
A

t
a
t
s
s
t
v
s
©

K

1

a
s
s
t
s
s
t
f
r
t
s
a
o
g
s

0
d

Journal of Hazardous Materials B137 (2006) 1135–1148

Synthesis of MCM-41 from coal fly ash by a green approach:
Influence of synthesis pH

K.S. Hui, C.Y.H. Chao ∗
Department of Mechanical Engineering, The Hong Kong University of Science and Technology, Clear Water Bay, Kowloon, Hong Kong, China

Received 13 July 2005; received in revised form 27 February 2006; accepted 26 March 2006
Available online 25 April 2006

bstract

The present study reports a green synthesis method for preparing pure (free of fly ash) and ordered MCM-41 materials from coal fly ash at room
emperature (25 ◦C) during 24 h of reaction. It was shown that the impurities in the coal fly ash were not detrimental to the formation of MCM-41
t the tested conditions. The influence of initial synthesis pH on material properties of calcined MCM-41 samples was investigated by various
echniques such as XRF, XPS, XRD, FTIR, DR–UV–vis, solid state NMR, N2 physisorption, TG-DTA, SEM and TEM. The experimental results
howed that the amount of trace elements such as Al, Na, Ti and Fe incorporated into the sample increased with synthesis pH value. More aluminum
pecies were incorporated with tetrahedral coordination in the framework under a high pH value. The particle size of the sample decreased with

he synthesis pH value. Samples synthesized at high pH values had a larger pore size and were more hydrothermally stable than those at low pH
alues. From thermal analysis, it was observed that the synthesized MCM-41 samples showed a high thermal stability. These properties made the
ynthesized MCM-41 suitable for further processing into more useful materials in a wide range of applications.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Since scientists at Mobil Oil Research and Development
nnounced the successful synthesis of mesoporous molecular
ieves (M41S) in 1992 [1–3], numerous studies on their synthe-
is, characterization and application have been reported [4,5]. A
ypical synthesis starts with the formation of organic micellar
pecies in an aqueous solution, followed by the polyconden-
ation of an inorganic matrix, and ends with the removal of
he organic template [6]. Interaction between the organic sur-
actant and the inorganic matrix is dictated by the synthesis
eagents and the preparation conditions is a controlling fac-
or in influencing the physical and chemical properties of the
ynthesized mesoporous materials [7,8]. Mesoporous materi-
ls with pore sizes ranging from 2 to 50 nm have found a lot

f applications in shape-selective catalysis [9], adsorption of
ases and liquid [10–13], biomolecular immobilization [14] and
eparation [15] because of their high specific areas and large uni-

∗ Corresponding author. Tel.: +852 2358 7210; fax: +852 2358 1543.
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orm pore sizes. MCM-41, consisting of hexagonal arrays of a
niform pore size, is a member of M41S and has attracted exten-
ive attention of researchers in academia and industry because
f its large pore, large surface area, thermal stability and mild
cidic property. The incorporation of different elements within
he silica framework of MCM-41 has been implemented in
rder to increase the acidity, ion exchange capacity and spe-
ific catalytic activity of the mesoporous silica molecular sieves
16–22].

Generally, templates used for synthesis of M41S are selected
rom the alkyl trialkyl ammonium halide surfactant family. The
ource of silica for the synthesis could be either costly organic
ilica precursors such as silicon alkoxides or cost efficient sub-
tances like sodium silicate. The high cost of synthesizing M41S
aterials is mainly due to the high cost of templates. Recently,
ai et al. [23] used ethyl acetate (CH3COOC2H5) as a mild

cid hydrolyser in the synthesis of MCM-41 materials under
nvironmentally friendly conditions where no toxic waste was

enerated. Using cheap inorganic silica sources [24] instead of
xpensive ones as well as a mild acid hydrolyser in the syn-
hesis can be an important improvement to the industrial scale
roduction of M41S materials.

mailto:meyhchao@ust.hk
dx.doi.org/10.1016/j.jhazmat.2006.03.050
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Coal fly ash is the waste product of coal combustion in a
oal-fired power station. Large quantities of coal fly ash are pro-
uced in electric power plants throughout the world every year.
he amount of coal fly ash formed is approximately 500 million

onnes per year and is predicted to increase. The global recy-
ling rate of fly ash is only 15% [25]. Coal fly ash contains a
ertain amount of metal oxides which will inevitably be released
o the environment if it is not converted into useful materials.
fficient disposal of coal fly ash is a worldwide issue because of

he huge amount produced and its harmful effects on the envi-
onment [26–28]. At present, resource recovery from coal fly
sh is one of the most important issues in waste management
25,29,30]. Converting coal fly ash into useful materials may
ave important economic and environmental implications. For
xample, reuses of coal fly ash may provide a new source of rev-
nue for the power production companies and eliminate previous
xpenses associated with its disposal. A detailed cost analysis
n the feasibility of recycling coal fly ash can be obtained in our
revious work [31]. In the environmental aspect, the increased
se of coal fly ash can reduce the need for additional landfill
pace and conserve natural resources. For example, a tonne of
oal fly ash, compressed to 70 pounds per cubic foot, normally
akes up approximately 28 cubic feet of landfill space. Each
onne of coal fly ash used beneficially reduces the need for
t of virgin resources (e.g. limestone, gypsum, sand and soil)

32]. It has been successfully shown that coal fly ash can be
eused in highway construction [32] and land reclamation [33].
lso, studies have been carried out to promote the recycling of

oal fly ash through its zeolitization [34,35] because the major
hemical composition contained in coal fly ash are SiO2 and
l2O3 (60–70 and 16–20 wt.%, respectively). Synthesized zeo-

ite materials (mixed with fly ash or in a pure form) may find
ts practical applications in removing heavy metals or ammonia
rom waste waters [34,36,37] or in gas adsorptions [38].

Although coal fly ash can be reused in the mentioned projects,
he demand for re-using coal fly ash in these projects is still lim-
ted. Instead of dumping coal fly ash in landfill sites or lagoons,
onverting coal fly ash into mesoporous materials such as MCM-
1 may provide another way for preserving the environment. In
ddition, compared to zeolite materials, MCM-41 material has
ttracted considerable attention for potential application as cat-
lyst supports or adsorbents because of its high surface area and
arge pore size and volume. It is expected that the more methods
f reusing coal fly ash explored, the more effort will be devoted
o the disposal of coal fly ash. Presently, the use of coal fly ash as
silica source for the preparation of MCM-41 is very rare in the

iterature [39,40], where these studies adopted a fusion method
o extract the silica source from coal fly ash. Generally, coal fly
sh is treated with sodium hydroxide (1:1.2, fly ash:alkali by
eight) at 550 ◦C for 1 h to obtain a fused mass which is cooled

o room temperature and milled overnight. The obtained fused
y ash powder is mixed with water in a weight ratio of 1:4–5 and
ged for 1 day at room temperature with agitation [40]. Reaction

arameters used in the studies by Chang et al. [39] and Kumar et
l. [40] were 110 ◦C for 150 h and 97 ◦C for 96 h, respectively.
onsidering the costs of equipment and energy in industrial syn-

hesis, simple extraction of amorphous silica source from coal
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y ash with sodium hydroxide under agitation (for example, at
he temperature range of 80–100 ◦C and duration of 2–4.5 h) is

ore economical than that of the fusion method.
The aim of the present study was to synthesize MCM-41

aterials through a green approach by using coal fly ash as the
i source and ethyl acetate as the hydrolyser. A green synthe-
is approach was designed to reduce the use or generation of
azardous materials associated with the synthesis of MCM-41
hile recycling of a waste material was employed. The influ-

nce of initial synthesis pH on material properties of calcined
CM-41 samples was investigated through various techniques

uch as XRF, XPS, XRD, FTIR, DR–UV–vis, solid state NMR,
2 physisorption, TG-DTA, SEM and TEM. Hydrothermal sta-
ility of the calcined samples was also investigated. Removal of
ixed heavy metal ions (Cr3+, Cu2+, Zn2+, Ni2+ and Co2+) in
ater by the calcined samples was evaluated.

. Experimental

.1. Materials

The coal fly ash used in this study was obtained from a power
lant in China and was used in each experiment after a pretreat-
ent at 120 ◦C for 30 min in an oven. The chemical composition

f the coal fly ash was analyzed by XRF (JEOL JSX-3201Z)
nd is listed in Table 1. The amount of amorphous SiO2 in the
oal fly ash was 46.2 wt.% which was assayed by a quantitative
-ray diffraction (XRD) method [41]. The surface area of the

oal fly ash determined by a BET surface area analyzer (Coulter
A3100) was 1.4 m2 g−1. The particle size distribution of the
oal fly ash was determined by a particle size analyzer (Coulter
S230). The particle size of coal fly ash ranged from 0.04 to
00 �m, with a mean diameter of 20.7 �m. Cetyltrimethylam-
onium bromide (CTAB, C16H33(CH3)3NBr, Aldrich), ethyl

cetate (CH3COOC2H5, Merck), 5.25N H2SO4 (BDH), NaOH
ellets (Riedel-de Haen) and deionized water were used in this
tudy.

.2. Synthesis of MCM-41

The amorphous SiO2 component in the coal fly ash was used
s Si source for the synthesis of MCM-41. The synthesis was
arried out as follows. Extraction of Si source: mixture of 30 g of
y ash and 300 ml of 2 M NaOH solution in a 1 L sealed PP bottle
as kept in an oil bath at 100 ◦C for 4.5 h under stirred condition

300 rpm). Then the solution was separated from the mixture
y a filtration process. The amounts of Si, Al and Na in the
xtracted solution (denoted as Si solution) were 5470, 518 and
4900 mg/l, respectively (analyzed by ICP-AES, Perkin-Elmer
000 XL). Preparation of MCM-41 source solution: MCM-41
ource solution was prepared following the procedure described
n the literature [23] with modification. At 85 ◦C and under stir-
ing at 300 rpm, 82 ml of the Si solution was mixed with 1 g

f CTAB to obtain an aqueous solution. Then, under stirring at
00 rpm, 3.1 ml of ethyl acetate was rapidly added to the solu-
ion. After stirring the mixture for 10 min, the obtained solution
as cooled down to room temperature (25 ◦C) by natural con-
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Table 1
Elemental composition of the coal fly ash and the calcined MCM-41 samples

Sample Synthesis pH At.%

XRF (bulk) XPS (surface)

Si Al Na S Ti Fe Si Al Na Ti

Coal fly ash n.a. 17.83 10.47 0.10 0.60 0.31 2.02 n.m. n.m. n.m. n.m.
1 1.16 30.70 0 0 0 0 0 30.12 0.21 0.11 0.03
2 2.25 31.02 0.09 0.01 0 0.01 0.01 30.04 0.11 0.26 0.06
3 3.57 30.47 0.43 0.06 0 0.01 0.01 29.79 0.41 0.13 0.06
4 4.73 30.11 0.41 0.42 0.09 0.01 0.01 30.16 0.15 0.12 0.03
5 5.10 31.05 0.41 0.10 0.01 0 0.01 29.42 0.38 0.58 0.05
6 6.82 30.24 0.43 0.84 0.38 0 0.01 29.84 0.20 0.25 0.06
7 6.90 35.16 1.10 0.17 0.07 0.05 0.04 29.60 0.47 0.76 0.02
8 10.60 30.74 0.38 0 0 0.01 0.02 29.17 0.41 1.77 0.15
9 0.2
1 0.0
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11.06 30.69 0.46 1.32
0 11.90 30.70 0.51 0.50

.a.: not available, n.m.: not measured.

ection. The resultant solution was denoted as M solution in this
tudy. Synthesis of MCM-41: 10 ml of M solution was adjusted
o the selected pH by the addition of 5.25N H2SO4 solution
nder slow stirring (50 rpm). Precipitation was observed during
H adjustment. The pH adjusted solution was kept at room tem-
erature (25 ◦C) for 24 h. The materials obtained were washed
ith deionized water and dried at 100 ◦C for 2 h. The dried mate-

ials were calcined under air at 550 ◦C for 4 h at a heating rate
f 1 ◦C/min.

.3. Characterization

pH values were measured with a Mettler-Toledo meter (MP
20). The bulk elemental composition of the sample was deter-
ined by a JEOL X-ray reflective fluorescence spectrometer

XRF, JSX 3201Z). The surface elemental composition of the
ample was determined by X-ray photoelectron spectroscopy
XPS, Physical Electronics PHI 5600). The C 1s signal at 285 eV
as utilized for making appropriate charging effect corrections.
general scan was performed to obtain the elements present in

he sample. More detailed search and analysis were made for
, Si, Al, Na, S, Ti and Fe atoms. The accuracy of the absolute

oncentration for each element was within ±10%. Powder X-ray
iffraction (XRD) patterns of the samples were obtained using
powder diffractometer (Philips PW 1830) equipped with a Cu
� radiation. The accelerating voltage and current used were
0 kV and 20 mA, respectively. The scanning range of 2θ was
et between 2 and 50◦, with a step size of 0.02◦ and 0.01◦/s. FTIR
easurements were performed on a Bio-Rad FT-IR System

model: FTS 6000) using KBr self-supported pellet technique.
he pellets contained about 1% of finely powdered sample and
ere pressed at 5 t/cm2. Spectra were acquired at 2 cm−1 resolu-

ion. The diffuse reflectance UV–vis spectra were measured with
Perkin-Elmer, Lambda 20 spectrophotometer. 27Al MAS NMR
xperiments were carried out on a JEOL NM-ESH40MU solid

tate spectrometer at the resonance frequency of 104.3 MHz
or 27Al nucleus. A pulse width of 2 �s, recycle delay time of
s and spinning speed of 7 kHz were used. Aluminum nitrate
as employed as reference for the aluminum nucleus. Nitrogen

e
r
o
v

9 0 0.02 28.97 0.53 1.06 0.11
4 0.03 0.03 28.01 0.96 0.79 0.07

dsorption/desorption was carried out at 77 K using the Coul-
er SA3100 nitrogen physic-adsorption apparatus. The volume
f adsorbed nitrogen was normalized to standard temperature
nd pressure (STP). Prior to the experiments, the sample was
ehydrated at 150 ◦C for 3 h. The BET surface area was deter-
ined from the linear part of the BET plot (p/p0 = 0.05–0.2).

n order to study the physical aspect of the surfactant degra-
ation within the mesopores of as-synthesized sample, ther-
ogravimetry (TG), in combination with differential thermal

nalysis (DTA) (TGA/DTA, Setaram 92-18) experiments, were
arried out. In these experiments, the sample was placed in a
latinum holder and heated from 25 to 700 ◦C at a heating rate
f 5 ◦C/min in air. Alpha alumina powder was used as a standard
eference material for DTA. Surface morphology of the sample
as analyzed by scanning electronic microscopy (SEM, JEOL
300) coupled with energy dispersive X-ray analysis (EDAX). In
he SEM analysis, the sample was coated with a thin layer of gold
nd mounted on a copper stab using a double-stick tape. TEM
nalysis for the samples was performed by transmission electron
icroscopy (TEM, JEOL 2010). The sample was suspended in
ethanol and transferred onto a carbon-coated (10 nm) copper

rid. The sample was allowed to dry at room temperature before
he TEM analysis. Hydrothermal stability of the sample was
valuated by treating the sample at 50 ◦C DI water (20 ml) in PP
ottle for 2 weeks.

.4. Sorption capacity of sample

All the compounds used to prepare the reagent solution were
f analytic reagent grade. The mixed heavy metal ions solu-
ion containing 300 mg/l each of Cr3+, Cu2+, Zn2+, Ni2+ and
o2+ ions was prepared by dissolving a weighed quantity of the

espective nitrate salts in deionized water. Before mixing the
dsorbate with the sample, the initial pH of each solution (pH
) was adjusted to the required value by adding 2% HNO3. The

xperiments were performed at 25 ± 0.5 ◦C with continuous stir-
ing at 300 rpm. The sample (0.01 g) was left in contact with 5 ml
f mixed heavy metal ions solution (300 mg/l) with an initial pH
alue of 3 for 240 min. It was observed that under all the exper-
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Table 2
Comparison between the bulk and the surface analysis

Sample Synthesis pH Bulk (XRF) Surface (XPS)

Si/Al Si/Na Si/Ti Si/Al Si/Na Si/Ti

1 1.16 n.a. n.a. 11834 143 274 1004
2 2.25 345 2255 4293 273 116 501
3 3.57 71 471 5640 73 229 497
4 4.73 80 n.a. 5099 201 251 1005
5 5.10 73 71 4682 77 51 588
6 6.82 76 300 7427 149 119 497
7 6.90 70 36 8203 63 39 1480
8 10.60 67 23 6530 71 16 194
9 11.06 61 61 1024 55 27 263
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mental conditions, no significant further adsorption was seen
fter 240 min of stirring. The sample was separated by subjecting
he solution to centrifugation (5400 rpm) for over 10 min. Then,
he solution was diluted and acidified with 2% HNO3 before
he ICP-AES measurement (ICP-AES, Perkin-Elmer 3000 XL).
he reported values were obtained by averaging the data from

wo parallel experiments.

. Results and discussion

The influence of the initial synthesis pH value on MCM-41
amples will be discussed in the following sections. This study
as not intended to be an in-depth investigation of the synthesis
f MCM-41 materials, but rather a demonstration of the pos-
ibility of production of MCM-41 materials from coal fly ash.
herefore, extensive analyses of the formation parameters were
ot provided. No attempt has been made to demonstrate the fact
hat the materials produced from the coal fly ash exhibit all the
roperties required for successful applications of mesoporous
aterials, which should instead belong to another phase of a
ore serious study.

.1. Elemental composition

Table 1 shows the bulk and the surface composition of the coal
y ash and the calcined MCM-41 samples measured by XRF and
PS, respectively. Elements such as Al, Na, S, Ti and Fe were

hought to be present as soluble oxides in the coal fly ash and
ere expected to form oxy-anions upon dissolution under alka-

ine condition during the extraction of Si source from the coal
y ash. It was shown that element S and Fe were not present
n the surface of the samples (depth of surface ∼50 Å). From

EM-EDAX analysis (picture not shown), it was found that tiny

mpurities were mixed with the MCM-41 samples, which was
ttributed to the detected sulfur element. Fig. 1 shows a clear
rend of an increasing amount of elements incorporated into the

ig. 1. Si/Al and Si/TM mole ratios of the calcined samples versus initial pH
alue during synthesis. TM means sum of Na, Al, Ti and Fe elements. Sample
ith corresponding initial pH value during preparation can be referred to in
able 1.
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0 11.90 32 202 705 29 36 401

.a.: not available.

amples with synthesis pH value. This may be because most
f the elements remained in the dissolved state in the synthesis
olution under a low pH value. It was observed that more Al
lements were incorporated into the samples at high pH values.
he reason may be explained as follows. A lower degree of poly-
ondensation of the silicate species was observed [42] when the
H value of the synthesis solution was high; thus more organic
emplate cations compensated for the SiO− groups in the sam-
les. In addition, the TGA investigations of the Al-MCM-41
aterials [2,20,43] suggested a much stronger interaction of the

rganic template cations with Al species than with SiO− groups.
s a result, more Al species were incorporated into the samples

t high pH values. Furthermore, the incorporation of aluminum
as generally accompanied by Na+ ions to balance the charge
f the samples, as shown in Table 1.

Table 2 shows the comparison between the bulk and the
urface mole ratio of Si/Al, Si/Na and Si/Ti of the samples.
enerally, a relatively higher mole ratio of Si/Na and Si/Ti was
bserved in the bulk analysis. This indicated that Na and Ti ele-
ents were mainly located on the surface of the samples. For

amples 1 and 2, it was shown that less Al element was incor-
orated into the silica framework suggesting a low interaction
etween the organic template with Al species at low pH values.
xcept samples 4 and 6, all samples showed comparative Si/Al

atios in both the bulk and the surface analysis. This observation
uggested that Al was distributed equally both in the frame-
ork and on the surfaces of the samples. The reason for the
henomenon is not clear.

.2. XRD

Table 3 presents the characteristics of MCM-41 samples syn-
hesized from the coal fly ash. As observed in samples 1–10, the
ifference in the initial synthesis pH value led to different XRD
ata, suggesting that the initial synthesis pH played an impor-
ant role in the formation of MCM-41. The hexagonal unit cell
arameter, a0, in the calcined samples increased with synthesis

H value. This suggested that there was an increase in the amount
f metal ions incorporated in the framework locations of the
amples because of its (M–O; M = metal ions) longer bonding
ength with oxygen than Si–O [44]. A similar observation was
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Table 3
Characteristics of MCM-41 samples prepared under different synthesis pH values

Sample Synthesis pH As-synthesized Calcined

2θ (1 0 0) (◦) Intensity (counts) d1 0 0 (Å) a0 (Å) 2θ (1 0 0) (◦) Intensity (counts) d1 0 0 (Å) a0 (Å)

1 1.16 2.4 1250 36 42 2.8 635 31 36
2 2.25 2.6 780 34 40 2.8 635 32 36
3 3.57 2.5 1070 37 43 2.1 506 42 49
4 4.73 2.6 1652 34 40 2.7 787 32 37
5 5.10 2.6 1364 34 39 2.1 526 42 49
6 6.82 2.5 897 44 51 2.6 920 34 39
7 6.90 2.5 1279 36 41 2.6 717 33 39
8 10.60 2.3 1240 38 44 2.8 563 32 37
9 11.06 2.3 2238 38 44 2.6 787 34 40
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tion, amorphization of sample 10 was observed. The result was
probably because of a lower degree of polycondensation of the
silicate species when the synthesis pH was too high, which was
in agreement with the work by Voegtlin et al. [42].
0 11.90 2.3 1985 38

eported in the study of Zr–Mn-incorporated MCM-41 samples
45]. The hexagonal unit cell parameter, a0, was calculated using
he formula a0 = 2d1 0 0/

√
3, where d1 0 0 was obtained from the

eak in the XRD pattern by Bragg’s equation (2d sinθ = λ, where
= 1.5406 Å for the Cu K� line). The value of a0 was equal to

he internal pore diameter plus one pore wall thickness. It should
e noted that there is no regular rule in asserting incorporation of
etal ions in MCM-41 as it has an amorphous structure where

he bond length and the angle of metal ions on the silica surface
ay be changed. It was mentioned that the cation size and its

oordination state play an important role in the possibility of its
ncorporation into the siliceous skeleton [46]. After the calcina-
ions, the 2θ positions of all samples, except samples 3 and 5,
ere shifted to a higher value, which indicated a contraction of

he lattice caused by template removal and subsequent condensa-
ion of the silanol groups. The observed decrease in 2θ positions
f samples 3 and 5 could be caused by the difference in the
ilica wall thicknesses of as-synthesized and calcined samples.
ince the reaction rates of hydrolysis and condensation of sili-
ate sources are highly temperature-dependent, it can be inferred
hat a further condensation of silanols (residual silanol groups
t the surface of the pore wall) occurred on the calcined sample
uring the thermal treatment to remove the template. Similar
bservations were reported by Zhao et al. [47] and Nishiyama
t al. [48] on a study of the modification of MCM-41 by sur-
ace silyation and the preparation of MCM-48 membranes on a
orous alumina support, respectively.

Fig. 2 shows the XRD patterns of the as-synthesized samples
t various initial pH values. In the range of 2θ between 10 and
0◦ (data not shown), there was only a broad band observed
hich was due to the amorphous silica walls of the sample. The
ell defined patterns with XRD lines corresponding to {1 0 0},
1 1 0}, {2 0 0} and {2 1 0} reflection, which are characteris-
ics of the hexagonal lattice symmetry of the MCM-41 structure
1], could only be observed for samples 9 and 10. These XRD
ines were generally taken as evidence of long range ordering
f the mesostructure. However, these Bragg peaks were slightly

hifted. The relatively broader and less intense main peaks of
ther samples (samples 1–8) indicated a distortion of the long
ange ordering of the mesoporous structure. The result sug-
ests that the quality of the as-synthesized MCM-41 sample was

F
M

44 2.9 487 30 35

H-dependent. Fig. 3 shows the XRD patterns of the calcined
amples. In general, the peaks of the samples were broadened
nd weakened, and the deterioration of the long range ordering
tructure of the samples was observed. These might be due to the
ncorporation of metal elements into the sample causing struc-
ural irregularity supported by the FT-IR analysis shown below.
imilar observations have been reported elsewhere [20,49,50].
fter removal of the organic species by thermal decomposi-
ig. 2. Effect of initial pH value on the XRD pattern of the as-synthesized
CM-41 samples.
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Fig. 3. Effect of initial pH value on the XRD pattern of the calcined MCM-41
samples.

Fig. 4. FTIR spectra of the calcined samples.
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.3. Fourier transform infrared spectroscopy (FT-IR)

From the FT-IR spectra of as-synthesized samples (not
hown), it exhibited absorption bands around 2921 and
851 cm−1 corresponding to n–C–H and d–C–H vibrations of
he surfactant molecules. Such bands disappeared in the calcined
amples indicating the total removal of organic material during
alcinations. The broad band around 3500 cm−1 was attributed
o surface silanols and adsorbed water molecules. Moreover, the
bsorption bands at 1620–1650 cm−1 were caused by deforma-
ional vibrations of adsorbed water molecules [51]. Fig. 4 shows
he FT-IR spectra of the calcined samples. Generally, for a cal-
ined Si-MCM-41 sample, a broad band at ca. 1090 cm−1 and
band at ca. 810 cm−1 correspond to the asymmetric and sym-
etric Si–O stretching vibrations [52]. The bands at ca. 970 and

60 cm−1 were due to the stretching and bending vibrations of
urface Si–O− groups, respectively [53]. As the substitution of
ilicon by different metal ions, a shift in the lattice vibration

ands to lower wave numbers was observed. The absorption
and at ca. 1223 cm−1 was due to asymmetric stretching vibra-
ions of the Si–O–Si bridges. Compared to Si-MCM-41, the
ave number of the asymmetric Si–O–Si vibration band of the

Fig. 5. Diffuse-reflectance UV–vis spectra of the calcined samples.
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Fig. 6. 27Al MAS NMR spectra of the selected calcined samples.

amples decreased to ca. 1085 cm−1. The wave number of the
symmetric Si–O–M (M = metal ions) vibration bands of the
amples decreased to 957 cm−1. These shifts may be due to the
ncrease in the mean Si–O distance in the walls caused by the
ubstitution of the silicon (radius 40 pm) by the metal ions of
arger size [54]. The observed shifts, which also depended on
he change in the ionic radii as on the degree of substitution,
ere comparatively small. Therefore, only a low degree of sub-

titution was suggested. The bands from 954 to 990 cm−1 were
ue to Si–O−M+ vibrations in metal-incorporated silanols [55]
hich was generally considered to be evidence of the incorpo-

ation of the metal ions into the framework.

.4. Diffuse-reflectance ultraviolet–visible spectroscopy
DR–UV–vis)

DR–UV–vis analysis of the calcined samples was conducted
o understand the oxidation state and environment of metal ions
n the samples. Spectrum (200–1100 nm) was generally used

n the DR–UV–vis analysis. However, due to the limitation of
he equipment (Perkin-Elmer, Lambda 20), only wavelengths of
50–1100 nm could be used. In this case, information about Ti4+

tetrahedral coordination) in the samples, which may be detected

c
b
v
r

able 4
extural properties of calcined MCM-41 samples prepared under different synthesis

ample Synthesis pH Unit cell parameter a0 (Å) BET surface area (m2 g

1 1.16 36 1149
2 2.25 36 958
3 3.57 49 1104
4 4.73 37 1086
5 5.10 49 1017
6 6.82 39 932
7 6.90 39 953
8 10.60 37 397
9 11.06 40 996
0 11.90 35 n.m.

.m.: not measured.
a Obtained from the geometrical model with equation Wd = cd1 0 0(ρVp/(1 + ρVp))1/
ig. 7. N2 adsorption/desorption isotherms of calcined samples. Filled symbols
enote adsorption. Note: Samples 3, 4, 5, 7 and 9 were vertically shifted to 100,
00, 150, 50 and 100, respectively, for the sake of clarity.

sing wavelengths of 210–220 nm, was unclear. Fig. 5 shows
he DR–UV–vis spectra of the calcined samples. A peak around
he wavelength of 273–277 nm was detected which corresponds
o extra framework Ti4+ (octahedral (Oh) coordination) species
56,57]. The presence of the Oh adsorption could be the result
f the water ligation to the titanium Td species on or close to
he channel surface during preparation [58]. The peak around a
avelength of 265 nm corresponding to Fe3+ (tetrahedral (Td)
oordination) species [55] was not clearly detected. It should
e noted that UV–vis spectra provide only a rough idea of the
alence state of incorporated metal ions. Detailed investigations
egarding the different states and environments of metal ions on

pH values

−1) Pore volume, Vp, (cm3 g−1) Pore sizea (Å) Wall thickness (Å)

0.6 27 9
0.7 29 8
0.7 38 10
0.7 30 8
0.8 39 10
0.9 32 7
0.9 32 7
0.3 24 13
0.7 31 9
n.m. n.m. n.m.

2, c = 1.155, ρ = 2.2 g cm−3.
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Table 5
Mass losses of as-synthesized MCM-41 samples prepared under different synthesis pH values

Sample Synthesis pH 25–110 ◦C (%) 110–265 ◦C (%) 265–305 ◦C (%) 305–395 ◦C (%) 395–700 ◦C (%) Total mass loss (%)

1 1.16 4.2 12.8 8.3 9.8 8.8 44.0
2 2.25 4.9 11.0 7.9 7.8 8.7 40.3
3 3.57 4.1 11.1 8.3 8.6 9.5 41.5
4 4.73 4.8 12.5 6.9 8.3 9.2 41.6
5 5.10 2.7 8.9 8.5 9.8 10.5 40.4
6 6.82 4.1 13.0 5.3 7.7 8.0 38.1
7 6.90 2.4 14.6 5.2 7.5 8.5 38.1
8 10.60 5.4 20.7 4.6 8.3 3.8 42.7
9 11.06 5.4 23.9 4.7 7.3 7.2 48.4
10 11.90 6.9 30.1 5.7 7.9 9.6 60.1

R a 0

n

t
a

3

r

t
p
d

ef. [69] n.a. 2.0 21.0 9.

.a.: not available.
a Sample was synthesized by pure chemical.

he surface or in the framework of samples using techniques such
s electron spin resonance (ESR) can provide better information.
.5. 27Al MAS NMR spectroscopy of the calcined samples

Solid-state NMR was used to investigate the local envi-
onment of aluminum species after calcination. Fig. 6 shows

c
a
r
t

Fig. 8. SEM images of the selected samples. (a) Sample 1 (pH 1.16), (b
8.0 6.0 46.0

he solid-state 27Al MAS NMR spectra of the calcined sam-
les. Peak signals at 52 ppm was due to tetrahedrally coor-
inated framework aluminum [59–61]; around 0 ppm was

aused by distorted or octahedrally coordinated aluminum
toms at extra framework positions [59,60]. It has been
eported that calcination of the as-synthesized Al-MCM-41
o remove the template led to the appearance of octahe-

) sample 7 (pH 6.9), (c) sample 10 (pH 11.9). (Scale bar = 1 �m).
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rally coordinated extra framework aluminum species [62–64].
he intensity of 52 ppm signal increased with synthesis pH
uggesting that there were more aluminum species incorpo-
ated with tetrahedral coordination in the framework under

high pH. The results provide information about the usage
f these materials for acid-catalyzed reactions, in which

he Bronsted acidity should be associated with the presence
f tetrahedral aluminum, whereas the Lewis acidity should
e associated with the presence of octahedral aluminum
65].

i
i
a
c

ig. 9. TEM images of the selected calcined samples. (a) Sample 1 (scale bar: 50 nm
(scale bar: 50 nm), (e) sample 9 (scale bar: 20 nm), (f) sample 10 (scale bar: 50 nm)
us Materials B137 (2006) 1135–1148 1143

.6. N2 adsorption/desorption isotherms

The N2 adsorption/desorption isotherms of the calcined sam-
les are displayed in Fig. 7. Generally, all samples showed a type
V isotherm, which is a typical shape for mesoporous MCM-41.
our well-defined stages were identified as follows: (1) a gradual
ncrease in nitrogen uptake at a low relative pressure correspond-
ng to monolayer/multilayer adsorption on the pore walls, (2)

step at intermediate relative pressure indicating a capillary
ondensation within the mesopores, (3) a plateau with a slight

), (b) sample 4 (scale bar: 100 nm), (c) sample 5 (scale bar: 50 nm), (d) sample
.
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Fig. 9 (C

nclination at high relative pressures associated with multilayer
dsorption on the external surface of the samples [66] and (4)
sharp rise in nitrogen uptake filling all other available pores

s the pressure reached saturation (p/p0 = 1.0) [42]. Samples 4,
and 9 showed reversible type IV isotherm, which is a pecu-

iar feature of MCM-41 materials. The near coincidence of the
wo branches of the isotherms could be attributed to the simi-
ar degree between the adsorption and the desorption processes.
his was probably caused by the primary mesopore filling step

1,2,67]. The BET surface area, pore volume, pore size and wall
hickness of the samples are shown in Table 4. The surface areas
f samples lay in the range of 396.8–1148.8 m2/g. The observed
ow BET surface area of sample 8 was probably due to the rela-
ively thick pore wall of the sample. Generally, the surface areas
f the samples decreased with decreasing mole ratio of Si/TM.
his was because the deterioration of the orderliness of the mate-

ial increased with the amount of elements incorporated into the
ample. However, to the best of the authors’ knowledge, the BET
urface areas of all samples, except sample 8, were the highest
ET surface area obtained for any sample prepared from coal
y ash (735 and 842 m2/g in Chang et al. [39] and Kumar et al.
40] study, respectively).

.7. Thermogravimetry-differential thermal analysis
TG-DTA)

Table 5 reports the mass losses of the as-synthesized sam-
les. The as-synthesized samples had approximately 40–62% of
he MCM-41 phase, whereas the remaining part corresponded
o water and organic materials. From the thermal analysis, it

howed that the three main processes took place upon heat-
ng of the as-synthesized samples and this was in agreement
ith the observations by Zhao et al. [68] and Kleitz et al.

69]. At temperatures below 150 ◦C, physically adsorbed water

a
o
d
o

ued ).

as removed. Between 150 and 350 ◦C, decomposition of the
rganic materials happened. From 350 to 600 ◦C, it was often
ssigned to combustion of the remaining organic species, dehy-
roxylation and water loss associated with the condensation of
he silanol groups. From Table 5, samples 8–10, which were
ynthesized at a higher pH value, had the highest weight loss.
his may be due to the highest organic content contained in

he samples. The results supported a lower degree of poly-
ondensation of the silicate species in these samples during
ynthesis. Thus a larger amount of organic cations compen-
ated for the large number of SiO− groups. The results were
n agreement with the works by Beck et al. [2], Kleitz et al.
69] and Cesteros et al. [20] that a higher weight loss was
ttributed to a higher Al content of the samples. The thermal
nalysis showed that the MCM-41 samples had a high thermal
tability.

.8. Scanning electron microscopy (SEM) and transmission
lectron microscopy (TEM)

Fig. 8 shows the selected SEM pictures of the calcined sam-
les. It was observed that the size of particles decreased with
ncreasing synthesis pH value. At pH 1.16, the size of parti-
les varied between 99 and 260 nm, where the most common
ize was around 260 nm. The most common size of particles
ere around 152 and 95 nm at pH 6.9 and 11.9, respectively. In
rder to obtain additional information about the pore structure of
he calcined samples, TEM analysis was performed, as shown
n Fig. 9. The samples generally exhibited ordered hexagonal
rrays of mesopores with a uniform pore size. Although some

reas of the samples were not highly ordered, significant areas
f the hexagonal order were observed. In parallel with the XRD
ata, the TEM images of sample 10 displayed distorted pore
rdering, as shown in Fig. 9(f).
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Table 6
Equilibrium sorption capacity and removal efficiency of mixed metal ions by selected MCM-41 samples

Initial conc. (mg/l) Samples Equilibrium sorption capacitya (removal efficiency %)b Equiliibrium pH (selectivity sequence)

Co2+ Cr3+ Cu2+ Ni2+ Zn2+

300 4 1.92 (0.98) 4.49 (2.33) 3.21 (1.59) 1.28 (0.64) 7.69 (4.00) 2.75 (Zn2+ > Cr3+ > Cu2+ > Co2+ > Ni+)
7 9.65 (3.58) 12.28 (4.67) 13.16 (4.76) 7.89 (2.87) 14.91 (5.67) 2.76 (Zn2+ > Cu2+ > Cr3+ > Co2+ > Ni+)
9 5.49 (2.29) 7.13 (3.04) 0.70 (0.28) 3.86 (1.57) 7.91 (3.38) 2.82 (Zn2+ > Cr3+ > Co2+ > Ni+ > Cu2+)

a Equilibrium sorption capacity was evaluated as qe = (C0 − Ce)/m × V, where C0 is the initial metal ions concentration (mg/l), Ce is the equilibrium metal ions
concentration (mg/l), V is the volume of the aqueous phase (l), and m is the amount of the sample used (g). Unit of equilibrium sorption capacity is mg/g.

b Removal efficiency was evaluated as (C0 − Ce)/C0 × 100. (T, 25 ◦C; stirring speed, 300 rpm; time, 240 min; pH, 3; V, 5 ml; m, 0.01 g).

Fig. 10. TEM images of the hydrothermal treated samples (50 ◦C for 2 weeks). (a) Sample 1 (scale bar: 20 nm), (b) sample 2 (scale bar: 20 nm), (c) sample 4 (scale
bar: 50 nm), (d) sample 6 (scale bar: 50 nm), (e) sample 7 (scale bar: 50 nm), (f) sample 9 (scale bar: 20 nm).
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.9. Hydrothermal stability and removal of mixed heavy
etal ions by synthesized MCM-41 samples

The yielding of the calcined MCM-41 samples was about
0–25%. Yielding was calculated as: (weight of calcined MCM-
1 produced)/(weight of reactive species used in the synthesis:
oal fly ash, NaOH pellets, CTAB and ethyl acetate) × 100. It is
orth noting that the proposed synthesis method was far simpler

nd less time-consuming than those reported in the literature
39,40]. After the conversion process (synthesis of MCM-41
aterials from the coal fly ash), the residual ash was also con-

erted into adsorbent for the treatment of wastewater containing
ixed heavy metal ions (Co2+, Cr3+, Cu2+, Zn2+ and Ni2+) [37].

t was shown that thorough reuse of the coal fly ash is possible.
Fig. 10 shows the TEM images of selected samples which

ere taken after they have been treated in DI water at 50 ◦C for
weeks. It was observed that the samples synthesized at high

H values were more hydrothermally stable than those at low
H values. The pore structure of these high pH samples were
n a relative good shape. This may be due to the presence of

ore incorporated metal ions of the samples, creating a nega-
ive charge on the surface of the pore walls, which repel OH−
ons and prevent the hydrolysis of siloxane bonds. Table 6 lists
he equilibrium sorption capacity and the removal efficiency of

etal ions by the selected samples. The results show that the
ample synthesized around neutral pH had the highest removal
fficiency and equilibrium sorption capacity of the metal ions at
he tested conditions. Also, the selectivity sequence of metal ions
as different among samples. The observed differences may be
ue to the different nature and surface chemistry of the sample

hich was synthesized under a specified pH and the particle

ize of sample. The results showed that the calcined MCM-41
amples (without any functional organic groups grafted onto the
urface of the sample) are poor adsorbents for the removal of

B
e
o
s

nued ).

ixed heavy metal ions. However, studies have shown that the
orption capacity of metal ions by calcined MCM-41 samples
an be significantly improved through post-modification of the
CM-41 samples to improve its affinity to metal ions [70–74].

he synthesized MCM-41 materials possessed a large pore size,
ore volume, BET surface area and good hydrothermal stability.
hese properties enabled them to accommodate a larger concen-

ration of functional groups on their surface. It has been shown
hat the sorption capacity of metal ions increases with increasing
oncentration of the grafted functional group [75]. It is expected
hat the calcined MCM-41 samples can be used as an adsorbent
n the treatment of waste water after grafting functional organic
roups (such as thiol or amine) onto its surface.

. Conclusions

Based on the experimental study, it was concluded that pure
free of coal fly ash) and ordered MCM-41 materials could be
uccessfully synthesized from coal fly ash at room temperature
uring 24 h of reaction. The yielding of the calcined MCM-41
amples was about 20–25%. The impurities in the coal fly ash
re not detrimental to the formation of MCM-41 at the tested
onditions; however, traces of elements such as Al, Na, Ti and
e were inevitably incorporated into the synthesized materials.
he incorporation of aluminum species into the framework of
CM-41 makes the samples exhibit moderate acidity, which is

seful for application in catalysis and adsorption. The results
how that material properties of the calcined sample are depen-
ent on the initial synthesis pH. It was shown that the synthesized
CM-41 materials possessed large pore size, pore volume and

ET surface area. The high thermal and hydrothermal stability
nabled them to be good candidates for application as catalysts
r adsorbents after the proper post-processing is conducted. The
ynthesized MCM-41 materials can be used as ‘starting materi-
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ls’ where post-modification of the materials is needed so that
pecific usages of the materials can be applied. For example,
hrough post-modification of the surface property of the cal-
ined MCM-41 materials, the synthesized MCM-41 materials
ay find application in the treatment of waste water. This study

emonstrates that converting coal fly ash into mesoporous mate-
ials not only eliminates the disposal problem of coal fly ash
ut also turns a waste material into a useful one. The proposed
ethod provides another way of recycling coal fly ash.
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