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Abstract This study reports the synthesis of mesoporous
MCM-41 silica materials by the hydrothermal method
using five different fly ashes from the Seyitomer (Fs),
Catalagz1 (Fc), Tungbilek (Ft), Orhaneli (Fp), and
Afsinelbistan (F,) power plants in Turkey. The meso-
porous materials were not obtained from F5 which shows a
lower Si/Al ratio and Si content. The synthesized MCM-41
samples from the other region fly ashes were characterized
by X-ray diffraction, nitrogen adsorption—desorption,
thermogravimetry, scanning electron microscopy, and
high-resolution transmission electron microscopy analyses.
The results demonstrated that the structural properties of
the synthesized mesoporous materials were varied from
depending on chemical compositions and mineral phase
contents of the used fly ashes.

Graphical Abstract Mesoporous silica MCM-41 was
synthesized from different region fly ashes in Turkey. All
synthesized sample except FoM have ordered hexagonal
MCM-41 structure. Although the Si/Al ratio in the
extracted solution of FoM was high, it has low Si content.
The best quality MCM-41 sample was obtained from the
extracted solution of FtM which has the highest Si/Al ratio
and Si content. Taking these into account, Si/Al ratio and
Si amount, and thereby mineral compositions of fly ashes
play a significant role in the synthesis of mesoporous
molecular sieves MCM-41.
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1 Introduction

M41S family of silicate/aluminosilicate mesoporous
materials was discovered in 1992 by scientists from Mobil
Oil Corporation. MCM-41 is the most well-known member
and widely studied of M41S family that exhibits a hexag-
onal array of cylindrical mesopores [1, 2]. MCM-41 has
wide fields of applications as drug delivery systems, ion
exchange, adsorption, catalysis, and gas sensing [3].
MCM-41 can be synthesized in aqueous alkaline con-
ditions using a silica source and structure-directing agents
[4]. Many types of expensive silica source such as sodium
silicate, tetraethyl orthosilicate (TEOS), tetramethylam-
monium silicate (TMA-silicate), and fumed silica are
generally used for obtaining the mesoporous silica.
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Development of inexpensive and environmentally accept-
able ways to prepare mesoporous materials is very
important [5].

Fly ash, rice husk, iron ore tailings, sepiolite, bentonite,
and volclay can be transformed into MCM-41 mesoporous
silica due to having high contents of silicon and aluminum
that are the structural elements of MCM-41 [6-12]. Among
those silica sources, the recycling of the fly ash into useful
materials may have important economic and environmental
implications due to generation of this waste in a large
amount annually in the world.

Fly ash is produced as an industrial by-product in coal
fired thermal power plants during combustion of pulverized
coal and air [13, 14]. The combustion of coal forms about
37 % of the world’s total electricity production [15]. This
rate is more than 25 % in Turkey [16]. Huge amounts of
coal fly ashes and other combustion products are generated
in Turkey every year.

Fly ash is widely used for many years in a wide range of
applications as a substitute for fine aggregates in cement
and concrete, as filler in plastics and paints, as an adsor-
bent, in bricks, ceramic tiles, glass, and glass—ceramics, in
the synthesis of zeolites, in road pavement and embank-
ments, in soil amendment and stabilization, mine recla-
mation, etc. [13]. Although it has been used in a wide range
of industries, the recycling rate of it is still low and its
disposal is improper. This results in several environmental
problems [14, 17].

In the literature, the conversion of coal fly ash into
mesoporous silica has recently investigated [18-21].
According to these studies, it was seen that proper selection
of the Si/Al ratio and Si contents in the extracted solutions
of fly ashes was necessary to obtain of ordered mesoporous
silica. The Si/Al ratio and Si content were related to
chemical and mineralogical compositions of fly ash.
Physical, chemical, mineralogical, and pozzolanic features
of fly ashes show variability from region to region, even in
the same region [22]. Therefore, the usages of five fly ashes
from different regions in Turkey in the synthesis of MCM-
41 were investigated and the structural properties of
products were compared in this study. The structural
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Fig. 1 XRD patterns of fly ashes (Q: quartz, H: hematite, M: mullite,
F: ferrosilite, P: portlandite, C: calcite, A: anhydrite, and G: gehlenite)

properties of the synthesized materials were characterized
by some of characterization techniques.

2 Materials and methods
2.1 Materials and characterization

Hexadecyltrimethylammonium bromide (HDTMA-Br) as a
template, sodium hydroxide (NaOH), sulfuric acid (H,SQOy),
and deionized water were used in the MCM-41 synthesis
process. The coal fly ashes were obtained from Seyitomer,
Catalagzi, Tungbilek, Orhaneli, and Afsinelbistan thermal
power stations, Turkey. Before the experimental study, fly
ashes sieved on a 60-mesh standard sieve. Seyitomer, Cat-
alagzi, Tuncgbilek, Orhaneli, and Afsinelbistan fly ashes were

Table 1 Chemical composition

of fly ashos (wi%) Flyash  Na,0  MgO  ALO;  SiO, SO, K,O  CaO TiO,  Fe,0;
Fs 0.60 3.50 21.60 58.90 140 170 283 065 8.87
Fe 0.40 2.00 28.80 57.80 027 351 099  1.06 5.04
Fr 0.30 3.50 21.90 61.20 0.88  1.40 182 074 8.23
Fo 0.40 3.20 26.50 52.50 210 1.99 422 0.60 8.51
Fa - 1.00 6.30 1480 1380 053 5830  0.69 4.59
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Fig. 2 XRD patterns of the synthesized samples

denoted as Fg, Fc, Fr, Fo, and F 5, respectively. The chemical
analysis of the ashes was determined by X-ray fluorescence
(XRF) using a PANalytical MiniPal4 spectrometer. Crys-
talline phases were characterized via X-ray diffraction
(XRD) using an X-ray diffractometer (Philips PANanalyti-
cal X’Pert-Pro) with CuKo radiation (y = 1.540 A) at
operating parameters of 40 mA and 45 kV with step size
0.02° over the scanning range 20 = 5°-90° for fly ashes and
20 = 0.58°-8° for synthesized samples.

The amounts of Si, Al, and Na in the extracted solutions
and prepared samples were analyzed using Perkin-Elmer
Optima 2100 DV inductively coupled plasma optical
emission spectrometry (ICP-OES). Nitrogen adsorption
isotherms of the synthesized samples were measured at
77 K on a Micromeritics ASAP 2020 Surface Area and
Porosimetry Analyzer. Samples were degassed at 300 °C
and 4 h before the analysis. Brunauer—-Emmett-Teller
surface areas of the synthesized samples were determined
over a relative pressure (p/p°) range from 0.03 to 0.30. Pore
size distributions were calculated from the adsorption
branch of the isotherms using the Barrett—Joyner—Halenda

method. Thermogravimetry (TG) and derivative thermo-
gravimetry (DTG) analyses of as-synthesized samples were
carried out in a Perkin-Elmer Pyris Diamond thermal
analyzer over a temperature range of 30-700 °C under
nitrogen atmosphere with a rate of 200 mL/min at 15 °C/
min. Scanning electron microscopy (SEM) analysis was
studied by using a CamScan Apollo 300 SEM instrument.
High-resolution  transmission  electron  microscopy
(HRTEM) observations were performed on JEOL-2100
HRTEM operating at 200 kV (LaBg¢ filament).

2.2 Synthesis

For the synthesis of mesoporous materials, alkaline fusion
process was applied to extraction of Si and Al species in
the coal fly ash. The parameters of the fusion method were
selected on the basis of conditions from previous studies
[23, 24]. According to this method, the fly ash sample was
mixed with NaOH in the weight ratio of 1:1.2 heated at
823 K for 1 h. The obtained fused mixture was cooled to
room temperature and milled again. It was stirred in a
shaking incubator with an appropriate amount of distilled
water at room temperature for 24 h. The resultant silica
solution was separated from the mixture by a filtration
process. Concentrations of Si, Al, and Na in the extracted
solutions were determined by ICP-OES.

In a typical synthesis of MCM-41, a given amount of
HDTMA-Br was dissolved in the distilled water at room
temperature. After the surfactant was completely dissolved
in the water, the obtained silica solution from fusion process
was added drop by drop. Resulting mixture was stirred for
1 h and pH adjusted to 11 via addition of sulfuric acid. This
process results in a milky white solid precipitate formation,
and it was aged at room temperature for 1 day. Then, the
obtained solid was filtered, washed with deionized water,
and dried at 105 °C for 12 h, and the as-synthesized sample
was finally calcined at 550 °C for 6 h to remove the
remaining surfactant. The samples obtained from Fg, F¢, Fr,
Fo, and F accordingly were here after labeled as FsM, FcM,
FrM, FoM, and FAM, respectively. Since the synthesis yield
of FAM was very low, the amount of synthesized sample was
very low as well. Therefore, characterization analysis of this
sample was not succeeded.
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Fig. 3 a N, adsorption— (a) 500
desorption isotherms of ]
synthesized MCM-41 samples.
b Pore size distributions
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3 Result and discussion
3.1 Properties of fly ashes and extracted solutions

The chemical compositions of the as-received coal fly ash
powders are listed in Table 1. The main components of the
fly ashes were silica and alumina except F5. The highest
silica and alumina contents were found in Fr and Fc,
respectively, and the lowest for the Fo. Consequently, the
chemical content of the ashes varies depending on the fly
ash type.

The XRD patterns of fly ashes from different regions in
Turkey are shown in Fig. 1. It can be revealing that the
main crystalline phases found in the Fs, Fc, Fr, and Fgo
were mainly mullite and quartz and some amounts of
hematite and ferrosilite. However, the XRD analysis of Fp
showed that the main crystalline phases were calcite,
anhydrite, portlandite, gehlenite, and quartz. These results
were also confirmed by their chemical compositions anal-
ysis as shown in Table 1.

The chemical compositions of the extracted solutions
which were obtained after the fusion process are listed in
Table 2. It was seen from the table that the highest Si
concentration was found in the extract of Fr. The Si con-
tent in the extract of Fy was significantly higher than Al.

However, the highest Al concentration was found in the
extract of F4, and it has the lowest Si amount. In addition,
the Si/Al ratio of F, is much lower than of the other fly
ashes. The difference in Si/Al extracted amounts was due
to the different mineral phase contents of fly ashes.

3.2 Characterization of synthesized MCM-41
samples

XRD patterns of the synthesized samples except FAM are
shown in Fig. 2. The XRD analysis of FAM was not
succeeded since there was not enough amount of this
sample. This can be related to the extracted solution of Fu
having very low Si/Al molar ratio and Si content. The
XRD patterns exhibited (100), (110), and (200) reflections
which are characteristics of the MCM-41 structure [4],
could be observed for FsM, F-M, and FtM. FoM has non-
ordered hexagonal MCM-41 structure due to disappearing
of (200) peak. Although the Si/Al content of the extracted
solution of Fo was high compared to Fc, FoM presents a
worse crystallinity compared to FcM. This may be
attributed to low concentration of Si in the extracted
solution of Fg. According to analysis results, it was
determined that the quality of the synthesized MCM-41
was depending on the Si/Al ratio and Si content in the
extracted solution.

The chemical compositions of the synthesized samples
are listed in Table 2. It was seen that Si/Al ratios in the

synthesized samples were lower than Si/Al ratio in the
extracted solutions. In contrast, Majchrzak-Kucgba and
Nowak found Si/Al ratio of mesoporous materials produced
from fly ash higher than the Si/Al in the filtrates [6]. The
highest Si/Al ratio in the synthesized samples was found as
16.02 in the FyM. Chang et al. [25] showed that MCM-41
from fly ash can be synthesized with a Si/Al = 13.4. In this
study, it was observed that highly ordered MCM-41 with a
Si/Al = 10.30 and even non-ordered MCM-41 with a Si/
Al = 9.70 were successfully synthesized.

Figure 3 shows the N, adsorption—desorption isotherms
and pore size distribution curves of synthesized MCM-41
samples. All samples exhibited a typical type IV with a H1
hysteresis loop according to the TUPAC classification,
showing the mesoporous nature of the solids. A well-de-
fined steps at high relative pressures (p/p°® = 0.45-1.0)
indicate that the samples have narrow pore size distribu-
tions and the pore size is nearly uniform. The BET surface
area and pore volume of synthesized samples vary from
577.99 to 1048.54 and 0.37 to 0.66 cm’/g, respectively, as
listed in Table 3. It can be seen that FtM has the highest
BET surface area (1048.54 m*/g) and pore volume
(0.66 cm*/g). This BET value of FfM was very high
according to any sample prepared from fly ash in the lit-
erature as follows: 383 m2/g [23], 610 m2/g [6], 732 m2/g
[20], 735 m*/g [25], 740 m*/g [7], and 842 m?*/g [18].
Previously, Halina et al. [7] showed that the pore size of
MCM-41 synthesized from coal fly ash was 2.3 nm. The
pore size distribution of the FrM determined by the
adsorption branch of the isotherm using BJH method
reveals a one sharp peak at about 3.14 nm. Compared with
the synthesized MCM-41 samples from the other fly ashes,
the pore size distribution of FtM is narrower and the
average size is much lower.

The results of TG/DTG analysis of as-synthesized
MCM-41 samples are shown in Fig. 4a, b. Three main
stages of weight loss were observed on the TG/DTG
curves of the all samples. The first weight loss was
attributed to the removal of physisorbed water

Table 3 Textural properties of the synthesized samples

Sample name S&kr (m*/g) dy (nm) Vi (cm®/g)
FsM 577.99 3.41 0.3655
FcM 606.90 3.37 0.4106
FM 1048.54 3.14 0.6642
FoM 715.55 3.97 0.5274
FaM n.m. n.m. n.m.

n.m. not measured
# Specific surface area
° Pore diameter calculated by BJH theory

¢ Total pore volume
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molecules. The second weight loss corresponds to the  of silanol groups [26]. The individual values of weight
decomposition of template appeared as two partly loss and temperature range for all the samples are listed
overlapping peaks on the DTG curves of FoM, FsM, and  in Table 4. The total weight loss of FcM was found as
FrM except FcM. The final step was related to the  38.52 %, and this weight loss was lower than the weight
decomposition of remaining template and condensation  loss of the other samples. It can be observed that the

Fig. 4 TG/DTG curves of as- (a) 100
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Table 4 Weight losses and temperature range for all the synthesized
samples

Samples Reaction Temperature Weight loss
stages range (°C) (%)
FsM First 30-115 5.85
Second 115-335 31.13
Final 335-648 11.95
FcM First 30-134 5.43
Second 134-305 11.21
Final 305-646 21.89
FtM First 32-114 5.77
Second 114-342 36.46
Final 342-647 10.31
FoM First 30-118 5.66
Second 118-337 29.40
Final 337-646 9.57

Fig. 5 SEM images of a FsM,
b FcM, ¢ FrM, and d FoM

thermal behavior of FsM, FrtM, and FoM was similar to
each other, while FctM was different.

Representative SEM images of MCM-41 samples
synthesized from different fly ashes are shown in
Fig. 5. The all samples have hexagonal-shaped
agglomerated particles with a size below of 1 pm. This
result was close to the result obtained by Halina et al.
[7] for MCM-41 synthesized from coal fly ash. HRTEM
micrographs of synthesized MCM-41 samples are
shown in Fig. 6. Figure 6 shows the well-ordered
hexagonal arrays of uniform channels. The pore size of
the samples was determined as approximately 3.25 nm
for FsM, 3.1 nm for FcM, and 3 nm for FtM, consis-
tent with the result of N, adsorption—desorption anal-
ysis. On the other hand, the pore size of FoM could not
be determined since it has distorted pore ordering as
shown in Fig. 6d.
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Fig. 6 HRTEM micrographs of synthesized samples a FsM, b FcM, ¢ FtM, and d FoM

4 Conclusions

Mesoporous silica MCM-41 was synthesized from differ-
ent region fly ashes in Turkey except Afsin—Elbistan region
fly ash due to its low Si/Al ratio and Si content. All syn-
thesized MCM-41 samples except the sample synthesized
from the extracted solution of Orhaneli fly ash have
ordered hexagonal MCM-41 structure. Although the Si/Al
ratio in the extracted solution of Orhaneli fly ash was high,
it has low Si content. The best quality MCM-41 sample
was obtained from the extracted solution of Tungbilek fly
ash which has the highest Si/Al ratio and Si content.
Taking these into account, it was seen that Si/Al ratio and
Si amount, and thereby mineral compositions of fly ashes
play a significant role in the synthesis of mesoporous
molecular sieves MCM-41. The present study has provided
a useful method on conversion of fly ash into a mesoporous
molecular sieve, which resulted in the elimination of the
disposal problem of it.

@ Springer
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