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Abstract

In the presence of nitrous oxide, Fe-ZSM-5 is known to catalyze the partial oxidation of benzene to phenol with high selectivity. The
active site for this reaction is thought to be a surface iron—oxo species generated upon dissociation of nitrous oxide and release of nitroger
In this study, density functional theory calculations were used to explore possible pathways for benzene oxidation at an isolated Fe center i
ZSM-5. Z"[FeOy]T and Z [FeOJ" were considered as candidate active centers. The most favorable pathway involves the direct oxidation
of benzene via the reactionZFeQ,] T (CgHg) — Z~[FeOJ (CgHsOH). Consistent with experimental observations, we predict that the
kinetic isotope effect for the oxidation of 1,3#-benzene is near unity at 298 K. An overall mechanism fe®Mxidation of benzene to
phenol is proposed on the basis of an analysis of relative rates©fdécomposition and benzene oxidation. In the case of the isolated
active center Z[FeO,]T, the system shows a clear preference for benzene oxidation, whereas nitrous oxide dissociation is favored over
Z~[FeO[t. This mechanism is then used to derive an expression for the overall rate of benzene oxidation. The apparent activation energy
deduced from this rate expression ranges from 37 to 27 kadlover the temperature range 600 to 800 K. At 673 K, the predicted turnover
frequency compares well with that measured experimentally.
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1. Introduction lite, but not with the concentration of Brgnsted or Al-Lewis
sites. While the exact structure of the active center was not
The direct oxidation of benzene to phenol is an attrac- defined, it was suggested that it is a complex oxo-structure
tive alternative to the traditional cumene process, which co- containing iron as Fe(lll).
produces acetone as a by-product. Studies by Panov and Several quantum chemical studies have been reported
co-workers [1-6] have shown that nearly 100% selectivity aimed at further defining the possible structure of the iron—
to phenol can be achieved by oxidizing benzene wiON  oxo site. These efforts have focused on both the processes
over ZSM-5 containing extra-framework iron. These find- involved in the decomposition of XD and those involved
ings have stimulated an interest in identifying the nature in the oxidation of benzene to phenol. Zhidomirov and co-
of the active site for the hydroxylation of benzene and the workers [13] have reported calculations for the decomposi-
mechanism via which the reaction occurs. Brgnsted acid tion of N,O on an active site modeled as Fe(Q,0),. In
sites [7-9], extra-framework iron—-oxo species [1-6], and a subsequent study, these authors investigated the decompo-
Lewis acidic aluminum sites in both framework and extra- sition of N,O on binuclear Fe complexes in ZSM-5 [14].
framework positions [10,11] have been proposed as can-The zeolite was modeled by a pair of 5T rings sharing
didates for the catalytically active centers. Recent experi- an edge and the Fe complex was represented as either
mental studies by Wichterlova and co-workers [12] strongly [(OH)FeOFe(OH)f* or [FeOFef+. More recently, Ryder
support the original evidence of Panov and co-workers that et al. [15] have shown that 4D decomposition to Nand
extra-framework iron—oxo species are essential for the hy- O, could occur on isolated sites, i.e., [FEGAnd [FeQ]T,
droxylation of benzene. A correlation in activity for phenol and that the apparent activation energy determined from
formation was found with the concentration of Fe in the zeo- an analysis of the reaction kinetics is in very good agree-
ment with that measured experimentally [16]. Yoshizawa et
~* Corresponding author. al. [17-20] have considered the oxidation of benzene assum-
E-mail address: bell@cchem.berkeley.edu (A.T. Bell). ing that the active center is [Fe®©] The zeolite is repre-
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sented by a 3T cluster, which is fully relaxed during the of the next T (tetrahedral) site. The anionic cluster is charge-
calculations. The authors conclude that adsorbed benzeneompensated by a metal-oxo species, [Fe®] [FeG] ™,
reacts via a two-step mechanism. In the first step, benzeneplaced between two of the four O atoms surrounding the Al
dissociates to form a phenyl group and a hydroxyl group. atom.
The phenyl group then migrates to the hydroxyl group and ~ Quantum chemical calculations of the geometry and
reacts with it, and the product, phenol, then desorbs. Theenergies of ground states and transition-state structures
principle issue with this mechanism is that requires Fe(lll) were performed using nonlocal, gradient-corrected density-
to be reduced to Fe(l), which does not seem plausible. functional theory [22]. To represent the effects of exchange
The purpose of this study is to explore the energetics of and correlation, Becke’s three-parameter exchange func-
benzene oxidation over both [FeOhnd [FeQ]™, using a  (ional and the correlation functional of Lee, Yang, and Parr
5T cluster representation of the zeolite framework. We pro- (B3LYP) were used [23,24]. Basis sets at the 6-31G or
ceed by postulating a general mechanism for the oxidation double level were used for all atoms, with the exception
of benzene, computing the energetics for each elementaryof Fe. To describe Fe, the energy-consistent pseudopoten-
step, and thgn devc'alop.ing a rate expression fF’T the cNer"""tials of Stuttgart and Bonn were used in the small-core
rate of reaction, which mpludes the decomposition €N approximation [25]. Polarization functions were added to
o progiuce M and the active form of oxygen. The qpparent all atoms, with the exception of terminal H groups. No cor-
activation energy and turnover frequency determined from rections were made for basis-set superposition error. Al
the overall rate expression are compared with experimental . . o
calculations and reported values were carried out using the

observation. JAGUAR 4.1 suite of programs (Schrddinger Inc.) [26]. For
purposes of comparison, additional calculations were per-
2 Theoretical methods formed using @QuUssIAN 98 [27]. During these calculations
all atoms of the cluster were allowed to relax with the ex-
The catalytically active center and a portion of the zeolite ception of the terminal Si and H atoms, as noted above.
framework are represented by a 24-atom cluster. As shown Overall equilibrium constants and reaction rate constants
in Fig. 1, the portion of the cluster describing the zeolite con- Were computed using standard statistical mechanics and ab-
tains an Al atom in the T12 site of the framework surrounded solute rate theory [28]. We use the harmonic approxima-
by shells of O and Si atoms. The terminal Si atoms are fixed tion and included the contributions of the translational, ro-
in their crystallographic positions as reported by Olson et tational, and vibrational partition functions of all gaseous
al. [21]. Dangling bonds are terminated by H atoms located species participating in the reaction and the vibrational con-
1.5 A from each terminal Si atom oriented in the direction tribution due to the zeolite cluster. Since the zeolite cluster
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Fig. 1. Energy versus reaction coordinate for benzene oxidation ovigre,]*.
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is part of a solid, translational partition, functions for the tion (7) (Fig. 1). At each point along the reaction coordinate,
zeolite were assumed to be equal in the reactant and tranthe sextet (total spin/2) potential energy surface lies below
sition state. For weakly bound species, contributions of re- those of the doublet (total spiry2) and guartet (total spin
stricted rotation were considered. All molecular structures 3/2) for Fe.
were assumed to be in the ground-state electronic configura-  The energy of benzene absorptiahEaqs is defined as
tion. the difference in energy between (a) and (b) and is computed
to be—6.6 kcal/mol. The activation energy for benzene ox-
idation, E¢t, is defined as the difference in energy between
3. Results and discussion the adsorbed (b) and the transition state (c). This value, cor-
rected for zero-point energy, is 41.9 kgaol. The imag-
Prior to examining the energetics of benzene oxidation jnary frequency associated with the transition-state mode
by N2O, it is useful to briefly review the results of our ear- s 1219 ecm=1. The desorption energy for phen@\,Eges

lier work on the decomposition of 20 over Fe-ZSM-5[15].  efined as the difference in energy between (d) and (e), is
The following five steps were found to give a good represen- computed to be-20.2 kcal/mol.

tation of the mechanism: Table 1 summarizes the bond lengths for species present

along the reaction pathway shown in Fig. 1. In this table,
the C and O atoms involved in a reaction are identified
by an asterisk. The distance between the two O atoms in
Z~[Fe&(O),]T is 0.135 nm and the Fe—O bond distance is
0.196 nm. Both distances are typical of peroxide species.
Formation of the transition state leading to phenol involves a
lengthening of the O—O* bond inZFe(0),]* to 0.268 nm

at the same time that O* begins to form a C*~O* and an
O*—H bond with benzene. The lengths of these bonds in the
transition state are 0.141 and 0.144 nm, respectively. Pas-
sage from the transition state to the product state leads to a
further lengthening of the O—O* bond length to 0.271 nm.
Since Z'[FeQ]* is the predominant species present on At the same time, the C*~O* bond remains nearly the same

the catalyst surface duringl® decomposition, we firstcon- 28 in the transition state, whereas the O*-H bond length de-
sidered the possibility that this species participates in the créases to 0.097 nm. Once phenol desorbs, the Fe-O bond

(1) Z7[FeO* +N20(g) = Z~ [FeO " (N20);

(2) Z~[FeOJ"(N20) — Z~[FeQ]™+ N2 (9);

(3) Z [FeQzIt+ N20 (g) = Z~[FeQx] " (N20);
(4) Z7[FeQz]*(N20) — Z~[FeOI"(O2) + N2 (9);
(5) Z"[FeOJ"(O2) — Z~[FeOI + 02 (9).

The equilibrium constants for those steps found to be at
quasi-equilibrium and rate coefficients for the steps found to
be irreversible are listed in Table 3. From a detailed analysis
of the kinetic mechanism, we concluded that the most abun-
dant surface species isFeG]*. Recent X-ray absorption
spectroscopy studies support this conclusion [29].

oxidation of benzene in the following manner: length in [FeOf decreases to 0.165 nm.

As a variant to the concerted reaction pathway repre-
(6) Z~[FeOy]*+ CeHe (g) = Z~[FeOy]*(CsHe): sented by reactions (6)—(8), the possibility was considered
(7) Z~[FeOp]t(CeHg) — Z~[FeO] (CsH50H); that adsorbed benzene may first react to form phenoxy and
(8) Z [FeOJt (CsHsOH) = Z~[FeOJ++ CgHsOH (g). hydroxyl groups and that phenol is then formed by migra-

tion of a proton to the phenoxy group. Since the barrier for
Reaction (6) involves the reversible adsorption of ben- the first step in this process is significantly higher than that
zene, whereas reaction (7) describes the oxidation of ben-for reaction (7), the stepwise mechanism is not considered
zene to phenol. The desorption of phenol is described by likely.
reaction (8). Fig. 1 represents the energetics for reactions A second possible route for partial oxidation involves
(6)—(8). Structures (a) and (b) represent minimum energy the oxidation of benzene by the product of reaction (8),
structures and (c) represents the transition state for reac-Z~[FeO],

Table 1
Selected bond lengths of equilibrium and transition-state structures for benzene oxidation fre®©z*

Z~[FeO*OJ" {Z ~[FeO*O(GsHg)I T2+ Z~[FeO(GsH50*H)] ™ Z~[FeO]"
r(Fe—0) (nm) 0196 0.209 0.220 165
r(Fe—=0%) (nm) 0196 0.168 0.167
#(O*~0) (nm) Q135 0.268 0.271
#(C*~0*) (nm) 0.141 0.140 a3d
r(O*=H) (nm) 0.144 0.097 097
#(C*~H) (nm) 0109 0.120 0.197

* Denotes carbon and oxygen atoms involved in bond breakage and formation.
& C*—H bond length in gas-phase;Bg.
b 0*—H and C*—H bond lengths in g50H.
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Fig. 2. Energy versus reaction coordinate for benzene oxidation ovigeO]t.
Table 2
Selected bond lengths of equilibrium and transition-state structures for benzene oxidatior Re®F
Z~[FeO**™ {Z ~[FeO*(CgHp)1T)2* Z~ [Fe(CgH50*H)] * Z7[Fe] t
r(Fe—0*) (R) 0165 0.195 0.202
F(C*—0%) (A) 0.151 0.141 a3d
r(O*=H) (A) 0.124 0.097 o7
r(C*~H) (A) 0.109% 0.126 0.196

* Denotes carbon and oxygen atoms involved in bond breakage and formation.
@ C*~H bond length in GHg.
b 0*—H and C*—H bond lengths in 50H.

(9) Z7[FeOJ"+ CgHg (g) = Z[FeOJ" (CsHg); involved in a reaction are identified by an asterisk. Most sig-
(10) Z~[FeOJ"(CeHg) — Z~[Fe]*(CgHs0H); nificant in this table is the observation that the length of the
(11) Z [Fe]t (CgH50H) = Z~[Fe]t+ CgHsO0H (g). Fe—O* bond in Z [FeOJ" increases from 0.165to 0.195 nm

as O*is inserted into the C*—H bond of benzene. The length

Reactions (9)-(11) are equivalent to (6)—(8), with the excep- of the C*~H bond in benzene increases, correspondingly,
tion that Z"[FeOJ" is now the active center. from 0.109 to 0.126 nm, in a manner similar to that observed

Fig. 2 gives the energetics versus reaction coordinate forfor the reaction of benzene witirZFe(O),]™.
reactions (9)—(11). All structures represent minimum energy ~ While the active center in reactions (9)—(11) is identical
structures with the exception of 2(c), which is a transition- to that reported by Yoshizawa et al. [17-20], the manner
state structure at each point along the reaction pathway. Thein which the calculations are carried out, the reaction path-
sextet state gives the lowest energy surface for the clusterway, and the energetics along the reaction are different. In
The energy of benzene absorption, as written in reaction (9),the work of Yoshizawa et al., the whole cluster is relaxed,
is computed to be-5.4 kcal/mol. The activation energy  whereas in the present study only the central part of the clus-
for benzene oxidation, corrected for zero-point energy, is ter is relaxed. We have shown previously that full relaxation
55.3 kcafmol. The imaginary frequency associated with the of the cluster can lead to activation energies that are lower
transition-state mode is 1566m~1. The desorption energy  than those obtained for the more physically realistic con-
for phenol, as written in reaction (11), is computed to be strained cluster [30]. In the present study, phenol is found
+4.5 kcal/mol. to form via insertion of oxygen into the C—H bond of ben-

Table 2 lists the bond lengths for species involved in the zene. Yoshizawa et al. [17-20], on the other hand, conclude
reactions shown in Fig. 2. As in Table 1, C and O atoms that benzene first reacts witlrfFeOJ" to produce phenyl
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Table 3
Computed rate parameters for the elementary steps involved in nitrous oxide dissociation and benzene oxidation in Fe-ZSM-5
Reaction Eq AHP Constant T (K)
(kcal mol~1) 600 700 800
(1)  Z [FeOt + NyO(g) < Z~[FeO+(N,0) AH2=-80 Kp(atm1)  110x10°% 5.25x 107° 3.06x107°
(2)  Z [FeQ"(N2O) — Z [FeOy]t + No(g) E,2=376 Ay (s7h 151x 1011 1.58x 101 1.64x 101
ko (571 301x10°3 2.86x 1071 8.70x 1P
()  Z [FeOylt+ N0 (g) < Z~[FeOz] T (N,0) AH?=-63 Kkgz(atml) 215x10°4 1.63x 1074 141x10°4
(4)  Z [FeOy]t(NoO) — Z~[FeO[t (Oy) + N2 (9) E42=446 Aq (57 8.41x 100 8.62x 100 8.77x 100
ko (s 483x 1076 1.04x 1073 5.79x 1072
(5)  Z [FeOI"(Oy) < Z [FeOI"+ Oy (g) AHsP=533 Kz (atm) 679x 1013 363x 10710 3.96x 1078
(6) Z [FeO,]T + CgHg (g) <> Z~[FeOp] (CeHe) AHP=-80 Kg(atm1) 523x10°2 7.77x 1072 1.39x 1071
(7)  Z [FeO,1+(CgHg) — Z~ [FeO] (CgH50H) E/2=419 A7 (s7h 2.39x 100 2.50x 100 2.60x 100
k7 (s 1.28x 1075 2.03x 1073 9.14x 1072
E_72=758 A_7(sY 3.70x 1010 3.91x 1010 4.10x 1010
k_7 (s 8.81x 10718 8.22x 10714 7.84x 10711
k7/k_7 1.45x 1012 2.47 x 1010 1.17x 10°
~[FeOJ ( <« Z7[FeOI™+ AHg"” = Kg (atm 70x 10— .68 x .01 x
(8)  Z [FeOI" (CgH50H) «» Z~[FeOT"+ CgH50H (q) P =216 g (atm) 770x 1072 1.68x 1071 2.01x 1071
~[FeOJ"” + CgHp(g) «» Z7 [Fe 6He) AHg® = —6. Kg (atm™ 94x 10~ .61 x .18x
9 Z~[FeO[+ + CgHg( Z~[FeOJt (CgH b—_68 1 1.94x 1073 2.61x10°3 418x 1073
(10)  Z [FeOJ" (CgHg) — Z~[Fe]t (CgH50H) E10? =553 A1p (s 1.52x 1011 1.69x 1011 1.84x 1011
k1o (571 1.13x10°° 9.45x 1077 1.48x 1074
E_102=678 A_1o(s})  358x10M! 4.20x 1011 4.80x 10t
k_10(s Y 7.14x 10714 2.83x 10710 1.43x 1077
k10/k_10 1.59x 104 3.34x 103 1.03x 103
(11)  Z [Felt (CgH50H) < Z~[Fe]t + CgH50H (g) AH11P=6.0 K11 (atm) 689x 10° 3.06x 10° 1.16x 10°

@ Calculated activation energy including zero-point energy correction.
b Calculated enthalpy averaged over 600-800 K.

and hydroxyl groups, which react further to form phenol. Table 4
A further difference is that while we find the sextet to pro- Apparent activation energies and rate constants for nitrous oxide dissocia-
vide the lowest energy surface, Yoshizawa et al. report that fion @nd benzene oxidation in Fe-ZSM-5
the synthesis of phenol occurs with the cluster in the quartet Ea T (K)
state. (kcal/mol) 600 700 800

The apparent rate coefficients for benzene oxidation 9,0 318 572x10° 1.09x10°4 996x 104
can be determlngd from analysis of reactions (§)—($) and k!feoﬂlwzo (1) 394 447x10°10 515x108 1.91x10°6
(9)—(11), respectively. The rate of benzene oxidation at
Z~[FeQ]™ is given by reaction (7):

ke g, s71) 49.8 364x 10713 387x 10710 923x 1078
e, sl 375 256x10°7 6.06x10°° 4.89x 103

—rlFeQ g, = k7[Z7[FeQI™ (CsHe) . @)

If we assume that Step (6) is quasi-equilibrated because ofA similar analysis of reactions (9)—(11) yields
the weak binding of gHg, we can write
—rlF9|g, = k10Ko[CeHel [z7[FeO™],

[Z7[FeQ]* (CeHe)] = K6[CeHs1[Z [FeQp]™]. (2) _IFeQl|g, — 1IFe9 | CoHe], 5)
Thus, the rate of benzene oxidation can be expressed as EIFe9g, = E1o+ AHe, (6)
—rlFeQ] I8z = k7Ke[CeHe] [Z‘[FeQ]+], Wherekg:eq lgz = k10Ko[Z~[FeO™]. Values ofk, and E,
—rlFeQl g, — kIFeQ 5 1CoHEe ], (3) are provided in Table 4.

- On a per-site basis, we can compute the relative rate of
wherekl %5, = k7K6[Z~[FeQp]*]. The apparent activa-  benzene oxidation involving [Fe®" and [FeOF,
tion energy EY *%|g,, is then defined as

—rlFeQl|g, _ ke g, (7)
EFelg, = E7 + AHe. 4) —rlFeQg, — lFeq), -
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At T = 600 K, this ratio is 704 x 10° and atT = 800 K, Table 5
this ratio is 529 x 104_ Hence, we predict that the oxidation Relative rates of nitrous oxide dissociation and benzene oxidation over Fe-
of benzene should proceed more readily over [jéQhan ~ 4SM-5
[FeO]". T (K)

To test the validity of reaction (7) as the rate-determining 600 700 800
step in the oxidation of benzene to phenol, we calculated ,FeQl g,/ Feq g, 7.04x 10° 157x 10° 5.29x 10*
the kinetic isotope effect (KIE) for the reaction of 1,35 rIFet|g, /rFe |y 637x 108 356x10°6 927x10°5
benzene to producesB,D30H versus GH3D,0D. Panov rlFeQ2l g, /rIFeQ2l| o 5.73x 107 118x 103 256 % 103
and co-workers [31] determined a KHL at 25°C for the
reaction of 1,3,543-benzene with adsorbed oxygen formed
by decomposition of BO over Fe-ZSM-5. The authors sug- respectively, as determined in a previous publication [15]
gest that the absence of a pronounced kinetic isotope effectand listed in Table 4.
indicates that the rate-determining step in benzene oxidation  Table 5 presents the values of ratios given in Egs. (10) and
does not involve the rupture of a carbon—hydrogenbond.  (11) versus temperature, assum[@Hs]/[N2O] = 1. The

In the context of the analysis presented here, the rate-ratio of the rates of benzene oxidation te@! dissociation
determining step in benzene oxidation is reaction (7). The gver [FeQ]" is 573 x 10?2 at T = 600 K and 256 x 103

rate constant for this reaction can be expressed as at T =800 K. The ratio of the rates of benzene oxidation to
2 N0 dissociation over [FeQ]is 6.37 x 108 at 7 = 600 K
ky — (kB_T > 9z~ [FeQ(CsHsOH)I " vib e Eact/RT. (8) and 927 x 1075 at T = 800 K. For [FeOT, the rate of NO
h 4Z-[FeOy(CgHe)] ™ vib dissociation is much higher than the rate of benzene oxida-

tion, whereas for [Fe@™, the rate of benzene oxidation is
much higher than the rate of2® dissociation. This impor-
tant result allows us to write a complete mechanism for the
oxidation of benzene by O as follows:

where kg is Boltzman’s constant; is Planck’s constant,
and Eact is the activation barrier including zero-point
energy corrections. In Eq. (&gf[FeQCG%OH)]*,Vib anq
gz-[FeOy(CsHg) 1+ .vib Nave been written to represent the vibra-
tional partition function for the equilibrium and transition-
state structures, respectively. In order to determine the ki-
netic KIE, we computed the ratio of kinetic rate constants
for the formation of GH2D30H and GH3D,>0D. Since the
activation energy is unaffected by the presence of deuterium,
this expression is simply the ratio of vibrational partition
functions for the transition states

(1) Z7[FeOJ™+ N20 (g) = Z~[FeOT"(N20);

(2) Z~[FeOJ"(N20) — Z~[FeQy]*+ N2 (9);

(6) Z [FeQz]* + CsHe(g) = Z~ [FeQp] T (CeHe);

(7) Z7[FeQy]* (CeHe) — Z~[FeO]* (CeHs0OH);

(8) Z[FeOJ"(CeHs0OH) = Z~[FeOJ"+ CgHs50H (Q).

An overall rate expression for the rate of benzene oxida-
tion can now be developed on the basis of the above scheme.
=37 9) Assuming, as was done above, that reaction (6) is quasi-

9z~ [FeQ(C4H3D,0D)I* vib equilibrated the rate of benzene oxidation can be written as

At 25°C, KIE = 1.02. This result is consistent with the ex- [FeOy] H[Z-(F N 1
perimental finding of KIE- 1, supporting the proposed view " Bz = k7K6[CeHel[Z™ [FEQ] T ]. (12)

that reaction (7) is a plausible rate-determining step in the At steady state, the rate of® decomposition must be

2+
k7(CeH,Dq0H) 97~ [FeqiCeH D30H) I vib
k7(CgH3D20D)

KIE =

oxidation of benzene. S o equivalent to the rate of benzene oxidation, therefore
The oxidation of benzene is in direct competition with the
dissociation of NO whether the active species is [F® or —rlFeQ |0 = —r[FeQl g, (13)

[FeOT. We can compute the relative rates ofldissoci-
ation and GHg benzene oxidation for each of the two cases 3 4 _ 4
as follows. For the relative rate of benzene oxidation versus k2K1[N20l [Z [(Fed ] = k7K6[CeHel [Z [FeC] ]

hitrous oxide dissociation over [Fe@', we write The site balance on the active centers is given by

_rlFeQ] [FeC]
r sz _ ka " |s2[CeHsl (10) [L]=[Z"[FeOI*] + [Z"[FeQs*]

_rlFeQ] |N20 k[FeOz] IN O[NZO] ’
o o +[2"[FeQCsHsOH)] '], (14)
Similarly, for [FeO]",

where [L] is the total concentration of Fe sites. In writing
Eq. (14), it is assumed that the coverage by adsorbgd N

and GHe is small relative to those of other species. If we
assume reaction (8) is quasi-equilibrated, we can write

—rlFeAg, kY |g,[CeHe]
—rlFe9n,0 szxFeqlNzo[Nzo]

(11)

Note thatk;[feqmzo and kéFeoZ]mzo are the apparent rate
constants for MO dissociation over [Fed] and[FeG]t, Kg[Z~ [FeO(Q;H5OH)]+] = [CeHsOH][Z™ [FeOQ*]. (15)
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content (0.004-0.72 wt% B©3). Surprisingly, the authors
make no mention of the measured apparent activation en-
ergy for the overall process. Our calculations based on the
experimental data give values ranging from 28 to 8 kel
for Fe-ZSM-5 samples containing 0.004 to 0.72 wt%®¢
a2t respectively. While the upper value of the range overlaps
the lower value of the activation barrier reported here, no
definitive conclusions can be drawn regarding the level of
s} agreement between theory and experiment, given the wide
range of values determined from the experimental results.
Reitzmann et al. [32] have recently investigated the
st kinetics of benzene oxidation by nitrous oxide over Fe-
ZSM-5 (Si/Al = 215, 1.9 wt% FeOg3) in a recycle re-
actor. At 673 K, and MO and GHg partial pressures of
a0 f 0.03 atm, these authors report the rate of benzene con-
sumption to be 0.05 mmplgremin) and the rate of phe-
nol formation to be 0.03 mmg{geemin). For these re-
-12 ' : ' action conditions, our calculated rate of benzene oxida-
03 ' - 2 3 tion to phenol 0.04 mmg(gremin), which shows very
10007, K good agreement between theory and experiment. Compar-
Fig. 3. Overall rate versus inverse temperature for benzene oxidation overiSON can also be made with the data of Panov et al. [2].
Fe-ZSM-5. At 673 K, and NO and GHg partial pressures of 0.20
and 0.05 atm, respectively, these authors report rates of 66
Introducing Eg. (13) into Eq. (14) leads to the following ex- to 0.9 mmo}(gremin) for Fe-ZSM-5 containing 0.004 to

v
§

logo " [LT (s atom Fe')

pression for the site balance: 0.72 wt% FeOs. For the same conditions, Eq. (17) predicts
koK1 [N,O] a value of 0.1 mmogl(gremin). In this case, the agreement
[L]= [Z‘[Fe(]*] X {1—1— % ic 2H ] + K8[C6H5OH]}. between theory and experiment is not as compelling.
7Ke [CeHe

(16)
Then, using Egs. (12), (13), and (16), the overall rate of ben- 4. Conclusions
zene oxidation written as a turnover frequency is
Two possible pathways for theo)® oxidation of benzene

(FeC] k2K1[N,O : :
d - Bz = o [Nio]l[ 20l . a7) over Fe-ZSM-5 have been evaluated theoretically, assuming

L] {1+ 2kl icqie + KelCeHsOHI] [FeOy]* and [FeOT species to be the active centers. The
Note that the units of the rate are maJiGs/(molres). choice of active centers was based on a previous investi-

Fig. 3 shows the overall rate of benzene oxidation ver- 9ation of NO decomposition on Fe-ZSM-5 [15]. Classical
sus inverse temperature. For simplicity, we have assumedransition-state theory calculations give values of the rate of
[CeHs0OH] ~0 and [NboO]/[CeHs] = 1. Note that for tem- benzene oxidation that are much higher for [BEOthan for

peratures< 700 K, the apparent activation barrier for ben- [F€OI". This chemistry is further supported by the conclu-
zene oxidation, taken as the slope ofriie%!|g,[L]~1} sion of earlier work that [Fe@™ is the most abundant sur-

versus ¥ T, is ~ 37 kca/mol. In this temperature regime face species in a ZSM-5 system with isolated Fe cations [15].
koK1/k7Ke > 1 (i.e., atT = 600 K, k2K1/k7Kg = 20) and Both pathways compete directly with the dissociation of

the rate of benzene oxidation can be written as N2O for active sites. The relative rates of benzene oxidation
(FeOy] and NO dissociation on both [Fet and [FeOT species
|- = k7Ks[CgHs]. (18) have been calculated. For [FeQlhe relative rate of nitrous
(L] oxide dissociation is higher than that of benzene oxidation,
At temperatures> 800 K, the apparent activation barrier is whereas for [Fe@*, benzene oxidation is preferred. The
~ 27 kcalmol and the value df2K1/k7Ke < 1 (i.e., atT = analysis presented leads to a comprehensive picture of the
800 K, k2K1/k7Ke = 1.8 x 1072) and in this temperature  partial oxidation of benzene byJ® over Fe-ZSM-5 cou-
regime the rate of benzene oxidation becomes pled with nitrous oxide dissociation.
[FeQy]
il JNRTNG) (19)
(L] Acknowledgments

Panov and co-workers [2] have measured the conversion
and selectivity of benzene oxidation by nitrous oxide over  This work was supported by a grant from BP Interna-
Fe-ZSM-5 for a range of temperatures (573-673 K) and iron tional, Ltd. Additional support was provided by a graduate



J.A. Ryder et al. / Journal of Catalysis 220 (2003) 84-91

research fellowship from the National Science Foundation.
Computational resources were provided by the National En-
ergy Resource Supercomputer Center.

References

[1] G.I. Panov, V.. Sobolev, A.S. Kharitonov, J. Mol. Catal. 85 (1990) 61.

[2] G.I. Panov, G.A. Sheveleva, A.S. Kharitonov, V.N. Romannikov, L.A.
Vostrikova, Appl. Catal. A 82 (1992) 31.

[3] L.V. Pirutko, D.P. Ivanov, K.A. Dubkov, V.V. Terskikh, A.S. Kha-
ritonov, G.I. Panov, in: Proceedings of the 12th International Zeolite
Conference, Baltimore (1998), 1999, p. 1245.

[4] G.l. Panov, A.K. Uriarte, M.A. Rodkin, V.I. Sobolev, A.S. Kharitonov,
Catal. Today 41 (1998) 365.

[5] G.I. Panov, CATTECH 4 (2000) 18.

[6] M. lwamoto, J.I. Hirata, K. Matsukami, S. Kagawa, J. Phys. Chem. 87
(1983) 903.

[7] E. Suzuki, K. Nakashiro, Y. Ono, Chem. Lett. 211 (1988) 953.

[8] R. Burch, C. Howitt, Appl. Catal. A 103 (1993) 135.

[9] M. Gubelmann, P.J. Tirel, Patent EP 341,165, 1992.

[10] V.L. Zholobenko, I.N. Senchenya, L.M. Kustov, V.B. Kazansky, Kinet.
Catal. 32 (1991) 151.

[11] L.M. Kustov, A.L. Tarasov, V.. Bogdan, A.A. Trylov, J.W. Fulmer,
Catal. Today 61 (2000) 123.

[12] P. Kubanek, B. Wichterlova, Z. Sobalik, J. Catal. 211 (2002) 109.

[13] A.L. Yakovlev, G.M. Zhidomirov, R.A. van Santen, Catal. Lett. 75
(2001) 45.

91

[14] A.L. Yakovlev, G.M. Zhidomirov, R.A. van Santen, J. Phys. Chem.
B 105 (2001) 12297.

[15] J.A. Ryder, A.K. Chakraborty, A.T. Bell, J. Phys. Chem. B 106 (2002)
7059.

[16] B.R. Wood, J.A. Reimer, A.T. Bell, J. Catal. 209 (2002) 151.

[17] K. Yoshizawa, T. Yumura, Y. Shiota, T. Yamabe, J. Phys. Chem. B 104
(2000) 734.

[18] K. Yoshizawa, T. Yumura, Y. Shiota, T. Yamabe, Bull. Chem. Soc.
Jpn. 73 (2000) 29.

[19] K. Yoshizawa, Y. Shiota, Y. Kagawa, T. Yamabe, J. Phys. Chem. A 104
(2000) 2552.

[20] K. Yoshizawa, Y. Shiota, T. Yamabe, J. Am. Chem. Soc. 121 (1999)
147.

[21] D.H. Olson, G.T. Kokotallo, S.L. Lawton, W.M. Meier, J. Phys. Chem.
85 (1981) 2238.

[22] R.G. Parr, W. Yang, Density Functional Theory of Atoms and Mole-
cules, Oxford Univ. Press, Oxford, 1989.

[23] A.D. Becke, Phys. Rev. A 38 (1988) 3098.

[24] C. Lee, W. Yang, R.G. Parr, Phys. Rev. B 37 (1988) 785.

[25] M. Dolg, U. Wedig, H. Stoll, H. Preuss, J. Chem. Phys. 86 (1987) 866.

[26] JAGUAR 4.0, Schrédinger Inc., Portland, ME, 2000.

[27] GAussiAaN 98, Gaussian Inc., Pittsburgh, PA, 1998.

[28] D.A. McQuarrie, Statistical Mechanics, Collins, New York, 1973.

[29] S.H. Choi, B.R. Wood, J.A. Ryder, A.T. Bell, J. Phys. Chem. B, in
press.

[30] J.A. Ryder, A.K. Chakraborty, A.T. Bell, J. Phys. Chem. B 104 (2000)
6998.

[31] K.A. Dubkov, V.I. Sobolev, E.P. Talsi, M.A. Rodkin, N.H. Watkins,
A.A. Shteinman, G.I. Panov, J. Mol. Catal. A 123 (1997) 155.

[32] A. Reitzmann, E. Klemm, G. Emig, Chem. Eng. J. 90 (2002) 149.



	Density functional theory study of benzene oxidation over Fe-ZSM-5
	Introduction
	Theoretical methods
	Results and discussion
	Conclusions
	Acknowledgments
	References


