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ARTICLE INFO ABSTRACT

In methanol-to-hydrocarbon chemistry, methanol and dimethyl ether (DME) can act as methylating agents.
Therefore, we focus on the different reactivity of methanol and DME towards benzene methylation in H-ZSM-5 at
operating conditions by combining first principles microkinetic modeling and experiments. Methylation reac-
tions are known to follow either a concerted reaction path or a stepwise mechanism going through a framework-
bound methoxide. By constructing a DFT based microkinetic model including the concerted and stepwise re-
actions, product formation rates can be calculated at conditions that closely mimic the experimentally applied
conditions. Trends in measured rates are relatively well reproduced by our DFT based microkinetic model. We
find that benzene methylation with DME is faster than with methanol but the difference decreases with in-
creasing temperature. At low temperatures, the concerted mechanism dominates, however at higher tempera-
tures and low pressures the mechanism shifts to the stepwise pathway. This transition occurs at lower tem-
peratures for methanol than for DME, resulting in smaller reactivity differences between methanol and DME at
high temperature. Our theory-experiment approach shows that the widely assumed rate law with zeroth and first
order in oxygenate and hydrocarbon partial pressure is not generally applicable and depends on the applied
temperature, pressure and feed composition.
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1. Introduction

In industrial chemical reactions such as the methanol-to-hydro-
carbons (MTH) or xylene production, zeolite-catalyzed methylation
reactions are crucial reaction steps [1-3]. In recent years, many theo-
retical and experimental groups studied methylation reactions of al-
kenes and aromatics by several methylating agents to gain insight into
the mechanism, kinetics and the effect of the zeolite characteristics and
operating conditions [3-14]. During the early stages of the MTH reac-
tion, a mixture of methanol (MeOH) and dimethyl ether (DME) is
formed. However, MeOH-DME equilibrium is not always established
because the rate of MeOH dehydration to DME is similar to the rates of
methylation reactions over strong Brgnsted acid sites (BAS) [15].
Hence, under MTH conditions, both MeOH and DME act as methylating
agents.

It is well-known that zeolite-catalyzed methylations can occur via
two distinct mechanisms (Fig. 1) [3]. In a concerted reaction step the
oxygenate transfers its methyl group directly to the hydrocarbon, with
the simultaneous formation of methanol or water. The stepwise me-
chanism goes through a framework-bound methoxide, formed by the
oxygenate. For both mechanisms it is assumed that the oxygenate ad-
sorbs first, as it can form strong hydrogen bonds with the BAS, and that
the hydrocarbon co-adsorbs.

Both mechanisms are assumed to occur during zeolite-catalyzed
methylation reactions and the occurrence of one or the other me-
chanism was found to critically depend on the zeolite topology and the
applied reaction conditions [10,14,16-19]. Similar conclusions were
drawn for methanol dehydration to form DME [17,20,21]. The cov-
erage of the surface by methoxides becomes increasingly important
with increasing temperature due to the entropic gain associated with
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Fig. 1. Schematical representation of the concerted and stepwise methylation mechanisms with MeOH or DME as reactant.

the intermediate release of a water molecule [10,16,17].

Even though most of the methylation kinetic studies are performed
under low conversion levels to minimize by-product formation, it re-
mains challenging to limit the occurrence of unwanted secondary re-
actions. Typical by-products formed during co-feeding of oxygenates
with aromatics are polymethyl benzenes (polyMBs), light olefins and
the recently reported diphenylmethanes (DPMs) [14]. While polyMBs
and olefins are formed by over-methylation and the MTH reaction ac-
cording to the dual cycle concept [1,2,22], DPM was found to result
from Prins-type reactions between benzene and formaldehyde. For-
maldehyde is a typical hydrogen-transfer product from metha-
nol-methanol reactions [23-25], or as recently proposed from me-
thanol-alkene reactions at Brgnsted or Lewis acid sites [13,26]. While
hydrogen transfer between methanol and isobutene and isobutene
methylation were found to exhibit similar reaction rates, DME forms a
methoxymethyl cation which is higher activated [13]. This results in
high DPM selectivities only when using methanol as methylating agent.
It should be mentioned that only few studies report on the differences
between methanol and DME as methylating agents. Although the
chemistry of hydrocarbon methylation with both agents is very similar,
there does not seem to be a straightforward trend in reactivity differ-
ences between the two. While Maihom et al. report a higher reactivity
for methanol [27], other studies conclude that DME is more reactive in
H-ZSM-5 [16,28]. Using advanced molecular dynamics simulations,
Van der Mynsbrugge et al. concluded that methoxide formation from
methanol or dimethyl ether can follow different pathways when as-
sisting molecules are present in the pores of H-ZSM-5. However,
methoxide formation from DME was found to exhibit a lower activation
energy than from methanol [19].

Recently, systematically higher rates for benzene and isobutene me-
thylation were measured when DME instead of MeOH was used as me-
thylating agent in various zeolites [12,13]. Moreover, also the MTH ac-
tivity and carbon conversion capacity were found to be higher with a
DME feed [15]. While the different deactivation behavior for MTH with a
DME and MeOH feed can be explained by different rates of formaldehyde
formation and subsequent Prins-type reactions, the higher methylation
rates with DME remain an intriguing observation. Therefore, this work
focusses on calculating benzene methylation rates at operating condi-
tions from a first principle microkinetic modeling perspective corrobo-
rated by detailed kinetic experiments on zeolite nanosheets.

It is striking that many theoretical studies in zeolite catalysis are
solely based on (free) energy diagrams, often giving limited insights
into the actual performance of the catalyst at operating conditions. In
the last years significant progress has been made by introducing the use
of advanced molecular dynamics (MD) methods such as metadynamics
for zeolite catalysis to study the effect of reaction temperature, pres-
sure, feed composition and zeolite characteristics on elementary reac-
tion steps [10,11,14,19,29,30]. While advanced MD studies led to many
unprecedented invaluable insights, they are very time consuming and —
especially when using DFT - limited to relatively short time- and length
scales. Inspired by the work of Brogaard et al. [16] we instead opt for a
microkinetic modeling approach, giving direct access to experimentally
measurable rates.
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While microkinetic models are nowadays routinely applied in metal
(oxide) surface catalysis [31-38], the use of microkinetic models is not
widely spread within computational catalysis in nanoporous materials
due to often highly complex reaction mechanisms and the high com-
putational expense [39-41]. Moreover, many steady-state microkinetic
models make use of a mean-field approximation. By eliminating all
possible attractive or repulsive interactions between adsorbates, a
uniform coverage of all active sites is assumed, irrespective of their
specific location in the catalyst. The only required information is the
types of active sites and the elementary processes that can take place at
each of them. This simplification is only justified when it can be as-
sumed that there is a perfect mixing of the reaction intermediates over
the active sites, e.g. when there is fast diffusion. It is clear that this
might be a very limiting approximation in some zeolite materials and if
the mean-field assumption breaks down, one has to resort to much more
complex kinetic Monte Carlo (kMC) schemes [35,42]. Due to the
computational expense and complexity of kMC models, applications
have to date been restricted to some seminal works in metal surface
catalysis [35,42,43]. In nanoporous materials, KkMC applications are
currently mostly limited to force-field based diffusion studies [44-48].

In most experimental and theoretical kinetic studies, it is assumed
that the oxygenate — either physisorbed on the Brgnsted acid site, ei-
ther converted into a methoxide — completely covers the surface, after
which the hydrocarbon weakly co-adsorbs. This, in turn, leads to a
representation of the rate law for this elementary reaction step as

@

— Nox nHC
r= kpﬂxygenate phydmcarbon

in which it is typically assumed that the rate is zeroth order in
oxygenate partial pressure (n,x = 0), and first order in hydrocarbon
partial pressure (nyc = 1) [4-7,9,49,50]. Given that the adsorption of
the oxygenate, which included the formation of one or more hydrogen
bonds, is usually stronger than the co-adsorption of the hydrocarbon,
which is mainly driven by long-range dispersion interactions, this is a
fair assumption. However, in this work our calculations and kinetic
measurements show that this rate expression is only valid in a limited
range of temperatures, pressures and feed compositions.

2. Materials and methods
2.1. Computational details

Periodic Density Functional Theory (DFT) calculations were per-
formed using the Vienna Ab Initio Simulation Package (VASP 5.3) with
the PBE functional [51-54]. To account for attractive London dispersion
interactions, Grimme’s D3 corrections were added [55]. During the cal-
culations, the projector augmented wave (PAW) method was used
[56,57], a plane-wave cutoff of 600 eV was adopted and the self-con-
sistent field (SCF) convergence criterion was set to 107°eV. The
Brioullin zone sampling was restricted to the I'-point. Transition states
were initially optimized with the improved dimer method and then re-
fined with a quasi-Newton algorithm as implemented in VASP. For the
optimization of stable states, a conjugate gradient algorithm was applied.
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The H-ZSM-5 catalyst was represented by an orthorhombic unit cell
consisting of 96 T atoms containing one substitutional Al defect and
charge compensating proton as Brgnsted acid site (Fig. S1). The Al
substitution is located at the T12 position, similar to earlier work (Fig.
S2) [30,58,59], which is at the intersection of the straight and zigzag
channel offering maximum available space and creating the most ac-
cessible active site. Throughout all simulations, the unit cell parameters
are kept fixed at a = 20.024, b=20.25A, ¢ = 13.494, a = 89.87",
B = 89.69°, y = 90.10°. These values were obtained after a least square
fit to the Birch Murnaghan equation of state curve to calculate the
optimal unit cell volume as described in earlier work [12]. In all si-
mulations, the location of the BAS was chosen on 020, while methox-
ides were assumed to form on 024, which is consistent with the work of
Van der Mynsbrugge et al. (see Fig. S2) [19]. Note that both oxygens
neighbor the aluminum substitution.

To calculate enthalpies and entropies, a partial Hessian vibrational
analysis based on the harmonic oscillator (HO) approximation was
performed including the guest molecules and proton of the framework
(Fig. S3). This subset of atoms was found to be sufficient to study
benzene methylation in H-ZSM-5. We repeated the free energy calcu-
lations for the concerted reaction while including at 8T cluster of the
framework (Fig. S3) and free energies varied less than 5kJ/mol (see
Table S1). As the potential energy surface (PES) is relatively flat, it can
be hard to remove all imaginary frequencies as was also pointed out by
De Moor et al. [60]. When such superfluous imaginary frequency still
appeared after several geometry optimizations with slightly perturbed
geometries, this frequency was substituted with an arbitrary value of
50 cm ™! as was suggested by De Moor et al. and applied in earlier work
[12,13]. The HO approach is known to typically overestimate the en-
tropy losses for adsorbed guest molecules in zeolites and therefore
predicts less stable adsorption [61,62]. An important limitation of the
HO approximation is that it neglects the often anharmonic character of
certain normal modes and nowadays schemes exist to account for this
effect. Anharmonic entropies can then be calculated by solving one-
dimensional Schrodinger equations for each individual mode as pro-
posed by Piccini et al. [61,63-65] or by calculating a vibrational den-
sity of states (VDOS) from molecular dynamics simulations and ap-
plying a quasi-harmonic oscillator (QHO) approach.[66] The
computational expense of such approaches is much higher than for
calculating harmonic vibrational entropies and thorough benchmarking
is needed to fully understand the impact of anharmonicity on adsorp-
tion, desorption and reactions in zeolites. Therefore, such advanced
entropy sampling schemes are not yet widely applied and readily
available in popular codes.

The microkinetic model of benzene methylation was evaluated
using CatMAP [31] (Version 0.2.270 combines with ASE Version
3.15.0) to obtain a steady-state solution of a set of coupled rate equa-
tions corresponding to a series of elementary reaction steps. The model
includes adsorption of the oxygenate (MeOH or DME) at the BAS, co-
adsorption of benzene, a concerted methyl transfer with water or me-
thanol formation and desorption, methoxide formation with water or
methanol formation and desorption followed by benzene co-adsorption,
a methyl transfer reaction and finally toluene desorption as listed
below.

CH;OR(g) + H* <> CH;OR.H* @)
CH3OR.H* + CgHg(g) <> CsHe.CH;OR.H* 3)
CeHe.CH30R.H* <> [CeHg — CH3OR.H*]* <> C,Hg.H* + ROH(g) (4)
CH5OR.H* <> [CH; - OR.H*]* <> CH3* + ROH(g) (5)
CHs* + CgHe(g) <> CsHe.CH3* (6)
CeHe.CH3* <> [CeHg — CH3*1* <> G,Hg. H* 7)
CyHg.H* < C;Hg(g) + H* (€)]
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H* represents the zeolite containing a BAS, X.H* denotes that mo-
lecule X is directly interacting with the BAS and R is either H (me-
thanol) or CH; (DME). The resulting set of rate equations and differ-
ential equations are listed in the Supporting Information. Note that
methanol dehydration to DME is not included in the model as experi-
ments to which we compare our model were performed at very low
conversions and high space velocities, not allowing the establishment of
the MeOH-DME equilibrium. Additionally, adsorption of benzene on
the BAS could be included in the model, however, due to the lower
adsorption enthalpy of benzene compared to the oxygenates, the cov-
erage of benzene on the BAS is negligible (Fig. S4) and this step is not
accounted for in our final results. To avoid the model solution dete-
riorating to zero proton coverage an arbitrary proton source was added
in the model, similarly as done by Brogaard et al. [16] and more details
can be found in Section 3 of the Supporting Information.

Based on a list of electronic energies and frequencies, CatMAP
computes free energies for all intermediates and transition states, from
which rate coefficients and equilibrium constants for reaction steps and
adsorption/desorption steps are calculated based on the harmonic
transition state theory. Expressions (2-8) result in a set of coupled
differential equations (see Supporting Information), from which the
coverages of all species at steady-state conditions can be determined.
Hereby, conservation of active sites is assumed. Unless stated other-
wise, the concentrations of the oxygenate (methanol or DME), benzene,
water (or methanol) and toluene were fixed at values of 5.92 102, 5.92
1072, 10 and 10~ ° respectively. These values were chosen such that
the partial pressures, defined as the concentration times the total
pressure, of the oxygenate and benzene at atmospheric pressure
(1013.25 mbar) are 60 mbar each. This mimics the experimentally ap-
plied feed composition and very low conversion levels of both reactants
at experimental conditions (vide infra). Experimentally, the feed con-
sists of the reactants and a carrier gas (He) such that the total pressure is
around atmospheric pressure. Our model does not account for the
presence of the inert carrier gas. The microkinetic model was solved for
temperatures in the range of 473.15 — 673.15K and for pressures
ranging from 10~ to 10! bar, forming a bracket around the experi-
mental conditions (vide infra).

Eq. (1) represents the general rate law for toluene production. Re-
action orders npy and npyz for the toluene production rate with respect
to the partial pressures of DME and benzene were calculated according
to Egs. (8)-(9).

_ d IOg(rtoluene)
NpmE Y

S d log(Ppys) (€)]
_ d IOg(rtoluene)
Nz = ——
d log(psy) ©)

Degree of rate control as proposed by Campbell and co-workers [67]
was applied to identify the reaction step that controls the rate according
to Eq. (10).

X, = d In(r)

= T(<G/RD) (10)

With X ; the rate control matrix, r; the production rate of product i,
G; the free energy of species j (which is either a stable intermediate or
transition state), R the universal gas constant and T the temperature.

2.2. Materials used

A H-ZSM-5 sample with nanosheet morphology has been employed
in this work to eliminate diffusion limitations and the occurrence of
secondary reactions. The sample was prepared following the protocol
described by Ryoo and co-workers [68]. The sample has been char-
acterized and fully described in previous works [12,13]. The experi-
mental Si/Al ratio is 55 corresponding to an average of maximum 2 acid
sites per unit cell. The H/AI ratio in the ZSM-5 nanosheets is 0.91
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Fig. 2. Free energy diagrams (kJ/mol) at 350 °C for the concerted (a) and stepwise (b) methylation of benzene my methanol (blue) and dimethyl ether (black). H* stands for the zeolite
surface containing a Brgnsted acid site, MeOR stands for methanol (R=H) or dimethyl ether (R=CH3), BZ stand for benzene and TOL for toluene. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)

indicating that most of the Al is incorporated in the framework with the
creation of bridging OH groups as Brgnsted acid sites. The theoretical
zeolite unit cell has 1 Al and 95 Si atoms and thus 1 BAS (vide supra).
Given that the MFI unit cell of ZSM-5 is relatively large, it is a fair
assumption that a ratio of 55 corresponds to isolated Brgnsted acid site,
suggesting that theory and experiment describe similar materials. Fur-
ther acidic and textural properties are presented in Table S2.

2.3. Catalytic testing

MeOH (VWR, 99.8%), DME (AGA, 25 mol% DME/argon 6.0) and
benzene (Sigma-Aldrich Chroma Solv, 99.9%) were used as reactants.
Liquid reactants were fed by flowing a He stream through a flask of
boiling reactant. The saturated helium stream was then passed upwards
through a water-cooled Vigreux condenser kept at constant temperature
(30°C for MeOH and 35 °C for benzene). The desired reactant partial
pressure was obtained by adjusting the total flow of the reactants and a
third gas line with pure He.

All catalytic tests were carried out in a fixed bed quartz reactor
(inner diameter 8 mm) at atmospheric pressure. Catalyst powder and
inert quartz were pressed and sieved to 250-420 pum. Temperatures
were monitored using a thermocouple covered by a 3 mm wide quartz
sleeve placed above the catalyst bed. The samples were activated by
heating in 20% O,/He to 550 °C with a 5 °C/min ramp, and temperature
was kept at 550 °C in 100% O, for 1 h. Then, the reactor was cooled to
reaction temperature at 5 °C/min in He flow. Catalytic tests used 5 mg
of H-ZSM-5 catalyst diluted with 40 mg quartz. Benzene was co-reacted
with either MeOH or DME with partial pressures ranging from 10 mbar
to 80mbar at 250-350°C and a total flow equal to 100 mL/min.
Benzene conversion was below 14% in all cases. We systematically
checked that benzene conversion fits with the methanol fraction in the
effluent after every methylation event by DME. Therefore, we are as-
sured that DME acts as a single methylating agent under the experi-
mental conditions tested.

The reaction effluent was analyzed after 10 min of reaction by on-
line GC/MS instrument (Agilent 7890 with flame ionization detector
and 5975C MS detector) using two Restek Rtx-DHA-150 columns.

3. Results and discussion

The aim of our microkinetic model is to calculate toluene produc-
tion rates from benzene methylation by MeOH or DME over H-ZSM-5 at
operating conditions. To calculate the rate and equilibrium constants of
all elementary steps listed in the computational section, a set of raw
DFT data consisting of electronic energies and frequencies is converted
into relevant thermodynamic quantities. Free energies are the backbone
of the microkinetic model and free energy diagrams at 350 °C for con-
certed and stepwise benzene methylation by MeOH or DME over H-
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ZSM-5 are presented in Fig. 2. The reference state is chosen as the
zeolite surface containing Bregnsted acid sites (H*) and the oxygenate
and benzene in gas phase.

For the concerted methylation, a difference in the overall free en-
ergy barrier at 350 °C between methanol and DME as methylating agent
of ca. 18 kJ/mol is found, with DME exhibiting the lowest barrier. This
suggests that methylation rates with DME are significantly faster than
with MeOH due to a different co-adsorption strength of benzene with
the oxygenates at the BAS and differences in the intrinsic barriers.
Brogaard et al. made similar observations for alkene methylations in H-
ZSM-22, attributing the higher reactivity of DME to a better stabiliza-
tion of the concerted methylation transition states due to additional
electrostatic stabilization by the additional methyl group [16]. It can be
expected that similar effects are at play here. Note that our static cal-
culations start from favorable pre-reactive complexes in which the
methyl group of methanol or DME points towards benzene. Hence, we
do not account for the different probabilities for methanol and DME for
adopting such favorable orientations as observed with ab initio mole-
cular dynamics simulations [12].

While methoxide formation from both oxygenates exhibits similar
free energy barriers as the concerted reaction, the overall free energy
barrier for stepwise methylation is slightly higher than for the con-
certed reaction. At 350 °C the difference in overall free energy barrier
between both mechanisms is lower for methanol than for DME, sug-
gesting that at 350 °C stepwise methylation is more important with a
methanol feed than with a DME feed. Methoxide formation at 350 °C
from both oxygenates exhibits nearly equal barriers, which is in line
with earlier reported static DFT calculations [19,20]. A full list of free
energies is included in the Supporting Information (Table S3 and Table
S4).

Solving the mean-field microkinetic model results in toluene pro-
duction rates as displayed in Fig. 3. For low temperatures, the toluene
production rate is significantly higher for DME than for MeOH, however
the difference becomes smaller with increasing temperature and de-
creasing total pressure.

By co-feeding the oxygenates with benzene (60:60 mbar) over H-
ZSM-5 nanosheets, the net product formation rates could be measured
at various temperatures as shown in Fig. 4. The primary and most
abundant product is toluene; however, also side-products are formed
including polymethylated benzenes (PMBs) due to over-methylation,
diphenyl methane (DPM) due to hydrogen transfer reactions and Prins-
type reactions between formaldehyde and benzene as discussed else-
where [12], and aliphatics due to initiation of the hydrocarbon pool for
MTH chemistry. As discussed in earlier work, DME is much more se-
lective towards methylation than MeOH due to less competition with
hydrogen transfer reactions [12,13].

Toluene formation rates with DME are significantly higher than
with MeOH and the difference becomes smaller with increasing
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and DME (b).

temperature. This is in good agreement with the calculated toluene
production rates shown in Fig. 3.

Table 1 summarizes the calculated and measured toluene produc-
tion rates at 250, 300 and 350 °C. The model is also able to reproduce
the relative rates for DME versus MeOH fairly well. Especially for low
temperatures (250 and 300 °C), the agreement between the theoretical
and experimental DME/MeOH ratio in terms of toluene production rate
is very good. At 350 °C, the DFT based microkinetic model predicts a
slightly higher rate for methylation by MeOH than by DME, which is
not observed in the experiments. As the stepwise mechanism sig-
nificantly contributes to the rate at high temperature (vide infra), this
might indicate that the DFT data of methoxide formation from MeOH
and DME are slightly less accurate than for the other reactions. It should
be noted that Van der Mynsbrugge et al. reported based on ab initio
metadynamics that the free energy barrier at 350 °C for methoxide
formation from DME is 17 kJ/mol lower than for MeOH when no as-
sisting molecules are at play [19]. In the same work, static calculations
on finite cluster models resulted in similar barriers for the reaction with
DME or MeOH. Our current periodic DFT results are in agreement with
those static results from Van der Mynsbrugge et al.

For a DME feed, accurate activation energies and apparent enthalpy
barriers could be calculated from experimental Arrhenius plots. These
values are in very good agreement with the calculated values (Fig. S5
and Table S5). Given that our model does not include any secondary

Table 1

Calculated (DFT) and measured (Exp.) toluene production rates for benzene methylation
with MeOH or DME over H-ZSM-5 at 250, 300 and 350 °C with a 60:60 mbar oxygena-
te:benzene feed composition.

Production rate [mol TOL/molH*h] MeOH DME DME/MeOH
DFT Exp. DFT Exp. DFT Exp.
250°C 3 10 31 69 10.3 6.9
300°C 66 77 167 268 25 3.5
350°C 653 315 565 714 09 2.3

reaction steps, relies on DFT calculations at a relatively inexpensive
PBE-D3 level of theory and makes use of the harmonic transition state
theory, the relatively good agreement between theory and experiment
suggests that our methodology is capable of capturing the most im-
portant trends observed during the experimental measurements. DFT
data based on more advanced functionals or including anharmonic
partition functions (cfr. Computational details), would increase the
accuracy of the model but this is beyond the scope of the current study.

To determine the operating conditions for which the concerted or
stepwise mechanism is dominating in our microkinetic model, we apply
the concept of degree of rate control. This concept provides a rigorous
way to identify the rate determining transition states and intermediates.

20 [250°c] 400 [300°c] 1200 [350°c]
80 1 | / I Toluene
7 / 3504 [ PolymBs
y 10003 / CJopms
70+ 300 - / | Aliphatics
® 4
S __ 604 800 +
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Fig. 4. Net product formation rate during benzene co-reaction with methanol or DME (60:60 mbar) over H-ZSM-5 at 250, 300 and 350 °C. Total flow = 100 mL/min. Benzene con-

version < 9%.
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Fig. 5. Degree of rate control (RC) for toluene formation by the transition state of the concerted (a,b) and first step of the stepwise (c,d) mechanism for benzene methylation with MeOH

(a,c) and DME (b,d) over H-ZSM-5.

While the adsorption of the oxygenates and benzene definitely impact
the methylation rate, we focus on the degree of rate control with respect
to the free energies of the transition state of the concerted methylation
and the transition state for methoxide formation (Fig. 5). All other
transition states or stable states were found to have less impact on the
rate. From Fig. 5 it can be concluded that an expected shift from the
concerted to the stepwise mechanism takes place with increasing tem-
perature and decreasing pressure due to the entropic gain related to the
intermediate release of a water or methanol molecule upon methoxide
formation. The transition occurs at higher pressures and lower tem-
peratures for methanol than for DME. This transition of methylation
mechanism has been reported before based on DFT microkinetic
models, advanced molecular dynamics and experiments for alkene
methylation and methanol dehydration reactions [16,17]. Note that
this analysis also shows that methoxide formation is the rate de-
termining step for the stepwise mechanism as the degree of rate control
of the transition state of the second step was close to zero. Our ex-
periments were performed at temperatures ranging from 250 °C to
350 °C and at ambient pressure, hence the measured product formation
rates from DME mostly correspond to the concerted reaction, while the
stepwise mechanism already has a significant contribution with a
MeOH feed at these conditions.

Next to the intrinsically lower free energy barrier for the concerted
reaction with DME (see Fig. 2), the slightly different transition point for
the methylation mechanism explains why the differences in reactivity
of MeOH and DME become smaller with increasing temperature as the
stepwise mechanism provides an acceleration of the methylation rates.
Our findings thus suggest that methylation rates at higher temperatures
become less dependent of the substrate. It should also be noted that
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typical MTH temperatures are 350 °C or higher, meaning that under
MTH conditions stepwise methylations might be important.

As we observe a shift in the dominant methylation mechanism with
varying operating conditions, it is highly questionable whether the
traditionally assumed rate law with zeroth order in the oxygenate
partial pressure and first order in the hydrocarbon partial pressure is
always valid. Therefore, we calculated reaction orders for DME and
benzene from our microkinetic model. The results shown in Fig. 6(a,b)
suggest that at ambient pressure and when using a 60:60 mbar DME:-
benzene feed, zeroth order in DME and (nearly) first order in benzene is
only achieved for a narrow temperature range (roughly between 525
and 575 K). At higher temperatures, the coverage of DME decreases and
due to the contribution of the competing stepwise mechanism, partial
reaction orders are expected. This effect is even more pronounced for a
MeOH feed resulting in low benzene reaction orders as shown in Fig.
S6.

The occurrence of partial reaction orders was confirmed by DME-
benzene co-feeding experiments in which either the DME or benzene
partial pressure was varied (Fig. 7). According to equation (1), when
plotting the logarithm of the rate of benzene conversion versus the
logarithm of the partial pressure of each reactant, the respective reac-
tion orders can be determined. It is noted that secondary reactions are
difficult to be avoided under experimental conditions despite of the
differential conditions achieved (benzene conversion < 14%). The use
of rate of benzene conversion instead of net toluene production aims to
account for the most abundant by-products, xylenes, which have been
formed via sequential benzene methylation. From the slopes in Fig. 7 it
can be concluded that there is no zeroth order in DME and no first order
in benzene. For DME, the slope decreases with increasing DME partial
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flow = 100 mL/min. Benzene conversion < 14%.

pressure, suggesting that for a feed with higher DME than benzene
partial pressures, the reaction order of DME is closer to the traditional
zeroth order.

The reaction orders calculated from the microkinetic model and
obtained from the experiments are summarized in Table 2. The DFT and
experimental data both show partial reaction orders for DME and
benzene, but no full quantitative agreement is obtained. It should be
noted that there are significant error bars on both theoretical and ex-
perimental values. While reaction orders calculated according to
equations (8) and (9) only account for infinitesimal variations of the
60:60 mbar DME:benzene feed composition, the experimental values
are derived from co-feeding experiments with feed compositions
varying between 10-80:60 mbar DME:benzene for npyg and
60:20-80 mbar DME:benzene for ng;. Next to deviations due to in-
herent errors on DFT based results, the theoretical reaction orders are
also highly sensitive to the exact feed composition as shown in Table
S6.

Table 2

Calculated (DFT) and measured (Exp.) reaction orders for DME (npyg) and benzene (ngz)
partial pressure for benzene methylation with DME over H-ZSM-5 at 250 °C and 350 °C. In
the microkinetic model a 60:60 mbar DME:benzene or a 680:10 mbar DME:benzene feed
was used. Experimentally the feed composition was varied between 10-80:60 mbar
DME:benzene for npye and 60:20-80 mbar DME:benzene for ng.

Reaction order DFT (60:60) Exp. DFT (680:10)
NpmE Npz NpmE Npz NpmE Npz
250°C 0.01 0.71 0.34 0.5 0.00 0.88
300°C 0.10 0.81 0.27 0.59 0.01 0.67
350°C 0.42 0.58 0.35 0.67 0.04 0.61
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The results in Figs. 6 and 7 and Table 2 clearly suggest that caution
is warranted when assuming the traditional rate law for methylation
reactions as its validity depends on the applied operating conditions.
Previous studies on kinetics of methylation reactions in H-ZSM-5 often
report a very clear zeroth order for the oxygenate and first order for the
hydrocarbon [3,4,9,16,69,70]. In all these studies, the oxygenate par-
tial pressure was always significantly higher than the hydrocarbon
partial pressure. Inspired by these observations, we solved the micro-
kinetic model with concentrations of 0.6711 and 0.00987 for DME and
benzene respectively, corresponding to a 680:10 mbar feed at ambient
pressure as applied in the work of Bhan and co-workers [4]. The re-
action orders for DME and benzene are shown in Fig. 6(c,d) and clearly
show a different behavior compared to a 60:60 mbar DME:benzene feed
composition. Especially at low temperature, we observe a zeroth order
for DME and a benzene reaction order that is closer to 1 compared to
the 60:60 mbar DME:benzene feed. For methanol, a similar effect is
observed when using a 680:10 mbar methanol-benzene feed (Fig. S6).
These results demonstrate that next to temperature and pressure also
feed composition is a crucial parameter for kinetic studies that needs to
be carefully incorporated in microkinetic models by properly choosing
the relative pressures of all gas phase molecules.

4. Conclusions

Herein we show that a DFT based microkinetic model of benzene
methylation by methanol and dimethyl ether in H-ZSM-5 is capable of
predicting trends in toluene formation rates in relatively good agree-
ment with experimental data. We find that toluene production rates
from DME are approximately an order of magnitude higher than from
MeOH due to subtle differences in coverage of reactants and a better
stabilization of the cationic transition state for the concerted reaction
step with DME. The differences in reactivity between DME and MeOH
decrease with increasing temperature due to contributions of the
stepwise mechanism at higher temperatures. With increasing tem-
perature and decreasing pressure a shift from the concerted to stepwise
methylation mechanism is observed and this transition occurs at lower
temperatures for MeOH.

Our microkinetic model shows that the traditional rate law for
zeolite-catalyzed methylation reactions assuming a zeroth order in the
oxygenate partial pressure and first order in the hydrocarbon partial
pressure is not universally valid. We find that the applied temperature
and pressure have a major influence as the dominant methylation me-
chanism depends on the operating conditions. Consequently, partial
reaction orders are observed for both reactants for a broad range of
operating conditions. Only when using a feed with high oxygenate
partial pressure compared to benzene partial pressure we find the tra-
ditional rate law in a broader range of temperatures and pressures.

While it is common practice in zeolite catalysis to limit kinetic
studies to a detailed analysis of free energy diagrams, this study — in line
with earlier literature reports in this field — underlines the importance
of accounting for operating conditions in DFT based microkinetic
models. Due to the good agreement with experimental data, this work
paves the way to more complex microkinetic studies of mechanisms
that are representative for MTH chemistry based on a similar metho-
dology.
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