CHAPTERV
SYNTHESIS OF Fe-Ti-MCM-48 FROM SILATRANE PRECURSOR VIA
SOL-GEL PROCESS AND ITS HYDROTHERMAL STABILITY

5.1 Abstract

A series of hbimetallic Fe-Ti-MCM-48 materials were successfully
synthesized via sol-gel method using cetyltrimethylammonium bromide (CTAB) as a
template, silatrane, iron (1I1) chloride, and titanium (IV) isopropoxide as silica, iron,
and titanium sources, respectively. Scanning electron microscopy (SEM) showed the
truncated octahedron morphology of Fe-Ti-MCM-48. X-ray diffraction (XRD)
patterns showed well-defined order cubic mesoporous structures. X-ray fluorescence
(XRF) revealed the total metal content of the final product. UV-visible absorption
spectra confirmed that both iron (Fe3t) and cerium (Ti4") species highly dispersed in
the framework. While N2 adsorption/desorption measurements indicated that high
specific surface area. As metal content increased, the mesoporous order and surface
area decreased. The synthesized Fe-Ti-MCM-48 with 0.01Fe/Si and 0.0LTi/Si ratio
still retained a cubic structure after hydrothermal treatment at 100 °c for 72 h.



29

5.2 Introduction

The cubic MCM-48, a main member in M41  family discovered by Mobil
group [1], performs three-dimensional pore channel that can avoid pore blocking and
provide faster reactants diffusion than one-dimensional pore system of MCM-41 [2-
4). Due to tunable pore diameter, well-defined structure, and large surface area,
MCM-48 has been used in many applications, such as catalyst, catalyst support,
adsorbent, sensor, and template, for the synthesis of advanced nanostructures [5-9).
However, pure silica porous material is inert for catalytic applications because of its
lack of active sites. In order to create the active sites, the metal ions such as Fe, Ce.
Cr, V and Ti have been used to modify the MCM-48 silica framework [10-12],
Among the metals, iron containing mesoporous silica gave a good catalytic
performance for the selective oxidation processes, such as Friedel-Crafts [13],
styrene epoxidation [14], Fischer-Tropsch [15], and phenol hydroxylation [16-17],
Titanium  substituted mesoporous silicates also have excellent ability in
photocatalytic activity [18-19], styrene epoxidation [14], toluene oxidation [20], and
phenol hydroxylation [21], However, in this case the structure of Ti-MCM-41
collapsed under mild conditions for phenol hydroxylation with FFCb [21], Xiao et al.
[22] found that an ordered mesoporous titanasilicate retained the structure after
treatment in boiling water for 120 h. Chen et al. [23] studied Ti-substituted MCM-41
with various treatments and reported that the structural stability can be improved by
Ti incorporation. Galacho et al. [24] also demonstrated that Ti-MCM-41 maintained
the structure after 12 h in boiling water and the hydrothermal stability of titanium
substituted samples increased as increase titanium content. The incorporation multi-
components of metal atoms can modify silica surface that might create new
properties and improve catalytic activity, selectivity, acidity, hydrophobicity, and
stability of the single-component catalysts [25-27], Wang et al. [27] studied the
liquid-phase epoxidation of styrene, and found that bimetallic Zr-Ti-MCM-41 had
high catalytic activity and selectivity over single metal Zr-MCM-41 or Ti-MCM-41,
MCM-41 incorporated with copper and titanium was first synthesized by Kong et al.
[28] who indicated that Cu-Ti-MCM-41 had relatively high thermal stability. Wang
et al. [29] found that Ti-containing Cr-modified MCM-48 photocatalvsts had the



photocatalytic performance for decomposition of . under visible light with 92%
efficiency for H2S removal. The reduction of NO with NH. using Fe-Mo-SBA-15 as
a catalyst performed higher catalytic activity than monometallic modified SBA-15
[30], Bimetallic V-Fe-SBA-15 [31] and Ce-Fe-SBA-15 [32] were used for
hydroxylation of phenol. An appropriate metals mol ratio (V/Fe and Ce/Fe) in SBA-
15 would enhance the catalytic performance [31-32]. Popova et al. [33] reported that
titanium- and iron- modified MCM-41 achieved higher catalytic activity, compared
Hy InfheGicaENtnfrH i eriat VR twi DR.AEEHM. T i wiwwil Tritva RiAMEN tiiv-i
MCM-41 were synthesized for hydroxylation of styrene with H.Q. [26] and the
conversion of styrene was controlled by metal content. Iron and titanium have the
ability to catalyze in the same reactions of phenol hydroxylation [16-17, 21] and
styrene epoxidation [14], incorporation of these tw. metal atoms into mesoporous
silica might thus enhance the catalytic activity over the monometallic material. Up
until now. there are few; published reports on bimetallic MCM-48 due to difficulty of
preparation [29].

In this work, Fe-Ti-MCM-48 with different Fe/Si and Ti/Si mol ratios was
synthesized under hydrothermal condition via sol-gel process. The hydrothermal
stability Was also studied to determine the destruction of catalyst structure that might
decrease the catalytic ability.

5.3 Experimental
5.3.1 Materials

Fumed silica (99.8%, Si02 and iron (Ill) chloride hexahydrate
(FeCL'. H.. ) from Sigma-Aldich, titanium (IV) isopropoxide (Ti(OCH(CH.).).)
from Acros Organics, cetyitrimethyiammonium bromide (CTAB) from Fiuka,
ethylene glycol (EG) from J.T. Baker, triethanolamine (TEA) from QREC,
acetronitrile and sodium hydroxide (NaOH) from Labscan ttere used without
purification.
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5.3.2 Preparation of Bimetallic materials

XFe-vTi-MCM-48 were synthesized, following Wongkasemjit's method
[34]. The molar ratio composition of the obtained gel was LOSIChiOJCTAB:
0.5NaOH:62.0H?0:.YFe:yTi, where 001< x, y < 0.09. Firstly, FeCh'OEBO was
dissolved in distilled water, followed by adding 2 M NaOH and CTAB. The mixture
was continuously stirred and slightly heated at 50 °C. The desired amount of
Siiatrane, prepared according to the method reported in the literature [35], was added
into the solution. Then the required amount of Ti(OCH(CHs)2z was added dropwise
into the mixture and stirred for 1 h. The resulting mixture was transferred into a
teflon-lined stainless steel vessel and autoclaved at 140 °C for 1oh. The powder
product was washed and filtered with ditilled water. After drying, the organic
template was removed by calcination at 550 °C for 6 h with a heating rate of 05
°c/min. Pure MCM-48, Fe-MCM-48 and Ti-MCM-48 were prepared using the same
procedure,

5.3.3 Characterization

The powder X-ray diffraction (XRD) patterns were recorded on a Rigaku X-
ray diffractometer with CuKa radiation over the range of 20 = 2-6°. N2 adsorption
and desorption isotherms were measured using by a Quantasorb JR instrument using
the BrunauemEmmett-Teller (BET) method. The diffuse reflectance UV-visible
(DRUV-vis) analysis of samples was carried out by a Shimadzu UV-2550. X-ray
fluorescence (XRF) was observed on a PANalytical AXIOS W J400. The
morphology was determined by using field emission- scanning electron microscope
(FE-SEM) with a Hitachi S-4800 model. Transmission electron microscopy (TEM)
was applied to investigate the microstructure using a JEOL JEM-2010.

5.3.4 Hydrothermal stability test
Following the method by Jiang et al. [36], 0.1 g of calcined sample
was added into a teflon-lined stainless steel vessel containing 50 ml distilled water
and treated at 100°C for gifferent times (12, 24, 36, 48, and 72 h). The sample was



recovered by filtration and dried overnight at ambient temperature. The treatment
product was characterized by XRD.

54 Results and Discussion
5.4.1 XRD

Figure 51 shows the XRD patterns of MCM-48, Fe-MCM-48, Ti-
MCM-48 and Fe-Ti-MCM-48. All samples exhibited the intense 211y peak and
weak {220}, {420}, and {332} peaks which suggest the la3d cubic phase of MCM-
43 mesoporous materials [34], Compared with pure MCM-48, XRD patterns of metal
incorporated MCM-48 shifted slightly to a higher angle and a lower d-spacing with a
decrease in the peak strength, implying that the different sizes of metal, the radii of
Fe3t (Paulling radius = 64 pm) and Tit (Paulling radius - 60 pm) were larger than
Si4+ (Paulling radius = 42 pm), causing the geometric distortion from the ideal
tetrahedral coordination [371. The synthesis of Fe-MCM-48 with Fe/Si ratio beyond
0.01 was not successful due to the imbalance of charge matching, as explained in
elsewhere [38], Therefore, himetallic Xre->Ti-McM-48 only when X - 001 and
0.0L<y < 0.09 obtained the cubic structure. On the other hand, Ti-MCM-48 was
successfully synthesized using Ti(OCFf(CHs)e as titanium precursor that generated
isopropoxide anion. According to the surfactant-packing parameter (g); g = Viifjl
where V is the volume of the hydrocarbon chain of surfactant monomer, QOis the
effective head group area of the cationic ammonium and / is the apparent length of
the hydrophobic tail of the surfactant, the hydrophobic pail of isopropoxide anion
combined with the hydrocarbon region of the surfactant to result in an increase in V
[39]. Thus, following the surfactant-packing parameter equation, a large g value was
also obtained as well. Besides, Manhoney et al. [40] suggested that the cubic
formation was favorable of high curvature surface and large g because of the
imbalance of charge distribution. Between titanium and iron  precursors,
isoproproxide anion was more effective precursor than chloride anion to form MCM-
48, In addition, it was also found that the peak shifted to lower angle as the content
of titanium increased for Ti-MCM-48. The reason was explained by Gao et ah [31]



that more titanium incorporated and large size of titanium would enlarge the
structure [31]. The XRD pattern clearly exhibited that bimetallic Fe-Ti-MCM-48 can
be prepared at various Ti contents with 0.0L Fe/Si. The change in the relative
intensities and the obvious shift to higher angle of the himetallic products suggested
that TiOl nanocrystal was present on the internal pore wall of MCM-48 [41].The
wide angle XRD pattern of Fe-Ti-MCM-48 is shown in Fig. 5.2. The broad peak at
23° referred to the amorphous Si02 The characteristic peak of TiCb was obscurely
seen since the mania is in the amorphous phase which also presented in TiCh/SiCh
with 450-550°C calcined temperature [42] and trace amount of titanium was
incorporated in MCM-48 that showed the same broad peak as Ti02Si02 gel
composite with less than 10%wt T102 loading [43].
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Figure 51 Small angle XRD patterns of MCM-48, Fe-MCM-48, Ti-MCM-48, and
Fe-Ti-MCM-48,
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Figure 5.2 Wide angle XRD patterns of 0.01Fe0.01Ti-MCM-48, 0.01F¢0.03Ti-
MCM-48, 0.01Fe0.05Ti-MCM-48 and 0.01F¢0.07Ti-MCM-48,

5.2.2 N2 adsorption-desorption

The isotherms and the pore size distribution of MCM-48 and Fe-Ti-
MCM-48 samples are shown in Fig. 53. All adsorption isotherms were type IV,
typical of mesoporous materials that exhibit the sharp capillary condensation steps at
relative pressure of 0.20 < p/po< 0.35. As a result, the capillary condensation of
bimetallic MCM-48 hecame less steep when the amount of Ti increased, indicating a
broader pore size distribution. Thus, as more Ti incorporated into the structure, the
structure was less ordered, as can be seen from the XRD patterns in Fig. 5.1 The
structure parameters of the samples are given in Table 5.1 The average pore sizes of
the obtained samples were 2-3 nm. Also, the uniform narrow pore size distribution
was demonstrated.Fe-MCM-48 performed large pore volume and slim wall thickness
similar to those reported by Das and co-workers [44], All Ti-MCM-48 samples had
higher wall thickness than siliceous MCM-48 due to the incorporation of Ti into



MCM-48 framework. The specific surface area of Ti-MCM-48 and Fe-Ti-MCM-48
decreased as the metal content increased since there was some destruction of the
metallic MCM-48 in agreement with the XRD results [45]. Nevertheless, all samples
resulted in high surface area.
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Figure 5.3 Nitrogen adsorption-desorption isotherms of MCM-48 and Fe-Ti-MCM-
18,

543 DRW

The DRUV spectra (Fig. 5.4a-b) were analyzed to characterize the
coordination circumstance of metal ion coordination. There was no absorption band
observed for MCM-48. For Fe-MCM-48 (Fig. 5,4a), a broad band between 200 and
350 nm centered at 220 nm, was assigned to the charge transfer transitions involving
isolated Fe3+ in tetrahedral geometry [46]. Ti-MCM-48 in Fig. 5.4a also showed one
intense peak at 210 nm which referred to the ligand metal charge transfer between
oz and Tidt in tetrahedral framework coordination (475, and the intensity increased
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as increasing the amount of Ti content. The Fe-Ti-MCM-48 samples exhibited a
broad absorption at 200-300 , as shown in Fig. 5.4b, which attributed to the
charge transfer transitions hetween tetrahedral oxygen ligand and the central Tid+and
Fe3' that overlapped at the same wavelength position. However, the presence of the
band at around 500 nm demonstrated some M-O-M clusters existence of isolated Ti
sites [26], corresponding to nanocrystalline TiOl, which is in good agreement with
XRD wide angle.
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Figure 54 DRUV-vis spectra of samples: (a) MCM-48, Fe-MCM-48 and Ti-MCM-
48; (') Fe-Ti-MCM-48.

Table 5.2 shows the band gap energies of Fe-MCM-48 and Ti-MCM-48,
calculated from UV-vis spectra (See appendices for calculation). The band gap
energy of bimetallic Fe-Ti-MCM-48 could not be possible to identify due to the
overlap of Ti4+and Fe3+peaks. 0.01Fe-MCM-48 exhibits the band gap value around
3250 eV while the band gap of Ti-MCM-48 decreased with the red shift in
adsorption band when increasing the Ti content. Serpone [51] and Oleksek et al.[52]
also reported that tile increase in tire dopant concentration decreased the band gap,
resulting in a narrow band gap materials and the easier excitation of electron in the
valence band to the conduction band [53],



Table 51 Band gap energy of metal modified MCM-48

Materials Wavelength ~ Band gap energy
(nm) (eV)
Q.01Fe-MCM-48 3813 3.250
0.01Ti-MCM-48 280.0 4.426
0.03Ti-MCM-48 3176 3.902
0.05TI-MCM-48 325 3516
0.07Ti-MCM-48 3726 3320
0.09Ti-MCM-48 3738 3316
4.4 XRF

The XRF resuits indicate the actual amounts of Fe and Ti introduced
into MCM-48. The metal contents in the final product had lower amount than those
in the gel. as shown in Table 5.1, due to the solubility of Fe and Ti precursors in the
medium.



Table 5.2 Textural properties of MCM-48 and metal modified MCM-48

Sample

MCM-48

0.01 Fe-MCM-48
0.01Ti-MCM-48
0.03Ti-MCM-48
0.05Ti-MCM-48
0.07Ti-MCM-48
0.09Ti-MCM-48

0.01 Fc-0.01 Ti-MCM-48
0.01 Fe-0.03Ti-MCM-48
0.01 Fe-0.05Ti-MCM-48
0.01 Fe-0.07Ti-MCM-48

Fe/Si*
(moFe ratio)
Gel  Product
0 0
001 0.004
0 0
0 0
0 0
0 0
0 0
001 0.005
001 0.006
001 0007
001 0.006

T
(mol
Gel

0
0
0.01
0.03
0.05
0.07
0.09
0.01
0.03
0.05
0.07

L, e

IISP* BBT
0 1673

0 12%
0.003 1549
0.015 1201
0.020 1239
0.031 1221
0.034 978
0.007 1460
0.020 1362
0.028 1269
0.035 1049

0re

107
0.9
0.84
0.64
0.63
0.66
0.55
0.96
0.72
0.68
0.58

aa0= d2i(6)I2 bwall thickness = a3.0919 - pore diameter/2, * Data were obtained from XRF.

3 di%rr?]r;eter
2.56
3.04
2.18
2.12
2.02
2.14
2.2
2.64
221
2.14
221

afp
(nm)
857
6
3
18
8.28
33
823
B.65
840
823
813

dx
(nm)
3.50
3.53
3.32
3.34
3.38
340
3.36
353
343
3.36
3.32

thi%%?ri%ssS

146
128
161
163
165
165
158
143
161
159
152



39

545 SEM

Figure 55 shows the SEM micrographs of pure MCM-48, Fe-MCM-
48, Ti-MCM-48, and Fe-Ti-MCM-48. The truncated octahedral shape of MCM-48
was shown in Fig. 5.5a. Fe-MCM-48 and Ti-MCM-48 morphologies shown in Fig,
5.5b-c had some distortion from the pure MCM-48 due to the larger size of Fe and
Ti, as discussed above. Because of the existence of both Fe and Ti, bimetallic Fe-Ti-
MCM-48 exhibited even more distortion in the structure. Moreover, the bimetallic
crystal size decreased as the amount of Ti increased since the more ions generated
many nuclei and resulted in more small growing crystal [48-49].

Figure 5.5 FE-SEM images of samples: (2) MCM-48; (b) 0.01Fe-MCM-48; (c)
0.01Ti-MCM-48; (d) O.0IFe0.0ITi-MCM-48; (e) 0.01Fe0.03Ti-MCM-48; (f)
0.01Fe0.05Ti-MCM-48, and (g) 0.01Fe0.07Ti-MCM-48.
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54.6 TEM

The structural order of 0.01Fe0.01TIMCM-48 observed by TEM
indicated the projection along (100) direction [34], see Fig. 5.6a-b. showing the
highly ordered cubic structure with uniform mesopores. Fortunately, the introduction
of Fe and Ti atoms did not destruct the mesoporous structure.

Figure 5.6 TEM images of 0.01F0.0LTiMCM-48 along the (100) direction.

5.4.7 Hydrothermal stability

Figure 5.7 presents the XRD patterns of 0.01Fe0.01Ti~MCM-48
sample after hydrothermal treatment at 100 °c for 0, 12, 24, 36, 48, and 72. It was
shown that 0.01Fe0.01Ti-MCM-48 has the characteristic peaks of {211} and {220}
after 12 htreatment, but the diffraction peaks of {420} and {322} were not seen due
to the distortion of the structure from the incorporation of Fe and Ti, making the
sample less order. However, the diffraction peaks of {211} and {220} retained for 48
h treatment while the {211} peak still maintained after 72 h treatment. For O.0IFe
(0.03-0.07) Ti-MCM-48 and (0.03-0.09)Ti-MCM-48, the characteristic peaks
disappeared after 12 h treatment (not shown) because the more amounts of the metal
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incorporated resulted in the more distortion, leading to easier destruction. The XRD
patterns of pure MCM-48 and 0.01Fe-MCM-48 collapsed after 48 h treatment
whereas the peak of 0.01Ti-MCM-48 disappeared after 24 h treatment. In addition,
they lost the diffraction {220} peak after the 12 h treatment. It revealed that the Fe-
0-Si bonds and Ti-O-Si bonds have low resistance for water attack [46]. For MCM-
48, the water molecule caused the hydrolysis of Si-O-Si bonds, resulting in the poor
silica wall which led to the collapse of the silicate structure [50], Of all synthesized
bimetallic MCM-48, the most hydrothermal stable one is 0.01Fe0.01Ti-MC'M-48. It
could he suggested that the existence of extraframework titanium shielded the
siloxane bonds (Si-O-Si) and obstructed the interaction with water molecules which
enhanced the stability in boiling water [24], Nevertheless, Fe-Ti-MCM-48 with
0.01Fe/Si and 0.03-0.07 Ti/Si showed the deterioration stability. There are two
possible reasons supporting this situation. The first one is from both high amount of
tinatium and two different types of metal atoms incorporated in the structure,
resulting in the distortion and easier destruction. The other reason is from the
extraframework of titania blocking the pore of MCM-48, causing the partially wall
breakage and a decrease in surface area [29].

r‘Calcined 0 01Fe0.01Ti-MCM-48

Intensity {(a.u.)
2 (f——'__‘
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Figure 5.7 XRD patterns of 0.01Fe0.01Ti-MCM-48 after hydrothermal treatment at
100 °c for different times (0, 12, 24, 36, 48 and 72 h).
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55 Conclusions

A series of iron and titanium incorporated MCM-48 mesoporous materials
with high surface area were successfully synthesized from silatrane via sol-gel
method. High iron content is unfavorable for Fe-MCM-48 formation while Ti-MCM-
43 resulted in a cubic structure. The introduction of iron and titanium ions led to a
decrease of Fe-Ti-MCM-48 surface area generated the extraframework. The resulting
0.01F0.01Ti-MCM-48 mesoporous molecular sieve has high hydrothermal stability,
suitable for many applications.
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