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ABSTRACT

An ordered mesoporous silica material of MCM-41 type (CFB-MS) was successfully fabricated
from the circulating fluidized bed fly ash for the first time. CFB-MS was generally prepared
through a two-step hydrothermal process, including the extraction of silicon from the raw
material and the preparation of mesoporous adsorbent CFB-MS using the extracted supernatant.
The mesostructure of the obtained CFB-MS was characterized by powder X-ray diffraction and
nitrogen adsorption—-desorption measurement, while its morphology was observed through
transmission electron microscope. The chemical component of CFB-MS was confirmed via Fourier
transform infrared spectroscopy, solid-state *Si and A1 MAS NMR spectroscopy. Furthermore, the
adsorption behavior of malachite green (MG) onto CFB-MS was investigated by varying several
influence factors, such as contact time, pH, dosage, initial concentration and temperature. Different
adsorption isotherm and kinetic models were employed to fit the adsorption data to understand
the adsorption process. It was found that the MG adsorption equilibrium followed Freundlich
and Temkin isotherm models, while the adsorption process can be described through the pseudo-
second-order kinetics model. In addition, the possible adsorption mechanisms were proposed to
interpret the dye adsorption process. The present work provides a high-value utilization of circu-
lating fluidized bed fly ash and a promising strategy for the removal of dye in aqueous solution.
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1. Introduction

Varieties of dyes have been widely used in many
industries, such as textile, dyeing, printing and food plants,
and they have played a crucial role in contemporary society.
However, untreated effluents from these industries contain
significant amounts of dyes that are usually toxic and may
cause severe environmental problems [1]. Furthermore, the
color of dye wastewater is highly visible even at an extremely
low concentration and thus is esthetically unpleasant [2].
Consequently, it is mandatory to purify the dye-containing
wastewater prior to discharge into environment. Several
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techniques have been proposed to the purification of
wastewater based on physical, chemical and biological
methods. Among these dye removal techniques, physical
adsorption process has attracted considerable attention.
It has been the major method used for modern industry
because of its high efficiency and versatility [3]. A great vari-
ety of adsorbents, including activated carbons and zeolites,
have been applied to the removal of dye during adsorption
process until now [4,5]. However, their adsorption capacities
for dyes are limited because of their microporous nature.
Alternatively, ordered mesoporous silica materials,
first discovered by scientists in the Mobil Research and
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Development Corporation (New Jersey, USA) [6], have also
been applied to the treatment of contaminants in water
because of their large specific area, tunable pore size and high
stability [7]. Currently, the production of mesoporous silica
was generally achieved by using commercial silica precursors
such as tetraethyl orthosilicate, fumed silica and sodium meta-
silicate, which is not suitable for a large-scale production due
to their relatively high cost [8,9]. Therefore, it is highly desir-
able to develop economical processes by utilizing cheaper
silica sources in consideration of the large-scale industrial
manufacture of mesoporous silica adsorbents [10,11].

On the other hand, coal-fired power plants around the
world annually generate a great deal of industrial solid
waste including fly ash and bottom ash. The consumption
of these residues has drawn increasing concern because of
not only their large amounts of production but also their
serious influence on environment [12]. Generally, the fly ash
has been consumed in building materials on a large scale
during the past decades [13]. In order to achieve a high-
value utilization, many scientists have made great efforts
to realize the conversion of fly ashes into mesoporous silica
materials due to the high content of useful silicon [14], and
further investigated their applications in carbon dioxide
capture [15], catalysis [16,17], removal of phosphate [18]
and heavy metal ions [19]. For instance, Park et al. [15]
used the bottom ash-derived mesoporous silica as support
material for the impregnation of polyethyleneimine, and
demonstrated that it possessed excellent capacity for carbon
dioxide capture (218 mg g at 75°C). Dhokte et al. [16] suc-
cessfully prepared a MCM-41 material from the fly ash and
utilized the obtained material as catalyst for the synthesis of
B-amino carbonyl compounds via a classical Mannich reac-
tion. However, only a very few fly ash-derived counterparts
have been reported on the dye removal up to date [20]. Very
recently, ordered mesoporous materials were synthesized
and further evaluated as adsorbents for methylene blue
removal by Zhou et al. [20]. Generally, the employment
of fly ash-derived mesoporous silica materials for the dye
removal is faintly developed and it can be a promising
strategy for practical application.

With respect to the starting raw materials, the previous
reports generally employed fly ashes generated by pulver-
ized coal combustion to obtain mesoporous silica materials,
and there is still no example of the synthesis of these porous
materials using circulating fluidized bed fly ash. The lat-
ter raw material is produced through circulating fluidized
bed combustion at lower temperature of 800°C-950°C, and
thus exhibits quite different components and morphology
[21]. It is viewed that there exists more amorphous phase
in circulating fluidized bed fly ash than in fly ash generated
by pulverized coal combustion mainly due to different com-
bustion temperatures [12]. Therefore, it is quite reasonable to
utilize this kind of fly ash for the preparation of mesoporous
silica molecular sieves.

Herein, the fabrication of mesoporous silica material
from the circulating fluidized bed fly ash (CFB-MS) has been
demonstrated in the present article for the first time. CFB-MS
was synthesized through a two-step hydrothermal process
and possessed a well-ordered MCM-41 mesostructure with
hexagonal pémn symmetry. The structure and morphol-
ogy of CFB-MS were characterized through powder X-ray

diffraction, nitrogen adsorption-desorption measurement,
transmission electron microscopy (TEM), Fourier transform
infrared spectroscopy (FI-IR), solid-state #Si and Al MAS
NMR spectroscopy. Furthermore, the adsorptive removal of a
typical cationic dye, malachite green (MG), was investigated
by varying several factors, including contact time, pH, dos-
age, initial concentration and temperature. In addition, the
adsorption isotherm and kinetics were also studied in detail
by applying different models in order to understand the
adsorption mechanisms.

2. Experimental
2.1. Materials

The circulating fluidized bed fly ash used in the pres-
ent study was obtained from an electric power plant in
Shanxi, China. Concentrated hydrochloric acid (HCL,
36%-38%) and sulfuric acid (H,SO,, 95%-98%) were pur-
chased from the Sinopharm Chemical Reagent Co. Ltd.,
(Shanghai, China) Ammonium hydroxide (NH,-H,O, 25%)
and sodium hydroxide (NaOH) were bought from Beijing
Chemical Works (Beijing, China) and Beijing Tong Guang
Fine Chemicals Company (Beijing, China), respectively.
Cetyltrimethylammonium bromide (CTAB) and malachite
Green (MG) were from Tianjin Jinke Fine Chemical Research
Institute (Tianjin, China) and Shanghai Makclin Biochemical
Co. Ltd., (Shanghai, China), respectively. All chemicals
were directly used without further purification. Deionized
water used for all experiments was obtained from a water
purification system in China University of Mining and
Technology, Beijing, China.

2.2. Extraction of silicon from circulating fluidized bed fly ash

Before the extraction of silicon from circulating fluidized
bed fly ash, a pre-treatment process was performed for the
removal of impurities such as iron and calcium ions. Initially,
the as-received circulating fluidized bed fly ash was dried in
an oven at 100°C until no weight loss. Then, the dried starting
material was added to 20% HCl and the mixture was stirred
at 80°C for 4 h. After cooling to room temperature, the solid
was separated from the solution by filtration and washed
using deionized water for several times. Finally, the obtained
solid was further dried in an oven at 100°C overnight.

The extraction of silicon was carried out under a hydro-
thermal condition. Specifically, the circulating fluidized bed
fly ash after pre-treatment was mixed with NaOH solution of
certain different concentration (2-5 mol L) with a mass-to-
volume ratio (g mL™) of 1:10. Thereafter, the obtained mixture
was stirred at 80°C for 4 h. The supernatant was separated by
centrifugation and filtration of the mixture. The silicon and
aluminum concentrations of the obtained supernatant were
detected by inductively coupled plasma optical emission
spectrometry (ICP-OES) method.

2.3. Synthesis of mesoporous adsorbent CFB-MS

In a typical procedure for the synthesis of the meso-
porous adsorbent, 1.2 g cetyltrimethylammonium bromide
(CTAB) was added to a beaker containing 20 g deionized
water and 1.0 g ammonium hydroxide (NH,-H,O, 25%).
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After being stirred at room temperature for 2 h, 30 mL of
silicon-containing supernatant prepared from the circulating
fluidized bed fly ash was dropped to the solution. After the
mixture was further stirred for 2 h, the pH of the solution
was adjusted to 10.0 by adding 5 mol L H,SO, solution
and stirred for another 30 min. Afterwards, the solution was
transferred into an autoclave for hydrothermal treatment at
100°C for 48 h. The molar ratio of Si:CTAB:H,O used here
was 1:0.2:170. The as-synthesized adsorbent was recov-
ered by centrifugation at 8,000 rpm and then fully washed
by deionized water for several times. After being dried at
100°C in an oven overnight, the as-synthesized product was
calcinated at 550°C for 6 h to remove the surfactant. Finally,
a white powder denoted as CFB-MS was obtained.

2.4. Adsorption of malachite green

The adsorption process of MG onto the surface of CFB-MS
was investigated by varying several factors including con-
tact time, pH, dosage, initial concentration and temperature.
In a typical procedure of adsorption process, CFB-MS fine
powder (5 mg) and 200 mg L MG solution (10 mL) were
successively added in a glass vial. Afterwards, the vial con-
taining a mixture of adsorbent and dye solution was shaken
in a shaker at 298 K for 40 min (150 rpm). CFB-MS was sep-
arated from the dye solution via centrifugation. Finally, the
concentration of the supernatant containing the remained
MG was determined through UV-Vis spectrophotometer at
the calibrated maximum wavelength (A__ ) of 620 nm.

The adsorption capacity (q,) and removal efficiency (E) of
MG onto CFB-MS were calculated by the following equations:

c,-C\V
%:7( 0 =CJ) @
m
E=S =S q00% )
C

0

where C, C, and g, are initial concentration (mg L), con-
centration at equilibrium (mg L™) and adsorption capacity
at equilibrium (mg g*) for MG, respectively. In addition,
m represents the amount of CFB-MS (g), and V stands for
the volume of MG solution (L).

3. Results and discussion

3.1. Characterization of the circulating fluidized bed
fly ash and CFB-MS

The chemical composition of the as-received circulating
fluidized bed fly ash was analyzed by X-ray fluorescence
(XRF), indicating that Si, Al, Ca and Fe were the major
components. Table 1 summarizes the major components in
oxide form, among which SiO, and AlLO, account for weight
percentages of 40.84 and 33.83, respectively.

The X-ray diffraction pattern of the as-received cir-
culating fluidized bed fly ash is displayed in Fig. 1, which
discloses that the major crystalline phases in the as-received
starting material were quartz, anhydrite, calcite and mullite.
Meanwhile, the broad band in 20°-30° suggests the pres-
ence of significant amount of amorphous matter. Generally,

Table 1
Chemical composition of as-received circulating fluidized bed
fly ash used in this research

No. Compound Content (wt.%) CFB (mol/100 g)
1 SiO, 40.84 0.680
2 ALO, 33.83 0.332
3 CaO 9.57 0.171
4 FeO, 6.17 0.039
5 SO, 4.26 0.053
6 TiO, 1.81 0.023
7 MgO 1.04 0.026
8 CdO 0.94 0.007
9 K,O 0.77 0.008
10 P,0; 0.27 0.002
11 Na,O 0.16 0.003
12 SrO 0.11 0.001
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Fig. 1. X-ray diffraction pattern of the as-received circulating
fluidized bed fly ash. Q: quartz (SiO,), A: anhydrite (CaSO,),
C: calcite (CaCQO,), M: Mullite (3A1,0,-25i0, or 2A1,0,:5i0,).

amorphous components are favorable to be transformed into
soluble sodium silicate during the hydrothermal treatment
using NaOH, while crystalline phases are not easy to be
converted into soluble sodium silicate [8]. Compared with
pulverized coal furnace fly ash, more amorphous compo-
nents exist in the circulating fluidized bed fly ash, thereby
facilitating the extraction of silicon. Furthermore, the mor-
phology of the as-received circulating fluidized bed fly ash
was revealed by TEM. Fig. S1 exhibits an irregular particle
shape, which is quite different from pulverized coal furnace
fly ash featuring the presence of spherical particles because
of the different combustion temperatures [21].

The silicon and aluminum concentrations of the super-
natant extracted from circulating fluidized bed fly ash were
analyzed by inductively coupled plasma optical emission
spectrometry (ICP-OES) method. The results are plotted in
Fig. 2. When varying the concentration of NaOH solution
from 2 to 5 mol L7, the extracted silicon concentration
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Fig. 2. Curves of the silicon and aluminum concentrations of the
supernatant extracted from the circulating fluidized bed fly ash
under different concentrations of NaOH solution.

increased from 13,650 to 15,305 ppm (at 3 mol L NaOH),
and then decreased to 13,523 ppm. A similar trend was found
for the extracted aluminum concentration with a summit of
1,303 ppm at the NaOH concentration of 4 mol L. To employ
the silicon for the fabrication of mesoporous silica adsor-
bent, the NaOH concentration was set at 3 mol L for the
extraction of silicon from circulating fluidized bed fly ash.

The low-angle powder X-ray diffraction was employed
to examine the structural ordering of the circulating fluid-
ized bed fly ash-derived mesoporous silica material, namely
CFB-MS. As shown in Fig. 3, CFB-MS exhibits four clearly
resolved diffraction peaks which can be indexed as (100),
(110), (200) and (210) reflections of MCM-41 with p6mn
symmetry, respectively. The pore structure parameter (a,) was
calculated to be 4.64 nm based on the equation a, =2d,, / \/5,
and the thickness of the pore wall (w ) was 1.90 nm according
to the equation w =a,—d , where i is the maximum value
of BJH pore size dyistribution from desorption branch [22].

Nitrogen adsorption-desorption measurements were
further carried out to investigate the textural properties
of CFB-MS. As displayed in Fig. 4a, CFB-MS possesses
a characteristic type IV isotherm according to IUPAC
nomenclature with hysteresis loop, indicative of the pres-
ence of mesoporous structure [23]. Results from nitrogen
adsorption—-desorption isotherm are in agreement with
that of the low-angle XRD. The Brunauer-Emmett-Teller
(BET) specific surface area and pore volume of CFB-MS were
calculated to be 738 m? g and 0.66 cm® g™, respectively.
The BET specific surface area and pore volume of CFB-MS
were comparable to that of the previously reported MCM-
41 materials prepared from pulverized coal furnace fly ash
[8-11,17,24]. The BET specific surface area of CFB-MS pre-
sented here was higher than that of the MCM-41 material
derived from coal fly ash (525 m? g™) for dye removal very
recently [20]. Furthermore, the corresponding pore diameter
was evaluated through the desorption branch of isotherm
by applying the Barrett-Joyner-Halenda (BJH) model.
As shown in Fig. 4b, CFB-MS exhibited relatively narrow
pore size distribution around 2.74 nm, and the average pore
diameter was calculated to be 3.22 nm.

The morphology of the circulating fluidized bed fly
ash-derived MCM-41 type mesoporous silica material
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Fig. 3. Powder X-ray diffraction pattern of CFB-MS.
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Fig. 4. Nitrogen adsorption—desorption isotherm (a) and pore
size distribution curve (b) of the obtained adsorbent CFB-MS.
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Fig. 5. TEM images of the obtained CFB-MS material.

(CFB-MS) was observed by TEM. As expected, CFB-MS
exhibits well-ordered one-dimensional arrays of uniform
mesopores (Fig. 5), which is characteristic of a hexago-
nal pémn mesostructure and consistent with the results
inferred from the low-angle powder X-ray diffraction and
nitrogen physisorption measurement.

The chemical component of CFB-MS was further con-
firmed by FT-IR. As depicted in Fig. 6, the broad absorp-
tion band around 3,457 cm™ corresponds to O-H stretching
vibrations of the surface silanol groups and water mole-
cules [25]. The intense absorption peak at 1,107 cm™ can
be attributed to asymmetry stretching vibration of T-O-T
bond (T represents Si or Al), which displays a shift to lower
wavenumber in comparison with the asymmetry stretch-
ing vibration of S5i-O-5i bond of pure silica MCM-41 [26].
The decrease in wavenumber was due to the substitution of
silicon by a larger-sized metal ion, that is, aluminum [26].
The peaks emerged at 800 and 470 cm™ can be assigned to
symmetric stretching and deformation vibrations of T-O-T
bond (T represents Si or Al), respectively [16]. In addition, an
absorption peak appearing at 1,632 cm™ is characteristic of
deformation vibration of the physically adsorbed water mol-
ecules. Therefore, FT-IR spectrum demonstrates the success-
ful fabrication of aluminosilicate framework within CFB-MS
prepared from circulating fluidized bed fly ash.

Solid-state #Si MAS NMR spectroscopy was adopted
to check the chemical state of silicon atoms in CFB-MS.
As shown in Fig. 7a, the peak signals at —109.2, -99.1 and
-91.3 ppm are attributed to Q" (Q" = Si(OSi) (OH),_, n = 4,
3 and 2) [8,22,25]. Furthermore, Al MAS NMR spectrum
for CFB-MS was also measured in order to investigate the
chemical state of aluminum within the obtained material.
The spectrum displays a very strong resonance at ca.
54.1 ppm, which is corresponding to tetrahedral coordina-
tion of aluminum in the framework [10]. In addition, no
peak assigned to octahedral non-framework aluminum at
0 ppm was observed. These findings suggest that silicon
and aluminum sources in the supernatant extracted from
circulating fluidized bed fly ash have been successfully
incorporated in the framework of CFB-MS.

100 -
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Fig. 6. Fourier transform infrared spectrum of CFB-MS.

3.2. Methylene blue adsorption
3.2.1. Effects of factors on adsorption

To investigate the effect of contact time on the adsorption
process, the obtained CFB-MS (5 mg) was added to 10 mL
MG solution with initial concentration of 200 mg L™ by
changing the contact time from 2 to 240 min (Fig. 8a). It
can be observed that adsorption amount increases rapidly
with the increase in contact time at this early stage. After
20 min, the uptake capacity reaches the maximum of
258.61 mg g, and remains almost constant when the con-
tact time is further increased, indicative of the advent of
adsorption equilibrium. By comparison with the previously
reported mesoporous silica absorbents, CFB-MS exhibits a
competitive adsorption capacity and a shorter adsorption
equilibrium time. The short equilibrium time suggests that
the large-sized and ordered mesopores within the CFB-MS
adsorbent are favorable to fast mass transfer of MG mole-
cules. In addition, the high initial MG concentration and the
abundant vacant adsorption sites in CFB-MS also contribute
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Fig. 7. Solid-state #Si (a) and Al MAS NMR spectra (b) of the
synthesized CFB-MS material.

the relatively high adsorption capacity and short equilibrium
adsorption time.

The initial pH of the solution can significantly influence
the degree of ionization of MG and the surface charge of the
CFB-MS adsorbent, thereby altering the adsorption process
and particularly adsorption amount. In this research, the
initial pH is set ranging from 3 to 10. It can be found that
the adsorption amount increased gradually when increas-
ing the pH of MG solution, and the maximum adsorp-
tion amount occurred at pH of 10 as depicted in Fig. 8b.
This trend can be probably interpreted by the electrostatic
interactions between MG and CFB-MS. As a cationic dye,
MG favors negatively charged surface sites. Therefore,
more silanol groups Si-OH on the adsorbent surface will
be deprotonated and displays the formation of Si-O- with
increasing pH of the solution, which thus exhibits enhanced
electrostatic interaction with the cationic dye MG. Results
reported here are also in accordance with the related
previous works [20,27].

The effect of CFB-MS dosage on the adsorption amount
of MG from aqueous solution has been investigated by
dispersing different amount of CFB-MS from 3 to 24 mg
into 10 mL of 200 mg L MG solution at 298 K and the
optimum pH 10. As presented in Fig. 8c, the adsorption
amount decreases with the increase in dosage of CFB-MS,
in which the maximum adsorption amount is found to be
286.85 mg g at the dosage of 3 mg (i.e., 0.3 g L™). This
indicates that a higher affinity of adsorbent for MG can
be achieved at a relatively low dosage of CFB-MS [28-30].
Alower dosage means that less adsorbent surface is exposed to
more dye molecules per gram unit of CFB-MS, and hence
results in a high adsorption amount [31]. In addition, the
available adsorption sites are probably unsaturated for MG
molecules when increasing the dosage of CFB-MS [32].

The initial concentration of MG solution possesses great
influence on the removal efficiency. In the present study, the
initial concentration of MG solution is varied in the range of
25-200 mg L™ at three different temperatures, that is, 298, 308
and 318 K. It is observed that the removal efficiency increases
gradually and then remains almost constant with increasing
the initial MG concentration at these three different tem-
peratures, as depicted in Fig. 8d. The equilibrium adsorp-
tion capacity increases linearly with the increase in initial
MG concentration (Fig. S2). This is because that the increase
in initial MG concentration could lead to an increase in the
driving force of the concentration gradient [31]. Meanwhile,
temperature also shows significant effect on the adsorp-
tion process. For each initial concentration, evaluating the
temperature generally gave rise to the enhanced removal
efficiency, indicating an endothermic nature of adsorption
process [27,33]. Therefore, the adsorption process may
undergo a chemical process [34]. This similar behavior was
also revealed by previous literature [27,33,34].

3.2.2. Adsorption isotherms

Adsorption isotherms are commonly used to assess the
distribution of solute between the adsorbent and solution.
In this study, the Langmuir, Freundlich and Temkin isotherm
models have been applied to the adsorption system. The
isotherms have been investigated at three temperatures, that
is, 298, 308 and 318 K.

The Langmuir isotherm [35-37] assumes that the
adsorption of adsorbate takes place at specific homoge-
neous sites of the adsorbent surface. The Langmuir isotherm
equation can be given as follows:

9, ka4, 4,

where g, and g, represent the adsorption amounts (mg g™') at
equilibrium and the maximum adsorption amounts (mg g™)
of MG onto CFB-MS, respectively, C, is the equilibrium
concentration of MG solution (mg L), and k, stands for the
Langmuir isotherm constant (L mg™) that is related to energy
of adsorption.

As an empirical equation, the Freundlich isotherm [38,39]
depicts that the adsorption can occur at heterogeneous sites
within the adsorbent surface and may form either monolayer
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MG onto CFB-MS at 298 K.

or multilayer. The Freundlich isotherm equation can be
described as:

logg, = 110gC£ +logk, 4)
n

where k. stands for the Freundlich adsorption constant
((mg g™ (mg L)) that is related to adsorption capac-
ity, and 1/n represents the adsorption intensity and surface
heterogeneity.

The Temkin adsorption isotherm theory [40,41] takes into
account the interactions between adsorbent and adsorbate.
Furthermore, it assumes that the heat of adsorption of all
molecules in the layer decreases linearly with increasing
the surface coverage. The linear form of Temkin isotherm
equation can be written as Eq. (5):

q, =%lmCC +¥lnkT 5)
T T
RT
B, =— 6
= ©)

where k, represents the Temkin isotherm constant (L g™),
b, is a constant related to the heat of adsorption, R is universal
gas constant (8.314 ] mol™ K) and T is absolute temperature in
Kelvin.

The linear forms of three types of isotherms are plot-
ted in Fig. 9, and the corresponding parameters are pre-
sented in Table 2. Based on the linear regression coeffi-
cients (R?), chi-squares (x? Eq. (7)) and root mean square
errors (RMSE, Eq. (8)), it can be found that Freundlich
and Temkin models give more appropriate fit to the iso-
therm data than the Langmuir isotherm model, indicating
that the removal of MG occurs at heterogeneous adsorp-
tion sites and there exists interactions between MG and
CFB-MS. Due to the positive value of b, that is related to
the heat of adsorption, the adsorption process of MG onto
CFB-MS is exothermic. Furthermore, the high B, values
suggest that the interactions between MG onto CFB-MS are
very strong [31].

2
XZZ WM %)

i=1 qe,exp
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Fig. 9. Langmuir (a), Freundlich (b) and Temkin (c) adsorption isotherms fitted to the adsorption equilibrium data in linear forms

for CFB-MS.

Table 2

Isotherms parameters for MG adsorption on obtained adsorbent CFB-MS

Isotherms Parameters Temperatures
298 K 308 K 318 K
Langmuir g, (mgg™) -84.53 -108.93 -154.32
k, (Lmg™) -0.026 -0.028 -0.027
R? 0.45658 0.49779 0.64039
X2 3,690.59 496.12 155.07
RMSE 446.00 161.75 89.73
Freundlich k, (mg g™) (mg L)) 0.11 0.29 0.82
n 0.44 0.47 0.54
R? 0.89187 0.92721 0.97204
X2 86.37 48.74 18.52
RMSE 60.79 44.82 27.87
Temkin b, 8.62 8.89 10.39
k.(Lg™ 0.084 0.101 0.124
R? 0.90430 0.96993 0.94665
X2 50.11 28.17 56.75
RMSE 33.17 18.89 25.17
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3.2.3. Adsorption kinetics

The adsorption kinetics have also been investigated to
better understand the rate and mechanism of MG adsorption
onto CFB-MS. In the present work, the pseudo-first-order and
pseudo-second-order kinetics models have been employed
to evaluate the mass transfer process. The linear form of
pseudo-first-order model was described by Lagergren [42]
as shown in Eq. (9), and the pseudo-second-order model
with linear form proposed by Ho and McKay [43] can be
represented in Eq. (10):
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where g, and g, stand for adsorption amounts (mg g™') of MG
on CFB-MS at equilibrium and at time ¢ (min), respectively.
Meanwhile, k, (min™) and k, (g mg™ min™) represent equi-
librium rate constants of pseudo-first-order and pseudo-
second-order kinetic models, respectively.

The kinetics models with linear form are plotted in
Fig. 10, and the values of g, k,, k, and R*> are summarized
in Table 3. By comparison with correlation coefficients
(R?), it can be concluded that the adsorption of MG onto
CFB-MS can be better described by pseudo-second-order
kinetics model (R* = 0.9996) on the assumption that the rate
limiting step involves chemisorption of the adsorbate onto
the adsorbent. Moreover, the calculated uptake amount at
equilibrium (254.45 mg g™) deduced from pseudo-second-
order kinetics model is almost in accordance with the
experimental value (258.61 mg g™).

In(q, -q,)=Inq, - k¢ ©
3.2.4. Adsorption mechanism
¢ 1 ¢ The adsorption of malachite green (MG) onto the surface
i (10)  of CFB-MS can be interpreted by electrostatic interaction,
T Kfe e hydrogen bonding and coordination between aluminum and
nitrogen donor of MG molecule. As illustrated in Fig. 11, the
adsorption can mainly attribute to the electrostatic interac-
(@) 3 141931 — 86938710 "x R'=—015926 tion between cationic MG and the deprotonated adsorbent
. e SRR surface at high pH with the formation of T-O (T stands
for Si or Al). Besides, the hydrogen bonding between the
2 ° nitrogen donor of amine group within MG molecule and
¢ [ ]
— L Table 3
S 14 . Parameters of pseudo-first-order and pseudo-second-order
¥ adsorption kinetics models
£ ° Kinetics models Parameters
0- Pseudo-first-order 9o (Mg ™) 413
° k, (min™) 8.69 x 10
R? -0.1593
-1 .
6 5'0 160 150 260 250 Pseudo-second-order 9o (Mg G 254.45
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Fig. 10. Plots of the pseudo-first-order (a) and pseudo-second-
order (b) kinetic models for MG adsorption onto CFB-MS.

Fig. 11. Possible adsorption mechanisms of MG onto CFB-MS,
where T represents Si or Al
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T-OH of the adsorbent surface is probably also responsible
for the MG adsorption [44]. In addition, owing to the pres-
ence of Lewis acid site aluminum that was incorporated in
the adsorbent CFB-MS as revealed by solid-state Al MAS
NMR spectrum, the coordination of aluminum with nitro-
gen donor of MG molecule also contributes to the adsorp-
tion [20]. Consequently, the adsorption mechanisms could be
explained by electrostatic interaction, hydrogen bonding and
metal coordination.

4. Conclusions

An ordered mesoporous silica sieve (CFB-MS) has
been successfully prepared by using the circulating fluid-
ized bed fly ash from coal-fired power plants. It represents
the first example of the conversion of circulating fluidized
bed fly ash into mesoporous silica materials. The obtained
CFB-MS has been characterized by powder X-ray diffrac-
tion, nitrogen adsorption-desorption measurement, TEM,
FT-IR and solid-state *Si and Al MAS NMR spectroscopy.
CFB-MS exhibits the mesostructure of MCM-41 with p6mn
symmetry, and possesses relatively large BET specific area
and high pore volume of 738 m? g™ and 0.66 cm® g, respec-
tively. Several influence factors, including contact time, pH,
dosage, initial concentration and temperature, have been
investigated to evaluate its adsorptive removal efficiency of
malachite green. It can be found that Freundlich and Temkin
models give more appropriate fit to the isotherm data than
the Langmuir isotherm model, while the adsorption of MG
onto CFB-MS can be better described by pseudo-second-
order kinetics model.
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Supporting Information
S1. Measurements

The chemical component of the circulating fluidized
bed fly ash was determined by X-ray fluorescence (XRF)
method (PANalytical B.V., Almelo, Netherlands). The Si and
Al concentrations of supernatant extracted from circulating
fluidized bed fly ash were detected by inductively coupled
plasma optical emission spectrometry (ICP-OES) method
on a PerkinElmer Optima 8300 Spectrometer. The pow-
der X-ray diffraction (XRD) was carried out on an X'Pert
Pro X-ray diffractometer by using Cu-Ka radiation with a
wavelength of 1.54184 A. Nitrogen adsorption—desorption
measurement was performed on a Micromeritics TriStar
II 3020 surface area and porosity analyzer (Micromeritics
Instrument Corporation, USA) at 77 K. Before the measure-
ment, the synthesized mesoporous adsorbent was degassed
under vacuum at 120°C for 12 h. The specific surface area

was calculated through Brunauer-Emmett-Teller (BET)
method, while the pore size distribution was determined
using the Barrett-Joyner-Halenda (BJH) model. The
Fourier transform infrared (FT-IR) spectrum was collected
on a Spectrum One Fourier transform infrared spectrome-
ter (PerkinElmer Instruments Co. Ltd., USA) in the range
of 4,000-450 cm™ using KBr as standard reference. The sol-
id-state ¥ Al MAS NMR spectrum was collected on a Bruker
AVANCE III 400 spectrometer (Karlsruhe, Germany) using
1 M AI(NO,), solution as the reference. The TEM images of
the starting fly ash and synthesized mesoporous adsorbent
were obtained on a JEM 1200EX microscope (JEOL, Japan)
operated at an accelerating voltage of 120 kV. A UV-5100
spectrophotometer (Shanghai Metash Instrument Co. Ltd.,
China) was used to analyze the concentration of malachite
green (MG) solution.
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Fig. S1. TEM image of as-received circulating fluidized bed fly ash.
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Fig. S2. Influence of initial MG concentrations onto equilibrium
adsorption capacity at three temperatures.
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