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Abstract: Density functional theory is used to study one of the most successful routes to the production of synthetic
fuels, the conversion of methanol to gasoline (MTG process) with an acidic zeolite. With our calculations we have
determined transition states and adsorption complexes of reactants, intermediates, and products as well as the
corresponding activation barriers and adsorption energies of the numerous reactions involved in such a process.
Brgnsted acid catalyzed methanol dehydration to dimethyl ether is the first step of the MTG process. Two different
mechanisms are possible. One proceeds via an associative interaction between two methanol molecules, generating
directly dimethyl ether, while the other proceeds via a methoxy surface species intermediate. The presence of water
lowers the activation barrier of the last mechanism by more than 50 kJ/mol. Our calculations suggest that ethanol
and ethyl methyl ether are the first formed species with-C®ond. Several different mechanisms for those reactions

have been studied. The activation barriers involved in such reactions are of the order of 300 kJ/mol for both ethanol
and ethyl methyl ether. Without coadsorbed water, the activation barriers are 60 kJ/mol higher. In a following step
ethylene is formed from alcohol or ether. Those reactions are very fast due to a very low activation barrier.
Trimethyloxonium, proposed to be an intermediate in the formation of ethyl methyl ether, can be excluded as an
intermediate for the €C bond formation. Although it can be formed, its further reaction to ethanol or ethyl methyl
ether involves activation barriers that are over-880 kJ/mol higher than their formation directly from dimethyl

ether and methanol. Reaction paths for the formation of methane and formaldehyde, which are observed in reactions
for very low methanol coverages, have also been studied.

1. Introduction methanol is first dehydrated to dimethyl ether (DME) and that
) an equilibrium mixture of methanol and DME is than converted
The methanol-to-gasoline, MTG, prockbas attracted a great 14 gjefins, aliphatics, and aromatics up to C10. The mechanism
deal of attention in the last 20 years since it is one of the most of those reactions, especially the formation of the first@
successful routes for the acid zeolite catalyzed conversion of yonq and the nature of the intermediates involved, is a matter
methanol to synthetic fuels. A large variety of different ¢ significant debate.

experiments (ref 214 and references therein) established that Several different mechanisms have been proposed fa€ C
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synthesis and also because they are not observed when methan

J. Am. Chem. Soc., Vol. 119, No. 2150297

akolitic eight-ring pore opening of chabazite, it forms a

is coadsorbed, the mechanistic significance of the observationmethoxonium iorf?24 Protonation was, nevertheless, not

of oxonium ions has been considered uncerfairewis-basic
sites1® NMR,® and mass spectroscdpystudies show that CO
and ketene play no intermediary or catalytic role in the MTG
chemistry on HZSM5.

It is generally agreed that propylene and especially ethylene
are the initial products. By performing NMR experiments of
methanol activation on HZSM5 at concentrations between 50
and 100% of maximum adsorption capability of the zeolite,
Munson et aP. were able to identify ethylene and ethyl methyl

observed when the protermethanol interaction was analyzed

in sodalité®2425where large open cages are linked by six- and
four-ring windows. Nevertheless, the energy differences be-
tween protonated and hydrogen bonded methanol are just a few
kilojoules per molg/~19.23-25

Surface methoxy species formation by dehydration of metha-
nol and dimethyl ether is generally considered to be the initial
step in the methanol-to-gasoline process. Theoretical calcula-
tions have shown that methoxy groups can be formed from

ether in between the intermediary products. They suggest thatjissociative adsorption of a single methanol moletfeor

ethanol also plays an important intermediary role. Another
important feature in the MTG process is the role of water.
Munson et aP. have observed that water modifies the acidity
of the zeolite. This affects profoundly the chemistry of olefin
formation and retards coke formation. The residual water has
a significant effect on the kinetics of hydrocarbon synthesis,

and even at temperatures greater than 723 K it is observed to

evolve from the zeolité®

The interaction of methanol with acidic zeolites is a subject
that has attracted considerable interest of theoretiéfatfsEven
simple questions such as (i) how methanol at low (one methanol
molecule) and higher coverages (two and three methanol
molecules) adsorbs to the acidic-basic sites of the zeolite, (ii)
the heat of adsorption, and (iii) methoxonium formation are still
subjects of debate. Computatié#1s® using various different

methods and cluster size predict the heat of adsorption of one

single methanol with the acidic zeolite to be in the range of
—64 and —83.0 kJ/mol (all for HZSM5). Two methanol

molecules can adsorb in many different ways to the zeolitic
Bransted acigtLewis base sites. The heat of adsorption for

from the adsorbed methanol dinfr82° In the first case the

C and O atoms of methanol will form a six-member ring with
the —OAIOH— lattice atoms. The ring formed has a consider-
ably strained geometry. This results in a very high activation
barrier for the dehydration process. If a second methanol is
allowed to assist the reaction an eight-membered ring will be
formed. The system now has a much more relaxed geometry
resulting in a lowering of the activation barrier by over 50 kJ/
mol. The ring is now composed of theOAIOH— lattice
atoms, C and O of the reacting methanol and the OH group of
the “assisting” methanol molecule. The function of the second
methanol molecule is to allow a relaxation of the geometrical
parameters of the transition state acting as a bridge between
the zeolite and the reacting methanol. The reaction produces
the transfer of the proton from the zeolite to the OH group of
the first methanol yielding water. This and analogous reactions
will be discussed, elucidating further the function of the second
methanol molecule (or water) in stabilizing transition states.

We have show#28 that dimethyl ether can be formed via

the second methanol molecule is less than that for the first, andtwo different kinds of mechanisms. The first is an associative

was calculated to be-55%122 and —35%9 kJ/mol. The third

mechanism and involves the simultaneous adsorption and

guestion whether methanol is protonated or not receives differentreaction of two methanol molecules, with formation of dimethyl
answers according to the technique used. In cluster calcula-ether and water in one step. The second is a methoxy-mediated

tions!718.23the ion pair (HCOH,"+--+OZ") is not a minimum

in the potential energy surface but a first-order saddle point.
This implies a transition state. On the other hand, first-principle
studies performed on a periodic zeolite model using a plane

mechanism. It involves initial dehydration of one methanol
molecule generating a surface methoxy @Cldroup. This

methoxy group will then react with the second methanol
molecule yielding DME. Just as for methoxy, DME can be

wave basis set (core electrons are represented by pseudopotetformed with or without coadsorbed water or methanol. The
tials) have shown that when a single methanol adsorbs at apresence of water lowers the activation barrie~&0 kJ/mol.
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In the present study we show how ethanol, ethyl methyl ether,
trimethyloxonium, and ethylene can be formed by starting with
methanol, DME, and surface methoxy groups. Additionally we
propose a path for methane and formaldehyde formation, which
are observed in reactions with very low methanol concentrations.
Carbenium-like transition states (TS) are the intermediates
proposed here for all reactions. We will first analyze reaction
paths to primary reaction products such as ethanol and methyl
ether and then decomposition of these molecules to ethylene.

We have used density functional theory (DFT) to calculate
reactants, adsorption complexes, transition states, and products
involved in several different paths of formation of each one of
the compounds mentioned above. The cluster approach has
been used to represent the acidic zeolite. Adsorption energies
and activation barriers make a comparison between all the
studied paths possible.
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2. Method Table 1. Carbon-Carbon Bond Formation Activation Energies

The calculations are based on density functional theory (ESFE) (direct reaction paths)

implemented in the program de Dgauss (versions 2.1 and®3.0). AE=E;s— Eg
Nonlocal exchange and correlation corrections (NL) due to B&cke

and Perdew? respectively, are included in the final energy obtained AE
within the local density approximation (due to Vosko et®al)This initial state product state (kd/mol)
level of accuracy is found to be excellent for the description of binding 7 CHs*age+ CHaOHage CHsCHoOHaue 319

energies’?’ For systems involving strong hydrogen bridges (as in (2 Os atoms)

the methanol:zeolite system) the computation of properties that strongly 2. CHg*ags+ HOads+ CH3OHags ~ CH3CH0Hags+ H2Oads 251
depend on the geometry of the structure, such as infrared spectrum (3 Os atoms)

and protonation, requires inclusion of nonlocal corrections during the 3. CHOHags+ CH3OHags CH3CHzOHags 310
optimization, self-consistently (NLSCF). We have shown earlier that (2 CiS atoms)
the energies obtained with use of the NL or NLSCF corrections differ 4- CHs"ads+ CHsOCHs aas CHyOCH,CHa ags 270

iloi 21,27 (2 Os atoms)
only by a few kilojoules per molé&. The purpose of the present 5. Chb gt HoOade+ CHOCHs age CHsOCH,CHs aget HoOae 211

study is not to discuss infrared spectra or to analyze the small energy

. . (3 Os atoms)

differences between protonated and ground state complexes. We intengs. CH:OHage+ CHaOCHs ads CHsOCH,CHs age+ HsOugs 265

to analyze the large energy changes along the various reaction paths. (3 Os atoms)

Since optimizing structures including self-consistent nonlocal correc-

tions involves a large computational cost, we did not go beyond the

NL correction. It is important to notice that the geometry of transition In the future, when larger systems containing T-site rings become

states, where the interaction is purely ionic, is not affected significantly computationally accessible, the transition states and adsorption com-

whether the NL or NLSCF corrections are includég?’ plexes reported here can be used as starting points to analyze in detail
The basis sets used are the doubbpsality and include polarization the consequences of an embedded system. At the moment, although

functions for all non-hydrogen atoms (DZP%?).They were optimized they are being testéd?*?5they are exceptionally demanding in terms

for use in density functional calculations in order to minimize the basis of computational resources being thus far from the daily “routine”

set superposition error (BSSE).A second set of basis functions, the  calculations.

fitting basis se#’ is used to expand the electron density in a set of

single-particle Gaussian-type functions. Geometry optimization cal- 3, Results

culations are carried out to a minimum for reactants, adsorption

complexes, and products and to a saddle point for transition states (TS). 1. Ethanol and Methyl Ethyl Ether Formation. Two main

All TS’s shown in this study have only one imaginary mode, while paths for carbon-carbon bond formation are considered. The

the structures optimized to a minimum presented no imaginary modes. direct reaction path without formation of intermediates such as

The frequencies are obtained from analytic second derivativéero- oxonium ions and reaction paths that proceed via intermediate

point energy (ZPE) corrections have been included for all optimized gxonjum ion formation. The activation energies and reaction

structures. oy P2tNS have been summarized in Tables 1 and 2 respectively. In
The various molecular systems chosen depended on the partlculathe table for each initial state the number of surface oxygen

reaction studied, consisting of methanol, dimethyl ether, water, t ired t K ti ible is indicated. |
methanol, ethyl methyl ether, ethylene, and/or trimethyloxonium. It atoms (Q) required to make reactions possible is indicated. In

has been shown earlifs that differences not larger than 10 kJ/mol  the zeolite it implies a site requirement, since not each zeolite

are obtained for the adsorption energies and activation barriers by using-Site can offer three oxygen atoms for coordination. A total
clusters of different size (up to 5T atoms). Even though the deproto- Of six direct carbor-carbon formation routes and three indirect

nation energies of the various clusters varngQ kJ/mol)2! due to the routes have been considered.

stabilization effects of the adsorbed molecules, binding energies are  Primary products from the direct as well as indirect mech-
much less affected by the cluster size. Since the present study involvesynism are ethanol or methyl ethyl ether. Figures3ishow

a large number of structures we decided to use the small HOHAI- a6 different reaction paths for ethanol formation. The first
(OH).0H and HO(CH)AI(OH),OH clusters fo represent the acidic y a1 methoxy-mediated reactions while the last involves an
zeolite and methoxy surface, respectively. No geometry constraints associative mechanism. For clarity, the hydride termination of

have been imposed in any of the studied structures. In the only case . S
where the small cluster used failed to correctly describe the molecular the lattice oxygens and one hydroxyl termination of the

system under study (one methanol molecule adsorbed at the methoxy2luminum atom are not shown. The first path, depicted in
surface), results from use of a larger cluster were tak& One has Figure 1, starts with a surface methoxy species. A methanol
to keep in mind that the use of larger cluster systems would enable usmolecule reacts with this methoxy group to produce adsorbed
to study in detail changes in the activation barriers as well as heat of ethanol.
adsorption of the different systems as a function of zeolite composition  Sjnce the use of the small cluster would produce an incorrect
and/or acidity. It has been shown earief how small clusters can  gyra hond between the OH of methanol with the OH termination
be used to analyze the consequences of zeolites structure effects OILf the cluster. we have used a cluster with silicon terminations
acidity. . . ’ - o . .

in this case. The high transition state energy for this reaction

(30) (a) Hohenberg, P.; Kohn, WPhys. Re. B 1964, 136, 864.; (b) i
Kobn, W+ Sham. L. 3Phys. Re. A 1968 140 1133, of 319 kJ/mol is due to the need to stretch the methoxy CO

(31) Andzelm, J.; Wimmer, EJ. Chem. Phys1992 96, 1280. bond and the hlghly covalent CH bond in methanol. The
(32) Becke, A. D.Phys. Re. A 1988 38, 3098. methanol molecule becomes rotated in the transition state such
(33) Perdew, J. FPhys. Re. B 1986 33, 8822. that the weak methanol hydrogen bond is broken and is replaced
83 \é%zlg%ui' NH mdkz'eﬁkh,Nf?}C}m;?'é} Fégﬁ%gg?g%éﬁ?g: by an interaction between the basic cluster oxygen atom and

Chem.1992 70, 560. the methanol Ckigroup. In the final state one of the methyl
(36) (a) Sauer, XChem. Re. 1989 89, 199. (b) Radzio, E.; Andzelm,  hydrogen atoms is back-donated as a proton to the cluster

s (%Z;I)a/r\]#glzgr.nﬁ'.;Csmg'o?né;nggﬁfhl?k’),SE%Rhem. Phys. Leto87 oxygen atom. As discussed earlier, a methoxy intermediate can

142, 169. be formed from a single as well as two adsorbed methanol
(38) Wilson, E. B.; Decius, J. C.; Cross, P. Kolecular Vibrations molecules?1:28.29

Mcgg';"g)*w:ra’r\‘nee‘?’ éorjk'_ }/gf‘%amen R A Emeis. C. A- Novak A k. Figure 2 shows the second reaction path that, similar to the

Nature 1993,363 529. (b) Kramer, G. J.; van Santen, R.JAAm. Chem. first, starts with the surface methoxy species. This will be
Soc.1995 117, 1766. followed by ethanol formation. Now the importance of coad-
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Table 2. Carbon-Carbon Bond Formation Activation Energies (via trimethyloxonium); Decomposition of Trimethyloxonium

| _ =l . A _ A . T _ A
AE =E;s— Eg AE" =E"1g— Epg AE =E’;g— Eg
AE' AEA AET
initial state intermediate (kJ/mol) adsorption complex product (kd/mol) (kJ/mol)
1. ((Zl-t3+3d5+ CH3OCH; ags O(CHg)3 ads 143 O(CH)3 ads CH3OCH,CHj ags 220 336
305
2. ((ZHsO)CHs agsT CH3OCHg ags O(CHb)3 ags+ HzOads 173 O(CH)3 adst H20a4s CH;OCH,CHj ads 215 348
305
3. CH;r + CH30CH3 ads O(CH3)3 adsT CHBOHads 143 O(CH§)3 adsT CHSOHads CZHSOHads+ CH3OCH3 ads 205 269
(30
4. O(C%)3 ads+ CH3OHads 2CH30Hads 52
& Al 284
e C
S o
O H

Figure 1. Ethanol formation via a methoxy-mediated mechanism.
Energies in kJ/mol.

Figure 2. Ethanol formation via a methoxy/water-mediated mechanism.
Energies in kJ/mol.

Figure 3. Ethanol formation via an associative mechanism. Energies
in kd/mol.

most stable mode of adsorption for methanol and water at the
methoxy surface is shown.

Note that now the initial state requires at least three oxygen
surface Q atoms.

The activation energy was lower by 68 kJ/mol compared to
the complex without the water molecule. This demonstrates
the importance of an “assisting” molecule in cases where the
reaction proceeds via a methoxy intermed?at#.2°

The reason for such a lower activation barrier is partially
because of the less strained geometry of the transition state.
Comparing the €C—0, angle (L= lattice) of the transition
state without water (153 with the one including water (172
one sees an increase of°2fr this angle. The larger angle
allows the carbenium-like ion in the transition state to become
as close as possible to the trigonal planar geometry, its most
stable configuration. Since this is agz$ype reaction, inversion
of the hydrogens of the carbenium-like ion leaving the surface
in the direction of the methanol molecule occurs. An angle of
18C will produce the least distorted geometry for the carbenium
ion, and thus a more stable transition state as discussed
before!®2° In addition the polarizable adsorbed molecule (water
of methanol) will help in the stabilization of the polar transition
states.

The third path (Figure 3) circumvents formation of intermedi-
ate methoxy from methanol. Elsewh&é® we discussed the
associative path for dimethyl ether formation and methoxy
formation, with transition state energies of respectively 145 and

sorbed water is studied. The transition state becomes rather100 kJ/mol, starting from a similar initial state. Here we find
different from the one in the previous path. In the diagram the that the transition state for alcohol formation requires 310 kJ/
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Figure 4. Ethyl methyl ether formation via a methoxy/water-mediated
mechanism. Energies in kJ/mol. Figure 5. Trimethyloxonium formation from a surface methoxy species

and DME followed by ethyl methyl ether formation. Energies in kJ/
mol, only slightly less than the methoxy intermediated reaction mol.

path. Note how in all three transition states the surface methoxy
is converted to a planar carbenium ion in the transition state.
The transition states for the reaction of dimethyl ether to
methyl ethyl ether are quite analogous to the transition states
discussed for reaction with methanol. The main difference is
the considerably reduced barrier energy. For the reaction of
dimethyl ether in the presence of a water molecule a barrier as
low as 211 kJ/mol is found. The corresponding structures are
shown in Figure 4. Interestingly, Jamamurthy et®aleduced
for Temperature Programmed Desorption experiments with pre-
adsorbed methanol an activation energy of 195 kJ/mol. Whereas
for dimethyl ether formation we found earlf&f°that methoxy 7 4
formation is not a necessary step, here we find for the formation pme, . +
of methyl ethyl ether that the methoxy species is an essential MeOH,,,
surface intermediate. —
Trimethyloxonium (TMO) can be formed from DME by )
reaction with a methoxy surface intermediate (methoxy medi-
ated, shown in Figure 5) or by reaction with methanol
(associative path, Figure 6). Table 2 summarizes the results
obtained. The transition state energies for trimethyloxonium
ion formation as well as the consecutive carboarbon bond
formation step are given. Also the overall transition state energy
AET with respect to the initial state can be found in the table.
Comparison of these values with those in Table 1 shows Figure 6. Trimethyloxonium formation via an associative mechanism
immediately that the reaction path via trimethyloxonium has to from methanol and DME followed by ethyl methyl ether formation in
be considered unfavorable compared to the direeCond the presence of water. Energies in kJ/mol.
formation path (reaction path 5, Table 1). Formation of the ) ) ) .
trimethyloxonium ion appears to be relatively easy. However, Would give ethyldimethyl oxonium. This last compound would
formation of a carboricarbon bond from this intermediate is  result in ethylene and DME formation. In trying to optimize
highly activated. The lowest reaction path corresponds to the ylide, the proton was found to return to TMO. Several
intermolecular methylation of trimethyloxonium, a reaction also  different initial geometries have been used, but in no case was
considered by Olah et 4t.(Table 2, reaction 3, Figure 7). ylide obtained. The only situation where the proton did stay
According to the mechanism proposed by Van den Bangl attached to the lattice, resulting in the ylide was the one where

Olah et al5 TMO could be involved in &C bond formation ~ the system was optimized with the MNDO (PM3) method.
by first donating one of the hydrogens to the lattice with However, this cannot be considered a reliable result. We have

formation of an ylide [dimethyloxonium methylide, (G} optimized the transition state for the methyl ethyl ether formation
O'CH,], which by (i) Stevens rearrangemémtould result in (Stevens rearrangement) directly from TMO.
methyl ethyl ether or (ii) by reaction with methanol or DKE Additionally, we have considered the formation of two DME
40)J M. Vasud Gatal Lot 1996 36, 11 molecules and water from TMO and MeOH (Table 2, reaction
ayamurty, ., Vasudevan, Gatal. Lett. X . . . . . . .
(41) Olah, G. A.; Doggweiler, H.; Felberg, J. Org. Chem1984 49, 4). The reaction path is depicted in Figure 8. The TS involved
2112. Vilak, G. A.; Surga Prush, G. K.; Ellis, R. W.; Olah, J.JAChem. is an associative type TS. The barrierid50 kJ/mol lower

Soc. Chem. Commu986 G. than that of the previous cases. The conclusion is that formation
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HOZ +
DME(g) + ;
2MeOH,, 03 /

143

N

Figure 7. Ethanol formation from trimethyloxonium and methanol.
Energies in kJ/mol.

+H,0(,

HOZ +
DME, +

2MeOH, 0.3/

Figure 8. DME formation from trimethyloxonium and methanol.
Energies in kJ/mol.

Table 3. Activation Energies for Ethylene Formation (direct
reaction paths)

AE=Ers— Eg
AE
initial state product state (kJ/mol)
1. CHSCHZOHads CHZCHZ ads+ HZOads 171
2. CHsCH2OHggs+ H2Oads CH2CHa adst 2H20ads 182

(3 Os atoms)
3. CH;O CH,CH3 + H20ags CH2CH; adst H20ags+ CH3OHags
(2 Os atoms)

134

of compounds with a €C bond from TMO is very difficult,
and decomposition of trimethyloxonium to two dimethyl ether
molecules by reaction with methanol is relatively easy. This
has also been observed experimentally.

2. Ethylene Formation. Ethylene and propene have been
reported as important intermediatésTherefore a study of the

J. Am. Chem. Soc., Vol. 119, No. 21 50297

Figure 9. Direct ethylene formation from ethanol. Energies in kJ/
mol.

coadsorbed pD. Details on reaction energies and transition
state structures for these reactions are given respectively in
Figures 9, 10, 11, and 12. In order to compare these results
with other studies in Figure 10, we have included a reaction
energy diagram for the ethoxy-mediate ethylene formation from
ethanol.

Ethoxy surface species formation from ethylene has been the
subject of earlier studie$:** Using the Hartree Fock method
(HF), a 1T atom, and a 3-21G basis set, Kazansky €tfalind
an activation barrier with respect to the gas-phase ethylene and
the zeolitic cluster of 36 kJ/mol. With the same method and
cluster, the barrier found by Evleth et‘dwas 66 kJ/mol. Using
a 1T atom cluster and a MP2/6-31G* optimized structure, Evleth
et al*® have found an activation barrier with respect to ethylene
adsorbed to the zeolitic surface of 100 kJ/mol. The heat of
adsorption in this case was calculated to be 30 kJ/mol, which
gives an activation barrier with respect to the gas-phase reactants
of 70 kJ/mol. Using the same basis set but the DFT/BLYP
method, Evleth et al. have calculated a true barrier of 59 kJ/
mol, which is close to that obtained in the present work (62
kJ/mol). This shows the tendency of DFT to underestimate
adsorption energies and activation barriers, especially for
systems involving weak van der Waals interactions.

3. Methane Formation. In experiments performed by
Kubelkovaet al!* at a low methanol concentration (0.25-0.7
molecules per zeolite acidic site), DME, methane, and formal-
dehyde are observed before aromatics formation. When the
amount of methanol is increased to two molecules per site, no
more CH, is observed, but now alkene and alkane formation
occur. In the case of very low methanol coverages, formation
of methoxy groups from a single methanol should be considered.
Figure 13 shows the energy diagram on {Jbrmation from
methanol and a surface methoxy. If the £group of the
methanol molecule approaches the methoxy group, hydride
transfer to the methoxy group generates,CiSimultaneously,
the transfer of the H of the methanol’s OH group to the zeolitic
surface will regenerate the acidic site with formation of a
formaldehyde molecule. The barrier for this process is just a

dehydration of ethanol and acid catalyzed methyl ethyl ether few kilojoules per mole higher than the methoxy mediated DME

formation is also of interest. Paths without (Table 3) and with

formation, 210 kJ/mol? In previous work” we have calculated

(Table 4) intermediate ethoxy formation have been compared. the transition state for hydride transfer and formation of a surface

The lowest reaction path is found for protolysis of the methyl

—CH,OH group from CHOH. The true barrier found was

ethyl ether bond to produce ethylene and methanol. This is amuch higher, on the order 6f275 kJ/mol (or+200 kJ/mol

reaction that proceeds via intermediate ethoxy formation.
Direct dehydration of ethanol is slightly favored over ethoxy-
mediated dehydration. The latter is significantly influenced by

with respect to the gas-phase reactants). The direct path
discussed here is clearly the preferred route tg, €iimation
from methoxy and methanol. This does not imply that in
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Table 4. Activation Energies for Ethylene Formation (via Ethoxy Intermediates)

E'=Ers— Es AE* = EMg — Epg AE"=Es—Eg

AE' AEA AET
initial state intermediate (kJ/mol) adsorption complex product (kd/mol) (kd/mol)
1. CHsCH3OHags CHsCH, " agst+ HoOads 187 CHCH;tads CH,CH; ags 123 182
(20)
2. CHCHOHagst+ HoOa0s  CH3CHatags + 2H20a4s 164 CHCH, ags+ HoOaas  CH20H; agsH20ads 125 214
(30

' Figure 12. Direct ethylene formation from ethyl methyl ether and
= +H0 irec
water. Energies in kJ/mol.
Figure 10. Ethoxy-mediated ethylene formation from ethanol. Energies
in kJ/mol.

ZOH +
2MeOH,,

Figure 11. Ethoxy-mediated ethylene formation from ethanol in the

presence of water. Energies in kJ/mol. Figure 13. Methoxy-mediated methane and formaldehyde formation.
Energies in kd/mol.

reaction. Ethylene can be easily formed from ethanol and ethyl
methyl ether involving much lower activation barriers. The
mechanism discussed here operates only for the formation of
4. Conclusions the very first C-C bonds. In consecutive steps ethylene reacts
with oxygenates or other alkenes to give higher olefins,
aromatics, alkanes, etc. The reaction chain is maintained by
the regeneration of olefirls.

Formation of trimethyloxonium, proposed to be an intermedi-
ate in initial CG-C bond formation, is possible. Nevertheless,
its further reaction to compounds having a-C bond, for
example, ethyl methyl ether or ethanol, is rather difficult,
involving activation barriers that are much too high. Decom-
%bsition toward ether involves low activation barriers. The
conclusion is that trimethyloxonium can be formed in the MTG

complex reaction mixtures CHormation can also be due to
hydride transfer from other molecules.

Guided by experimental observations of intermediates formed
in studies of the MTG process, several reaction paths foe€C
bond formation have been analyzed with DFT. For each
reaction several different reaction mechanisms were studied,
each one including adsorption complexes of reactants and
products as well as transition states. Calculation of heats of
adsorption and activation barriers allows for a comparison
between different proposed mechanisms and, as a consequenc
conclusions can be drawn on the relative importance of the
different reaction steps. We propose here that ethanol and ethyl
methyl ether are formed from surface methoxy groups, metha- (2%) gulistr%etiEMﬁtug. Surlfo. SEci. JCf:ltal_19|§|5 icl)l' 273. V.- Montero. L
nol, and/or dimethyl ether. They are the first intermediates Sie(rra)’ L_"Re_J_' Phys."Chaesr?ggée ‘iO((]a,Slsln3’68‘., avena, M.; Montero, L.;
containing a G-C bond. The activation barriers involved in (44) (a) Senchenya, I. N.; Kazansky, V. Batal. Lett.1991 8, 317. (b)
their formation are very high being the limiting step for the Kazansky V. B.Acc. Chem. Re4991, 24, 379.
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process, but it plays no important role in forming compounds  The true activation barriers for ethanol and methyl ethyl ether
containing a G-C bond. formation are rather high, of the order 800 kJ/mol (at low

For most of the reactions discussed here two different kinds surface coverage this implies an apparent activation energy of
of mechanisms are proposed: one involving an associative ~180 kJ/mol). These values are not unrealistic. For instance
interaction of the reactant molecules and another occurring viathe true activation barrier of the initial cracking reaction of
a surface methoxy species. We have observed that water isalkanes via carbonium ion type transition states was calculated
very important in stabilizing the transition states involved in to be+300 for ethan® and+240 kJ/mol for isobutant®.
alkoxy-mediated reactions where carbenium-type transition

. . g . JA963530X
states are involved. When water is allowed to assist the reaction, @K B P S — 5 " i
: : H i azansky, V. B.; Frash, M.; van Santen, R. A. Proceedings of the

the activation barriers of ethanol or ethyl methyl_ ether formation 11th International Congress of Catalys&0th Anniversary: Hightower, J.
can be lowered by 60 kJ/mol. Ethylene formation, on the other \y 'peigass, W. N., Iglesia, E., Bell, A. T., Eds.; Elsevier: Amsterdam,
hand, does not require extra stabilization provided by water. 1996; p 1233.




