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HIGHLIGHTS

e The method led to nanodispersion and
size confinement of LaFeO3; in MCM-41
pores.

e Catalytic products of isopropanol con-
version were based on dispersion case of
LaFeOs.

e Low LaFeO3/MCM-41 w/w catalysts led
to pure dehydration with 100% yield.

e High LaFeO3/MCM-41 w/w catalysts
calcined at high temperature led to
oxidation.

e The method can be generalized for
different perovskites -type mixed metal
oxides.
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GRAPHICAL ABSTRACT

Direct Formation of LaFeO;/MCM-41Nanocomposite Catalysts and their Catalytic
ivity for C ion of Isopropanol

Isopropanol

; LaFeO;/MCM-41
C16TMAOH micelles Nanocomposites

ABSTRACT

Direct formation of 3-30% (w/w) LaFeO3/MCM-—41, nanocomposite catalysts were performed by a sol—gel
process, followed by calcination at 550 and 750 °C. The nanocomposites were characterized through different
techniques including LAXRD, WAXRD, EDX, simultaneous TG—DTA, ATR—FTIR, nitrogen adsorption/desorp-
tion, and TEM. The nanocomposites featured high surface areas (up to 1000 m?/g) and enhanced thermal sta-
bility. The direct formation method led to nanodispersion and size confinement of LaFeO3; in MCM-41
mesopores. The nanocomposites showed very high catalytic activity for isopropanol conversion, whereas their
parent materials (blank MCM-41 or bulk LaFeOgs) were totally inactive under the same reaction conditions. Thus,
nanocomposite catalysts with low loading ratios and low calcination temperature produced pure dehydration
product (propene) with very high conversion and total selectivity. Nanocomposite catalysts with high loading
ratios and high calcination temperature produced an appreciable amount of the dehydrogenation product
(acetone) as well as the dehydration products. Moreover, high loading ratios at high reaction temperatures in air
atmosphere led to the formation of oxidation products. The different reactivities of the nanocomposite catalysts
were discussed and correlated to their nanostructure, in terms of enhancing of the mesoporous textures with
surface acidity, oxidation ability and thermal stability.
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Fig. 1. Low angle XRD for the blank MCM and the composite materials calcined
at 550 'C as indicated.

1. Introduction

Mixed metal oxides of perovskite-type structure (ABO3) are very
promising catalytic materials due to their high thermal stability and
oxygen storage capacity [1-3]. The perovskite structure is adopted by
many oxides that have the chemical formula ABOs. LaFeOs, is a typical
perovskite of the general 3:3 perovskite category (A3*B3T0273). Thus,
LaFeOs has been investigated as a heterogeneous catalyst for a variety of
catalytic processes; including complete oxidation of benzene [4],
toluene combustion [5,6], soot combustion [7], wet peroxide oxidation
of organic pollutants in ambient conditions [8], methanol partial
oxidation [9], and ethanol conversion [10].

Recently, some other advanced applications of perovskite-type
LaFeOs have been explored; such as: visible light assisted thermocata-
lyst [11], photoassisted catalyst for water treatment [12], humidity
resistive catalyst for effective ozone decomposition [14], photocatalytic
hydrogen production from glucose [13], photo-Fenton catalytic degra-
dation of organic dyes [15], and efficient catalytic ozonation [16].

It should be emphasized that bulk perovskite-type oxides are
suffering from low specific surface area (<10 mz/g) and poor textural
characteristics. Therefore, extensive efforts have been carried out to
improve their surface area and porosity [2,17-19]. To enhance surface
area and other textural properties of some perovskite-type oxide,
post-dispersion of some perovskite-type oxides in ordered mesoporous
materials (MCM-41 or SBA-15) were reported [20-26]. Basically, the
utilization of ordered mesoporous materials as a dispersion media for
many active single oxides is a well-known approach towards designing
of many active catalytic materials with improved textural properties
[27-29]. In addition, utilization of ordered mesoporous materials, e.g.
MCM-41, as a dispersion media takes the advantages of high surface
areas, large pore volumes, and very uniform porosity of narrow pore size
distributions. Moreover, introducing of some respective metal oxide
nanoparticles in MCM-41, lead to increasing of acidity, oxidation ability
and hydrothermal stability [30,31].

The present work utilizes the direct dispersion approach for LaFeO3
precursors in freshly prepared MCM-41 particles, as a high porous ma-
trix. The aim is to disperse LaFeOs phase to generate catalytically active
nanocomposites that benefit from perovskite-type structure as well as
high surface area and porosity of MCM-41. Catalytic reactivity of the
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formed nanocomposites was explored for the conversion reaction of
isopropanol. The catalytic activity results were correlated to the
LaFeO3/MCM-41 nanocomposits texture and structure.

2. Experimental
2.1. Materials

2.1.1. Chemicals

Iron(IIl) nitrate nonahydrate, Fe(NO3)3-9H20, 98% (+), solid prod-
uct of (Prolabo, France); lanthanum(IIl) nitrate hexahydrate, La
(NO3)3-6H20; citric acid, C¢HgO7 (Merck, India); tetraethyl orthosili-
cate, Si(OCyHs)s, (TEOS), 98%, liquid, (Sigma-Aldrich, Germany);
cetyltrimethylammonium bromide, CH3(CH3)15N(Br)(CH3)s, cationic
surfactant (C16TMABr); ethyl alcohol CoHsOH, 99.5%, (Adwic, Egypt),
and aqueous ammonia solution 33% NHj (BDH, Ltd., England) were
purchased and used as received.

2.1.2. Preparation of blank MCM—41 silica

MCM-—41 was prepared according to the room temperature methods
by Khalil [32] and Griin et al [33]. In the method, C;sTMABr was dis-
solved in an aqueous solution, which containing ammonia and ethanol.
After dissolution TEOS was added and stirred for 1 h to produce freshly
prepared MCM—41 silica sols, which utilized in the composite prepa-
ration, see below. Dried MCM—41 was obtained by filtration and drying
of the freshly prepared MCM—41 silica sol overnight at 90 °C. The
resulted dry material was termed uncalcined blank MCM90. Portions of the
dried material were calcined at ramp rate 1 °C/min at 550 °C or 750 °C
for 3 h, the resulted calcined materials were termed as blank MCM550 or
MCM?750, respectively.

2.1.3. Preparation of pure LaFeO3

LaFeOs of perovskite-type, mixed metal oxides structure was pre-
pared by a sol—gel method [34] in lights of the method described by Qi
et al. [35]. In the method, LaFeO3 was prepared according to the stoi-
chiometric composition of Fe (NO3)3-9H20: La (NO3)3-6H20: C¢HgO7 in
50 ml of distilled water solution. The resulted solution was adjusted to
pH 8.0 by the addition of ammonia solution to produce La-Fe-O-Citrate
complex, which utilized as a precursor in the composite preparation, see
below. The dried materials were obtained by aging, filtration and drying
of La-Fe-O-Citrate complex was termed as LaFeOs (LFO) uncalcined
precursor. Portions of the LFO uncalcined precursor was calcined at 550
°C or 750 °C, for 3 h. The resulted calcined materials were termed as
LFO550 -and LFO750, respectively.

2.1.4. Preparation of LaFeO3/MCM—41 nanocomposites

A series of composite catalysts containing 3-30% LaFeOs/MCM—41,
w (LaFeOs3)/(w (LaFeO3) +w (MCM)) were prepared as follows. A
calculated amount of the mixed oxide precursor corresponding to
3-30% LaFeOs was prepared by reacting the stoichiometric composition
of Fe (NO3)3-9H50, La (NO3)3-6H,0 and CgHgO7 in 50 ml of distilled
water solution. The resulted solution was adjusted to pH 8.0 by the
addition of ammonia solution and transferred directly to a beaker con-
taining freshly prepared MCM—41 silica sol, which was prepared by the
method described above. The solution was magnetically stirred at ca.
400 rpm and kept at this stirring rate for 1 h. The resulted solution was
covered and aged for a week at room temperature. The precipitate thus
obtained was filtered off and then dried overnight at 90 °C. The resulted
materials were termed uncalcined 3-30 LFO/MCM 90. Portions of the
uncalcined materials were calcined at ramp rate 1 C/min up to 550 °C or
750 °C for 3 h. The resulted materials were termed as calcined 3-30
LFO/MCM 550 and 3-30 LFO/MCM 750, respectively.

2.2. Characterization techniques

X-ray powder Diffractometry, Wide Angle and Low Angle (WAXRD
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Fig. 2. XRD patterns for LaFeO3 (LFO) materials obtained by calcination at 550 and 750 °C (A), as well as the blank MCM and 3-30 LFO/MCM nanocomposite

materials calcined at 550 "C (B) and calcined at 750 'C (C) as indicated.

and LAXRD), patterns were obtained using a spectrometer (Phillips,
model PW 2103/00, Germany) equipped with a Ni-filter, employing
CuK, radiation (A = 1.5418 A). The generator was operated at 35 kV and
20 mA. The diffraction patterns were indexed with the relevant stan-
dards, Joint Committee on Powder Diffraction Standards (JCPDS) for
identification and indexing purposes [36]. For Low Angle—XRD
(LAXRD) patterns the unit cell parameter (a,) was calculated from the
low angle diffraction pattern using the formula a, = 2 x djg0/ \/ 3, where
dy00 represented the d-spacing value of the (100) diffraction peak in low
angle XRD patterns of the samples. The elemental composition and
stoichiometry was checked by Energy Dispersive X-ray Spectroscopy
(EDXS) measurements.

Simultaneous Thermogravimetric—Differential (TG—DTA) thermal
analyses were carried out using a simultaneous thermal analyzer; (Shi-
madzu, model DGA-60H, Japan). TGA and DTA thermograms were
recorded upon heating up from room temperature, RT, to 750 °C at a
ramp rate of 10 °C/min, in the flow of nitrogen or air atmosphere at 40
ml min~.

Attenuated Total Reflectance—Fourier Transforms Infrared
(ATR—FTIR) Spectroscopy of the test samples were recorded in the
range of 400-4000 cm™! using spectrometer (Bruker-Alpha FT-IR,
Germany) equipped with a ZnSe ATR crystal.

Nitrogen Adsorption/Desorption Isotherms were measured at —196

°C using an automated instrument (Micromeritics, model ASAP 2010
instrument, USA). Prior to measurement, test samples were degassed for
2hat 200 °C to 0.1Pa. The specific surface area, Sggr, was calculated by
applying the Brunauer—Emmett—Teller (BET) equation [37]. Pore
width distribution over the mesopore range was generated by the
Barrett-Joyner- Halenda (BJH) [38], all the measurement and related
analyses were preformed in lights of the IUPAC regulations [39].

Transmission Electron Microscopy (TEM) micrographs were ob-
tained by using an electron microscope (Joel, model 2000, Japan)
operated at 100 kV. Before testing, samples were prepared by ultrasonic
dispersion of the solid in ethanol. A drop of the resulting suspension was
dropped onto a carbon-coated copper mesh grid and allowed to dry in a
drying furnace before testing.

2.3. Catalytic activity measurements

Heterogeneous catalytic activity of the nanocomposites under
investigation for the vapor—phase dehydration of isopropanol was car-
ried out in a conventional fixed-bed flow type glass reactor at atmo-
spheric pressure using Ny gas (or air) as a carrier gas. The catalytic
system consists of two tube reactors. One charged with the catalyst, and
the other used as a blank reactor i.e. without catalyst and acted as a
blank reactor to measure un-catalyzed reactant conversion (if any). The
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Fig. 3. TGA along with DTG curves for the uncalcined (dried at 90 °C) materials, in the flow of N, gas (A) and the flow of air atmosphere (B), as indicated.

charged reactor contains a weighted amount of the catalyst (optimized
to 0.300 g), which held with a quartz wool bed in the middle of the
reactor. The spaces in the reactor pre— and post—heating zone were
filled with glass beads to reduce the effect of auto—oxidation of the
substrate and products in the gas phase. The system reactors (charged
and blank) were placed very close to each other in a tubular furnace.
Temperature was controlled and measured using a K-type thermocouple
placed in the center of the furnace and just above the catalyst bed.
Isopropanol vapor and air were introduced into the reactor after air was
bubbled through the isopropanol saturator. The total flow rate was fixed
at 50 ml min~! containing 2.0% isopropanol in the gas feed. The flow
rate was measured and controlled by a Dwyer mass flow controller
(series GFC, USA). The gas products were analyzed by a Unicam Pro Gas
chromatograph with FID detector, using a 2.0 m DNP glass column for
standard analysis of the reaction products of isopropanol on the tested
catalysts. Measurements of the conversion and yield (%) were recorded
after 1 h from the initial introduction of the reactant into the reactor to
ensure the attainment of the reaction equilibrium steady—state condi-
tions for the catalytic reaction. A typical setup has been previously
employed for dehydration of alcohol [40]. Similar procedure for the
catalytic conversion of isopropanol was described by Ogo et al. [41].

3. Results and discussion
3.1. Structural characteristics of the formed nanocomposites

LAXRD patterns obtained with the formed blank MCM550 material,
Fig. 1 (A), shows a few Bragg peaks at low angles (20) between 2.3 and
7.0°. These peaks were indexed as (100), (110) and (200) of the hex-
agonal system of MCM-41 structure [42]. The corresponding LAXRD
patterns for 3-30 LFO/M550 composite materials showed clearly the
(100) peak and the intensity of this peak was decreased with increasing
of the LFO loading ratio. The other low angle peaks were largely lost for

the high loading ratio composite materials. Similar observations were
reported for rare earth post-loaded MCM-41 materials [42].

Wide angle XRD patterns (WAXRD) for the pure mixed oxide LaFeO3
(LFO) obtained by calcination at 550 and 750 ’C are shown in Fig. 2 (A),
The patterns are in complete agreement with data reported for perov-
skite type mixed oxide, LaFeO3 (JCPDS-No0.74-2203) [36]. The intensity
of the XRD peaks increase with increasing of the calcination temperature
from 550 °C to 750 °C as expected.

XRD for 3-30 LFO/M550 and 750 composites along with the corre-
sponding blank MCM materials are shown in Fig. 2. (B and C), respec-
tively. Generally, all the calcined materials with various loading ratios
were influenced by amorphous nature of the MCM—41 silica, especially
for low loading ratios (3 and 10LFO). No Sharpe peaks were detected
neither for LaFeOs, nor for the other most possible single oxides, LazO3
and Fe,;Og3 (hematite), (file No. 38-1355 and No. 33-0664, respectively)
[36]. However, some lines broadening were detected for the most
evident peak positions for LaFeOgs for the high loading ratios nano-
composites. These results indicated that highly dispersed, small
nano-sized particles of LaFeO3 were formed, which were either amor-
phous or very small crystallites (below the detection limit of the XRD).
This result coincides with that reported [43] for a citrate precursors of
LaCoOg3 supported on pre-prepared MCM-41, and calcined at 600 °C.
Moreover, the formation of perovskite oxide (LaFeOs, PrFeOs; and
LaCoOs3) nanoparticles supported on ordered mesoporous silica with
different pore geometry (gyroidal, cylindrical, spherical) and pore size
(7.5, 12, 17 nm) were investigated [44]. It has been concluded that fast
nucleation and crystallization fostered in small size gyroidal or cylin-
drica pores (where small domains of metal oxides precursors were
infiltrated) and led to amorphous ABO3 phase. Whereas, slow crystalli-
zation occurred in wide spherical pores (where large domains metal
oxides precursors were infiltrated) and produced well crystalline ABO3
structure [44].

The elemental analysis and stoichiometry of the formed materials
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Fig. 4. DTA curves for the uncalcined (dried at 90 °C) materials, in the flow of N, gas (A) and in the flow of air atmosphere (B), as indicated.

were determined from EDXS measurements. The EDXS patterns ob-
tained with blank MCM-41, 10 and 30LFO/MCM 750, showed that only
silicon (Si), lanthanum (La), iron (Fe) and oxygen (O) were present. The
K, peaks at around 1.74 keV was related to Si, peak at around 4.65 keV
was related to La and peak at around 6.40 keV to Fe. The position and
integration of the observed peaks proved the targeted composition of the
nanocomposites within the accuracy of the method.

3.2. Thermal evolution of the nanocomposites from their precursors

To investigate the way LFO—citrate complex affected the evolution
of the formed structures, thermal decomposition course of the uncal-
cined LFO/MCM-41 nanocompoites was investigated in relation to their
parent materials. TGA and DTG curves for the uncalcined blank MCM-
41, in the flow of Ny or air atmosphere are shown in Fig. 3 (A and B),
respectively. Total weight loss recorded over the temperature range of
RT-750 °C was 44.7% in the flow of N5 and (44.6% in the flow of air)
atmosphere. This weight loss, due to elimination of the surfactant and
development of the MCM-41 structure, occurred through a process of
four steps [34], in flow of N5 or air.

The TGA and DTG curves for the formation of 3 and 10 LFO/MCM in
the flow of Ny or air atmosphere are shown in Fig. 3 (A and B). The
evolution of composite material also occurred through the four-step
process, however, the third step can be divided into two sub-steps (IIla
and IIIb) due to the presence of LFO precursors. Thus, for 10 LFO/MCM,
the main derivative weight losses (DTG) appeared at 268, 335 and 409
°C in the flow of Ny (or at 268, 318 and 395 °C in the flow of air). It is

clear that the first peak was observed at 268 °C in Ny or air flow, thus
indicating a decomposition rather than combustion nature. Whereas, the
other two peaks at 335 and 409 "C were shifted to lower temperatures
(318 and 395 °C), which, indicates their combustion nature.

The simultaneous DTA curves for the above unclaimed materials are
shown in Fig. 4 (A and B). The blank material showed one main peak at
360 °C with a small shoulder at 430 °C in the flow of N5 (one main peak
at 353 °C in flow of air). For the 10 LFO/MCM composite precursor
materials, three exothermic features can be resolved at 285, 340 and
410 °C in the flow of N5 (or at 285, 320, 390 °C in the flow of air). The
first DTA peak appears at the same position, either in the N5 gas flow or
air flow (non-combustion event). Whereas, the other two peaks were
facilitated in flow of air, indicating a combustion event. It should be
noted that no other peaks were observed at higher temperatures.

The evolution of the targeted nanocomposites from their precursors
upon calcination was traced by FTIR spectroscopy of the solid phase
materials before and after calcinations. Thus, ATR—FTIR spectra of the
uncalcined blank and composite materials 3-30 LFO/MCM 90 are
shown in Fig. 5 (A). The spectra show several bands characteristic for the
MCM-41 precursor material [45-47]. The observed bands were grouped
into three groups (indicated by Roman numbers I, II and III) to simplify
their indexing process. Thus, group (I) is related to the surfactant mol-
ecules (the weak bands at 2928, and 2856 cm ™ assigned for v CH(-CHj3)
and v CH(-CHy-); the band at 1475 em™! assigned for § CH(-CH3) and &
CH(-CHy-) groups [48]. Group (II) showed two bands at 1570 and 1420
cm~! which assigned for v,5 (COO™) and vs (COO ™), and the large dif-
ference between the two modes is indicative of bi-dentate nature. One
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Fig. 5. ATR-FTIR spectra for the uncalcined (dried at 90 °C) materials (A), along with the materials calcined at 550 °C(B) and calcined at 750 °C (C), as indicated.

more band in this group is shown at 1390 cm™!, which assigned for
adsorbed ammonia and/or nitrate species. Group (III) showed two bands
at 682 and 542 cm’l, which assign for v (Fe-O) in LaFeOj3 system
Hosseni [49]. Group (IV) showed as few bands below 1400 cm’l, which
relate to the framework vibration of silica materials. Namely, the bands
at 1224 and 1060 cm ™! assigned to v,s (Si-O-Si); the band at 960 em!
assigns to v,s (Si—- OH); the band at 795 cm ! assigned to vs (Si-O-Si);
and the band at 450 cm ™! assigned to §(Si-O-Si). Two more bands were
observed at 3400 and 3200 cm ™!, which assigned to adsorbed water and

ammonia.

ATR- FTIR spectra for the claimed blank and 3-30 LFO/M 550 and
750 composites are shown in Fig. 5 (B and C). All the bands related to the
surfactant and citrate precursor were completely removed by calcina-
tion. The spectra showed only bands related to MCM-41 silica frame-
work structure (group IV). Nevertheless, the intensity of the band
related to Si-OH v (973 cm ™) was little decreased with increasing of the
LFO ratio. This decrease in the intensity of Si-OH vibration indicates
gradual surface modification of the silica surface.
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3.3. Textural assessment of the nanocomposites

Textures of the calcined nanocomposites in relation to calcined bulk
LFO and blank MCM materials were investigated by nitrogen adsorp-
tion/desorption technique. Isotherms for the calcined blank MCM550
and MCM750 are shown in Fig. 6 (A), which can be classified as type IV
of isotherm, characteristic for MCM-41 materials [50]. Specific surface
area values were amounting to 1157 and 1143 m? g™! for the calcined
blank MCM550 and MCM750, respectively. On the other hand, for the
calcined pure LFO550 and LFO750 , very low specific surface area values
amounting to 4.1 and 3.5 m? g were detected, respectively. Further
textural details were cited in Table 1.

Isotherms for the calcined composites 3-30 LFO/MCM 550 and 750
are shown in Fig. 6 (B and C, respectively). According to the original
IUPAC classification [35], the isotherms are classified as type IV of
isotherms and showed characteristics of MCM-41 materials. However,
the characteristic steep increase of nitrogen uptake was observed at p/p,
range 0.20-0.30, which is noticeably little higher than the range
observed for their corresponding blank material, see Fig. 6 (A). This
confirms widening of the small size mesopores for the composites during
the formation process. This result is in agreement with the results of
wide-angle XRD diffraction shown above.

Moreover, at higher relative pressure, hysteresis loops were devel-
oped in the adsorption/desorption isotherms of the claimed composite
materials. The hysteresis loops were getting wider and wider with
increasing of the loading ration. The hysteresis loops can be classified as
type H1 for lower loading ratios composites (3 and 10 LFO/MCM) and as
type H2 for the higher loading ratios composites (20 and 30LFO/MCM).
This result suggests that at lower loading ratios some wider meso-
porosity between compacts of uniform MCM-41 spheres would develpe
(i.e. inter particle porosity). At higher loading ratios this inter particle-
mesoporosity changed into networking porosity, which characterized
by type H2 of isotherms. Furtheremore, according to the recent classi-
fication of adsorption isotherms [50], the isotherms of the
LFO/MCM550 and LFO/MCM?750 composite materials can be classified
as type IV}, of isotherms.

High Sggr values amounting to 1096, 1011, 882 and 724 m? g'1 were

obtained for 3, 10, 20 and 30 LFO/MCM 550. Total pore volume, Vj, in
the range of (0.808-0.689 em® g’l) were obtained. Whereas, Sggt values
amounting to 1035, 954, 896 and 682 m? g'1 were obtained for 3, 10, 20
and 30 LFO/MCM 750, respectively. Total pore volume, V), in the range
of (0.723-0.615 cm® g'l) were obtained. Further textural data are cited
in Table 1.

It is clear that the isotherms of the composite materials preserve most
of the MCM-41 structure. This suggests that loading of the mixed oxide
precursor led to stabilization of the MCM-41 structure against sintering
upon calcination at higher temperature. Generally, the Spgr values
decreased with increasing of the loading ratio of LFO, mainly, due to
gradual pore blockage of the MCM and partial destruction of the ordered
porous structure. The preservation of high surface area of the composite
materials is related to high dispersion of nano sized LFO mixed oxide in
MCM matrix. This situation led to preservation of most of the surface
area and the surviving of MCM structure.

Moreover, Sggr and V}, values were little decreased with increasing of
the calcination temperature from 550 to 750 °C, for all the composite
ratios, see Table 1. This decrease may be attributed to filling of the pore
with LFO and/or pore collapse upon calcination at the higher
temperature.

As a test for micro porosity, the t-plot analysis was carried out on the
adsorption branches of the isotherms of the calcined composite mate-
rials. The results thus obtained are cited in Table 1. Accordingly, the
composite generally showed mesoporosity, however, little micro
porosity were developed for the composites with high ratio composites
(20 and 30%).

The average pore width of the calcined materials, Wp, was calculated
via the average pore width (4Vp/Spgr) and BJH methods see Table 1.
Pore size distribution for LFO/MCM 550 and 750 nanocomposites are
shown in Fig. 7 (A and B), respectively. The distributions for the 3-30
LFO/MCM 550 calcined composites were maximized at 23.4-21.2 A,
compared with 19.7 A for their blank material. The distributions for the
3-30 LFO/MCM 750 calcined composites were maximized at about
20.3-19.7 A, compared with 18.0 A for their blank MCM 750 material.

Transmission electron micrograph for a typical 10 and 30 LFO/MCM
750, are shown in Fig. 8 (A and B). From the images it is easy to
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Fig. 6. N, adsorption/desorption isotherms for the calcined MCM550 and MCM750 blank materials (A), as well as the isotherm for 3, 10, 20 and 30 LFO/MCM550
nanocomposites indicated as a, b, ¢ and d, respectively, calcined at 550 °C (B) and calcined at 750 °C (C).
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Table 1
Textural characteristics for calcined blank MCM and 3-30 LFO/MCM nano-
composites calcined at 550 and 750 °C catalysts.

Samples SBET Cger Vo cm® t-method Pore width
(m%g™) g m? g™ W,/A
Smic St 4v/ BJH
SpET

Blank 1157 28 0.677 0 1157 23.4 19.8
MCM550

3LFO/ 1096 62 0.796 2.08 1094 29.0 23.4
MCM550

10LFO/ 1011 68 0.808 0 1011 32.0 22.2
MCM550

20LFO/ 882 51 0.803 0 882 36.4 22
MCM550

30LFO/ 724 52 0.689 0 724 38.03 21
MCM550

Blank 1143 32.3 0.480 0 1143 16.8 17.9
MCM750

3LFO/ 1035 48.1 0.723 0 1035 27.9 20.2
MCM750

10LFO/ 954 72.8 0.712 0 954 29.9 20.3
MCM750

20LFO/ 896 48.23 0.790 0 896 35.3 20.7
MCM750

30LFO/ 682 43.14 0.615 0 682 38.0 19.7
MCM750

recognize the projection of regular spherical particles of the MCM-41. It
is interesting to indicate that the spherical morphology of the MCM—41
materials was preserved even with the highest loading ratio in the pre-
sent case without any distortion, probably due to the employing of
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citrate complexation reagent. Particles size was estimated in the range of
300-400 nm. Moving from 10 to 30 LFO/MCM 750 materials it is easy to
recognize the presence of an increasing spread of irregular dark
shadows, which represent aggregates of LFO phase within the pores of
MCM. Thus, the materials morphology may be pictured as a matrix
composed of spherical MCM silica particulates containing many small
irregular separate or aggregated nanoparticles of LFO.

The formation mechanism of the target nanocomposite catalysts may
be pictured from the above results. Thus, from TGA, DTA and FTIR re-
sults the co-existence of the LFO citrate precursor along with the CTABr
surfactant in the uncalcined nanocomposite precursors; and their
decomposition into metal oxide during the surfactant removal process
were evident. Moreover, the presented XRD and pore width results
indicated pore widening process due to the loading of LFO precursor.
Thus, it is evident that the presence of LFO—citrate complex enlarged the
size of the micelles that assisted the formation of MCM-41 structure.
Micelles size enlargement indicats that LFO—citrate complex was
encapsulated with in the surfactant micelles. Insertion of LFO—citrate
complex (encapsulated by the micelles) inside NCM-41 structures was
aided by the virtue of surfactant self—orientation mechanism. This led to
increasing of the micelles cross section area and thereby resulted in the
formation of wider pores (than the case of blank MCM-41) upon removal
of the surfactant during calcination. This formation mechanism and
evolution of structure is schematically represented in Scheme 1. The
suggested formation and structure evolution scheme is consistent with
the results shown above by TEM and Ny adsorption isotherms.

3.4. Catalytic conversion of isopropanol

Catalytic activity of the formed LFO/MCM550 and LFO/MCM750

B
0.10

Pore Volume, (cm?®/g-A)

blank
0.00 - }

15 20 25 30 35 40 45 50
Pore Diameter, (A)

Fig. 7. Pore size distributions for the blank MCM material as well as 3, 10, 20 and 30 LFO/MCM nanocomposites indicated as a, b, ¢ and d, respectively, calcined at

550 °C (A) and calcined at 750 °C (B).
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Fig. 8. TEM micrographs for the nanocomposite materials 10LFO/MCM?750 (A) and 30LFO/MCM750(B).
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Fig. 9. Effect of reaction temperature on the catalytic activity of 20LFO/MCM550 (A) and 20LFO/MCM?750 (B), nanocomposite catalysts in a flow of N, gas.

nanocomposite catalysts were examined for the heterogeneous conver-
sion of isopropanol (as a small light alcohol) to gain some information
about the impact of LFO dispersion in MCM-41 silica matrix. The cata-
lytic conversion of isopropanol is generally employed as a catalytic test

10

reaction to clarify the prevailing catalytic properties for many catalytic
materials. Thus, catalysts can be classified according to their degree of
acidity in dehydration (to propene) or dehydrogenation (to acetone). It
was suggested that the dehydration of isopropanol to propene takes
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place on acid sites, whereas dehydrogenation to acetone is accomplished
on redox or basic sites [40,51,52], for many catalytic systems.
Moreover, isopropanol conversion has been utilized to examine some

Surfactant Assisted
MCM-41 Structure

LFO Citrate
Complex

Scheme 1. Schematic representation for the formation of LaFeO3/MCM-41
nanocomposite.

MCM-41 based catalysts such as: mesoporous MCM-41 materials
impregnated with NbyOs and GayOs, [53]; MCM-41 containing chro-
mium [54]. Very recently, the conversion of isopropanol on Cr-MCM-41
catalysts has been investigated and the acid-base properties of the ma-
terial were correlated with the products type and amount [55]. On the
other hand, the acid-base properties of Laj,FeO3,s perovskite and
Lay03 have been evaluated from their isopropanol reactivity [56]. From
the above studies, it has been widely agreed that (i) the dehydration of
isopropanol to propene takes place on acid sites, and (ii) dehydroge-
nation to acetone takes place on redox sites.

Catalytic activity of the calcined nanocomposites was initially tested
by the catalytic conversion of isopropanol as a function of the reaction
temperature in the range of 100-300 °C. To simplify the reaction
mechanism and to avoid the formation of secondary products, low iso-
propanol concentration in the feed stream was utilized. Typical results
for 20LFO/MCM 550 and 20LFO/MCM750 catalysts are shown in Fig. 9

11

(A and B), respectively, in a flow of Ny gas. Results indicated that the
catalytic activity onsets at a low temperature as low as 125 °C. However,
isopropanol conversion increased steeply with the increasing of reaction
temperature, reaches 50% conversion at 175 and 190 °C; then complete
conversion at 225 and 300 °C for MCM550 and MCM?750 nanocomposite
catalysts, respectively. High selectivity (100%) for propene formation
was observed at low temperatures and complete conversion was
observed at 250 °C and at 300 °C for MCM550 and MCM750 nano-
composite catalysts, respectively. The catalytic reaction was also
investigated in a flow of air as a carrier gas. Thus, higher reactivity and
better catalytic stability against deactivation were observed. However,
above 225 °C, increasing amounts of CO, and H,O were detected in the
products indicating the oxidative nature of the catalysts at high
temperatures.

Isopropanol conversion over the prepared nanocomposite, blank
MCM and bulk LFO was investigated at 200 °C in a flow of air. Results for
the two groups of nanocomposite catalysts, 3—30LFO/MCM550 and
3—30LFO/MCM750, are shown in Fig. 10 (A and B), respectively. The
presented results showed high reactivity for the various 3-30 LFO/MCM
nanocomposite catalysts calcined at 550 and 750 °C. Whereas, no
reactivity was detected for the corresponding blank MCM or LFO mixed
oxide under the same test conditions. The nanocomposites showed
increasing catalytic conversion of isopropanol with increasing of LFO
loading, which maximized for 20LFO/MCM550 (>95%) then slightly
decreased for the next loading ratio. Selectivity towards propene for-
mation approached 100% for 3 and 10 LFO/MCM550. However, for the
higher loading ratios, 20 and 30 LFO/MCM550, propene selectivity
maintained very high value (>97%) with minor formation of acetone
(<3%).

For the group of 3-30 LFO/MCM750 nanocomposite catalysts, a
relatively different catalytic activity trend towards isopropanol con-
version was observed, whereas no reactivity was detected for the cor-
responding blank MCM or LFO under the same test conditions. However,
for 3 and 10 LFO/MCM750 conversion percentages amounting to 29 and
30%, respectively, were observed. Then conversion percentages
approache higher values (amounting to ~ 65 and 70%) for 20 and 30
LFO/MCM750 catalysts, respectively. Moreover, selectivity towards
propene formation was gradually increased from ~29% and approached
51% for 30LFO/MCM750. Meanwhile, considerable amount of acetone
as a dehydrogenation product was observed with selectivity amounting
to 18, 19% for 20 and 30 LFO/MCM?750 nanocomposites, respectively.

Therefore, LFO/MCM nanocomposite catalysts showed very
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interesting catalytic properties towards conversion of isopropanol,
which can be summarized as follows. (i) Catalytic dehydration at low
calcination temperature and low loading ratios (<10% of LFO). (ii)
Catalytic dehydration and dehydrogenation at high calcination tem-
perature and high loading ratios (>20% of LFO). (iii) Catalytic oxidation
into COy and H30 especially at high catalytic reaction temperature
(>225 °C) in a flow of air.

These observed changes in catalytic activity trends of the present
nanocomposite catalyst are very versatile and throw some light on the
dispersion case of LFO phase in the MCM as follows. (i) Low loading
ratios form small surface LFO domain which creates the surface acidity
contributed for dehydration reactions. (ii) High loading ratios and high
calcination temperatures form LFO domain which manifest the oxida-
tive dehydrogenation properties of perovskite structure. (iii) High
loading ratios and high calcination temperatures at high reaction tem-
perature in air atmosphere led to the appearance of the oxidative
properties of the perovskite catalysts.

This tuning of catalytic properties indicates the versatility of the
prepared nanocomposite catalytics. The absence of any reactivity for the
parent materials (blank MCM-41 and bulk LaFeOs3) under the same re-
action conditions reflects the synergetic effect of MCM-41 and LaFeOg
when they present in the form of nanocomposites. This confirms that
introducing of LaFeOs nanoparticles in MCM-41, lead to increasing of
surface acidity, oxidation ability and structural stability of the MCM-41
matrix.

4. Conclusions

The present investigation showed some interesting results,which can
be concluded as follows. The direct dispersion method permits the
insertion of perovskite mixed oxide, LaFeOs, inside the surfactant
assisted MCM-41 structure. The presence of citrate as a complex ion
reagent facilitates both capsulation and insertion of the LaFeOs mixed
oxide into MCM-41 texture. Nanocomposites of low loading ratios led to
the formation of small surface domains of LaFeOs that creates surface
acidity responsible for dehydration properties of the nanocomposite
catalysts and conversion of isopropanol into propene. High loading ra-
tios and high calcination temperatures led to the formation of larger
domains of LaFeO3 and appearance of the dehydrogenation and oxida-
tive properties of the LFO/MCM nanocomposite catalysts. The presented
direct dispersion method can be generalized for dispersions of other
perovskite-type mixed metal oxides in MCM-41 matrix.
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