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MCM-48 type support materials synthesized by the direct hydrothermal synthesis (HTS) and room temperature synthesis (RTS)
methods were incorporated with tungstophosphoric acid (TPA) in the range of 10-40 wt% by using a wet impregnation technique
in methanol solutions. Resulting HPA-MCM-48 catalysts were characterized by the XRD, Nitrogen Physisorption, SEM, TEM,
EDS, and FT-IR methods in order to determine the effects of different initial synthesis conditions on the catalyst properties.
RTS samples were found to have better crystalline structures, higher BET surface areas, and higher BJH pore volumes than HTS
samples. They also had slightly higher TPA incorporation, except for the 40 wt% samples, as evidenced by the EDS results. Keggin
ion structure was preserved, for both methods, even at the highest acid loading of 40 wt%. It was concluded that the simpler and
more economical RTS method was more successful than the HTS method for heteropoly acid incorporation into MCM-48 type

materials.

1. Introduction

MCM-48 type materials with cubic pore geometries were
first synthesized by the Mobil researchers in the year 1992 as
a member of the new family of mesoporous materials named
as the M41S family [1, 2]. Owing to high BET surface areas
(up to 1600 m?/g), high pore volumes (up to 1.2 cm*/g), and
narrow pore size distributions in the mesoporous region [3—
5], they have been the subject of many different studies ever
since [4-10].

Heteropoly acids (HPAs) are complex proton acids that
incorporate polyoxometalate anions (heteropoly anions)
having metal-oxygen octahedra as the basic structural units.
HPAs have several advantages such as very strong Bronsted
acidities approaching the super acid region and high oxi-
dant activities in multielectron redox reactions under mild
conditions. Their acid-base and redox properties can be
varied widely by changing their chemical compositions. Solid
HPAs have a discrete ionic structure, containing the fairly
mobile heteropoly anions and counter-cations (H*, H;O,

HsO,*, etc.). This unique structure results in significantly
high proton mobility and a pseudo liquid phase behaviour.
In addition, HPAs are highly soluble in polar solvents and
their thermal stabilities are quite high. These properties make
HPAs potentially promising acid, redox, and bifunctional
catalysts in both homogeneous and heterogeneous systems
[11, 12]. Despite their advantageous properties, HPAs have
very low BET surface areas (<10 m?/g) in the solid phase;
they are essentially nonporous materials with a few acid sites
present on their external surfaces for reactions with different
molecules such as hydrocarbons [13, 14]. This problem
may be overcome by incorporating HPAs on high surface
area supports like silica, zeolites, or mesoporous materials.
Among these supports, mesoporous materials including
MCM-48 are quite attractive since they have large BET
surface areas, larger pore diameters compared to zeolites,
and regular crystalline structures contrary to silica which is
amorphous. In fact, in literature, there are several studies
involving the synthesis, characterization, and applications of
HPA-MCM-48 type catalysts [9, 15-19].



In this study, a direct Hydrothermal Synthesis method
(HTS) and a Room Temperature Synthesis method (RTS)
were used to produce the purely siliccous MCM-48 support
materials. The methods taken from the literature were mod-
ified by the authors by making some changes in the gelation,
drying, and calcination steps in order to enhance the physical
properties such as the BET surface area, the portion of open
pores, and the total pore volume. The as-synthesized mate-
rials were impregnated with tungstophosphoric acid (TPA)
in the range of 10-40wt% by using a wet-impregnation
technique in methanol solutions. The physical and chemical
properties of the resulting catalysts were obtained by the
XRD, Nitrogen Physisorption, SEM, TEM, EDS, and FT-
IR methods, and the results were compared in order to de-
termine which initial method was more successtul for the in-
corporation HPAs into MCM-48 type materials. To our
knowledge, no such comparative work exists in literature for
HPA-MCM-48 type catalysts [9, 15-19]; hence the results
were presented as original findings.

2. Experimental

2.1. Materials. Tetraethyl orthosilicate (TEOS, from Merck,
98%) was used as the silica source, cetyltrimethylammonium
bromide (CTMABT, from Merck) as the surfactant, distilled
water as the solvent, and NaOH (in the form of pellets, from
Riedel-de Haen), ammonia (ammonium hydroxide solution,
26%, from Riedel de Haen), and ethanol (technical grade,
Merck) as the mineralizing agents for the syntheses of the
purely siliccous MCM-48 materials. Tungstophosphoric acid
(Phosphotungstic acid hydrate from Fluka) was used as the
HPA source and methanol (from Baker) as the solvent for
HPA incorporation into the MCM-48 support materials.

2.2. Synthesis of the HPA-MCM-48 Catalysts. The first purely
siliccous MCM-48 catalyst, produced by using a direct
hydrothermal synthesis method (HTS), was labelled as
MCM-48-HTS. The molar composition of the reaction gel
and the aging time were taken from a previous study [6] and
the rest of the recipe was developed by the authors as follows:
21 grams of CTMABr was dissolved in 143 mL distilled
water with vigorous stirring (600 rpm) at 30°C in order
to obtain a clear surfactant solution. After the surfactant
solution was formed, sufficient amount of NaOH (in the
form of pellets) was added slowly to act as the mineral-
izing agent for the mineralization of the silica source into
soluble species capable of interacting with the surfactant
molecules in the later reaction steps [21]. Then, the silica
source, TEOS, was added dropwise under vigorous stirring
at 30°C to form the synthesis mixture. It was important
to add TEOS slowly in order to enhance its interactions
with the mineralizing agent and the surfactant molecules.
In addition, vigorous stirring was preferred to enhance the
solubilities of the silica source and the surfactant molecules
and to force the gelation/synthesis reaction to completion.
The formation of a gel, with the molar composition
of 1.0TEOS/0.48NaOH/0.4CTMABr/4.55H, O, was observed
after the addition of the silica source and the gel was further

Journal of Nanomaterials

mixed for an additional hour to obtain a homogeneous
medium. The homogenous gel was transferred into a Teflon
bottle and the bottle was well sealed to prevent any com-
position change during the crystallization/aging stage. The
Teflon bottle was inserted into an oven preheated to 393 K
where it was kept for 3 days. A long aging period and a high
aging temperature were preferred in order to increase the
crystallinity and the pore size of the product [22]. The
aging/crystallization period was followed by the washing
stage. In literature, in most of the studies [4-9], no detailed
information is given concerning the washing stage of the
MCM-48 synthesis. However, it is known that any excess
surfactant or other basic material accompanying the MCM-
48 precursor will be removed through a careful washing
procedure increasing the calcination efficiency [23], pore
volume, and BET surface area. Hence, in this work, the
washing stage was continued until neutral pH values; that is,
the slurry obtained from the oven was filtered and washed
in a vacuum system until the pH of the filtrate became 7.0.
The washed sample was dried at ambient temperature for
24 hours. Ambient drying was preferred over fast (vacuum)
drying in an oven since it is known that slower rate of drying
increases the portion of the open pores (pores interconnected
in a network) in the structure with respect to the closed
pores (isolated/single pores) and facilitates the removal of the
templates from the structure for the M41S family of materials
[22]. Finally, the dried sample was calcined in a quartz
tube of 1.25 cm inner diameter and 120 cm length designed
by the authors, which had a membrane in the middle for
the passage of dry air and the fixation of the sample and
which allowed the dry air to pass through the whole sample
rather than only certain zones. The sample was heated
from ambient temperature to 823 K with a heating rate of
1°C/min and kept at this temperature for 6 more hours under
constant flow of dry air. It is known that the crystallinity
of the product increases as the heating rate (calcination
rate) decreases or the calcination duration increases [24].
Hence a low heating rate (1°C/min) was employed and a
long total calcination time of 15 hours was achieved. The
calcination temperature was chosen as 823 K since it was
commonly employed in literature [5-7, 9] and was shown
to be the optimum calcination temperature for MCM-41
type materials [25] which have very similar properties with
MCM-48 type materials except for the pore geometries.
MCM-48-RTS, the MCM-48 type catalyst produced by
the room temperature synthesis method, was synthesized
using a recipe similar to that given by Schumacher et al.
[5] with the abovementioned modifications in the gelation,
washing, and calcination steps: 21 grams of CTMABr was
dissolved in about 470 mL distilled water at room tempera-
ture to yield a white suspension. 7.83 moles of ethanol was
added dropwise under vigorous stirring (600 rpm) and a
clear solution was seen to form. Then, the mineralizing agent,
ammonia, was also added dropwise, and the new solution
was let to mix vigorously for 10 minutes. The required
amount of TEOS was also added dropwise under vigorous
stirring and a suspension was formed with the molar compo-
sition of 1.0TEOS/12.5NH3/54EtOH/0.4CTMABr/174H,0.
After vigorously stirring for 2 hours at room temperature,
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TaBLE 1: Physical Properties of the Purely Siliceous Catalysts.
Sample ID ) 200)
Primary (211) peak Secondary peaks dy11 (nm) a (nm) v, (cm’/g) 0 (nm)
MCM-48-HTS 2.60 3.88,4.38 3.40 8.33 0.629 1.13
MCM-48-RTS 2.70 4.40, 5.06 3.27 8.01 0.692 1.03
*Primary mesopore volume determined by using the a; method and data taken from the adsorption isotherm.
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FiGure 1: XRD patterns of the purely siliceous catalysts (a) MCM-48-HTS and (b) MCM-48-RTS.

the resulting precipitate was recovered by filtration, washed
with distilled water until the pH of the filtrate became
neutral, and dried in air at ambient temperature for 24
hours. The sample was calcined in the quartz tube mentioned
previously by following the same procedure as that used for
MCM-48-HTS.

Tungstophosphoric acid was incorporated into the as-
synthesized samples by using a wet-impregnation technique
[9] with some modifications. Desired amount of HPA was
added slowly into 15mL methanol and the solution was
mixed at room temperature for 10 minutes. 0.5 gram of
as-synthesized MCM-48 was added slowly to this solution
under continuous stirring. The resulting mixture was left
on the magnetic stirrer for 12 hours under vigorous stirring
at room temperature and dried in an oven at 90°C long
enough to evaporate the methanol. Finally, the solid product
was heated at 200°C for 8 hours to increase the structural
stability.

2.3. Characterization Methods. XRD patterns of the as-
synthesized samples were obtained using CuK, radiation
(A = 0.15406 nm) on a Rigaku Rint 2000 diffractometer.
The spectra were scanned in the range of 2-10° for the
purely siliccous MCM-48 samples and 2—40° for the HPA
incorporated samples with a step size of 0.02 and a scanning
speed of 2 (26/ min). Nitrogen physisorption isotherms at
77 K were obtained in a Quantachrome Autosorb 1C instru-
ment. Before the experiments, the purely siliceous samples
were outgassed at 300°C and the HPA-incorporated samples
were outgassed at 200°C for ~5h in vacuum. The surface

area values were evaluated using the BET (Brunauer-Emmet-
Teller) equation and the pore size distributions and total
pore volumes were obtained by applying the BJH (Barret-
Joyner-Halenda) method to the desorption branch of the
isotherms. SEM and EDS results were obtained on the Zeiss
Supra 50 VP Microscope with 20 kV accelerating voltage and
7.5-10.5 mm working distance while TEM photographs were
taken on JEOL 2100F HRTEM. FT-IR spectra were obtained
on a PerkinElmer Spectrum 100 Spectrometer. Pyridine was
adsorbed on the catalyst samples before the FT-IR exper-
iments. The samples were outgassed at 120°C overnight prior
to pyridine adsorption and pyridine adsorption was carried
out at room temperature before the FI-IR spectra were
taken.

3. Results and Discussion

3.1. XRD Results

3.1.1. Purely Siliceous Samples. The XRD plots of the purely
siliceous samples MCM-48-HTS and MCM-48-RTS are
given in Figure 1. It is well known that the MCM-48 type
materials yield their XRD patterns in the 20 range of 2—
10° with the highest intensity peak appearing around 2.5°
(26, 27].

Table 1 summarizes the 26, d»11, a, and § values for the
purely siliceous samples. 20 values are given for the primary
characteristic (211) peak and the secondary characteristic
peaks observed. The d,); value, which indicates interplanar
spacing, is calculated by using the position of the (211) peak
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TaBLE 2: Nitrogen physisorption results of the purely siliceous and HPA-incorporated catalysts.
Sample ID BET S.A. (m?/g) V; (cm’/g) d, (nm) Sample ID BET S.A. (m?/g) V; (cm?/g) d, (nm)
MCM48-HTS 1134 0.907 2.2 MCM-48-RTS 1250 0.976 2.2
HTS-10% 898 0.626 1.7 RTS-10% 1241 0.789 2.3
HTS-20% 702 0.599 1.7 RTS-20% 1235 0.831 2.2
HTS-30% 402 0.290 1.8 RTS-30% 953 0.660 2.2
HTS-40% 231 0.318 1.7 RTS-40% 580 0.355 2.0

“V; (total pore volume) and d) (average pore diameter) values were evaluated by using the BJH method and desorption data.

and Bragg’s Law [28-30]. The lattice parameter, a, which
shows the unit cell size, is calculated using (1) and the pore
wall thickness, J, is calculated using (2) [28, 29]. In (2),

a= d211\/6 (1)

il

X, 1s a constant number which can be taken as 3.09 for MCM-
48 type materials, V,, denotes the primary mesopore volume
calculated by employing the a; method on the adsorption
branch of the nitrogen physisorption isotherms [31, 32], and
p denotes the pore wall density (solid density) which can be
taken as 2.2 g/cm?® for MCM-48 type materials [28, 29].

Figure 1 and Table 1 depict that the primary character-
istic (211) peak expected around 2.5° [26, 27], is obtained
for both samples while the secondary characteristic (220)
peak expected around 3.0° [26, 27] is not obtained for
any of the samples. For the RTS sample, the secondary
characteristic (420) and (431) peaks [27], indicating the Ia3d
space group symmetry, are formed around 4.40 and 5.06°,
respectively. For the HTS sample, on the other hand, the
(400) and (420) peaks [27] are formed around 3.88 and
4.38°, respectively, with very low intensities. The primary
characteristic (211) peak appears at 2.60° and 2.70° for the
HTS and RTS samples, respectively. Hence, it is expected that
both samples have similar average pore sizes. This finding
is verified by the pore size distribution graphs given in
Figure 7 and the BJH results given in Table 2. The actual pore
diameter of the HTS sample is 2.18 nm whereas the actual
pore diameter of the RTS sample is 2.17 nm, both of which
can be rounded to 2.2nm. Investigation of Figure 1 also
shows that the RTS sample has a high intensity (211) peak;
however, there is some broadening in this peak indicating
inhomogeneity in the mesoporous structure due to some
structural degradation and loss of long range order [33—
35]. In terms of the lattice parameter, a, the MCM-48-HTS
sample has a somewhat higher value than the MCM-48-RTS
sample which indicates that it also has a somewhat larger unit
cell compared to the RTS sample.

In the s method, the amount of nitrogen adsorbed on
a nonporous reference adsorbent is expressed as the reduced
standard adsorption a, defined as the ratio of the amount
adsorbed, at a given relative pressure P/P, to the amount
adsorbed at the relative pressure P/P, = 0.4. Then, the actual

adsorbed volumes of the sample taken from the adsorption
isotherm are plotted against the o values, and this way, a new
isotherm is obtained. This new isotherm is used to determine
the primary mesopore volume, V), as follows: A straight line
is drawn which passes through as many points as possible
on the plateau region of the isotherm and the intercept of
this line gives the total adsorbed gas volume in the primary
mesopores per gram of the sample. The total adsorbed gas
volume is converted into total adsorbed liquid volume by
multiplying with a correction factor which is simply the ratio
of the molar volume of liquid nitrogen at 77 K to the molar
volume of nitrogen gas at STP assuming ideal gas behavior;
that is, 34.65:22,400 cm®/g [36]. This way, the total liquid
nitrogen volume adsorbed in the primary mesopores (V)
is found. In our case, Li Chrospher Si-1000 Silica is chosen
as the reference adsorbent for which the standard reduced
nitrogen adsorption data (the a; values) are well tabulated
[37]. The adsorbed volume versus «, graphs is plotted as
seen in Figure 2 and a straight line is drawn to pass through
as many points as possible on the linear/plateau regions of
the isotherms. The intercepts of these lines are determined
as shown on the plots and the V), values are estimated by
converting the adsorbed gas volumes into adsorbed liquid
volumes by multiplying with the abovementioned correction
factor. The V, values thus determined are given in Table 1
and they are used in (2) to find the wall thickness, &, values
also given in Table 1. The § values of the two purely siliceous
samples, which depend on the degree of condensation of the
silicate species during the synthesis procedure, are quite close
to each other; thus, both of them will have similar thermal
stabilities in different applications.

In summary, as seen from the XRD plots of the purely
siliceous samples, the MCM-48-RTS sample has a better
crystalline structure and a superior long range order than
the MCM-HTS sample; this finding is supported by some
literature studies which report that the room tempera-
ture synthesis yields better crystalline structures and more
homogeneous particle shape distributions compared to the
hydrothermal synthesis [5, 38].

3.1.2. Heteropoly-Acid-Incorporated Samples. In Figure 3, the
XRD patterns of pure TPA preheated at 100 and 400°C
are given. As seen in this figure, the characteristic peaks
of the TPA form in the 26 range of 10-50° and some
peak broadening is observed with increasing temperature



Journal of Nanomaterials

600

500 A

400 4 42.733x + 406.76

300 A

200 A

—

(=3

(=)
L

(=)

Adsorbed volume at STP (cm?/g)

0.5 1 1.5 2 2.5 3

(a)

700
600 1
500 A
400 -
300 A
200 A
100 -

38.405x +447.43

Adsorbed volume at STP (cm?/g)

(b)

FIGURE 2: The a5 plots obtained from nitrogen adsorption isotherms measured on (a) MCM-48-HTS and (b) MCM-48-RTS.
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Figure 4: XRD patterns of the purely siliceous and HPA incorpo-
rated catalysts prepared by the HTS method: (a) MCM-48-HTS, (b)
HTS-10%, (c) HTS-20%, (d) HTS-30%, and (e) HTS-40%.

although the crystallinity is not significantly affected [20].
The XRD patterns of the HTS-X% samples (hydrother-
mally synthesized samples with X wt% HPA incorporation)
displayed in Figure4 show a decreasing trend of peak
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Figure 5: XRD patterns of the purely siliceous and HPA incorpo-

rated catalysts prepared by the RTS method: (a) MCM-48-RTS, (b)
RTS-10%, (c) RTS-20%, (d) RTS-30%, and (e) RTS-40%.

intensity and an increasing trend of peak width with the
increasing amount of HPA incorporation for the (211)
peak. This is an expected result since the incorporation
of acid deteriorates the structure and this effect is more
pronounced as the amount of acid incorporated increases
[9]. A diffraction band is obtained in the 26 range of 15—
40° for all HPA- incorporated HTS samples. This band
indicates the presence of an amorphous region [39] formed
due to HPA addition and the consequent deterioration in
the structure. The small peaks observed on this band belong
to TPA as can be inferred from Figure 3 and they indicate
the presence of HPA crystals on the outer surfaces of the
catalysts. On the other hand, the reductions in the pore
diameters and the pore volumes, as seen in Table 2, indicate
the presence of incorporated acid in the mesopores.

For the RTS-X% samples (room temperature samples
with Xwt% HPA incorporation), the XRD patterns given
in Figure 5 are in general better than those corresponding
to the HTS samples. This is due to the fact that the parent
MCM-48-RTS has a better crystalline structure than the
parent MCM-48-HTS and the incorporation of HPA does
not deteriorate the catalyst structure significantly. In fact,
the characteristic (211) peak and the additional (420) and
(431) peaks are obtained with significant intensities for the
RTS-10% and RTS-20% samples. For the RTS-30% and RTS-
40% samples, on the other hand, the characteristic (211)
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TasLE 3: EDS results of the HPA-incorporated catalysts.

Sample ID W/Si (in solution) W/Si (in solid) Sample ID W/Si (in solution) W/Si (in solid)

HTS-10% 0.0278 0.126 RTS-10% 0.0278 0.135

HTS-20% 0.0626 0.213 RTS-20% 0.0626 0.248

HTS-30% 0.1073 0.259 RTS-30% 0.1073 0.275

HTS-40% 0.1669 0.392 RTS-40% 0.1669 0.356
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FIGURE 6: Nitrogen physisorption isotherms of the purely siliceous
MCM-48-HTS and MCM-48-RTS catalysts.

peak broadens and its intensity decreases significantly with
respect to the parent MCM-48 sample and the samples with
lower amounts of acid incorporation. All samples also have
the formation of the TPA peak around 26° with very low
intensities indicating some agglomeration of the TPA crystals
on the catalyst surfaces [39].

The fact that the RTS samples have no significant peaks
corresponding to TPA except for the small peaks around
26° may indicate three situations: Only very low amounts
of acid may have been incorporated into the structures, the
acid may be well distributed in the mesopores, and/or the
acid may be embedded in the amorphous silica walls so that
the corresponding XRD peaks are not detectable. The EDS
results given in Table 3 of Section 3.3 prove the incorporation
of high amounts of TPA into the structure for all RT'S samples
as evidenced by the high W/Si molar ratios. In addition,
the FT-IR results given in Figure 11 of Section 3.4 prove the
incorporation of TPA with the Keggin structure into the
RTS-40% sample. Hence, the first situation is not possible.
The BJH results given in Table2 of Section3.2.2 show
that, for the RTS samples, the pore volumes decrease with
increasing acid incorporation; however, the average pore
diameter either remains constant or changes very slightly.
Hence, it is concluded that there is some pore blockage due to
the incorporation of acid into the mesopores; however, most

of the incorporated acid is located in the amorphous silica
walls.

3.2. Nitrogen Physisorption Results

3.2.1. Purely Siliceous Samples. The nitrogen physisorption
isotherms of the purely siliceous samples MCM-48-HTS
and MCM-48-RTS are given in Figure 6. It is seen that
both catalysts have the Type IV isotherm of the ITUPAC
classification [40]. Both isotherms display hysteresis loops of
Type H4 in the range of approximately 0.40 < P/P, < 0.95
which indicate the presence of nonuniform slit-like pores
[40—42] and secondary (larger) mesopores in the structure
[43]. The HTS sample has a steep increase of adsorbed
volume in the range of 0.95 < P/P, < 1.00 attributed to the
macropores and spaces between the catalyst particles [44].
The macroporosity is observed with a lower degree for the
RTS sample, too.

Investigation of Figure 7 shows that both catalysts have
narrow pore size distributions centred at 2.2 nm. In addition,
the HTS sample also has three small peaks centred at 3.8,
4.8, and 6.5 nm indicating the formation larger mesopores
with these diameters. The RTS sample also has one small
peak centred on 5.5 nm indicating the presence of secondary
mesopores [43].

3.2.2. Heteropoly-Acid-Incorporated Samples. The nitrogen
physisorption isotherms of the HPA-incorporated HTS and
RTS samples are given in Figure 8. It is seen in Figure 8(a)
that all HTS-X% samples have the Type IV nitrogen physis-
orption isotherms with the H4 Type hysteresis loop which
indicates that the samples are mesoporous with nonuni-
formly distributed, narrow, slit-like pores and secondary
mesopores [40—-43]. The most significant hysteresis effect is
observed for the HTS-40% catalyst due to the high amount
of heteropoly acid incorporation and the resulting structure
deterioration. Figure 8(b) shows that the RTS samples also
display the characteristics of the Type IV physisorption
isotherms; however, the hysteresis effects are less pronounced
compared to the HTS samples. Hence, the RTS samples have
more uniform pore geometries than the HTS samples. The
most significant hysteresis effect is again obtained for the
40 wt% sample.
The results summarized in Table 2 support the findings

of the nitrogen physisorption isotherms. As seen in this table,
the RTS samples have higher surface areas than the HTS
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FiGure 8: Nitrogen physisorption isotherms: (a) MCM-48-HTS catalysts and (b) MCM-48-RTS catalysts.

samples. The pore volumes corresponding to the RTS
samples are also in general higher than those corresponding
to the HTS samples. In terms of the average BJH desorption
pore diameters, d,, Table 2 depicts that, with the increasing
incorporation of HPA, the pore diameters of the HTS
samples decrease due to the pore blockage effects; that is,
some part of the incorporated acid is dispersed in the pores.
However, for the RTS samples, the pore diameters either
remain constant or change very slightly with the addition
of the HPA. This result and the absence of significant HPA
peaks in the XRD patterns (Figure 5) imply that most of
the incorporated acid is located in the amorphous silica
walls of the RTS samples.

3.3. SEM, TEM, and EDS Results. SEM results of the purely
siliceous and 40 wt% HPA-incorporated samples are given
in Figure9. This figure depicts that the MCM-48-RTS
sample has a homogeneous distribution of spherical particles

and the structure is not significantly affected upon acid
addition although some agglomeration and particle shape
deterioration is observed. MCM-48-HTS and HTS-40%
samples, however, have nonuniform lamellar structures and
inhomogeneous particle shapes. TEM photographs of the
purely siliceous samples given in Figure 10 show that some
cubic mesophase formation is observed for both samples;
however, the cubic pores are not homogeneously distributed.
This situation may account for the low-intensity secondary
peaks of the MCM-48-HTS sample, the broadening of the
primary peak of the MCM-48-RTS sample, and the lack of
the secondary characteristic (220) peaks for both samples in
the XRD patterns.

The EDS results given in Table 3 show that although the
W/Si molar ratios (in solid) are similar for both types of
samples, the RTS samples have slightly higher addition of
HPA compared to the HTS samples except for the 40 wt%
acid incorporation.
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FiGure 9: SEM photographs: (a) MCM-48-HTS, (b) MCM-48-RTS, (c) HTS-40%, and (d) RTS-40%.

(a)

3.4. FT-IR Results. In Figure 11, the FI-IR spectra of the
HTS-40% and RTS-40% samples are given along with the
FT-IR spectrum of pure TPA. All the FT-IR spectra displayed
in this figure, including the FT-IR spectra of the pure TPA,
are found by subtracting the FT-IR spectra of the original
catalyst from the FT-IR spectra of the pyridine-adsorbed
catalyst. In this way, the peaks corresponding to the Keggin
structure are clearly obtained; that is, pyridine is used as a
probe molecule for the determination of the acidic sites [13].

It is known that the (PW1,049)® Keggin ion found in
the TPA structure consists of a central (PO,)~? tetrahedron

(b)
FiGgure 10: TEM photographs: (a) MCM-48-HTS and (b) MCM-48-RTS.

which is surrounded by four threefold W30,3 units formed
by each (WOg) ¢ octahedron sharing two edges with other
(WQOg)~®’s. The four W30;3 units are linked to one another
by corner sharing Ocorner atoms. The total assembly has a
tetrahedral pocket in its center for the P heteroatom [45].

In Figure 11, the absorption bands observed at 807 cm™!
for pure TPA and HTS-40% and at 805 cm™! for RTS-40%
correspond to the stretching of the W—Ocgge—W intrabridges
between the edge-sharing (WOg)~° octahedra [45, 46]. The
bands observed in the range of 861-865cm™! for pure
TPA and TPA-incorporated samples are also attributed to
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FiGgure 11: FT-IR spectra: (a) Pure TPA, (b) HTS-40%, and (c) RTS-
40%.

the W—O,qge—W intrabridges [46]. The small peaks occurring
at 896 cm~! for pure TPA, at 912cm™! for HTS-40%, and
at 913cm™! for RTS-40% correspond to the W—Ocorner—W
bond [20], and the absorption bands obtained around 950—
960 cm~! correspond to the vibrations of the W = Oterminal
functional group [46, 47] where Oterminal denotes a terminal
oxygen atom connected to a lone tungsten atom [15]. Finally,
broad absorption bands around 1120 cm™! are obtained due
to the overlapping of the stretching vibrations of the P-O
bonds of TPA (1080 cm™!) for the HTS-40% and RTS-40%
catalysts [9].

4. Conclusions

In this work, MCM-48 type catalysts produced by the
HTS and RTS synthesis methods were incorporated with
tungstophosphoric acid in the range of 10-40wt%. The
purely siliccous MCM-48-RTS catalyst, synthesized by the
RTS method, was found to have a better crystalline structure
and a higher BET surface area than the MCM-48-HTS
catalyst synthesized by the HTS method. It also had a good
structural morphology with well-defined spherical particles
whereas the HTS catalyst had a nonuniform distribution of
lamellar particles and random formation of some spherical
particles. Due to these initial effects, TPA-incorporated RTS
samples also had better crystalline structures, higher BET
surface areas, and more homogeneous distribution of parti-
cle shapes compared to the HTS samples. TEM photographs
illustrated the formation of some cubic mesophase for both
samples; however, the cubic pores were not homogeneously
distributed throughout the samples. The incorporation of
TPA into both the HTS and RTS samples was proved by
the EDS and FT-IR results. EDS results showed that the
W/Si molar ratios (in solid) for both samples were only
slightly different and somewhat higher acid incorporation
was achieved for the RTS samples except for 40 wt% acid
incorporation. FT-IR results, on the other hand, indicated
that the Keggin ion structure was preserved even at the
highest acid loadings of 40 wt% as evidenced by the peaks

formed in the range of 800~1100 cm~'. Finally, it was seen
that most of the acid incorporated into the HTS samples
formed TPA clusters on the outer surfaces of the catalysts
and the remaining acid was dispersed in the pores causing
pore blockage and a consequent reduction in the BET surface
areas, average pore diameters, and total pore volumes. TPA
incorporated into the RTS samples, on the other hand, was
mostly dispersed in the amorphous silica walls as evidenced
by the XRD results and the average d, values. Hence, these
catalysts had less reduction in BET surface areas and BJH
pore volumes compared to the HTS samples and their
average BJH pore diameters remained almost constant upon
acid addition. As a summary, the RTS method, which is more
economical and less time-consuming than the HTS method,
was found to be more successful for the production of the
HPA-MCM-48 type catalysts. The results of this study were
presented as original findings since no prior comparative
work exists in literature for HPA-MCM-48 type catalysts.
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