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ABSTRACT

A DFT modeling of the transition state of oxidatiakehydrogenation of ethylbenzene over zirconiunadate
catalyst has been carried out. Computations camfa Mars-Van-Krevelen type redox mechanism in wttieh
catalyst abstracts a hydrogen atom from the hydrdooa and catalyst is reduced. The reduced catalyste-
oxidized by oxygen from air. Computations sugdestformation of a hydroxyl species over the catadysface
believed to have been formed due to abstractionydfogen atoms from ethyl benzene. A cyclic intdiate is
formed which easily accepts one oxygen atom framoaregenerate the catalyst. The study shows dutive
species is vanadium and it follow a redox ordeYo#5, V=+4, V=+3, V=+5.
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INTRODUCTION

Oxidative dehydrogenation (ODH) of saturated hydrbons to produce unsaturated hydrocarbons is edtgr
importance because of commercial usefulness oftursgad hydrocarbons and their derivatives sucbkpaxides
[1]. ODH of ethyl benzene (EB) produces styrengw8ich can be easily oxidized to styrene oxidehbweing
monomers for polystyrene/polystyrene oxide [2].r8iy oxide can be further reduced to 2-phenyl ethand can
even be reacted with GQo produce polycarbonates [3T.onventional methods for the production of styrene
involve dehydrogenation of ethyl benzene over wericatalysts [4-6].Recent researches have shown thgDsV
catalyst is a better alternative for ODH compaxethe traditional ferrite catalysts as the reactwer this catalyst

is exothermic and performs at lower temperaturerasdits in higher yield of styrene [7]. Besidé®s heat generate
during operation can be utilized for steam /eleitirigeneration.

Activated carbon [8], Ce{]9], activated carbon from natural source [10], ¥&,0;[11], vanadia incorporated
titania [12], vanadia supported over antimony oki@¢ have been used as catalyst for ODH of elieylzene to
styrene.

Air [9], O,/N, mixture [10], NO [11], G,[12], CO, [13] has been used as oxidants for regeneratidheo€atalyst.
Styrene yield as high as 85% is reported by JieeiXal[9] and Gopinattet a[12]. Al,Os, TiO,, Si0,, ZrO,, MgO,
and HfQ [14-18] have been used as support for vanadia. fgnthese Zr@is best because of its chemical and
thermal stability, strong support — catalyst intéian and high dispersion [19].
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Raju et.al [20] has studied the oxidative dehydrogenatioretbfyl benzene and n-butane over FH&xO, (TZ)
mixed oxide-supported X0s, CeQand \W,Os—CeG catalysts. YOs—CeQ/TiO,~ZrO, catalyst exhibited high
performance for ODH of ethylbenzene angDySnO,-ZrO, catalyst was found to exhibits good performance fo
ODH of n-butane.

Shahet.al [21] studied a number of industrial oxidation réaa$ over vanadia supported on a variety of sugport
such as ceria, alumina and Zr@nd found that strength of oxygen binding in theatalyst is affected by the
support due to the formation of mixed oxide commsusuch as CeVQ ZrV,0,; and AIVQ, at the interface
between support and active component during caloimsa

Most of the mechanisms proposed for oxidation, aridadion and oxidative dehydrogenation of alkyl madics
are based on Mars-Van-Krevelen type redox mechaf22h Supports in the favour of this mechanisre ar
traditional kinetics studies of the reactions byirfg rate data into the model. Few publicationpport this
mechanism by Temperature-programmed reduction (TBRJ Transmission Electron Microscopy (TEM)
measurements also [23, 24]. In recent years dehsittional theory has been applied to glean infdiom of the
mechanism the reaction [25, 26]Jo the best of our knowledge there is no reportten mechanism of ODH of
ethylbenzene based on DFT Theory. The present gmoldf the DFT study of ethylbenzene over zirconium
vanadate was therefore undertaken to (1) understenchechanism of hydrogen abstraction from hydioma (2)
know the structure of TS structure (3) estimatexctfvation energies of different steps and (4) idlation of the
reaction pathways.

MATERIALS AND METHODS

All the DFT calculations for the current problem regperformed using Gaussian 09W suite [27]. The \B3L
functionals were used to describe electron exchangecorrelation [28], while Lanl2dz basis set wasd to find
the optimized geometries of reactants, productd, teamsition state. For transition state calculatipST2/QST3
keyword has been used [29]. At many places themigdition of transition state was achieved direetlgo [30].
Many times optimized geometries are still not gendugh to predict the transition state geometryhése cases,
various techniques such as Potential Surface Suériaear Synchronous Transit (LST) method can figied to
get closer to a transition state. Vibrational frelcies were calculated for the optimized geometdddentify the
nature of the reactant or product (no imaginargdency) and TS structure (one imaginary frequency).

The enthalpy and the activation energies were takd at the reaction temperature as describedWidyQkhterski
[31].

Convergence has been considered to be achieved fatoas on the atoms become less than the cuthfévahe
adsorption energyH,q9) was calculated as [32, 33]

E.q<= E(adsorbate-substrate Eddsorbate-Esubstrate)

Geometry optimization for all the structures waseloT he results indicated that the optimized distarand angles
in the model were in good agreement with the expemial values [34]. A preliminary report for thetalgist
synthesis and process optimization has been peabli35].

RESULTS AND DISCUSSION

The catalyst structure and its optimization.

We had optimized the representative model of thalyst. The model has been created assuming amemir
environment for zirconium and tetrahedral environtrfer vanadium. In the actual structure of zireonivanadate,
the vanadium atom present in tetrahedral environraed zirconium present in octahedral environm8&di.[The
remaining valancies were satisfied with hydrogemnato reduce the number dangeling bonds.The steidtr
model catalyst is shown in Fig.1. The bond lengW¥sO ( vanadyl group), V-O bridging viz, V£ and V-Q
were calculated to be 1.59 A, 1.70A and 1.77 Apeesively which compare well with the reported \eswf 1.66
A, 1.68 A and 1.75 A [30]. The calculated bondgénfor Zr-O was 2.08A (Exp-2.06 A) while the V¥Dand Zr-
O-V bond angles were 165.8° (Exp-166.2°) and 158&&kp-154.7°) respectively [30]. Most of the megisans
suggested for oxidative dehydrogenation of organimpounds by air over supported vanadium catabretased
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on Mars-van Krevelen redox mechanism [22] and tHd Bond activation step is the rate determining $23].
According to this mechanism the,®; catalyst is first reduced by the hydrocarbon anth&n subsequently re-
oxidized by the di-oxygen of air.

o®

®

Fig.1 Optimised Structure of the Catalyst

Molecular adsorption of ethyl benzene:

In ZrV,0; we can distinguish three types of oxygen atoms hamranadyl oxygen (O1), bridging oxygen atom
(02) V-0O-V or V-O-Zr and triply coordinated oxygatom(O3). DFT calculations were performed for agson of
EB at all of these oxygen atom sites. The calcdldteats of adsorption at O1, O2 and O3 are 4.5, 4dd 22.5
Kcal/mol respectively The positive adsorption energies can be attribtaedFT calculation to take into account
the electrostatic interaction part of van der Wagdractions leading to underestimation of phygiton energy.
Low values of heat of adsorption rule out role bfgical adsorption in activation of C-H bond andgest need for
high temp chemisorptions for its activation. Thenimum heat of adsorption was found at O1 which ligbest
nucloephilicity. For calculation at O1 and O2 sites considered the catalyst as molecule while f8rc@lculation
we had consider a large cluster.

Activation of C-H bond:-

Absence of strong acidic or basic site at the gstatules out the possibility of reaction to predmg via acidic or
basic mechanism and thus suggesting a non-ionfeeerradical mechanism for the reaction. The presi®FT
computations on ODH of alkanes suggest the abiiraof a hydrogen atom by the catalyst to be slow eate
determining step [36]. It has also been reported Hh atom from methylene group is more prone tdrabgon
compared to that from methyl group due to highercbenthalpy [36]. In the present case C-H bondrabisbn is
possible from methyl as well as methylene group&Bf The support in favour of H abstraction fromthytene
group is the higher stability of the resulting @i (a secondary radical) as compared to that tregutiue H
abstraction from methyl group (a primary radicdlhe PES diagram for H atom abstraction from metmy
methylene groups is shown in Fig.2. The activagoergy for methylene H abstraction is 83.3 kcal/mbile from
methyl group it is 98.8 kcal/mol. This result alsonfirms the first H atom removal takes place fromathylene
group producing an oxyethylbenzene group and th{s seems to be the rate determining step.

The TS structures for both possibilities are shawRig.3a and 3b. The C-H and O-H bond lengths $hstructure
(Fig.3b) found to be 1.45 A and 1.29A respectivehich are longer than respective normal bond lengthe TS
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structure for H abstraction from methyl group thédGind O-H bond lengths are 1.9 A and 1.7 A respelgt
Fig3a.

TS-1

98.8
kcal/mol

83.3

Intermediate
kcal/mol\———

Catalyst and
Ethyl Benzene

Fig.2 PES Diagram for H abstraction from methyl ormethylene group
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Fig.3a Transition state model showing H abstractiofrom methyl group
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Fig.3b Transition state model showing H abstractiorirom methylene group
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The structure of intermediate formed by H remowelyéthylbenzene) is shown in Fig.4. The O-H basyth of
1.01 A in the intermediate is very close to thenmairbond length in alcohols.
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Fig.4 Structure of intermediate along with bond lergths

The activation energies for H abstraction from QO &2 sites were found to be 83.3 and 113.9 kc#l/mo
respectively suggesting higher possibility of H tafstion from O1 site compared to O2 site. The W8cture for
removal H atom from O2 site is shown in Fig.5.
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Fig.5. H abstraction from O2 site

The calculation of H abstraction at O3 site is cmtsidered due to high steric constrain and higit bkadsorption.
After H abstraction, ethyl benzene may form oxy#ibgzene intermediate or secondary ethyl benzatiealaThe
former may be termed as insertion mechanism whited may be called radical mechanism and bothlvevthe
O1 site. The second H removal from methyl grouprtzduce styrene may be from O1 itself or by ne@®fy O2 or
03 sites. On the basis of oxygen sites involvedhia hydrogen(s) abstraction, we can describe thelev
mechanism into three categories.
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Mechanism involving O1 site
Mechanism involving O2 site
Mechanism involving O3 site

Mechanism Involving Ol Site- It may be categorized into insertion and radicalcihamisms. In insertion
mechanism the methylene C-H bond is activated asit@Iforming two new bonds namely C-O and O-H ilegdo
the formation of an alcohol like species. The fdipraof similar species has also been reported bgtkal [32]
also. The activation energy of the formation bé tintermediate oxyethylbenzene is 83.3 kcal/ma #re
translational frequency is at 1300chn™. The structure of the intermediate is shown in4igNow the abstracted H
atom gets transferred to nearby vanadyl oxygen atotih very low activation energy of 11.4 kcal/mdihe
geometry of transition state is shown in Fig.6dne Tmaginary frequency for the TS is 143&@*. The geometry
of intermediate formed by transfer of H atom iswhadn Fig.6b.

The second H atom removal from methyl group, legdinformation of styrene, may have four possieiit.e by
the same O1 atom (Bonded with Carbon), by the Ot gHydroxyl Group), bridging oxygen O2, or O3 atohine
second H abstraction by O2 or O3 will be discudatst.

Fig.6a. Geometry of transition state for transfer & hydrogen atom to the neighboring vanadyl oxygen
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Fig.6b. Geometry of intermediate formed by transferof H atom to the neiboring vanadyl oxygen

If methyl H abstraction occurs by its interactioithwO1 of VOH moiety the formation of styrene anditer
molecules takes place which later on get desorbedgase rise to a vacancy at vanadium site. Theh@Sbeen
calculated and the activation energy was found3LB@al/mol with a translational frequency at 2096n3". The TS
structure is shown in Fig.7a. The high activatioergy associated with this path reduces its pdigibi

If methyl H atom is removed by O1 bonded to thehyletne carbon atom the activation energy for thep $s also
very high, 134.1 kcal/mol with imaginary frequerafy 1760.4 cm®. TS is featured by lengthening of C-H bond of
methyl group and get closer to oxygen atom aloegehgthening of C-O bond leading to the formatibistyrene.
The TS structure for this possibility is shown ig.Fb.
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Fig.7b. TS Structure of methyl H abstraction by O1Bonded With Carbon)

Radical Mechanism

In this mechanism first a methylene H is removeé aadical leading to the formation of secondahykbenzene
radical. The TS structure for this step is showrkign8. The imaginary frequency is -141i2cel. The activation
energy for this step is 57.2 kcal/mol and the Odrddistance is 1.2 A. Similarly, C-H and V=0 bdedgths gets
elongated from 1.09 A and 1.59 A to 1.55 A and 1&7®espectively. The transfer of methylene H tmadyl
oxygen atom (O1) is of translational in natureles ¢orresponding frequency is calculated to be inzag. Now
the second H abstraction from methyl group is fodesby vanadyl oxygen (O1) or by hydroxyl group.eTh
transition state for both possibilities have bealtdated and it was found that activation enexgyabstraction of
H by vanadyl oxygen atom is 28.3 kcal/mol while ts@me for hydroxyl oxygen is 70.11 kcal/mol. The H
abstraction path by vanadyl group is preferred &sof lower activation energy. In the TS showittge removal of

H atom by vanadyl oxygen atom, the C-H bond lemdgtimethyl group gets elongated from 1.09.A to 144@nd the
C-C bondlength for ethyl group moiety shorten from 1.51A 1.41 A showing formation of partial double bond
between the two carbon atoms.

Available online at www.scholarsresearchlibrary.com



Rajendra Prasadet al J. Comput. Methods Mal. Des., 2014, 4 (4):1-14

The Transition state for H removal from methyl grdoy hydroxyl .oxygen atom also shows elongatiorCiil
bond length of methyl group by 0.36A and shorteroh@-C bond length by 0.13A. The activation enefmgythis
step is 134.2 kcal/mol. The TS structure for bb#h processes are shown in Fig.9.

Fig.9a. TS Structure of methyl H abstraction by O1Hydroxyl Group)
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Fig.9b. Methyl H abstruction by O1 atom
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Fig. 10a. TS Geometry for methyl H abstraction byD2 from radical
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Mechanism involving O2 atom-This mechanism involves possibility of second lhogal from the radical or

intermediate formed during methylene H abstractignbridging oxygen (02). The TS structure for setdh
removal from radical is shown in Fig.10a. This stae reveals the formation of hydroxyl group aflging oxygen

atom with bond length of 1.3 A while the activatiemergy is exceptionally high (134.3 kcal/mol).

The activation energy computed for second H atostrattion from intermediate by O2 is very ldwe.18.3
kcal/mol making it most feasible pathway. The Ti@aure is shown in Fig.10b.
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Fig.11.a. TS Structure for methyl H abstraction byO3 from intermediate

Mechanism involving O3 atom:This oxygen is triply coordinated and bonded ®tthree nearby vanadium atoms.
This oxygen atom is least nucleophilic in naturd amence less reactive towards H abstraction [Bi2&. activation
energy for H atom abstraction from intermediated8/is found to 28.3 kcal/mol which is higher thaattby O2

10
Available online at www.scholarsresearchlibrary.com



Rajendra Prasadet al J. Comput. Methods Mal. Des., 2014, 4 (4):1-14

site. The TS geometry is presented in Fig.11.ae détivation energy for the same process in casadifal was
found to be 147.0 kcal/mol and the TS geometrina Fig.11.b.

& Ef@

Iw\o

11.b. TS Structure for methyl H abstraction by O3 fom intermediate

Formation and desorption of product from reaction ste:

From the aforesaid discussion it can be conclubatiirocess of oxidative dehydrogenation of ethyteee starts
with a methylene H abstraction from O1 site prodgcieither a free radical or an oxyethylbenzene type
intermediate. The free radical as well as therimégliate can further loose a hydrogen atom frommikéhyl group
with the help of O1, O2 or O3 vanadium oxygen todoice styrene.

There are four pathways for methyl H abstractiamfintermediate namely Path-A, Path-B, Path-C aaiti-P as
shown in Fig.12. The respective activation energies 134.4 kcal/mol, 164.2 kcal/mol, 18.3 kcal/mold 28.3
kcal/mol for paths A, B, C, and D respectively.
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Ethyl Benzene
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Fig 12. Possible routes emerging from intermediatfor producing styrene

There are four pathways for methyl H abstractiomaidical mechanism namely Path-E, Path-F, PathaB)-R as
shown in Fig.13. The activation energies are 28&/knol, 70.1 kcal/mol, 132.9 kcal/mol and 147.@lkmol for
Path E, F, G, and H respectively. It was alsoébthat, the styrene desorption is endothermicge®aevithAH of

12.2 kcal/mol.
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Fig 13. Possible routes emerging from radical for wducing styrene

Catalyst Regeneration: After the product formation either a vacant siteaatiol like species is formed. The diol
like species eliminates a water molecule and preslacbridge like structure. This bridge like stawetis converted
into two separate vanadyl groups by taking one erygtom from oxygen of air during the catalyst regation
step of the reaction At the surface of the catdlystvacant site remains no more vacant for lomg tand it form a
cyclic bridge like structure by making the bondtwitearby O1 atom.

CONCLUSION

Mechanism of oxidative dehydrogenation of ethyl zmsre to styrene over Zp@, catalyst has been explained with
the help of density functional theory calculatiorishas been concluded that the reaction statts the abstraction
of a methylene hydrogen by vanadyl oxygen givirsg itio oxyethyl benzene type intermediate or secyrethyl
benzene radical. The intermediate as well as ahdian further loose methyl hydrogen with the hefpsanadyl
oxygen, bridge oxygen or triply coordinated oxyderproduce styrene. The minimum energy path foosé H
abstraction is computed to be path C. Geometryl tfi@transition states along with activation ayyeis reported.
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