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Abstract

The present study has undertaken the Friedel-Crafts
benzylation of aromatics over the V20s/ZrO, catalysts
systems. Catalysts with different V>Os content (0-15wt %)
was prepared by wet impregnation method and
characterized by XRD, BET surface area, FTIR and >V
NMR techniques. The surface acidic properties were
determined by temperature programmed desorption of
NHs;, cumene cracking and perylene adsorption. Under
the optimized reaction conditions, these catalysts are
found to be very effective and considerably more selective
than the conventional homogeneous Lewis acid catalysts.
The investigation of vanadia systems-catalyzed
benzylation of o0-xylene with benzyl chloride revealed that
the catalytic activity and product selectivity are sensitive
to the precise reaction parameters and can be related to
the Lewis acidity of the systems. The reaction is found to
be very clean and produces the desired monoalkylated
product with high yield.
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1. Introduction

The Friedel-Crafts alkylation reactions are of great interest due to
their importance and common use in synthetic and industrial
chemistry [1]. The alkylation is traditionally performed with alkyl
halides using Lewis acid catalysts such as HF and AICl; or with
alcohols using Bronsted acids, typically H2SOs [2]. However, these
homogeneous catalysts encounter major disadvantages like
corrosion, unfriendliness to environment due to the waste by-
products induced by isomerization in the reaction and heavy
expense due to the requirement of large quantity of reagents. As a
result, there was a long felt demand to substitute these reagents by
less corrosive and more environment friendly materials [3].
Intensive research in this direction revealed the possible suitability
of the materials in the form of solid acids developed from
heteropolyacid [4], clays [5], zeolites [6], sulfated zirconia [7],
transition metal cations [8], etc. The single metal oxide catalysts
have shown drawbacks such as lower product selectivity,
formation of higher amount of polyalkylated products and drastic
reaction conditions. It is believed that introduction of a second
component oxide to the support metal oxide could bring out a
combined effect or a sort of synergistic behaviour enhancing the
catalytic activity and product selectivity [9-11].

Zirconium oxide is a widely studied material in catalysis field due
to its potential to be used as a catalyst support or promoter for a
variety of catalyst systems [12-15]. The use of vanadia based
catalysts in the synthesis of fine chemicals is an increasing area of
application and growing importance in recent years [16-18].
Furthermore, from a reaction point of view, it has been well
documented that the selectivity and activity of these supported
vanadia catalysts depends on the acid-base properties of the
support, calcination temperature and percentage of vanadia
loading apart from its surface acidity [19]. By contrast, the utility of
vanadia catalysts in the Friedel-Crafts alkylation of aromatic
compounds has not been explored in sufficient detail.

The objective of this study is to investigate the possibility of
enhancing the conversion of aromatics and selectivity to the
monoalkylated products, consequently to minimize the formation
2
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of polyalkylated products. We report the results obtained in the
alkylation of o-xylene by benzyl chloride over vanadia supported
on ZrO,.The results obtained are compared with the efficiency of
the Lewis acid catalyst AlCls.

2. Experimental
2.1 Catalyst preparation

2.1.1 Pure ZrO;

Hydrous zirconium oxide was prepared by the hydrolysis of
zirconyl nitrate with 1: 1 ammonia. Zirconyl nitrate was dissolved
in minimum amount of doubly distilled water. To a boiling
solution of zirconyl nitrate in water, aqueous ammonia was added
drop wise with constant stirring till complete precipitation was
achieved. The pH of the final solution was in the range 10-11. The
solution was solidified and was made into a colloidal state which
was boiled for about 15 minutes and then it was allowed to stand
overnight. The precipitate was filtered and washed repeatedly with
distilled water until it was free of nitrate ions. Then it was oven
dried at 383 K for 12 h, powdered and calcined for 5 h at 823 K.

2.1.2. V,05/ZrO; catalysts

The catalysts with various vanadium oxide contents were prepared
by wet impregnation of metal oxide in the hydroxide form with
required amount of oxalic acid solution of ammonium
metavanadate. The vanadia loading was varied from 3 to 15 wt%,
as indicated by the number in the sample notation. The solution
was evaporated to dryness with vigorous stirring. The precipitate
obtained was oven dried at 383 K for 12 h, powdered and calcined
at 823 K for 5 h. The general notation ZX stands for ZrO, system
with X wt% vanadia loading.

2.2 Catalyst characterization

The crystal structure of the samples was identified by XRD (Rigaku
D-max C X-ray diffractometer) measurement using Ni filtered Cu
Ka radiation (A = 1.5406A°). FTIR spectra of the powder samples
were measured by the KBr disc method over the range 4000-400

cm?® using Shimadzu DR 5001 instrument. 51V NMR spectra of the
3
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prepared samples were measured with a 300 DSX Bruker
spectrometer at a static magnetic field of 8.5 T. The spectra were
expressed with the reference signal of NH4VOs at a chemical shift
value of 0 ppm and the higher frequency shift from the standard
was taken as positive. Simultaneous determination of BET surface
area and total pore volume of the samples were achieved in a
Micromeritics Gemini 2360 surface area analyzer by the low
temperature N> adsorption method.

The surface acidic properties of the prepared catalysts were
measured by NHs-TPD (373-873 K) in a conventional flow-type
apparatus at a heating rate of 10 K min! and in a nitrogen
atmosphere. Electron acceptor studies were carried out by stirring a
weighed amount of the catalyst with different concentrations of
perylene in benzene solvent. The amount of perylene adsorbed was
determined by measuring the absorbance of the solution in a UV-
VIS spectrophotometer (Shimadzu UV-160 A) before and after
adsorption. The limiting amount of perylene adsorbed was
obtained from Langmuir plots. Cumene conversion reaction was
adopted for the differentiation between Bronsted and Lewis acid
sites. The reaction was carried out in a continuous down-flow
reactor at 623 K at a flow rate of 6 mL h! and with a time on stream
of 2 h. The products were analysed by Chemito 8610 GC, SE-30
column and flame ionization detector.

2.3 Friedel-Crafts alkylation of o-xylene

The liquid phase benzylation of o-xylene using benzyl chloride was
carried out in a 50 mL double-necked flask fitted with a spiral
condenser. The temperature was maintained using an oil bath. In a
typical run, o-xylene and benzyl chloride in the specific molar ratio
was added to 0.1 g of the catalyst in the round bottom flask and the
reaction mixture was magnetically stirred. The product analysis
was done using a Chemito 8610 gas chromatograph equipped with
a flame ionisation detector and an SE-30 column. The aromatic
substrate being taken in excess, the yields were calculated based on
the amount of alkylating agent. The selectivity for a product is
expressed as the amount of the particular product divided by the
total amount of products and then multiplied by 100.
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3. Results and Discussion

3.1 Catalyst Characterization

Table 1 presents the surface area and pore volume for pure and
vanadia loaded ZrO, samples. Vanadia-impregnated samples show
higher surface area when compared to pure ZrO..

The surface area increases gradually upon impregnation of vanadia
up to 6 wt%, and then decreases at high loadings. The trend in
surface area could be explained by the fact that at smaller
quantities, V20s reduces sintering whereas at high loadings
crystalline V2Os block the pores of the support [20]. The low pore
volume of high vanadia-loaded system also supports surface area
results.

Catalyst | BET | Pore | Total acid sites | Selectivity to o- Perylene
surface[volume| (amount of methyl styrene in | adsorbed
area |(cm3g?) NHsdesorbed | cumene cracking | (10-°molg?)
(m2g1) (mmol g1) reaction (%)

Z0 43 | 0.058 0.25 32.0 0.08
Z3 78 | 0.083 0.34 52.3 043
Z6 89 | 0.085 0.75 87.1 0.98
79 72 | 0.081 0.58 61.0 0.74
Z12 53 | 0.020 0.42 59.6 0.71
715 47 | 0.020 0.33 45.6 0.69

Table 1: Surface and acidic properties of V,0s5/ZrO, systems

The XRD pattern of pure zirconia (Fig. 1) shows tetragonal phase of
ZrO,, in agreement with the literature reports [21]. Introduction of
vanadia seems to stabilize the tetragonal phase of zirconia by
delaying the transformation to the thermodynamically favoured
monoclinic phase. The absence of characteristic peaks
corresponding to the vanadium oxide species in the supported
systems with vanadia loading up to 6 wt% implies that the added
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vanadia is highly dispersed on the ZrO, surface in the form of VO,
tetrahedra or in the form of two dimensional oxovanadate
structures [22, 23]. The additional peaks observed at 20 values of 20
and 24 for high vanadia loaded samples may be attributed to the
crystal planes of V2Os crystallites [24].

Z15
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Z0
10 20 30 40 50 60 70

20 (dearees)

Fig. 1. XRD profiles of V,05/ZrO, systems.

Intensity (a.

FTIR spectra of different V»O0s/ZrO, catalysts with various
vanadium oxide contents are given in Fig. 2. The two strong
absorption bands around 3429 and 1627 cm in the case of pure
zirconia may be attributed to the surface hydroxyl groups whereas
the band at 456 cm-! is characteristic of the Zr-O bonds [25]. Z6
shows additional peaks at 896 cm! and 1023 cm. A peak at 2063
cm! appears as the vanadia content reaches 9 wt%. Obviously the
intensities of these bands gradually increase as the vanadia
percentage increases. The absorption band at 1023 cm-! is assigned
to the V=0 stretching vibration, while that at 896 cm is attributed
to the coupled vibration between V=0 and V-O-V [26]. Generally,
the bands of V=0 bonds of crystalline V>Os are observed at 1020-
1025 cm with an overtone band between 2060 and 2070 cm! which
is confirmed by the spectrum of pure vanadia (V) in Fig. 2. Up to 3
wt% of vanadia loading, the peaks of crystalline vanadia is not
observed probably because it is well dispersed as a monolayer on
the ZrO, surface. When the vanadia loading exceeds the amount
6
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required for the formation of monolayer, it is well crystallized and
the corresponding peaks appear in the IR spectra. Marth et al. [27]
reported the presence of coordinated but distorted tetrahedral VO4
species in the V,05/TiO; system which is well dispersed as a
monolayer at low vanadia loadings and as multilayer having
disordered VOs octahedra which has structural similarity to bulk
V205 at high vanadia loading. Our observations are in line with the
reported results.

The 'V NMR spectra of V,05/ZrO; catalysts (Fig. 3) reveal two
diverse vanadium environments for the surface vanadia species.
For the samples Z6 and Z12, two prominent peaks are observed at
83.8 and -95.4 ppm. A low chemical shift value (peak at -95.4 ppm)
is characteristic of tetrahedral vanadium species, while a higher
value (peak at 83.8 ppm) is assigned to an octahedral coordination
sphere [28, 29].

% Transmittance

A4O00 3000 2000 1 000
Wave Number (em-1)

Fig. 2. FT-IR spectra of VV,05/ZrO, systems
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Fig. 3. *'V NMR spectra of V,05/ZrO, systems

From relative intensities of the peaks in the two samples it is clear
that the surface V- species exist as isolated tetrahedral units in a
monolayer at low V20s loading and the ratio of well crystallized
octahedral vanadium species increases with increasing vanadium
oxide loading. The observations are in good agreement with XRD
and FTIR results.

The XRD, FTIR and 5'V NMR results strongly support Wachs
model [30] for the molecular structure of surface vanadium oxide.
This model proposes isolated vanadate species up to a saturation
coverage above which vanadia shows small-distorted crystallites in
addition to the surface vanadate species.

3.2 Surface acidity measurements

NHs-TPD provides general information about the number and
distribution of the acid sites. Furthermore, the total amount of
ammonia desorbed from the catalyst surface could be used for the
quantitative measurement of total surface acidity of the catalyst
[31].

From the TPD results given in Table 1, it is apparent that the
incorporation of vanadia modifies the acidity of ZrO, surface to a
significant extent. The total acid sites gradually increase with
vanadia content up to 6wt % and thereafter decreases. It has been
8
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reported that the vanadia as surface monolayers imparts acidity,
while the V>Os which crystallites, hardly exhibits acidity [32, 33]. So
the increase in acidity in systems with low V>Os content could be
due to the strong interaction of highly dispersed V.05 with
moderately acidic ZrO; support. This accounts for the reduction in
the acidity values observed for high vanadia loaded systems.
However, at high vanadia loading the degree of polymerization of
surface vanadyl species will be prominent with an enhanced
formation of crystalline V>0s.

Adsorption studies using perylene as electron donor give
information regarding the Lewis acidity [34,35]. The technique is
based on the ability of the catalyst surface site to accept a single
electron from an electron donor like perylene to form charge
transfer complexes. The perylene adsorption was done at room
temperature from a solution in benzene. Perylene after electron
donation gets adsorbed on the catalyst surface as radical action.
The limiting amount of perylene adsorbed gives a measure of the
Lewis acidity or the electron-accepting capacity, which is obtained
from the Langmuir plot [36].

The limiting amounts of perylene adsorbed for different V,O5/ZrO.
catalysts are given in Table 1. A steady increase in the limiting
amount of perylene is observed with successive vanadium oxide
addition up to 6 wt%, which thereafter reduces, with further
addition of vanadia. A comparative evaluation of the results
suggests that the addition of vanadia substantially improves the
Lewis acidity when present in small quantities. Zr#* in the surface
complex becomes more positive when vanadia is introduced to the
support, thereby resulting in enhanced Lewis acidity. At high
vanadia loadings, a significant loss of Lewis acid sites is apparent
which may be due to the blocking of the surface acidic sites by
crystalline V20s, which rarely contributes to the acidity of any
metal oxide systems [33].

Cracking reaction of cumene was done over the prepared catalysts
in order to get a better understanding of surface acidity. Cracking
of cumene to benzene is attributed to the action of Bronsted sites by
a carbonium ion mechanism [37] while dehydrogenation of cumene
yields o-methylstyrene as the major product due to Lewis acid sites
[38]. The a-methylstyrene selectivity (Table 1) obtained from the

9
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cumene conversion is in good agreement with the perylene
adsorption results indicating that introduction of V>Os up to 6 wt %
increases the Lewis acid sites on the catalyst surface.

3.2 Friedel-Crafts alkylation of o-xylene

3.2.1 Process Optimization

Considering the sensitivity of the reaction to the reaction
conditions, influence of process variables were studied in detail.
The process was optimized by varying the temperature (60-120 °C),
reaction time (0.5-3 h), catalyst concentration (0.05-0.35 g) and o-
xylene to benzyl chloride molar ratio (5:1 -15:1).

Substrate and | Amount of |o0-xylene/BC Molar Reaction Time of
Catalyst Catalyst (g) Ratio Temperature (°C) |Reaction (h)
o-xylene 0.1 5:1 100 15

76

Table 2: Optimized reaction conditions for Friedel crafts alkylation of o-xylene

The optimized conditions for a reasonably good conversion of
benzyl chloride (BC-C) and selectivity to mono-alkylated products
(MAP) for o-xylene over Z6 catalyst are given in Table 2.

3.2.2 Performance of different catalyst systems

Table 3 summarizes the experimental results of benzylation of o-
xylene over V>Os/ZrO; catalysts. ZrO» as a single oxide catalyst is
found to be much less active than the supported catalysts in
alkylation reaction. Among V20s5/ZrO, catalysts, the benzyl
chloride conversion increases with V>Os loading only up to 6 wt %.

10
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‘ Catalyst ‘ BC-Ca ‘ Selectivity |
| | Wt %) | MAP | PAP |
‘ ‘ ‘ Para | Ortho | |
| 20 | 126 | 100 | I
| 73 | 364 | 100 | -]
| 76 | 893 | 954 | o8 | 38 |
| 7z | s47 | 100 | -]
| 712 | 481 | 100 | | -]
| z15 | 392 | 100 | | -]

Table 3: Catalytic performance of V,0s/ZrO, systems for Friedel crafts alkylation
of 0-xylene

a4 Amount of catalyst: 0.1 g, temperature: 100°C, o-xylene/benzyl chloride
molar ratio: 5:1, Time: 1.5 h w.r.t Table 3.

The benzylation in general give 100 % yield of monoalkylated
products, except in the case of Z6. A small amount of polyalkylated
product is observed in the case of Z6. However, the selectivity of
95.4% to mono-alkylated products is still quite good where we get
benzyl chloride conversion of 89.3% when compared to the value of
67.1% obtained for the traditional catalyst AlCls.

Benzylation of o-xylene vyields 3,4-dimethyldiphenylmethane.
Good correlation is also obtained between catalytic activity and
amount of total acid sites (ammonia desorbed in the temperature
region of 401-600°C) (Table 2). Though the catalyst surface provides
both Lewis and Bronsted acid sites, the above observations clearly
indicate the dominating impact of Lewis/strong acid sites for the
benzylation of o-xylene with benzyl chloride. Friedel-Crafts
alkylation is an aromatic electrophilic substitution reaction in
which the carbocation is formed by the complexation of alkyl
halide with the catalyst used. The carbocation attacks the aromatic
species for alkylation and hence formation of carbocation is an
important step in the reaction mechanism. Lewis acidic centers on
the catalyst surface facilitate the carbocation formation [39, 40].

11
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Fig.4. Catalytic performance of V,0s/ZrO, systems for Friedel crafts

alkylation of o-xylene

Hence an attempt was made to correlate the catalytic activity with
the acidic characteristics of different catalyst systems. Figure 5
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Fig.5. Correlation of Catalytic performance of V,05/ZrO, systems with acidity

compares the activity of systems with limiting amount of perylene
adsorbed on the catalyst surface and a-methyl styrene selectivity
from cumene conversion reaction. The results show a linear
relationship which indicates that the Lewis sites are active in

benzylation reaction with benzyl chloride.
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a) benzyl chloride conversion and a-methyl styrene selectivity
b) Total surface acidity measured by different techniques
a) benzylchloride conversion and a-methyl styrene selectivity
b) Total acidity and amount of perylene adsorbed
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3. Conclusion

The catalyst samples prepared by supporting vanadia on ZrO»
show potential as Friedel-Crafts alkylation catalysts giving good
activity and selectivity. Reaction parameters such as temperature,
reaction time, substrate to alkylating agent molar ratio and catalyst
concentration are critical factors influencing the activities of the
systems. The reaction is found to be clean without the formation of
significant amount of polyalkylated products. The Lewis acidity
/strong acid sites of the prepared catalysts seem to play an
important role in explaining the activity and selectivity pattern of
Friedel-Crafts alkylation of o-xylene. The results indicate that
benzylation reaction under the optimized conditions occurs on the
surface Lewis acid sites.
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