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Abstract

The liquid-phase alkylation of benzene with 1-octene and 1-dodecene was investigated using zirconia-supported 12-molybdophosphori
acid (MPA) as catalyst. The catalysts with different MPA loading (5—25 wt.% calcined aCj@mhd calcination temperature (15 wt.% calcined
from 500 to 750C) were prepared by suspending zirconium oxyhydroxide in methanol solution of MPA followed by drying and calcination.
These catalysts were characterized by X-ray diffraction,ARdMIAS NMR spectroscopy measurements. The XRD results indicated that
MPA stabilizes the tetragonal phase of zircoft® MAS NMR spectra show that the nature of phosphorous species depend on MPA loading
and calcination temperature, and it show the existence of three types of phosphorous species, one is the Keggin unit and the other is tt
decomposition product of MPA and third one an unidentified species. FT-IR pyridine adsorption on 15% MPA catalyst calcine@ at 700
showed the presence bothdBisted and Lewis acidity. Under the reaction conditions of@®enzene/1-olefin molar ratio of 10 (time, 1 h),
the most active catalyst, 15% MPA calcined at 7G0gave more than 90% olefin conversion with selectivity to 2-phenyl octane, 55% and
2-phenyl dodecane, 45%.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction acid catalysts, which can successfully carry out above reac-
tion[2,3]. Various catalysts such as zeolites, clays, heteropoly
The alkylation of aromatic hydrocarbons with olefins is acids, sulfated zirconia and immobilized ionic liquids were
applied on a large scale in the chemical industry. Alkylation tested for this reactioj@—8]. The Detal process developed by
of benzene with g _14linear alkenes is used for the synthe- UOP uses solid acid catalyst for alkylation of benzene with
sis of linear alkyl benzenes (LAB), which are the primary heavy olefins, under liquid-phase conditighk
raw material for the production of LAB sulfonates, a surfac- Heteropoly acids (HPAs) are a unique class of materi-
tant detergent intermediaf&]. Traditionally this reactionis  als active both in redox and acid cataly$810]. These
catalyzed by a homogeneous Lewis acid such asACh are polyoxometallates made up of heteropoly anions having
strong Bonsted acid such as HF, which are highly toxic, gen- metal—-oxygen octahedra as the basic structural unit. The Keg-
erate a substantial amount of waste and cause severe corrosiogin type HPAs is the most important in catalysis, because of
problems. At present, considerable efforts are being made totheir high acidic strength and relatively high thermal stability.
find efficient, sustainable, recyclable and eco-friendly solid These are strong Bnsted acid catalysts and their strength of
acidity is higher than that of the conventional solid acids like
zeolites and mixed oxides.
* Corresponding author. Tel.: +91 205893300; fax: +91 205893761. HPAs can be used either directly as a bulk material or
E-mail addresshalligudi@cata.ncl.res.in (S.B. Halligudi). in supported form. The use in supported form is preferable
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because of its high surface area compared to the bulk materiabrator for 8—10 h. After stirring, the excess of methanol was

(5-8 nf g~—1) and better accessibility of reactants to the active removed at ca. 50C under vacuum. The resulting solid mate-

sites. Acidic or neutral solids, which interact weakly with rials were dried at 120C for 24 h and ground well. A series

HPAs such as silica, active carbon and acidic ion-exchangeof catalysts with different MPA loading (5—-25wt.%) were

resin, have been reported to be suitable as HPA supidits prepared by changing the MPA concentration in methanol.

Serious problems associated with this type of materials areThe dried samples were then calcined in air at AD0Sam-

their susceptibility to deactivation during organic reactions ples with 15% MPA were calcined between 400 and 450

due to the formation of carbonaceous deposit on the catalystto understand the role of the calcination temperature on the

surface. The thermal stability of HPAs is not high enough activity of the catalysts. The samples were heated at a rate

to carry out conventional regeneration by burning coke at of 5°Cmin—1 to the final temperature and held for 4 h un-

500-550'C, as routinely followed in the case of zeolites and der static conditions, and cooled at a rate 6£5nin~! to

aluminosilicate$12]. Thus, the preparation of an active and room temperature and stored in desiccator. The catalysts are

stable HPA in supported form is essential in order to utilize represented by MZ t, wherex represents wt.%, M repre-

fully the potential of these materials as catalysts. sents MPA, Z represents zirconia andenotes calcination

In recent years zirconia has attracted much attention bothtemperature®C).

as a catalyst and catalyst support because of its high thermal For comparison, a catalyst with 15% Me@rO, (15 Mo

stability, amphoteric character and oxidizing and reducing 700) was prepared by wet impregnation of zirconium oxyhy-

properties[13,14] Recently, we have shown that zirconia- droxide with an aqueous solution of ammonium heptamolyb-

supported 12-tungstophosphoric acid acts as an efficient catdate, dried and calcined at 700.

alyst for alkylation and acylation of aromatifkb,16]

The present study reports the thermal stability of zirconia- 2.3. Characterization

supported 12-molybdophosphoric acid (MPA) by X-ray

diffraction, and®P MAS NMR spectroscopy and the nature X-ray diffraction (XRD) measurements of the catalyst

of acidic sites present on the most active catalyst by FT-IR powder were recorded using a Rigaku Geigerflex diffrac-

pyridine adsorption spectroscopy. These catalysts were usedometer equipped with Ni filtered Cu Kradiation ¢ =

in the synthesis of LAB by the acid catalyzed alkylation of 1.54185\).

benzene with higher linear alkenes such as 1-octene and 1- 3P MAS NMR spectra (Bruker DSX-300 spectrometer)

dodecene. were recorded at 121.5MHz with high power decoupling
with a Bruker 4 mm probe head. The spinning rate was 10 kHz
and the delay between two pulses was varied between 1 and

2. Experimental 30's to ensure that complete relaxation of 4 nuclei oc-
curred. The chemical shifts are given relative to external 85%
2.1. Chemicals H3PQOy.

The nature of the acid sites @msted and Lewis) of the

Zirconyl chloride (ZrOCj-8H2,0), ammonium hep-  catalyst sample (15 MZ 700) was characterized by in situ FT-
tamolybdate ((NH)gM07024-4H,0) and ammonia (25%) IR spectroscopy with chemisorbed pyridine. The FT-IR (Shi-
were obtained from S.D. Fine Chemicals Ltd., Mum- madzu SSU 8000) pyridine adsorption studies were carried
bai. 1-Octene (98%), 1-dodecene (95%), 12-MPAz (H outinthe DRIFT (diffuse reflectance infrared Fourier trans-
PMo012040-xH20), and methanol (99.9%) was purchased form) mode. A calcined powder sample in a sample holder
from Aldrich. Benzene (99.7%) was obtained from E. Merck was placed in a specially designed cell. The samples were
India Ltd., Mumbai. All the chemicals were used as received then heated in situ from room temperature to 400at a

without further purification. heating rate of 5C min—1 in a flowing stream (40 ml mint)
of pure Nb.. The samples were kept at 400 for 3 h and then
2.2. Catalyst preparation cooled to 100C and then pyridine vapor (34) was intro-

duced under W flow and the IR spectra were recorded at

The catalysts were prepared by suspending a knowndifferent temperatures up to 40G. A resolution of 4 crmt
amount of dried zirconium oxyhydroxide powder in a was attained after averaging over 500 scans for the IR spectra
methanol solution of MPA. Zirconium oxyhydroxide was reported here.
prepared by hydrolysis of 0.5 M zirconyl chloride solution by
the drop wise addition of aqueous NH.0 M) to a final pH of 2.4. Catalyst testing
10. The precipitate was filtered and washed with ammoniacal
water (pH 8) until free from chloride ions by the silver nitrate The liquid-phase alkylation reaction is carried out in a
test. The zirconium oxyhydroxide thus obtained was dried 50 ml glass batch-slurry reactor with anhydrous Gaftiard
at 120°C for 12 h, powdered well and continued drying for tube. The temperature is maintained by silicon oil bath
another 12 h. Each time, 4 ml of methanol per gram of solid equipped with a thermostat and magnetic stirrer and mea-
support was used and the mixture was stirred in a rotary evap-sured at the reaction mixture. The catalyst freshly activated
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at 400°C for 2h, is weighed in the reactor and then ben- as large particles and also reacts with the support forms
zene is then added. Finally, 1-alkene is added in order to ZrMo,Qg.
obtain the molar ratio of benzene/1-alkene of 10 (with ben-  As shown inFig. 1B, 15% catalyst was amorphous, when
zene to alkene molar ratio of 10 well within the industrial it was calcined below 400C and the crystalline nature of
process range). For example, a typical reaction mixture con-zirconia increases with calcination temperature. As the cal-
sists of 21.86 g (280 mmol) of benzene, 3.14 g of 1-octene cination temperature increases from 500 to 70Pzirconia
(28 mmol) together with 0.125 g of catalyst. After 1 h, the crystallizes to tetragonal phase and at 760the formation
reaction is stopped and the catalyst separated. The filtrateof monoclinic phase is indicated. Thus, the added MPA sta-
is analyzed using a Shimadzu 14B gas chromatograph us-bilizes the tetragonal phase of zirconia and such stabilization
ing HP-5 capillary column (cross-linked 5% ME silicone, of tetragonal ZrQ@ in presence of other heteropoly acid is
30mx 0.53pum x 1.5pm film thickness), coupled with FID.  reported earlief15,16] For comparison, the XRD of 15%
The product identification is carried out using GC-MS. molybdenum oxide supported on zirconia calcined atT®0
(15 Mo 700) was recorded and it shows the stabilization of
ZrOz intetragonal phase together with the formation of small

3. Results and discussion amount of ZrMeOg [17].
3.1. Characterization of the catalysts 3.1.2. 1P MAS NMR

This is one of the most important characterization tech-
3.1.1. X-ray diffraction niques to study the state of phosphorous in heteropoly acids.

The XRD pattern of the catalysts with different MPA load- The chemical shift depends upon the phosphorous environ-
ing calcined at 700C (Fig. 1A) shows that, the presence of ment, whichinturn depends upon factors like hydration num-
MPA strongly influences the crystallization of zirconium oxy- ber, addenda metal ion, support, ¢18—22] The bulk MPA
hydroxide into zirconia. Pure zirconia calcined at 7Q0is shows a sharp intense peak&.5 ppmin thé*P MAS NMR
mainly monoclinic with small amount of the tetragonal phase. spectrum, due to the uniform phosphorous environment in
For catalysts with low MPA loading calcined at 700, the highly hydrated structure of the MPA, while the small peak
XRD pattern can be described as the sum of the monoclinic observed near to the main peak at 6.3 ppm may be due to the
and tetragonal phases of zirconia, this latter phase becomingpart of the sample containing different degrees of hydration
dominant for catalyst with 15% MPA. It can also be seen that [23]. The 3P MAS NMR spectra of catalysts with 5-25%
up to a 15% MPA loading, no XRD peaks, which could be MPA calcined at 700C, and 15% MPA calcined from 600
attributed to the polyacid or to its decomposition products, to 750°C shows that the state of phosphorous in catalysts
are observed. The 20 MP 700 catalyst shows the presencelepend on MPA loading and calcination temperatures. The
of new peaks characteristic of Mg@nd for 25% catalyst ~ spectra of catalysts with different MPA loading (5-25 MZ
formation of ZrMeOg is observed. This indicates that, MPA  700) are shown ifrig. 2A. For 5% MPA catalyst, NMR shows
gets decomposed to molybdenum oxide, which is presenta peak at-8.6 ppm assigned to the phosphorous in the Keg-

gin unit of MPA[24,25]. The up field shift compared to pure
MPA may be due to the strong interaction of MPA with zirco-

nia[25]. However, when the MPA loading increased to 10%,
T NMR shows peaks at3.5,—8.2, and 18 ppm, respectively.
A ) The peak at-3.5 ppm is assigned to microcrystalline MPA,
le similar to unsupported MPA26] or MPA without interac-
- JM e tion with the surface of zirconif25] and the chemical shift
;; at—8.2 ppm is due to MPA interacting strongly with the zir-
= d //J B conia surface. The origin of the peak at 18 ppm is not clear at
5 ofl| s . \/\“JUNL present. For catalysts with 15% MPA loading and above, an
= J additional peak at-30 ppm is observed, which is attributed
m b to phosphorous oxide (P—O—-P) resulting from the decompo-
sition of the polyoxometalatR7]. However, the catalyst 15
MAJJ\_,\NM W MZ 700 gave the highest octene conversion and hence we
o - recorded théP CPMAS NMR spectrum of this catalyst and
20 30 40 50 60 70 20 30 40 50 60 70 interestingly it shows the peakaB.5 ppm due phosphorous
(A) 2Theta (") (B) 2 Theta () in the Keggin unit of MPAFig. 2C). To the best of our knowl-

edge, this is the highest thermal stability reported so far for
Fig. 1. (A) X-ray diffraction patterns of (a) Z 700, (b) 5 MZ 700, (c) 10 MZ Supported MPA catalysts.

700, (d) 15 MZ 700, (e) 20 MZ 700, and (f) 25 MZ 700 catalysts; (B) X-ray 31 ]
diffraction patterns of 15 MZ catalyst calcined at (a) 400 (b) 500°C, (c) The >"P MAS NMR spectra of 15 MZ CataIySt calcined

600°C, (d) 700°C, (e) 750°C, and (f) 15 Mo 700 catalyst. T =tetragonal form 500-750C are shown ifrig. 2B. At a calcination tem-
ZrOz, M =monoclinic ZrG, 1=MoOz, H=ZrMo,Os. perature of 500C, NMR spectrum shows two peaks, one at
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Fig. 3. The IR spectra of pyridine adsorbed on 15% catalyst after in situ
activation at (a) 100C, (b) 200°C, (c) 300°C, and (d) 400C.

1609, 1579, 1487, and 1443 cmtermed 8a, 8b, 19a, and
19b, respectively[28,29] In addition to these modes of
vibrations, spectra shows two peaks, one at 1637 and another
at 1535 cnT!. The 8b vibration mode at 1579 crhis found

to be very labile and its stability on the surface is temperature
dependant. When the temperature is increased td@Q0
the 8b band almost disappears, confirming its labile nature
and hence, it is concluded that these species are bound to
b the surface OH groups via H-bonding. Pyridine molecules
bonded to Lewis acid sites absorbed at 1609, and 1443 cm

L

h_ 2 . . sy .
TR T Tt e (ascribed to th.e 8a and 19b-r|ng que of pyr|.d|_ne), .wh|le
those responsible for Bnsted acid sites (pyridinium ion)
(A) PPM (B) PPM

show absorbance at 1535, and 1637 ¢i{80]. The band at

Fig. 2. 3'P MAS NMR spectra of (A) catalysts with different MPA loading 14,8_7 Cn_Tl (19a-r|ng'm'ode of pyrldlne) IS a combmed band
(a) pure MPA, (b) 5%, (c) 10%, (d) 15%, (e) 20%, and (f) 25%; (B) 15% Originating from pyridine that is bonded to bothdisted
catalyst calcined at different temperature (a) 300(b) 600°C, (c) 700°C, and Lewis acid sites. It is interesting to note that pure zir-
(d) 750°C and (C) CP MAS NMR spectra of 15 MZ 700 catalyst. conia after high temperature calcination shows only Lewis
acidity, while MPA in solid state shows purersted acidity

—8ppm and the other at 17.2 ppm. As the calcination tem- [31,32] On the other hand, the catalyst with 15% MPA shows
perature is increased to 600, NMR spectrum shows peaks both Bionsted and Lewis acidity and the catalyst retains
at—3.5,—-8.2, and 18 ppm, similar to the NMR spectrum of well-defined Bonsted acidity even after an in situ activation
10 MZ 700 catalyst. The 15 MZ 750 catalyst shows a sharp at 400°C. The Binsted/Lewis (B/L) site ratio was calculated
peak at-30 ppm. from the IR absorbance intensities of bands at 1536, and

Thus a combination of the XRD aridP MAS NMR re- 1442 cnr! [31], respectively and is shown iRig. 3B. The
sults reveals that at low loadings (15%) and calcination tem- results indicate that an increase of activation temperature
perature (700C), MPA retains its structure almost intact, results in a decrease in bothdisted and Lewis acidity but
while for higher loadings and at high calcination temperature an overall increase in Bnsted character of the catalyst up
it decomposes to its oxides. to an activation temperature of 300. This clearly indicates

the presence of strong &8nsted acid sites in the catalyst.

3.1.3. FT-IR pyridine adsorption

Adsorption of pyridine as a base on the surface of 3.2. Catalytic activity
solid acids is one of the most frequently applied methods
for the characterization of surface acidity. The use of IR 3.2.1. Alkylation of benzene
spectroscopy to detect the adsorbed pyridine enables us Zirconia-supported MPA catalysts were used in alkylation
to distinguish among different acid sites. FT-IR spectra of of benzene with 1-octene. With these catalysts, the main re-
pyridine adsorbed on 15 MZ 700 catalyst recorded from 100 actions were double bond shift isomerization of alkene and
to 400°C and the results are shown kig. 3A. At 100°C, alkylation of benzene. Monooctyl benzene (MOB) was the
important pyridine ring modes occur at approximately major product of alkylation, whereas dioctyl benzene (DOB)
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Fig. 5. Effect of reaction conditions on octene conversion and product se-
Fig.4. Octene conversion and product selectivity over various catalysts (con- lectivity. (A) Effect of temperature (conditions: total weight =25 g; catalyst
ditions: total weight =25 g; catalyst weight=0.125 g; temperature*=33 weight=0.125g; benzene/1-octene (molar ratio) = 10t h); (B) ef-
benzene/l-octene (molar ratio) = 10; &m1 h). fect of catalyst weight (conditions: total weight = 25 g; temperature =33
benzene/l-octene (molar ratio) = 10; &m1h).

appears as minor product. The conversion is expressed as the

percentage of alkene converted into alkylated products. The83°C, 1 h and benzene/olefin molar ratio of 10, alkylation
effect of MPA loading on octene conversion and product se- of benzene with 1-octene gave 93% octene conversion with
lectivity is shown inFig. 4A. The 5 MZ catalyst showed 3%  95% MOB selectivity (isomer distribution 55% 2-PO, 25%
conversion and the conversion increased to a maximum of3-PO, and 20% 4-PO) and 5% DOB selectivity.

52% at 15% loading under the reaction conditions studied. Similarly, alkylation of benzene with 1-dodecene is car-
To study the effect of calcination temperature, 15 MZ cata- ried out under the reaction conditions of 3, 1 h and ben-
lystcalcined between 500, and 78Dwere used. The catalyst  zene/olefin molar ratio of 10, as the desired product, mon-
calcined at 500C showed 3% octene conversion and conver- ododecyl benzene (phenyl dodecane-PD) is the precursor
sion increased to 52% at a calcination temperature of@00 to linear alkyl benzene sulfonate, which is the most widely
(Fig. 4B). The selectivity to mono and dialkylated products used surfactant in the detergent industry. A 5wt.% catalyst
were found to independent on MPA loading and calcination in the total reaction mixture gave dodecene conversion of

temperature and all the catalysts shows more than 95% mono91%, with the MDB isomer distribution of 45% 2-PD, 20%
alkylation selectivity. For comparison, alkylation of benzene 3-PD, 12% 4-PD, and 23% 5 + 6 PD. Zirconia-supported 12-
with 1-octene is also carried out over 15 Mo 700 catalyst and tungstophosphoric acid also shows similar catalytic perfor-
it shows an octene conversion of 30% with 96% MOB se- mancd16]. Sulfated zirconia is shown to be more activg
lectivity and 4% DOB selectivity. Thus, 15 MZ 700 catalyst and zeolites as more selective catalyst (to 2-isomer but at low
is found to be around 1.8 times more active than 15 Mo 700 activity) for this reactior{16].
catalyst. This clearly indicates that the higher activity of 15 For supported heteropoly acid catalysts, it is important
MZ 700 catalyst compared to 15 Mo 700 catalyst is due to to study recycling of the catalyst, since the limited thermal
the presence of MPA in Keggin form on this catalyst. stability of heteropoly acids usually prevent regeneration
Therefore, the catalyst with optimum MPA loading (15%) of the deactivated catalyst by thermal methods. The recy-
and calcination temperature (700) is taken to study the clability of 15 MZ 700 catalyst was tested in the alkylation
influence of different reaction parameters on octene conver-of benzene with 1-octene at 88 (2wt.% catalyst, 1h,
sion and products selectivity. The influence of temperature is and 10:1 molar reactants ratio). In order to study recycling,
studied in the range 60—-8%. The results indicate that the the separated catalyst after first cycle is refluxed with
temperature has a profound effect on conversion of octenedichloromethane to remove adsorbed products and alkene
(Fig. 5A). At60°C, the conversionis only 4% anditincreases olegomers[16] and dried in air at 120C for 4h. This
to 16% at 70C. An increase of 37% octene conversion is ob- catalyst is reused with fresh reaction mixture and it is found
served when the temperature is increased from 70 t€C83 that the catalyst is completely inactive after first use. The
(boiling point of the reaction mixture, 83-8€). loss in catalytic activity is due the reduction of MPA during
The effect of catalyst concentration on octene conversion reaction as indicated by the color change of the catalyst
shows that the catalyst concentration of 0.5 wt.% (of the total from light yellow to dark blue after reactidi@3]. However
mass of the reactants) gives an octene conversion of 52% andhe deactivated catalyst can be regenerated by thermal
increases to 93% with 2wt.% catalyst, giving similar MOB methods and the regeneration is achieved by calcination of
selectivity fig. 5B). Thus, under the reaction conditions of the separated catalyst at 58D for 3 h in air. After the first
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use, the catalyst is reused twice without appreciable loss in [9] C.L. Hill (Ed.), Chem. Rev. 98 (1998) 1.
activity. [10] T. Okuhara, N. Mizuno, M. Misono, Adv. Catal. 41 (1996)
113.
[11] Y. Wu, X. Ye, X. Yang, X. Wang, W. Chu, Y. Hu, Ind. Eng. Chem.
, Res. 35 (1996) 2546.
4. Conclusions [12] I.V. Kozhevnikov, Chem. Rev. 98 (1998) 171.
[13] K. Tanabe, Mater. Chem. Phys. 13 (1985) 347.
Zirconia-supported 12-molybdosphoric acid acts as an ef-[14] K. Tanabe, T. Yamaguchi, Catal. Today 20 (1994) 185.
ficient solid acid catalyst for the synthesis of linear alkyl [15] B:-M.Devassy, S.B. Halligudi, S.G. Hegde, A.B. Halgeri, F. Lefebvre,
b Th tivity of th talvst i Ikvlati fb Chem. Commun. (2002) 1074.
enzenes. 1he actvity of the catalyst In alkylation Of DEN- 451 g \ pevassy, F. Lefebvre, S.B. Halligudi, J. Catal. 229 (2005) 576.
zene with 1-octene is depends on MPA Ioac_jl_ng and calci- [17] L. Li, Y.Y. Yoshinaga, T. Okuhara, Phys. Chem. Chem. Phys. 1
nation temperature. Under the reaction conditions ¢f@3 (1999) 4913.
benzene/1-olefin molar ratio of 10 (time, 1 h), the most active [18] M. Misono, Chem. Commun. (2001) 1141. _
catalyst 15% MPA supported on zirconia calcined at %00 [19] C.J. Dillon, J.H. Holles, R.J. Davis, J.A. Labinger, M.E. Davis, J.

. : : e Catal. 218 (2003) 54.
0, 0,
gives more than 90% olefin conversion, and 55% selectivity to ;o1 o Ghanbari-Siahkali, A. Philippou, J. Dwyer, M.W. Anderson, Appl.

2-phenyl octane, and 45% selectivity to 2-phenyl dodecane. Catal. A 192 (2000) 57.
[21] A. Molnar, T. Beregszaszi, A. Fudala, P. Lentz, J.B. Nagy, Z. Konya,
I. Kiricsi, J. Catal. 202 (2001) 379.
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