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Abstract: Nano lanthanum aluminates synthesized by sol-gel method were used for the liquid phase benzylation of o-xylene (oXyl) with benzyl chloride (BC) in a batch reactor at atmospheric pressure. Lanthanum aluminates were characterized in depth
by Differential thermo gravimetric analysis (DTG), Differential scanning calorimetric analysis (DSC), X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR), N2 sorpometry, transmission electron microscopy (TEM), temperatureprogrammed desorption using CO2/NH3 (CO2-TPD/NH3-TPD) and temperature-programmed reduction using H2 (H2-TPR) in
order to relate its performances to the chemical and textural characteristics. Nano La10Al4O21 was detected for lower aluminum
precursor concentration and stable nano mesoporous LaAlO3 becomes the major phase as the concentration increases. The band
gap of LaAlO3 and La10Al4O21 was estimated from ultraviolet-visible (UV-Vis) spectrophotometry. Ac conductivity and dielectric
measurement of lanthanum aluminates were also performed. The effect of catalyst concentration, reaction temperature, reaction
time and o-Xyl/BC molar ratio on benzylation of o-Xyl was studied over stable nano mesoporous LaAlO3 and was extended to
nano La10Al4O21 at the optimized conditions. LaAlO3 showed 92% and La10Al4O21 showed 51% BC conversion at the following
reaction conditions (catalyst to BC (w/w) = 0.1, o-Xyl/BC molar ratio =1:1, 433K, 2h, 1 atm). The acidity and mesoporous
structure of LaAlO3 appeared to be responsible for its good performance. Increase in catalyst concentration, reaction
temperature and reaction time enhances the conversion of BC, whereas it decreases with the increase in o-Xyl/BC molar ratio.
The Friedel-Crafts (FC) benzylation reaction mechanism involves the formation of an electrophile (C6H5CH2+) over an acidic
lanthanum aluminate catalyst which attacks the O-Xyl ring resulting in the formation of 3,4 –dimethyl diphenyl methane.
Keywords: Benzylation; Lanthanum aluminates; La10Al4O21;; Sol gel; Mesoporous;
I. INTRODUCTION
Rare earth aluminates have attracted keen interest over the years owing to their unique physical and chemical properties [1]. Among
them lanthanum aluminates have attracted wide-spread attention in different frontier areas of research due to their outstanding
potential in superconductors [2], radiation dosimetry [3], memory devices [4], semiconductor [5], thermal barrier coating [6] and
heterogeneous catalysis [7].
In addition, when a mixed metal oxide attains mesoporosity with appreciable good surface area, it can play key role in many
industrial applications [8]. Even though large varieties of mesoporous materials have been studied intensively, little attention have
been paid to the synthesis of mesoporous mixed metal oxides and their application potentials. Lanthanum aluminate is generally
synthesized via solid state reactions [9], co-precipitation [10] or polymer complexing plus combustion method [11]. But the
environmentally benign citrate-sol gel method has been rarely employed.
The construction of C-C bond by FC benzylation has revolutionized organic synthesis and chemical manufacturing [12]. The
product, dimethyldiphenylmethanes (DMDPM) have many useful applications [13, 14]. To the best of our knowledge FC
benzylation by nano mesoporous lanthanum aluminates has not reported so far. FC benzylation in the presence of homogeneous
and heterogeneous catalysts, although giving better yields in industrial scale; these catalysts, however have several drawbacks such
as toxicity, corrosiveness, less activity, moisture sensitivity etc [13, 15]. Thus we need a non-corrosive, non toxic, active
heterogeneous solid catalyst, which can be synthesized in a convenient, cost-effective and environmentally friendly route. In this
context, successful synthesis and utilization of mesoporous lanthanum aluminates is very much important.
II. EXPERIMENTAL
A. Catalyst preparation
All chemicals were analytical grade and were used without further purification. Lanthanum aluminates were synthesized by the
modified citrate sol-gel method [16]. Citric acid was added to the premixed lanthanum and aluminum nitrate solution while stirring,
such that molar ratio of acid/La+Al = 2. The solution was heated in a water bath until a viscous gel was obtained. The gel was dried
at 110oC overnight to form a spongy material. The dried gel was calcined at 800oC for 6 hrs.
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B. Catalyst Characterization
The thermal behavior of the dried gel was examined by DTG/DSC analysis using Perkin Elmer STA 6000 thermo gravimetric
apparatus. The phases were identified by means of XRD with a RIGAKU D/MAX-C diffractometer using Cu Kα radiation (λ =
1.5405Ǻ) at a scanning rate of 5o s-1. Surface morphology was evaluated by TEM (HR-TEM-JEOL, JEM-2100). FT-IR studies were
done in KBr medium using Thermo Nicolet Avatar 370 model FT-IR spectrophotometer. UV-Vis diffuse reflectance spectra were
recorded over a wavelength range between 200 to 2000 nm using a Varian, Cary 5000 spectrometer. Surface properties were
determined using Micromeritics Gemini VII surface area and porosity analyzer by N2 adsorption at 77K, according to the standard
Brunauer –Emmer-Teller (BET) method. The Lewis basicity and acidity were studied by CO2-TPD, NH3-TPD experiments using
Micromeritics ChemiSorb 2750 pulse chemisorption apparatus. Reduction characteristics were analyzed by H2-TPR analysis using
the same Micromeritics chemisorption apparatus. Dielectric characterization was done by using Agilent 16451B Impedance
analyzer in parallel mode at frequencies ranging from 40 Hz to 1 MHz.
C. Catalytic Activity
The catalytic activity of nano mesoporous lanthanum aluminates was tested for FC benzylation of o-Xyl with BC in solvent free
liquid phase reaction. The benzylation was performed in liquid phase batch reactor consists of a round bottom flask with condenser,
in a constant temperature oil bath with magnetic stirring. In typical run, appropriate amounts of o-Xyl and BC (1:1 and 5:1 molar
ratio) was charged in the reactor along with 0.05 to 0.25 g catalyst. The reaction mixture was heated to 303 to 473 K under stirring
for 30 to 190 min. Samples were withdrawn periodically and analyzed with a gas chromatograph (Perkin Elmer Clarus 650) fitted
with a flame ionization detector and Elite 5 capillary column. Some selected runs were analyzed by GC-MS for product
identification.
III. RESULTS AND DISCUSSION
A. Catalyst Characterization
1) Thermal analysis: Fig. 1 shows the results of thermal analysis of LaAlO3 precursor prepared by citrate sol-gel method. The first
weight loss of about 13%, at 100oC in the DTG curve is due to dehydration. The endothermic peak around 550oC in the DSC curve,
accompanied by weight loss of about 16%, is due to the degradation of the residual citric acid and the elimination of residual CO32and NO3- ions [17]. The weight loss of about 5% at 780oC is associated with further oxidation of the sample.

Fig. 1 Differential thermo gravimetric analysis and differential scanning calorimetric analysis of LaAlO3 precursor
2) Formation of LaAlO3: Fig. 2 shows XRD patterns of samples prepared by citrate sol gel method and calcined at 800oC for 6 hrs.
Secondary phase of orthorhombic La10Al4O21 were detected (JCPDS 39-0009) for the sample prepared by using 0.030M Al(NO3)3.
LaAlO3 phase with rhombohedral structure (JCPDS 31-0022) begins to appear as the concentration of Al(NO3)3 increases and
becomes the major phase as the concentration reaches to 0.05M. Formation of La2CO3 and La(OH)3 were also identified at lower
Al(NO3)3 concentrations (0.005M-0.020M).
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Fig. 2 XRD patterns of samples prepared by citrate sol-gel method using varying concentration of Al(NO3)3 calcined at 800oC for 6
hrs(* - LaAlO3, •- La10Al4O21, +- La2CO3, v- La(OH)3)
3) FT-IR spectroscopy: Fig. 3 shows the FT-IR spectra of LaAlO3 and La10Al4O21. The broad absorption band at 3430 cm-1 is
associated with the O-H stretching vibrations and the bands at 1200-1000 cm-1 were assigned to O-H bending vibrations of
molecular water [18]. The bands around 880-440 cm-1 in the spectra were assigned to Al-O vibrational modes [19]. The peaks
around 2349 cm-1 and 1617- 1493 cm-1 can be assigned to angular vibration modes and stretching modes of carbonate groups [20].
The results indicate the presence of immense amount of adsorbed water and CO2 on La10Al4O21 compared to LaAlO3.

Fig. 3 FT-IR spectra of nano (a) La10Al4O21 (b) LaAlO3
4) Optical absorbance: UV-Vis absorption study was carried out in order to determine the band gap of nano lanthanum aluminates.
The optical band gap was estimated by plotting (αhυ)2 versus photon energy (hυ), based on the relation αhυ = A (hυ - Eg)1/2,where α
is the absorption coefficient, A is a constant, Eg is the band gap [21], Fig. 4. The higher optical band gap of orthorhombic
La10Al4O21 (5.2 eV) compared to rhombohedral LaAlO3 (4.6 eV) may be due to difference in their lattice constants [22].

(i)
(ii)
Fig. 4 (i) UV-Vis absorption spectra and (ii) Tauc plot of nano (a) La10Al4O21 (b) LaAlO3
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Fig. 5 TEM morphology of nano (a) La10Al4O21 (b) LaAlO3
5) Particle size and Morphology: The size and morphology of La10Al4O21 and LaAlO3 nano particles were shown in the Fig. 5 (a)
& b. In contrast to La10Al4O21 powder, LaAlO3 powder has a rather regular shape and is weakly agglomerated. However, La10Al4O21
has less particle size (35-40 nm) compared to LaAlO3 (65-70 nm).
6) Surface area : The total surface area of lanthanum aluminate nanoparticles were obtained by Brunauer–Emmett–Teller (BET)
method using N2 adsorption-desorption isotherm data. All experimental parameters of BET surface area analysis were summarized
in Table I. Nano La10Al4O21 has large surface area with large pore diameter compared to nano LaAlO3. Fig. 6 shows the BJH plots
for N2 adsorption-desorption isotherm and pore size distribution of lanthanum aluminate nano particles. Typical type V isotherm
with H3 type hysteresis loops at high P/P0 value is observed for nano LaAlO3, characteristics of large mesopores [23]. Hysteresis
loop in nano La10Al4O21 may due to tensile strength effect [24].

(a)
(b)
Fig. 6 N2 adsorption-desorption isotherm and pore size distribution of nano (a) La10Al4O21 (b) LaAlO3
Table I Experimental Parameters Of Bet Surface Area Analysis Of Nano Lanthanum Aluminates
Sample
BET Surface
BJH pore
BJH adsorption
BJH desorption
2
3
area (m /g)
volume (cm /g)
average pore
average pore
diameter (nm)
diameter (nm)
La10Al4O21

13.4

0.31

82.2

100.8

LaAlO3

12.4

0.31

48.7

28.2
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Table Ii Lewis Sites Distribution In Nano Lanthanum Aluminate Evaluated On The Basis Of Co2-Tpd/ Nh3-Tpd
Sample
Basic sites (μmolg-1)
Acid sites (μmolg-1)
Weak
Stron
Very
Total
Weak
Strong
Very
Total
g
strong
strong
La10Al4O2
13.9
61.4
120.9
196.2
41.7
600.08
290.11
931.9
1

LaAlO3

58.3

-

-

58.3

57.8

83.3

900.2

1041.3

7) Surface acidity and basicity : For metal oxides, the metal ions are Lewis acid sites whereas the surface lattice oxygen are Lewis
basic sites. CO2-TPD, NH3-TPD profiles of lanthanum aluminates is shown in the Fig. 7. From the figure it is clear that LaAlO3
surface has higher no of Lewis acidic sites and less no of Lewis basic sites compared to La10Al4O21. According to desorption
temperature Lewis sites in lanthanum aluminates are categorized into weak (<200oC), strong (200-600oC) and very strong sites
(>600oC) [25], Table. II. Lewis basic sites with weak strength mostly corresponds to OH- groups on the catalyst surface, while those
with strong and very strong strength are related to the oxygen of Mn+O2- ion pair and isolated O2- anions [26]. Lewis acidity depends
on the existence of exposed metal cations at the surface [27].

Fig. 7 CO2-TPD, NH3-TPD profile of nano (a) La10Al4O21 (b) LaAlO3
8) Reducibility: The H2-TPR profiles of lanthanum aluminates are shown in the Fig. 8. In this figure H2 consumption equates to
oxidation of H2 molecules by lanthanum aluminates. Thus we found that La10Al4O21 has less reducing ability compared to LaAlO3.
The values of H2 consumption at different peak temperatures are listed in Table III. The higher amount of H2 consumption shows the
higher amount of reactive oxygen in LaAlO3 [28].
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Table Iii Quantitative H2-Tpr Analysis Of Nano Lanthanum Aluminate
Sample
Peak temperature(oC)
H2 consumption (μmolg-1)
La10Al4O21
662.5
180.51
678.9
136.9
LaAlO3
691.8
297.8
732.2
135.9

Fig. 8 H2-TPR profile of nano mesoporous (a) La10Al4O21 (b) LaAlO3
9) Dielectric Properties and ac Conductivity Measurement: The effect of ac frequency on capacitance, loss tangent and dielectric
constant at room temperature for lanthanum aluminates are shown in Fig. 9. Dielectric relaxation observed in lanthanum aluminates
may be due to the fact that the species contributing to the polarizability are lagging behind the applied field at higher frequency [29].
Higher capacitance and dielectric constant of LaAlO3 may be due to its mesoporous nature and higher interface, orientation, ionic
and electronic polarizations compared to La10Al4O21.

(i)

(ii)

(iii)
Fig. 9 Frequency dependent variation of (i) capacitance, (ii) loss tangent and (iii) dielectric constant of nano (a) La10Al4O21 (b)
LaAlO3
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To understand the conduction mechanism, the variation of ac conductivity as a function of frequency is measured, Fig. 10. As
depicted in the Fig.10, ac conductivity increases with increasing frequency. Low percolation probability and low moisture content of
nano mesoporous LaAlO3 may be the reason for its very high ac conductivity compared to nano La10Al4O21[30].

Fig. 10 Frequency dependent variation of ac conductivity in nano (a) La10Al4O21 (b) LaAlO3
B. Catalytic Reactions
The FC benzylation of o-Xyl with BC was carried out using stable nano mesoporous LaAlO3 at different reaction temperature,
catalyst weight and reaction time for 1:1 and 5:1 molar ratio of o-Xyl/BC and extended to La10Al4O21 at the optimized conditions.
Benzylation of o-Xyl was also carried out in the absence of catalyst and no obvious BC conversion was detected
1) Thermal Analysis: The effect of catalyst concentration in the range of 0.05-0.25 g mol-1 of BC on the conversion of BC is
studied at 433 K for 2 h of reaction for different molar ratios of o-Xyl/BC over nano mesoporous LaAlO3 as catalyst. The
catalysts to BC ratios are changed by keeping the constant concentration of BC in the reaction mixture. When the catalyst to BC
ratio is increased from 0.05 to 0.25, the conversion of BC is also found to increase from 14 to 100 % for 1:1 o-Xyl/BC molar
ratio and 40 to 100% for 5:1 o-Xyl/BC molar ratio. A reaction rate plateau appears when the catalyst weight exceeds 0.2 g mol-1
of BC for 1:1 o-Xyl/BC molar ratio and 0.25 g mol-1 of BC for 1:5 o-Xyl/BC molar ratios. These results confirm that with an
increase in catalyst loading the conversion of BC increases because of the increase in the total number of acidic sites available
for the reaction [15]. 3,4-Dimethyl Diphenylmethane (3, 4-DMDPM) was detected as the major product.

Fig. 11 Effect of catalyst/BC molar ratio on the conversion of BC for different molar ratios of o-Xyl/BC
2) Effect of Reaction Temperature: The temperature dependency of this reaction at the following reaction conditions (catalyst to
BC (w/w) = 0.1, 2h, 1 atm) for different molar ratios of o-Xyl/BC is shown in Fig. 12. BC conversion over LaAlO3 as catalyst
increases steadily from 20 to 100% for 1:1 o-Xyl/BC molar ratio and 1 to 54% for 5:1 o-Xyl/BC molar ratio as the temperature
is raised from 302 to 473 K.
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Fig. 12 Effect of reaction temperature on the conversion of BC for different molar ratios of o-Xyl/BC
3) Effect of reaction Time: The relationship between conversion of BC and reaction time for benzylation of o-Xyl over LaAlO3
and La10Al4O21 catalysts is illustrated in Fig. 13 at the following reaction conditions (catalyst to BC (w/w) = 0.1, o-Xyl/BC
molar ratio =1:1, 433K, 1 atm). LaAlO3 gave higher conversion compared to La10Al4O21. The conversion of BC over LaAlO3 is
found to be increased with the increase in the reaction time and reaches a maximum (92%) in 2 h of the run. La10Al4O21 exhibit
comparatively lower activity (51%) in this reaction. Large no of acidic sites and mesoporous structure of LaAlO3 may be
responsible for higher catalytic activity. The catalytic activity correlated well with their reducing ability, since the variation in
the activities seems to follow the change in the reducing ability. This redox property was expected to play an important role for
initiating benzyl carbocation (C6H5CH2+) for the reaction [13].

Fig. 13 Reaction time versus BC conversion over lanthanum aluminates
4) Effect of o-Xyl/BC molar ratio: Fig.14 shows the effect of varying the o-Xyl/BC molar ratio in the reaction mixture on the
activity of nano mesoporous LaAlO3 at a fixed BC concentration at the following reaction conditions (catalyst to BC (w/w) =
0.1, 433K, 1 atm). An increase in the BC conversion is observed with the decrease in o-Xyl/BC molar ratio. The study
indicates that using excess o-Xyl results into fast deactivation of active sites, which may be attributed to passivation of active
sites by strong adsorption of excessive o-Xyl molecule.
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Fig. 14 Effect of o-Xyl/BC molar ratio on the conversion of BC

Fig. 15 Proposed reaction mechanism for the benzylation of o-Xyl using lanthanum aluminate catalyst
5) Proposed Reaction Mechanism: Generally benzylation of aromatics takes place by electrophilic aromatic substitution. A
schematic diagram of the catalytic cycle for the benzylation of o-Xyl using lanthanum aluminate catalyst is represented in Fig.
15. The figure suggests that acidic LaAlO3 polarizes the BC molecule into an electrophile (C6H5CH2+) which then attacks the oXyl ring resulting in the formation of 3, 4-DMDPM.
IV. CONCLUSIONS
Sol-gel method is used to prepare nano crystalline lanthanum aluminate powders. La10Al4O21 developed at lower aluminum
precursor concentration changes to stable LaAlO3 as concentration increases. XRD and FTIR analysis confirmed the formation of
LaAlO3 and La10Al4O21. La10Al4O21 found to have lower particle size and higher surface area compared to LaAlO3. Mesoporous
structure of LaAlO3 and macroporous structure of La10Al4O21 was revealed from BJH isotherm. UV-Vis absorption spectrometric
data revealed large band gap of La10Al4O21 (5.2 eV) in comparison with LaAlO3 (4.6 eV). CO2-TPD, NH3-TPD and H2-TPR analysis
results indicate small basicity, high acidity and high reduction potential of LaAlO3 related to La10Al4O21. LaAlO3 found to have high
ac conductivity and large dielectric constant compared to La10Al4O21. Nano mesoporous LaAlO3 was found to be an efficient catalyst
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compared to nano La10Al4O21 in the benzylation of o-Xyl. LaAlO3 showed 92% BC conversion where as nano La10Al4O21 exhibits
51% BC conversion at the same experimental conditions. The higher activity of LaAlO3 may be attributed to its stronger acidic sites
and mesoporous structure. The higher yield of product can be achieved by increasing reaction parameters such as; reaction
temperature, catalyst concentration and reaction time, while the conversion is found to decrease with increase in molar ratio of oXyl/BC. The formation of 3, 4-DMDPM is explained by an electrophilic attack of the benzyl cation (C6H5CH2+) on the o-Xyl ring
whose formation is facilitated by the stronger acid sites of catalyst.
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