —-3.14 -3.79 —4.45 -5.11 In K4 = —1980.63/T + 7.91 0.9589
250 8.56 30.84 —0.63 —0.94 —1.25 —-1.56 In K4 = —1029.15/T + 3.71 0.9814
18] o ' ' . lsomg! 153.839 and 159.205 mg g, further proving this conclusion.
\ = 250mg/l The adsorption amounts obtained from the pseudo-second-
167 order kinetic equation for MB at the initial concentration of
1.4 \.\ 150 mg L~ " were also close to the measured values. Thus, the
< 124 [ absorption of MB on the prepared MAC conformed to the
E 1ol pseudo-second-order kinetics model to describe the adsorption
o kinetics data for the entire sorption period. Furthermore, these
081 results suggested that the pseudo-second-order adsorption
0.6 — mechanism was predominant. The pseudo-first-order kinetic
04 T o equation was more suited to describing the kinetics of the
1 — initial stage, and the application process had some limitations,
0'02.0030 0.0031 0.0032 0.0033 0.0034 while the pseudo-second-order kinetic equation contained the
UT (1/K) complete adsorption processes, such as membrane diffusion,

Fig. 8 Fitted curve of thermodynamics parameters for MB adsorption
on the prepared MAC.

nature. The positive value of AS® indicated that randomness at
the solid/liquid interface and the degree of freedom of the
adsorbed species, MB, increased during the adsorption process.
The negative values of AG, and the positive values of AH® and
AS® were similar to most of the processes of adsorption
involving activated carbon.*>%

3.2.3 Adsorption kinetics. The adsorption kinetics of MB
on the prepared MAC were investigated using pseudo-first-
order, pseudo-second-order and intraparticle diffusion. The
integral representations of the models are shown as eqn (15)-
(17). The fitted curves of the pseudo-first-order models and
pseudo-second-order models are shown in Fig. 9A, a, B and b.
The specific fitting parameters are displayed in Table 5.

As shown in Table 5, the value of g. calculated using the
pseudo-first-order kinetic equation was much smaller than the
value of the equilibrium adsorption capacity (gexp) obtained
from the experiment, while the value of g. calculated using the
pseudo-second-order kinetic equation was similar to gexp. This
means that the pseudo-first-order kinetic equation did not fit
the absorption process of MB on the MAC well compared with
the pseudo-second-order kinetic equation. Moreover, the
correlation coefficient (R*) for the pseudo-second-order kinetic
equation was almost 0.999, greater than that obtained for the
pseudo-first-order kinetic equation, which also indicated that
the pseudo-second-order kinetic equation better fitted the
absorption process of MB on the MAC. In addition, the amounts
of adsorption of MB at the initial concentration of 250 mg L™ "
on the MAC fitted using the pseudo-second-order kinetic
equation were 136.612, 147.058, 149.925 and 151.745 mg g™,
which were close to the measured values of 139.758, 143.731,

22256 | RSC Adv., 2019, 9, 22248-22262

surface adsorption, internal diffusion, and so forth, and was
more suitable for the adsorption process.

The intra-particle diffusion model can be useful for identi-
fying the adsorption pathways and adsorption mechanisms and
predicting the rate-controlling step. In a solid-liquid sorption
process, adsorbate transfer is often characterized by film
diffusion (also known as external diffusion), surface diffusion,
and pore diffusion, or combined surface and pore diffusion. In
short, if a plot of ¢, against t°° is linear and passes through the
origin, the adsorption is entirely governed by intra-particle
diffusion. In contrast, if the intra-particle diffusion plot gave
multiple linear regions, then the adsorption process is
controlled by a multistep mechanism.

In order to identify the adsorption mechanism of MB on the
prepared MAC, the adsorption kinetics experimental data for
MB adsorption on the prepared MAC were fitted to an intra-
particle diffusion model, and it was determined whether the
intra-particle diffusion was the rate-controlling step of the
adsorption process. The processing results are shown in Fig. 9C
and c and Table 6. It can be seen from Fig. 9C and c that the
adsorption process of MB on the prepared MAC exhibited
a multilevel linear relationship, and the adsorption capacity
increased rapidly with time at the beginning, and then
decreased gradually to the dynamic equilibrium. This suggested
that the adsorption process was influenced by multiple diffu-
sion steps. The diffusion adsorption process of MB on the
prepared MAC can be described in three stages. The first stage is
the rapid diffusion stage (kq; is the largest among ka1, kaz and
k43). The MB molecules are rapidly transported from the bulk
liquid phase and accumulate at the external surface of the
prepared MAC through a hydrodynamic boundary layer or film,
known as “film diffusion” (also known as external diffusion) at
a high adsorption rate. The second stage involves the surface
diffusion of MB molecules from the exterior surface of the

This journal is © The Royal Society of Chemistry 2019
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(A) Pseudo-first-order kinetic model; (B) pseudo-second-order kinetic model; and (C) intraparticle diffusion model for the adsorption of

MB on MAC at the initial concentration of 250 mg L; and (a) pseudo-first-order kinetic model; (b) pseudo-second-order kinetic model; and (c)
intraparticle diffusion model for the adsorption of MB on MAC at the initial concentration of 150 mg L™2.

prepared MAC into the pores of the prepared MAC, along the
pore-wall surfaces, or both, and is known as “intraparticle
diffusion”, which is a slow diffusion process in particles (kg3 <
ka» < kaq). In the third stage, the adsorbate MB molecules are
adsorbed onto the prepared MAC internal pore surface and
sorption (chemisorption) occurs, during the reaction the mass
transfer resistance increases owing to the decrease of the active
sites of the MAC, and the boundary layer influence increases (C
value increases) when the MB molecules continue to interact
with the active sites of the MAC, and more and more of the

This journal is © The Royal Society of Chemistry 2019

active sites of the MAC are occupied, the diffusion rate
decreases, and the MB molecules distribution between the
prepared MAC and liquid phase MB aqueous liquid reaches
equilibrium, and the adsorption amount does not increase
gradually. It can be seen from Table 6 that the three stages of the
adsorption curves of MB molecules on the prepared MAC
showed a good linear relationship (R* > 0.9), but did not pass
through the origin, which indicates that the adsorption process
of MB molecules on the MAC was controlled by a multistep
mechanism, the pore diffusion process was the rate-controlling

RSC Adv., 2019, 9, 22248-22262 | 22257
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Table 5 The kinetic parameters for the adsorption of MB on the prepared MAC
Pseudo-first-order Pseudo-second-order

Co(mgL™)  T(K) gep(mgg ) ki x10°(min™")  gc(mgg ") R ky x 107" (g mg™' min)  g.(mgg™) R

150 298 116.258 4.0 45.494 0.983 3.595 115.473 0.997
308 122.672 4.7 38.915 0.985 4.770 123.153 0.999
318 127.532 2.7 25.508 0.824 9.844 123.457 0.999
328 128.399 3.0 21.490 0.804 12.074 125.470 0.999

250 298 139.758 3.4 44.221 0.878 4.592 136.612 0.999
308 143.731 5.0 54.455 0.956 3.434 147.058 0.999
318 153.839 3.3 46.475 0.865 4.407 149.925 0.999
328 159.205 2.7 46.849 0.804 4.854 151.745 0.999

Table 6 Parameters of the intraparticle diffusion model for the adsorption of MB on the prepared MAC

Stage I Stage II Stage III

Co (mg L™ T (K) Gexp (Mg g71) kar Cy R kaz Ca R, kas Cs R

150 298 116.258 3.392 57.244 0.950 2.205 65.902 0.962 1.125 84.0513 0.989
308 122.672 4.108 64.790 0.952 2.148 78.208 0.944 0.553 106.576 0.951
318 127.532 4.482 72.420 0.907 1.906 91.812 0.966 0.329 113.848 0.967
328 128.399 3.620 82.631 0.994 1.474 100.071 0.952 0.274 117.483 0.927

250 298 139.758 13.835 23.665 0.996 3.066 83.171 0.983 0.869 112.181 0.935
308 143.731 12.755 29.725 0.999 3.177 83.230 0.994 0.920 120.693 0.900
318 153.839 15.622 24.911 0.987 1.855 110.544 0.922 1.014 121.151 0.924
328 159.205 15.566 28.712 0.998 1.889 113.044 0.908 0.836 128.272 0.944

step of the adsorption process. However, the adsorption process
was also affected by film diffusion and surface adsorption.
3.2.4 Adsorption mechanism of MB on the prepared MAC.
The structural diagram of MB, and the FTIR and TEM spectra
of the prepared MAC before and after MB adsorption are
exhibited in Fig. 10. Based on the results described in Section
3.1.3, the surface of MAC has some oxygen-containing func-
tional groups which are confirmed by the presence of the
characteristic absorption peaks at 3133 cm ' (-OH),
1799 em™ " (C=0), and 1122 cm~ " (C-0). The FTIR spectrum
(Fig. 10B) of the prepared MAC before and after MB adsorption
showed that, after adsorption of MB, the peak at 3133 cm '
remained unchanged but weakened, the peak at 3298 cm™
intensified, which indicated that hydrogen bonding may not
be an important process for MB adsorption onto MAC®.
However, some functional groups in MB, such as the peaks at
3298 cm™' for the aromatic ring C-H, 2899 cm™" for the
methyl C-H, 1735 and 1719 cm™ " for C-S, 1558 cm ™" for the
benzene aromatic ring, 984 cm ™' for the C-H in-plane bending
vibration, and 557 cm ™' for C-S-C were found in the FTIR
spectrum (Fig. 10B) of MAC after MB adsorption. This sug-
gested that MB was adsorbed onto the MAC surface or
channel. Compared with the FTIR spectra of MAC, a new
absorption peak at 1558 cm ™' can be clearly observed, and the
peak at 1400 cm ™~ is strengthened in the FTIR spectra of MAC
after MB adsorption, which can be assigned to the vibration of
the aromatic ring and the C-N bond for MB,*® which indicated

1

22258 | RSC Adv., 2019, 9, 22248-22262

that MB has been anchored on the surface of MAC during the
adsorption. It should be noted that the peaks associated with
the C-O and CH for MAC seem to be broadened and show
a significant decrease in intensity after MB adsorption. This
can be explained by the following considerations: (i) MB is
a kind of cationic dye which can be adsorbed easily by elec-
trostatic forces on negatively charged surfaces. (ii) MB is also
an ideally planar molecule and therefore can be easily absor-
bed onto MAC by m-m stacking interactions between the
aromatic backbone of MB and the hexagonal skeleton of MAC,
which may lead to weakening of the intensity of =CH in
MAC.*®

Fig. 10C-F shows the TEM images of MAC after MB
adsorption. Some pores are loaded and the surface of MAC
shows some dispersion, which can be seen in Fig. 10C
(magnification 50 000x), which could be the absorption of MB
on the surface of MAC and in its pores. Some pores and the
layer-like porous structure of MAC were almost filled, which is
shown in Fig. 10D (magnification 25 000x) and Fig. 10E
(magnification 50 000x). The magnetic materials were half
embedded in the interior or the surface of a hole, which is
shown in Fig. 10D (magnification 25 000x) and Fig. 10F
(magnification 60 000x).

The XPS characterizations endow us with the ability to
evaluate the roles that various organic functional groups and
ferromagnetism played in the absorption of MB on the surface
of MAC. The peaks in the XPS survey of MAC before and after

This journal is © The Royal Society of Chemistry 2019
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Fig. 10 (A) Structure diagram of methylene blue, (B) FTIR spectrum, (C—

MB adsorption at 283.85, 400.09, 530.74 and 710.77 eV as shown
in Fig. 11a responded to C 1s, N 1s, O 1s and Fe 2p, and the
peaks at 163.86, 199.94, 284.14, 399.16, 531.07 and 710.90 eV
responded to S 2p, Cl 2p, C 1s, N 1s, O 1s and Fe 2p (shown in
Fig. 11b). It can be seen that the peaks of S 2p (163.86 eV), Cl 2p1
(199.94 eV) occurred after MB adsorption, and that the N 1s
(399.16 €V) intensity was higher after MB adsorption. The
elements S 2p (163.86 eV), Cl 2p1 (199.94 eV) and N 1s (399.16
eV) existed in MB, indicating that MB was adsorbed onto the
MAC. As for the C 1s peaks, it was found from Fig. 11c and d that
there were some shifts in the corresponding peaks before and
after MB adsorption, C=C (283.819 eV), C-C (285.332 eV), C=0

This journal is © The Royal Society of Chemistry 2019

F) TEM image of the prepared MAC before and after MB adsorption.

(287.708 eV) shifted to C=C or C-C (aromatic rings) (284.073
eV), C-OR (285.467 eV), C-Cl or C=0 (287.44 eV).**”° As for the
O 1s peaks, it was found from Fig. 11e and f that there was little
change in the corresponding peak position before and after MB
adsorption. For Fe 2p, as seen in Fig. 11g peaks at 710.77,
715.95, 724.14 and 728.27 eV were observed before MB
adsorption, and changed to Fe*" 2ps/, (709.923 eV), Fe** 2p;,
(711.375 eV),”* Fe** (719.420 eV), Fe*" 2p;, (723.669 eV), and
F** 2ps, (725.683 V)7 after MB adsorption as seen in Fig. 11h.
As for N 1s, NH, (399.6728 eV),* is exhibited in Fig. 11i before
MB adsorption, as N-H or -CO-NH- (399.118 eV),”>”* and a new
peak (401.615 eV) appeared, which was either N* binding in

RSC Adv., 2019, 9, 22248-22262 | 22259
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Fig. 11 XPS survey of MAC (a) before; and (b) after MB adsorption; C 1s
(c) before; and (d) after MB adsorption; O 1s (e) before; and (f) after MB
adsorption; Fe 2p (g) before; and (h) after MB adsorption; N 1s (i)
before; and (j) after MB adsorption.

methylene blue or CO-N (CH;) formed by N and COOH binding;
in other words, -CO-NH;" or N' (401.615 V)™ existed in
Fig. 11j after MB adsorption, this meant that the MB was
adsorbed onto MAC by an interaction between the N* of MB and
-COOH of MAC.

4. Conclusions

Eucalyptus wood-based MAC was prepared successfully by
single-step carbonization activation magnetization with FeCl;
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as follows: the mass ratio of FeCl; to eucalyptus sawdust was
2:1, 20.0 g of eucalyptus sawdust was mixed with 50 mL of
FeCl; aqueous solution and maintained for 24 h, before being
dried overnight and undergoing a one-step carbonated acti-
vation for 75 min at 700 °C. The iodine number, MB adsorp-
tion and phenol adsorption of the prepared MAC were 473.14,
228.22 and 70.90 mg g ', respectively. The BET surface,
average pore diameter and pore volume were 645.23 m”> g~ !,
2.71 nm and 0.44 cm® g, respectively. The prepared MAC
were magnetic, and could be separated by a magnetic sepa-
rator with the following magnetic parameters, a H, of 108.51
Oe, M; of 30.37 emu g ' and M, of 2.46 emu g '; there were
OH, C-0, C=0, C=C, COO, C-N, and Fe-O groups on the
MAC surface, and Fe;O, existed in the pores and surfaces of
the MAC. The prepared MAC was utilized to adsorb MB in an
aqueous solution, the adsorption followed the Langmuir
isotherm and Dubinin-Radushkevich isotherm model. The
adsorption process was a spontaneous, endothermic chemi-
sorption process, followed by the pseudo-second-order model,
and the adsorption process was influenced by multiple diffu-
sion steps. The pore diffusion process was the rate-controlling
step of the adsorption process, however, the adsorption
process was also affected by film diffusion and surface
adsorption. Eucalyptus wood-based MAC was found to be
efficient for MB adsorption, and can be easily separated and
recovered using an external magnetic field. MAC could be used
as a potential adsorbent for the treatment of organic pollutant
wastewater.
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