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ABSTRACT: The induction period of propylene formation from methanol is compared to that of dimethyl ether (DME) over
ZSM-5 catalysts of different compositions using a combination of temperature-programmed surface reaction experiments and
microkinetic modeling. Transient reactor performance is simulated by solving coupled 1D nonlinear partial differential equations
accounting for elementary steps based on the methoxy methyl mechanism and axial dispersion and convection in the reactor. Three
binding site ensembles and three active site ensembles are observed. These sites constitute up to 3% (binding sites ∼70%, active sites
∼30%) of the total acid sites during methanol conversion and up to 1% (binding sites ∼30%, active sites ∼70%) of the total acid
sites during DME conversion. Over the binding sites, during the induction period of methanol, and DME conversion, the acid site
density is the key descriptor. Over the active sites, acid site density is the key descriptor with higher site densities correlating with
lower barriers of propylene formation during the induction period of methanol conversion. The barrier to DME desorption is the key
descriptor, with lower desorption barriers correlating with lower barriers of propylene formation during the induction period of
DME conversion. Barriers to propylene formation are lower during the induction period of methanol conversion (up to 141 kJ
mol−1) compared to that of DME conversion (up to 200 kJ mol−1) over ZSM-5 catalysts.

■ INTRODUCTION
The conversion of methanol to hydrocarbons (MTHs) over
zeolite catalysts was first reported in 1977,1 and in the late 1990s,
methanol-to-olefin (MTO) conversion was used for on-purpose
generation of propylene (MTP) using natural gas, coal, or
biomass as feedstock. These alternative feedstocks are first
converted to synthesis gas, which is later liquefied to methanol
and subsequently transformed into propylene.2 As the demand
for propylene is expected to increase faster than its production,
on-purpose propylene processes such as MTP are required to
close the propylene gap.3 At low pressures and high temper-
atures, the product distribution during methanol conversion
over ZSM-5 catalysts can be tuned toward light olefins4,5 due to
its cracking chemistry.

Before steady state is reached, the early stages of the
conversion of methanol to olefins consist of an induction period
and a transition regime.6 During the induction period, starting
molecules diffuse and adsorb into the pores of the ZSM-5
catalyst. Thereafter, the first carbon−carbon (C−C) bond and
primary olefins form, which subsequently desorb and diffuse out

of the ZSM-5 pores. During the transition regime, the onset of
the propagation of the dual cycle7 begins. The primary olefins,
i.e., ethylene and propylene, which are formed during the
induction period, initiate the olefin cycle by surface methylation
with methanol and/or dimethyl ether onto higher homologues
(C6

=). These higher olefin homologues undergo hydrogen
transfer and cyclization to lower aromatics, which initiate the
aromatic cycle by surface methylation with methanol and
dimethyl ether onto higher aromatics. These higher aromatics
subsequently dealkylate to lower aromatics and olefins. Ethylene
and aromatics are mechanistically separated from propylene and
higher olefins.7 The dual cycle, consisting of the olefin and
aromatic cycle, is fully functional at steady state over ZSM-5
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catalysts.8 In effect, the early stages of MTO conversion can be
grouped into the induction period where the first C−C bond
and primary olefins are formed; the transition regime, where the
primary olefins initiate the dual cycle; and the steady state, where
the dual cycle is fully functional. During this chemical process,
the active sites are transformed through proton mobility9 and
clustering10,11 of adsorbed molecules.

The formation of the first C−C bond and primary olefin(s)
frommethanol during the induction period has been debated for
over 45 years. This has led to about 20 distinct mechanisms, with
increasing evidence for the direct mechanisms. The direct
mechanisms for the formation of the first C−C bond include the
carbene mechanism,12−14 multiple analogues of the oxonium,15

methane-formaldehyde mechanisms,16,17 methyleneoxy mech-
anism,18 surface methoxy groups,14,19−21 methoxy methyl
mechanism,22,23 and the carbon dioxide mechanism, which
leads to the formation of methyl acetate and acetic acid.24−28

The methoxy methyl mechanism allows for the formation of
dimethoxyethane as the first C−C bond during propylene
formation.22,23

As the first C−C bond is formed, active sites are transformed
during the induction period. Active sites are transformed into
organic reaction centers,29 supramolecular active centers,30 and
hydronium ions (in the presence of water)31 as steady state is
reached. Clustering of adsorbed molecules10,11,32,33 and proton
mobility9,34 occurs. The transformation of active sites and the
formation of the first C−C bond during the induction period of
methanol conversion can be studied using a combination of
temperature-programmed surface reaction (TPSR) and micro-
kinetic modeling studies. Here, the catalyst is subjected to a
temperature ramp during the induction period, and fitting a
mechanistic model allows the extraction of kinetic parameters
and scaling relationships that are relevant to catalyst design.
These relationships are necessary to develop a framework where
several parameters governing the structure, morphology,
composition (Si/Al ratio), and the presence of various ions
can be used to fine-tune the number, nature, strength, and
distribution of acid sites.35−38

This integrated temperature-programmed surface reaction
approach complements our previous studies through a
reductionist approach that aim to decouple the adsorption,
desorption, activity, and diffusion through an individual
combination of temperature-programmed desorption,32 com-
petitive adsorption,39 temperature-programmed surface reac-
tion,40,41 step response,6,42 and quasi-elastic neutron scatter-
ing43,44 studies to probe the formation of primary olefins from
methanol over fresh and working ZSM-5 catalysts. The novelty
in this work is that we present new data on the temperature-
programmed surface reaction of methanol over fresh and
working ZSM-5 catalysts of Si/Al ratios of 25, 36, and 135 and
additional experimental data on the temperature-programmed
surface reaction of dimethyl ether over fresh andworking ZSM-5
catalysts of a Si/Al ratio of 25. In both cases, we present and use a
microkinetic model based on the methoxy methyl pathway to
extract descriptors for the formation of propylene during the
induction period of methanol and dimethyl ether conversion
over ZSM-5 catalysts of varying compositions.

We observe that the acid site density and activation energy of
DME desorption are key descriptors during the induction period
of propylene formation. The acid site density is the key
descriptor over the binding and active sites of ZSM-5 catalysts
during the induction period of methanol conversion. Higher site
densities correlate with lower barriers to propylene formation.

While the acid site density is the key descriptor over the binding
sites of ZSM-5 catalysts, the activation energy of desorption of
dimethyl ether is the key descriptor over the active sites during
the induction period of dimethyl ether conversion. Low
activation energies of dimethyl ether desorption correlate with
lower barriers of propylene formation during the induction
period of propylene formation from dimethyl ether. Tuning the
site properties, through the site density, is invaluable for
improving the formation of propylene from methanol in the
induction period. Tuning the surface characteristics, via the
binding energies, is necessary to increasing propylene formation
from dimethyl ether in the induction period.

■ EXPERIMENTAL SECTION
Materials. The ammonium form of zeolites of different

compositions (Si/Al ratio = 25, 36, 135) was pressed, crushed,
and sieved to obtain particle sizes in the range of 250−500 μm.
Ten milligrams of these zeolites, herein referred to as ZSM-5
(25), (36), and (135) were used. ZSM-5 (25) was purchased
from Zeolyst International, while ZSM-5 (36) and ZSM-5 (135)
catalysts were obtained from BP Chemicals. Anhydrous DME
(99.999%) and argon (99.999%) were obtained from CK
Special Gases Ltd. Ultrahigh purity water-free methanol
(99.8%) was purchased from Sigma-Aldrich.
Temporal Analysis of Product (TAP) Reactor. The

temperature-programmed surface reaction (TPSR) experiments
were conducted in a temporal analysis of product (TAP) reactor.
The zeolites were decomposed under vacuum conditions in the
TAP reactor. A mixture of 5 vol %DME (balance argon) or 5 vol
% methanol (balance argon) was fed into the TAP system using
continuous feeding valves. The TAP reactor45 in its standard
configuration consists of three chambers in series: (a) the
reactor chamber, (b) the differential chamber, and (c) the
detector chamber. A short active catalyst bed of 2 mm packed
bed in an overall bed length of 25 mm was housed in an inert
quartz tube, which was placed in a metallic body to provide
further mechanical stability.46 The pressure at the inlet of the
reactor chamber is ca. 1000 Pa under continuous flow. The
pressure is 10−5 Pa at the exit of the reactor chamber. The
pressure is 10−6 Pa at the end of the differential chamber, and the
pressure in the detector chamber, where the quadrupole mass
spectrometer (QMS) is housed, is 10−7 Pa.
Characterization. The characterization of the catalyst

samples has been reported before.6,32 The morphological
features of the fresh zeolite samples were characterized by
using a Carl Zeiss sigma series field emission scanning electron
microscope. The fresh samples were studied by X-ray diffraction
(XRD) with a Bruker D5005 diffractometer using Cu Kα
radiation equipped with the standard Bragg−Brentano geom-
etry and a diffracted beam graphite monochromator. Nitrogen
physisorption studies were carried out on a Micromeritics 2020
unit. The samples were degassed by heating to 673 K under a
vacuum (10−6 mbar) for 12 h. After degassing, the weight of the
dried sample was determined and the sample was subsequently
cooled to 77 K, and liquid nitrogen was adsorbed at increasing
partial pressures.

The ZSM-5 (25) catalyst has a crystallite size of 0.10 ± 0.02
μm, an apparent BET surface area of 413m2 g−1, 428 μmol g−1 of
Brønsted acid sites (BAS), 35 μmol g−1 of Lewis acid sites
(LAS), and a BAS/LAS ratio of 12.2. The ZSM-5 (36) catalyst
has a crystallite size of 0.33 ± 0.05 μm, an apparent BET surface
area of 410 m2 g−1, 117 μmol g−1 of Brønsted acid sites (BAS),
80 μmol g−1 of Lewis acid sites (LAS), and a BAS/LAS ratio of
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1.5. The ZSM-5 (135) catalyst has a crystallite size of 0.78 ±
0.07 μm, an apparent BET surface area of 358 m2 g−1, 78 μmol
g−1 of BAS, 30 μmol g−1 of LAS, and a BAS/LAS ratio of 2.6.6,32

Temperature-Programmed Surface Reaction (TPSR)
Studies. Before starting each experiment, the ammonium form
of the zeolite catalyst was decomposed at 15 Kmin−1 from room
temperature to 723 K and held for 30 min before cooling at 25 K
min−1 to room temperature under vacuum conditions. There-
after, a baseline argon flow was established over fresh and
working ZSM-5 (25), ZSM-5 (36), and ZSM-5 (135) catalysts.
The temperature-programmed surface reaction experiment was
carried out by saturating the catalyst with 5 vol % of methanol
(balance argon) or 5 vol % of dimethyl ether (balance argon) at
10−8 mol s−1 and then subjecting the catalyst immediately to a
linear temperature ramp of 15 K min−1 up until 723 K. A sample
temperature-programmed surface reaction profile is given in our
previous work41 as well as in Section S1 of the Supporting
Information.

ZSM-5 catalysts, received from the manufacturer, decom-
posed without further modifications and subjected to advanced
kinetic characterization using the TAP reactor are denoted in
this work as fresh catalysts. In order to obtain working ZSM-5
catalysts, the ammonium form of the fresh ZSM-5 catalysts with
Si/Al ratios of 25, 36, and 135 was calcined with 30%O2/N2 in a
fixed bed reactor of 4 mm I.D and 6 mmO.D at 10 Kmin−1 until
723 K and held there for 30 min before subsequently cooling at
25 K min−1 under nitrogen gas to 673 K, where they were
subjected to 1.3 vol % of methanol at a flow rate of 10 mLmin−1.
Gaseous products were monitored using an online GC-FID
instrument equipped with an Equity-1 capillary column.
Samples were withdrawn after 2 h of time-on-stream from the
fixed bed reactor. The working catalysts were used as received
from the atmospheric fixed bed reactor and subjected, without
further modification, to decomposition and further kinetic tests
in the TAP reactor.

During the TPSR experiments, the effluent was monitored
using the QMS housed in the detector chamber of the TAP
reactor. The response of the QMS was calibrated by passing
continuous streams of various gases (methanol, dimethyl ether,
water, ethylene, and propylene) in argon over an inert quartz bed
with a particle diameter between 355 and 500 μm. The inert
quartz bed had a bed length similar to the active catalyst bed
length used in the standard TPSR experiments. The sensitivity
coefficients were obtained from the calibration data and used to
obtain molar flow rates of the respective constituents. Argon was
monitored at m/e = 40, CH3OH at m/e = 31, CH3OCH3 at m/e
= 45, H2O atm/e = 18, C2H4 atm/e = 27, and C3H6 atm/e = 41.
Previous methanol and DME step response work on ZSM-5

catalysts in our laboratory showed that ethylene and butene
selectivities were negligible at 573 K under vacuum conditions.
Subsequent deconvolution allowed for the subtraction of minor
fragments of other species from the main species. The
quantification procedure is detailed in Section S2 of the
Supporting Information. The low base pressure, which is 10−7

Pa in the detector chamber, allows for the high detection
sensitivity necessary for quantitative analysis. We observe no
deactivation with time on stream over the ZSM-5 catalysts using
similar molar flow rates and temperatures over our experimental
time scale.6

■ COMPUTATIONAL METHODOLOGY
Microkinetic Modeling. A nonideal plug flow reactor

model was used to simulate the temperature-programmed
surface reaction experiments. This model accounts for
adsorption, desorption, and surface reactions at the catalyst
particle surface and dispersion and convection in the reactor.
The nonideal plug flow reactor model was constructed using an
in-house MATLAB code called MTOTAPCAT.41

As previously described in,41 although the temperature-
programmed surface reaction at low pressures and high
velocities is unlikely to be affected by dispersion, a second
reactor dimension is required to account for the penetration of
the zeolite pore system in the radial dimension. However, in an
initial stage of code development, explicitly accounting for a 2D
geometry profile in a transient kinetic problem involving many
gaseous and surface species proved to be computationally
expensive. A workaround strategy using an axial dispersion term
only was considered. A particle-resolved transient kinetic study
is outside the scope of this study.

TheMTOTAPCAT code allows for the estimation of the pre-
exponential factors and activation energies of desorption,
reaction, and formation of primary olefins from methanol and
dimethyl ether over fresh and working ZSM-5 catalysts. In the
MTOTAPCAT code, desorption rate parameters are fitted and
adsorption rates are calculated. Here, adsorption, desorption,
and surface reaction rates can be extracted directly from the
kinetic parameters.

A kinetic scheme based on a methoxy methyl pathway22,23

involving the methoxy methyl cation, dimethoxyethane, and
methyl propenyl ether was used to describe the formation of
primary olefins (Scheme 1). Previously, we showed that this
pathway gives the closest agreement (in comparison to
methane-formaldehyde, carbon monoxide, carbene routes)
with transient kinetic data during the induction period of a
step response cycle.40−42 This methoxy methyl pathway only
accounts for the formation of the first C−C bond in the

Scheme 1. Pathway for the Formation of the First C−C Bond and Primary Olefins over the Brønsted Acid Sites (HZ) Present on
ZSM-5 Catalysts
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induction period and does not consider a transition regime or
steady-state period as decoupled previously6

Recently, we observed that two groups of adspecies desorb
separately from ZSM-5 catalysts used for step response of
dimethyl ether40 conversion leading to steady state. Although
the methoxy methyl pathway was observed over SAPO-34
catalysts22 and catalyst structure plays a major role in the
product obtained,29 this pathway over ZSM-5 catalysts would
allow for mechanistic comparisons with the archived literature.
The kinetic model was solved according to eqs 2 and 3.
Assuming a first-order reversible process47
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where ka is the adsorption coefficient (m3 mol−1 s−1), Ci is the
concentration of the gas-phase component, i (mol m−3), εb is the
bed porosity (−), u is the superficial velocity (m s−1), z is the bed
length (m), t is time (s), Γt is the concentration of active sites per
unit surface area of catalyst (mol mcat

−2), Sv is the catalyst surface
area per unit volume (mcat

−1), kd is the desorption rate
coefficient (s−1), θiz is the fractional surface coverage of the
adsorbed species, and Di,e is the dispersion coefficient (m2 s−1).

This study is one of a series of studies6,32,39−44,48,49 to obtain
mechanistic information on the formation of the primary C−C
bond during the induction period of methanol and dimethyl
ether conversion using the TAP reactor.

The dispersion coefficient Di,e, bed porosity, and superficial
velocity were fixed according to previous step response
experiments42 conducted under similar conditions. The initial
and boundary conditions are given below.
Methanol TPSR. Initial conditions
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It is important to note that we make no distinction between
the coverage over fresh and working catalysts under the initial
and boundary conditions. This is because both catalyst forms
were presaturated with methanol or dimethyl ether before the
start of the temperature-programmed surface reaction experi-
ments. Furthermore, prior to the start of the temperature-
programmed surface reaction experiments, both catalyst forms
were decomposed under vacuum conditions. Backward differ-
encing was applied to the convection term in the partial
differential equation above. To ensure numerical stability, the
Courant−Friedrichs−Lewy (CFL) condition50 was satisfied

= a
t
z

CFL 1
(4)

where a = u/εb. The time domain was divided into 400,000
strips, and the space domain was divided into 5 strips. This led to
a reduction in the computational time while maintaining the
CFL criterion.

The sum-of-square error (SSE) between the experiment and
model was obtained according to51,52

=
= =

w Y YSSE ( ) min
n

N

m

N

n m n m n m
1 1

, ,
obs

,
cal 2

c d

(5)

where
n is the component number
m is the observation number
Nc is the total number of components
Nd is the total number of observations
Wn,m is the weighting factor of the m-th observation of

component n
Yobs is the experimental data
Ycal is the model data
The initial parameter estimates were significantly improved by

reducing the sum-of-square error between the model and
experiment (eq 5). Parameter optimization, which minimizes
the sum-of-square error using a “fminsearch” function, was
carried out in the MTOTAPCAT code for over 150 h in each
case. The “fminsearch” function uses a Nelder−Mead simplex
algorithm as described by.53 In eq 5, the weighing factors were
calculated as54

=
=

w
Y

1
n m

m
x

n m
,

1 ,
exp

(6)

where xexp is the total number of experimental points. The
expression allows theminority species in the reactionmedium to
have a higher weighting factor. After optimization, each
parameter was checked and validated (along with the sensitivity
analysis) for physical significance.

We considered five gaseous species (methanol, dimethyl
ether, water, ethylene, and propylene) and eight surface species
(adsorbed methanol, adsorbed dimethyl ether, adsorbed water,
surface methoxy species, methoxy methyl species, methyl
propenyl ether, adsorbed dimethoxyethane, and adsorbed
propylene) in this reduced model. However, there are >90
species including isomers formed in the hydrocarbon pool.
Considering all elementary reactants and products under
transient conditions is a formidable task, even on modern
workstations. High computational costs and time required for
the solution of coupled partial differential equations allowed for
a focus on the transformation of major reactants and products.
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Focusing on the induction period allows the consideration of a
smaller number of species.
Sensitivity Analysis. Each parameter was multiplied by a

perturbation factor, while the other rate parameters were kept
constant to assess site-specific information on activity promoters
and inhibitors during the temperature-programmed surface
reaction of methanol and dimethyl ether over ZSM-5 catalysts.
The relative changes in temperature-programmed surface
reaction profiles were obtained with or without the perturbation
factor. Subsequently, the sensitivity coefficient was obtained as
given in eq 7

=K
Y Y

F

ln( / )

ln( )s
p o

(7)

where Yp and Yo are the rates with and without perturbation
respectively, and F is the perturbation factor. A perturbation
factor of 0.2 was used during the temperature-programmed
surface reaction of methanol. A perturbation factor of 0.2 was
used during the temperature-programmed surface reaction of
dimethyl ether, except for the low-temperature active sites,
which showed exceptionally high sensitivity.41

Site-Specific Scaling Relations. Scaling relations were
extracted by correlating the desorption energies of dimethyl
ether (Ed,DME, kJ mol−1) with the reaction energies of methoxy
methyl and methyl propenyl ether (ΔEintermediate, kJ mol−1) over
fresh and working ZSM-5 catalysts as conducted in our previous
work over ZSM-5 (36) and (135) catalysts.40,41 The approach
was extended to the temperature-programmed surface reaction
of dimethyl ether over ZSM-5 (25) catalysts. Further scaling
relations were extracted by correlating the desorption energies of
dimethyl ether with the reaction energies of propylene
formation (Epropylene, kJ mol−1).

Scaling relations were observed during the temperature-
programmed surface reaction of methanol over ZSM-5 (25),
(36), and (135) catalysts. Site-specific-scaling relations were
also obtained by correlating the acid site density (ρH+, mol g−1)
with the desorption energies of dimethyl ether (Ed,DME kJ mol−1)
and desorption energies of methanol (Ed,MeOH kJ mol−1) for
fresh and working ZSM-5 catalysts. The acid site density is also
correlated with the reaction energies of methoxy methyl cation,
methyl propenyl ether, and propylene formed over ZSM-5
catalysts. The density of acid sites ρH+ (mol g−1) was obtained
for each site ensemble. The average distance between acid sites,
dave,H+‑H+, can be obtained from the acid site density with
information about the surface area of the zeolite catalysts by
nitrogen physisorption and the effective area around the surface
site taken for simplicity as a circle with the diameter equal to
dave,H+‑H+ eq 855,56

=
+

+ +d
S4

Nave,H H
N

H A

2

(8)

where SNd2
is the BET surface area (m2 g−1), and NA is the

Avogadro number, mol−1.

■ RESULTS
Temperature-Programmed Surface Reaction Profile

Analysis. Profiles of the temperature-programmed surface
reaction of methanol and dimethyl ether over fresh and working
ZSM-5 catalysts are given in Section S3 of the Supporting
Information. During TPSR of methanol over fresh ZSM-5 (25)
catalysts, DME forms at ca. 473 K and propylene at ca. 668 K.

During the room-temperature adsorption of methanol on the
ZSM-5 catalyst, room-temperature methoxylation occurs with
increased water formation at ca. 328 K. There is no ethylene
formation over fresh ZSM-5 (25) catalysts. During TPSR of
methanol over working ZSM-5 (25) catalysts, DME forms at ca.
453 K and propylene at ca. 633 K, and room-temperature
methoxylation occurs during methanol adsorption with
increased water formation at 308 K.

During the temperature-programmed surface reaction of
methanol over fresh ZSM-5 (36) catalysts, DME forms at ca.
473 K and propylene at ca. 653 K, with room-temperature
methoxylation leading to the formation of water occurring
during the adsorption phase and increased water formation at
303 K. There is no ethylene formation during the temperature-
programmed surface reaction of methanol over fresh ZSM-5
(36) catalysts. During the temperature-programmed surface
reaction of methanol over working ZSM-5 (36) catalysts, DME
forms at ca. 473 K and propylene at ca. 698 K, with room-
temperature methoxylation leading to the formation of water
occurring during the adsorption phase and increased water
formation at 318 K. There is no ethylene formation during the
temperature-programmed surface reaction of methanol over
working ZSM-5 (36) catalysts.

During the temperature-programmed surface reaction of
methanol over fresh ZSM-5 (135) catalysts, DME forms at ca.
488 K; room-temperature methoxylation leading to water
formation occurs immediately at 300 K. There is increased
water formation at 313 K. Late propylene formation occurs at ca.
693 K. There is no ethylene formation over fresh ZSM-5 (135)
catalysts. During the temperature-programmed surface reaction
of methanol over working ZSM-5 (135) catalysts, DME forms at
ca. 473 K; room-temperature methoxylation occurs with
immediate formation of water during the methanol adsorption
phase. There is increased water formation at 313 K. There is
neither ethylene nor propylene formation during the temper-
ature-programmed surface reaction of dimethyl ether over
working ZSM-5 (135) catalysts (Table 1).

These induction temperatures were converted to induction
times using a heating rate of 15 K min−1 at a starting room
temperature of 300 K (Table 1). In general, the induction times
increase as Si/Al ratios increase. There is no induction time for
water formation during the induction period of methanol
conversion due to room-temperature methoxylation. Water
forms instantaneously during the temperature-programmed
surface reaction of methanol. After this, dimethyl ether and
propylene form. There is no ethylene formation.

During TPSR of dimethyl ether over fresh ZSM-5 (25)
catalysts, propylene forms at ca. 623 K, while methanol forms at
ca. 528 K andwater forms at ca. 353 K. During TPSR of dimethyl

Table 1. Induction Period of Specie Formation during the
TPSR of Methanol over ZSM-5 Catalysts

onset of
specie

formation,
min

fresh
ZSM-5
(25)

working
ZSM-5
(25)

fresh
ZSM-5
(36)

working
ZSM-5
(36)

fresh
ZSM-5
(135)

working
ZSM-5
(135)

DME 11.5 10.2 11.5 11.5 12.5 11.5
watera 1.9 0 0 1.2 ∼1 ∼1
ethylene � � � � � �
propylene 24.5 22.2 23.5 26.5 26.2 �

aRoom-temperature methoxylation (RTM) occurs; values refer to
increased water formation above RTM values.
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ether over working ZSM-5 (25) catalysts, propylene forms at ca.
618 K, while methanol forms at ca. 513 K and water forms at ca.
373 K. Over ZSM-5 (25) catalysts during the temperature-
programmed surface reaction of dimethyl ether, there is no
ethylene formation. There is low-temperature olefin (ethylene
and propylene) consumption between 473 and 593 K during the
temperature-programmed surface reaction of dimethyl ether
over fresh and working ZSM-5 (25) catalysts.

Methanol forms at ca. 523 K and propylene forms at ca. 653 K,
and there is a low-temperature (303−453 K) water release that
continues to increase during the temperature-programmed
surface reaction of dimethyl ether over fresh ZSM-5 (36)
catalysts. Methanol forms at ca. 493 K, propylene forms at ca.
653 K, and water forms at ca. 483 K during the temperature-
programmed surface reaction of dimethyl ether over working
ZSM-5 (36) catalysts. There is no ethylene formation over
ZSM-5 (36) catalysts during the temperature-programmed
surface reaction of dimethyl ether. There is a low-temperature
olefin (ethylene and propylene) consumption between 453 and
593 K during the temperature-programmed surface reaction of
dimethyl ether over fresh and working ZSM-5 (36) catalysts.

During the temperature-programmed surface reaction of
dimethyl ether over fresh ZSM-5 (135) catalysts, methanol
forms at ca. 573 K, water forms at ca. 353 K, and there is no
propylene formation within the temperature range of 300−723
at 15 K min−1. Over working ZSM-5 (135) catalysts, methanol
forms at ca. 493 K, water forms at ca. 493 K, and there is no
ethylene or propylene formation within the temperature range
of 300−723 at 15 K min−1 during the temperature-programmed
surface reaction of dimethyl ether. There is a low-temperature
olefin (ethylene and propylene) consumption between 453 and
593 K during the temperature-programmed surface reaction of
dimethyl ether over fresh and working ZSM-5 (135) catalysts
(Table 2).

The induction temperatures were converted to induction
times by using a heating rate of 15 Kmin−1 using a starting room
temperature of 300 K (Table 2). In general, the induction times
increase as Si/Al ratios increase. In contrast to the temperature-
programmed surface reaction of methanol, there is an induction
period in the formation of water during the temperature-
programmed surface reaction of dimethyl ether. The induction
time of methanol formation during the temperature-pro-
grammed surface reaction of dimethyl ether is higher than the
induction time of dimethyl ether formation during the
temperature-programmed surface reaction of methanol. The
induction times of propylene formation are lower during the
temperature-programmed surface reaction of dimethyl ether
compared to that of methanol.

Interestingly, over ZSM-5 (25) catalysts, we observed an
induction period of 44 min during the conversion of dimethyl
ether to olefins at 300 °C using a step response methodology in

the TAP reactor.42 Over the same catalysts and similar flow
rates, using a temperature-programmed surface reaction
methodology with dimethyl ether, an induction period of ca.
22 min is obtained. There are two major differences between
prior step response experiments and the temperature-
programmed surface reaction experiments. First, the catalyst
was saturated with dimethyl ether during temperature-
programmed surface reaction experiments, whereas the catalyst
pores are empty during step response experiments. Second,
during step response experiments, only binding and active sites
lower than 573 K are activated; however, during DME TPSR
experiments, binding and active sites up to 723 K are activated.
As a result, a longer induction period is obtained during the step
response experiments. We observe that the low-temperature
active site is dominant (450−600 K) during the temperature-
programmed surface reaction of dimethyl ether40,41,49 and a step
response temperature of 573 K does not allow for the full
functionality of the activation temperature of the dominant
active site.

During the temperature-programmed desorption of methanol
and dimethyl ether over ZSM-5 catalysts, we uncovered three
adsorption site ensembles (low temperature: LT, medium
temperature: MT, high temperature: HT) over ZSM-5 (25) and
ZSM-5 (36) catalysts and two adsorption site ensembles over
ZSM-5 (135) catalysts.32 Six ensembles of sites are required for
the adsorption, desorption, and surface reaction ofmethanol and
dimethyl ether over ZSM-5 catalysts.40,41 Of these six site
ensembles, three are binding sites associated with adsorption
and desorption, and three are active sites that are associated with
adsorption, desorption, and reactions leading to propylene
formation. Altogether, there are low-temperature, medium-
temperature, and high-temperature binding sites and low-
temperature, medium-temperature, and high-temperature active
sites.

We observe substantial differences between TPSR profiles of
methanol and dimethyl ether over ZSM-5 catalysts of different
compositions. In our previous work,41 we observed that site 4,
i.e., the low-temperature active site ensemble, has a large number
of significant chemical steps during the temperature-pro-
grammed surface reaction of dimethyl ether over fresh and
working ZSM-5 (36) catalysts. Similar behavior can be observed
over fresh and working ZSM-5 (25) catalysts (Figure 1 and
Section S4 of the Supporting Information). During the
temperature-programmed surface reaction of methanol over
ZSM-5 catalysts, we observe that the low-temperature, medium-
temperature, and high-temperature binding sites are the
dominant site ensembles during the induction period. This
can also be readily identified by the position of the bulge in the
TPSR profiles. For the temperature-programmed surface
reaction of methanol, the largest bulge is between 300 and
450 K, while for the temperature-programmed surface reaction
of dimethyl ether, the largest bulge is between 450 and 600 K
(Figure 1).

The effect of using working catalysts during TPSR studies
over ZSM-5 catalysts is much more pronounced with methanol
than with dimethyl ether. During the temperature-programmed
surface reaction of dimethyl ether, there is a negligible influence
of changing the catalyst state from a fresh state to a working
catalyst state. However, during the temperature-programmed
surface reaction of methanol, the influence of the catalyst state is
higher (Figure 2 and Section S5 of the Supporting Information).
During the temperature-programmed surface reaction of

Table 2. Induction Period of Specie Formation during the
TPSR of DME over ZSM-5 Catalysts

onset of
specie

formation,
min

fresh
ZSM-5
(25)

working
ZSM-5
(25)

fresh
ZSM-5
(36)

working
ZSM-5
(36)

fresh
ZSM-5
(135)

working
ZSM-5
(135)

methanol 15.2 14.2 14.9 12.9 18.2 12.9
water 3.5 4.9 0 12.2 3.5 12.9
ethylene � � � � � �
propylene 21.5 21.2 23.5 23.5 � �
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methanol, barriers are generally shifted to the right over working
catalysts in comparison to those of fresh catalysts.

Generally, the Si/Al ratio has an impact on the evolution of
products during the temperature-programmed surface reaction
of methanol and dimethyl ether over ZSM-5 catalysts. We
showed in Tables 1 and 2 that with an increase in Si/Al ratios,
the induction times of methanol, water, and propylene during

DME TPSR and of dimethyl ether, water, and propylene during
methanol TPSR increase. We observe that with an increase in
the Si/Al ratio during the temperature-programmed surface
reaction of methanol, the evolution of the methanol profile shifts
to the left (Figure 3 and Section S6 of the Supporting
Information) over fresh and working ZSM-5 catalysts. During
the temperature-programmed surface reaction of dimethyl

Figure 1.Comparison between methanol TPSR and dimethyl ether TPSR profiles over fresh and working ZSM-5 catalysts of the Si/Al ratio of (a) 25,
(b) 36, and (c) 135.

Figure 2.Comparison of fresh to working ZSM-5 catalysts of Si/Al = 36 during the temperature-programmed surface reaction of (a) methanol and (b)
dimethyl ether.
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ether, a similar behavior is observed over fresh ZSM-5 catalysts.
However, there is little or negligible influence of the Si/Al ratio
during the temperature-programmed surface reaction of
dimethyl ether over working catalysts.

In summary, with an increase in the Si/Al ratio, the induction
period of dimethyl ether and propylene formation increases for
the temperature-programmed surface reaction of methanol
during which themethanol profiles shift to the left over fresh and
working ZSM-5 catalysts. The induction period of methanol,
water, and propylene formation increases with Si/Al ratio for the
temperature-programmed surface reaction of dimethyl ether,
while the dimethyl ether profiles shift to the left for fresh
catalysts and hardly change for working catalysts.

Experiments are compared to the microkinetic model using a
1D transient heterogeneous reactor model during the temper-
ature-programmed surface reaction of methanol and dimethyl
ether (Figures 4−9 and Section S7 of the Supporting
Information). The extracted kinetic parameters and site

densities are given in Sections S8−S13 of the Supporting
Information. There is good agreement between the model and
experimental data. The kinetic model should predict the
concentration profiles of methanol, dimethyl ether, water, and
propylene simultaneously. Given six site ensembles, this requires
the optimization of up to 78 rate constants (Scheme 1). The
kinetic model can predict the formation of methanol, DME, and
propylene over the ZSM-5 catalysts very well. There is a fair
agreement between the experimental and model simulations of
water during the temperature-programmed surface reaction of
methanol over the ZSM-5 (25) and ZSM-5 (36) catalysts.
Inclusion of many more chemical steps in the microkinetic
model can bring further agreement with the transient kinetic
data. However, a balance was struck between the need to
increase the number of parameters (and hence chemical steps in
each site ensemble) and computational time required for
transient kinetic simulations, especially in the optimization
routine. Nonetheless, in many cases, the sum-of-square error

Figure 3. Comparison between ZSM-5 (25), (36), and (135) catalysts during the temperature-programmed surface reaction of (a) methanol and (b)
dimethyl ether.

Figure 4. TPSR experiments with 5 vol % of DME inlet feed over fresh ZSM-5 (135) catalysts. Reproduced with permission from ref 41. Copyright
2021 Elsevier.
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was reduced by 2 orders of magnitude from the initial parameter
estimates. Inclusion of anomalous diffusion in a particle-resolved
transient reactor model can help to bring further agreement with
experimental data. However, this is outside the scope of this
study.

Adsorption steps are nonactivated. Generally, barriers
increase from the low-temperature binding sites to the high-
temperature active sites over each ZSM-5 catalyst. Within each
site ensemble, barriers generally increase from the initial steps,
which are the molecular and dissociative adsorption of methanol
and dimethyl ether to the formation of propylene. The induction
period of propylene formation is regulated by the energetics of
the formation of stable intermediates, such as the methoxy
methyl cation, dimethoxyethane, and methyl propenyl ether. An
increase in pre-exponential factors shifts the model profiles to
the left, while an increase in activation energies shifts the model
profiles to the right. An increase in site densities shifts the profile
upward or downward to fit the experimental TPSR profiles.

■ DISCUSSION
Comparison of the Temperature-Programmed Sur-

face Reaction of Methanol to Dimethyl Ether. In our
previous work, we observed that the formation of olefins can be
grouped into three stages:6 induction period, transition regime,
and steady state. We observed that not all species achieve steady
state simultaneously and during the steady-state stage, two
groups of adspecies are adsorbed on the ZSM-5 catalyst
surface.6,40 Overall, hundreds of species including isomers are
produced during the formation of the hydrocarbon pool from
methanol and dimethyl ether. During the temperature-
programmed surface reaction of methanol and dimethyl ether
over ZSM-5 catalysts, we focused on the induction period alone
as this limits the number of chemical steps involved. We did not
include any isomers in our analysis.

In comparison to dimethyl ether, extra chemical steps are
included in the simulation of the temperature-programmed
surface reaction of methanol over ZSM-5 catalysts. In the case of
the temperature-programmed surface reaction of methanol, the
starting catalyst state over fresh and working ZSM-5 catalysts is
the adsorbed methanol. In the first step, adsorbed methanol
desorbs molecularly, leading to CH3OH(g) and a free active site
(reaction 1.1 of Scheme 1), whereas, for the temperature-
programmed surface reaction of dimethyl ether, the starting
catalyst state over fresh and working ZSM-5 catalysts is the
adsorbed dimethyl ether. The first step is where the adsorbed
dimethyl ether desorbs molecularly to DME(g) and a free active
site (reaction 1.7 of Scheme 1). During the temperature-
programmed surface reaction of methanol, much more water is
formed due to room-temperature methoxylation.57,58 Con-
sequently, it was necessary to include the formation of adsorbed
dimethyl ether and H2O(g) from methanol (reaction 1.4 of
Scheme 1). The release of water is also regulated during the
temperature-programmed surface reaction of methanol by the
adsorption of water (reaction 1.5 of Scheme 1), room-
temperature methoxylation (reactions 1.2 and 1.3), and the
formation of methyl propenyl ether (reaction 1.11 of Scheme 1).

In our previous work on the temperature-programmed
desorption of methanol and dimethyl ether over fresh and
working ZSM-5 catalysts,32 we observed that the adsorption
stoichiometry is higher over methanol compared to dimethyl
ether. This means that more methanol molecules are adsorbed
per binding site compared to adsorbed dimethyl ether molecules
per binding site. Similarly, in this work, we observe that more
methanol molecules adsorb per binding site and per active site
during the temperature-programmed surface reaction of
methanol compared to dimethyl ether over fresh and working
ZSM-5 catalysts.

Finally, we show later that during the temperature-
programmed surface reaction of dimethyl ether over fresh and
working catalysts, the low-temperature active site ensemble
(activated between 450 and 600 K) is dominant.41 However,
during the temperature-programmed surface reaction of
methanol, the low−temperature, medium-temperature, and
high-temperature binding site ensembles (activated between
300 and 450 K) are dominant. In fact, more binding sites are
involved during the induction period of methanol conversion to
olefins over zeolite catalysts. During the induction period of the
conversion of dimethyl ether to olefins, more active sites are
involved. In this analysis, binding sites do not lead to the
formation of propylene, but active sites do.

Figure 5. TPSR experiments with 5 vol % of DME inlet feed over fresh
ZSM-5 (36) catalysts. Reproduced with permission from ref 41.
Copyright 2021 Elsevier.

Figure 6. TPSR experiments with 5 vol % of DME inlet feed over fresh
ZSM-5 (25) catalysts.
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Comparison of Fresh to Working Catalysts. The
temperature-programmed surface reaction of methanol and
dimethyl ether was studied during the induction period over
fresh ZSM-5 catalysts as the catalyst state changes from a fresh
state to a working state and adspecies are occluded onto the
catalyst. Over working ZSM-5 catalysts, the induction period
was studied as the catalyst evolves from one working state to
another working state. During the experimental study, fresh and
working catalysts were pretreated before temperature-pro-
grammed surface reaction studies (Section 3). The fresh or
working ZSM-5 catalysts of different compositions were then
saturated with methanol or dimethyl ether. In the TPSR model,
the starting catalyst state for the temperature-programmed

surface reaction of methanol and dimethyl ether is adsorbed
methanol and adsorbed dimethyl ether, respectively. Barriers are
generally higher over working catalysts compared with that of
fresh catalysts. Adspecie formation competes with occluded
species in the working catalysts for active sites. As a result, more
energy is expended in the binding and reaction of species on the
catalyst.
Reductionist and Integrated Approach to MTO

Catalysis. We used two approaches to study the conversion
of methanol to olefins over ZSM-5 catalysts. These are the
reductionist and integrated approaches. While the integrated
approach attacks a scientific problem in its entire complexity, the
reductionist approach ensures the breakdown of such complex

Figure 7. TPSR experiments with 5 vol % of methanol inlet feed over fresh ZSM-5 (135) catalysts.

Figure 8. TPSR experiments with 5 vol % of methanol inlet feed over fresh ZSM-5 (36) catalysts.
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problem into reducible bits. The challenge lies in understanding
whether the sum of the reducible bits can reproduce a problem
in its whole complexity. Using the reductionist approach, we
attempt to break down the complex process that occurs as
structural changes to the active sites ensue, and the hydrocarbon
pool forms during the induction period of the conversion of
methanol to olefins. First, we compared the desorption of
methanol to dimethyl ether over fresh and working catalysts.32

We observed that dimethyl ether desorbs at higher temperatures
and requires a higher activation energy of desorption compared
to methanol. Dimethyl ether was then used to study the
induction period of propylene formation using step response
cycles.42 A 44 min induction period was observed at 300 °C
leading to the formation of propylene as the primary olefin.
Thereafter, we studied the competitive adsorption of oxygenates
(methanol, dimethyl ether) and aromatics (toluene, diphenyl-
ethane) over ZSM-5 catalysts.39 The competitive adsorption
analyses and experiments show that dimethyl ether stays on the
catalyst surface much longer. A further rationale for this study
was the evidence in the archived literature of impurities as
organic precursors for olefin formation over ZSM-5 catalysts.59

Overall, dimethyl ether requires higher activation energies of
desorption and higher temperatures to desorb from the catalyst
surface. We then compared precursors of the direct mechanism
(dimethoxymethane, carbon monoxide, hydrogen) to the
indirect mechanism (1,5-hexadiene) for their effect on the
induction period and transition regime of the formation of
primary olefins from dimethyl ether.6 We observed that the
direct precursors reduced the induction period of primary olefin
formation while accelerating the transition regime. However,
while the indirect precursors reduced the induction period, they
decelerated the rate at which steady state was reached due to
their competitive adsorption with the dimethyl ether over the
ZSM-5 catalysts.

The diffusion of methanol, dimethyl ether, and water does not
limit the conversion of methanol and dimethyl ether over ZSM-
5 catalysts.43,44 At room temperature in ZSM-5 (36) catalysts,
isotropic methanol rotation (rotational diffusion coefficient, DR

= 2.6 × 1010 s−1) was observed, which is in contrast to diffusion
confined to a sphere matching the 5.5 Å channel width in ZSM-5
(135) catalysts, suggesting that motion is more constrained in
the lower Si/Al catalyst. At higher temperatures, confined
methanol diffusion is exhibited in both ZSM-5 (36) catalysts and
ZSM-5 (135) catalysts with self-diffusion coefficients in the
range of 8−9 × 10−10 m2 s−1. The activation energy of methanol
diffusion obtained in ZSM-5 (135) catalysts is 0.58 kJ mol−1. An
activation energy of methanol diffusion could not be obtained
for the ZSM-5 (36) catalysts. For dimethyl ether, diffusion
confined to a sphere at all temperatures is observed in both
catalysts with self-diffusion coefficients in the range of 9−11 ×
10−10 m2 s−1. The larger self-diffusion coefficient obtained for
dimethyl ether arises from the sphere of confinement being
larger in ZSM-5 (36) catalysts, which is 6.2 Å in diameter
compared to the 5.5 Å pore channel width, suggesting that
mobile dimethyl ether is sited in the channel intersections, in
contrast to mobile methanol, which is sited in the channels. The
activation energy of dimethyl ether diffusion obtained for ZSM-
5 (36) catalysts and ZSM-5 (135) catalysts, respectively, is 0.96
and 1.33 kJ mol−1. ZSM-5 (36) and (135) catalysts were loaded
with ca. 12 wt % of methanol or dimethyl ether.43 QENS
measurements probed water confined in ZSM-5 samples with
Si/Al ratios of 15, 40, and 140 at 2.8 wt % of loading.44 In the
lower silica sample, water diffusion was confined to a sphere
(with radii ranging from 3.4 to 4.3 Å), suggesting that mobile
water was located within the ZSM-5 channels with self-diffusion
coefficient of ∼0.9−1.8 × 10−9 m2 s−1. In the high silica zeolite,
the diffusion was observed to be far less confined andmore long-
ranged in nature with self-diffusion coefficients of ∼1.8−4.8 ×
10−9 m2 s−1. The activation energy of water diffusion ranged
from ∼19 to 23 kJ mol−1.

Then, the induction period of the conversion of dimethyl
ether to olefins was studied using a combination of the
temperature-programmed surface reaction and microkinetic
modeling. We observed that the desorption of dimethyl ether
was still higher than the desorption energy of methanol over
ZSM-5 catalysts. Site-specific scaling relations between the

Figure 9. TPSR experiments with 5 vol % of methanol inlet feed over fresh ZSM-5 (25) catalysts.
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desorption energy of dimethyl ether and the reaction energies of
the intermediates were observed. We observe propylene as the
primary and major olefin over the ZSM-5 catalysts. The
desorption energy of dimethyl ether was identified as a
descriptor for catalyst design.40,41 This temperature-pro-
grammed surface reaction of dimethyl ether shows the low-
temperature active site as the dominant site during the induction
period.

In the aforementioned work, we used the reductionist
approach to break down the induction period of methanol
conversion into adsorption and desorption,32 competitive
adsorption,6,39 diffusion,43,44 and reaction.40−42 In this work,
we have used the integrated approach, where we study the
induction period of the conversion of methanol to primary
olefins over fresh and working catalysts as a whole. Although
propylene is still the primary olefin formed during the
temperature-programmed surface reaction of methanol, the
dominant sites of the induction period are the low-temperature,
medium-temperature, and high-temperature binding sites due to
water adsorption and desorption. Whereas catalyst development
should focus on sites activated between 300 and 450 K for
methanol conversion, the sites activated between 450 and 600 K
should be considered for dimethyl ether conversion. Another
significant difference is that the reductionist approach would not
allow for consideration of the copious amount of water formed
during the induction period of methanol conversion. As shown
later, there are also significant differences in the number of
adsorbedmolecules/per binding (or active) site and the distance
between acid sites during the temperature-programmed surface
reaction of methanol and dimethyl ether over ZSM-5 catalysts.
Nature of Binding and Active Sites. 0.28, 0.84, and 0.31%

of the overall sites are used in the transformation of dimethyl
ether on fresh ZSM-5 (135), ZSM-5 (36), and ZSM-5 (25)
catalysts. 0.32, 0.82, and 0.62% of the overall sites are used in the
transformation of dimethyl ether over working ZSM-5 (135),
ZSM-5 (36), and ZSM-5 (25) catalysts. During methanol
transformation over fresh ZSM-5 (135), ZSM-5 (36), and ZSM-
5 (25) catalysts, 1.48, 3, and 1.19% of the overall sites are used.
Over working ZSM-5 (135), ZSM-5 (36), and ZSM-5 (25)
catalysts, 0.95, 2.92, and 1.29% of the overall sites are used.
During the temperature-programmed surface reaction of
methanol and dimethyl ether, a higher site density is required
for ZSM-5 (36) catalysts in comparison to that of ZSM-5 (135)
and ZSM-5 (25) catalysts.

We characterized the acid sites according to binding sites and
active sites. Binding sites are involved in species adsorption,
species desorption, and the formation of intermediates.

However, binding sites do not possess the sufficient energy to
form propylene. Active sites cover the whole spectrum including
the adsorption, desorption, and reaction of species leading to
propylene formation. Consequently, binding sites cover the
earlier parts of the induction period, while the active sites cover
the later stages of the induction period. Propylene is generated
over the ZSM-5 (25) and ZSM-5 (36) catalysts. Correspond-
ingly, there are low-temperature (LT), medium-temperature
(MT), and high-temperature (HT) binding sites and low-
temperature (LT), medium-temperature (MT), and high-
temperature (HT) active sites. The binding sites are the first
three site ensembles, and the active sites are the last three site
ensembles. Over ZSM-5 (135) catalysts, there is no propylene
formation, although six site ensembles exist.

Up to 3% of the overall acid sites are involved in the
temperature-programmed surface reaction of methanol to
primary olefins over fresh and working ZSM-5 catalysts. The
binding sites, which account for 70% of these sites, are
dominant. Conversely, up to 1% of the overall acid sites are
involved in the temperature-programmed surface reaction of
dimethyl ether over fresh and working ZSM-5 catalysts. The
binding sites account for 30% of these sites (Tables 3 and 4),
while the active sites, which account for 70% are dominant.
During the induction period of propylene formation, the binding
sites are relatively dominant with methanol, while the active sites
are relatively dominant with dimethyl ether.

The crystallite size increases with an increase in the Si/Al
ratio. ZSM-5 (135) catalysts have a higher crystallite size (0.78 ±
0.07 μm) compared to ZSM-5 (36), which has a crystallite size
of (0.33 ± 0.05 μm), and ZSM-5 (25) catalysts, which have a
crystallite size of (0.10 ± 0.02 μm). The acid site density
decreases with an increase in the Si/Al ratio. ZSM-5 (135)
catalysts have a BAS density of 78 μmol g−1, while ZSM-5 (36)
and ZSM-5 (25) have BAS densities of 117 and 428 μmol g−1,
respectively. The BET surface area reduces with an increase in
the Si/Al ratio. ZSM-5 (135) catalysts have an apparent BET
surface area of 358 m2 g−1, while ZSM-5 (36) catalysts have an
apparent BET surface area of 410 m2 g−1 and ZSM-5 (25)
catalysts have an apparent BET surface area of 413 m2 g−1.
Site-Specific Scaling Relations during the Induction

Period. Many parameters have been extracted from the
comparison of temperature-programmed surface reaction
profiles and microkinetic model (see Sections S8−S13 of the
Supporting Information) using the MTOTAPCAT code. We
explore scaling relations between binding energies and reaction
energies as well as between acid site density and binding energies
or reaction energies. Site-specific scaling relations occur during

Table 3. Proportion of Binding and Active Sites during the Induction Period of Methanol Conversion over ZSM-5 Catalysts

ZSM-5 (25) ZSM-5 (36)

fresh working fresh working

binding (mol g−1) 2.53 × 10−6 3.60 × 10−6 2.35 × 10−6 2.42 × 10−6

active (mol g−1) 1.69 × 10−6 1.01× 10−6 1.15 × 10−6 9.92 × 10−7

binding/total 60.0% 78.1% 67.1% 70.9%

Table 4. Proportion of Binding and Active Sites during the Induction Period of Dimethyl Ether Conversion over ZSM-5Catalysts

ZSM-5 (25) ZSM-5 (36)

fresh working fresh working

binding (mol g−1) 4.14 × 10−7 5.60 × 10−7 3.22 × 10−7 3.40 × 10−7

active (mol g−1) 6.99 × 10−7 1.64 × 10−6 6.56 × 10−7 6.15 × 10−7

binding/total 37.2% 25.5% 32.9% 35.6%
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the induction period of methanol and dimethyl ether over the
binding sites and active sites of ZSM-5 catalysts.
Temperature-Programmed Surface Reaction of Methanol

over ZSM-5 Catalysts. On the low-temperature, medium-
temperature, and high-temperature binding sites of methanol

over fresh and working ZSM-5 catalysts, we observe scaling
relations between the binding energy of dimethyl ether and the
acid site density (Figure 10). Here, the binding energy of
dimethyl ether is extracted from the molecular desorption of

Figure 10. Scaling relations between the acid site density and the molecular adsorption of dimethyl ether over the low-temperature, medium-
temperature, and high-temperature binding sites over fresh and working ZSM-5 (25), ZSM-5 (36), and ZSM-5 (135) catalysts during the temperature-
programmed surface reaction of methanol.

Figure 11. Scaling relations between the barriers of molecular adsorption of methanol and the formation of methoxy methyl cation over the low-
temperature, medium-temperature, and high-temperature active sites over fresh and working ZSM-5 (25), ZSM-5 (36), and ZSM-5 (135) catalysts
during the temperature-programmed surface reaction of methanol.

Figure 12. Scaling relations between the barriers of dissociative adsorption of dimethyl ether and the formation of methyl propenyl ether over the low-
temperature, medium-temperature, and high-temperature active sites over fresh and working ZSM-5 (25), ZSM-5 (36), and ZSM-5 (135) catalysts
during the temperature-programmed surface reaction of methanol.
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dimethyl ether on the different binding sites of the ZSM-5
catalyst.

In addition, we observe scaling relations between the binding
energy of methanol and the barriers to the formation of methoxy
methyl cation over the low-temperature, medium-temperature,
and high-temperature active sites of ZSM-5 catalysts (Figure
11). The binding energy is extracted from the molecular
desorption of methanol. Also, scaling relations are observed
between the binding energy of dimethyl ether and the barriers to
the formation of methyl propenyl ether (Figure 12). Here, the
binding energy is extracted from the dissociative desorption of
dimethyl ether.

We observe scaling relations between the acid site density and
barriers to the formation of methoxy methyl cation and
propylene over the low-temperature, medium-temperature,
and high-temperature active sites during the induction period
of methanol over ZSM-5 catalysts (Figures 13 and 14).

Over the binding sites, higher acid site densities are associated
with lower barriers to dimethyl ether desorption (Figure 10)
during the induction period of methanol conversion. Over the
active sites, lower barriers to the molecular desorption of
methanol correlate with higher barriers of methoxy methyl
cation formation (Figure 11). In addition, lower barriers to the

dissociative desorption of dimethyl ether correlate with higher
barriers of methyl propenyl ether formation (Figure 12).
Furthermore, a higher site density (and thus shorter distance
between acid sites) is associated with higher barriers to the
formation of themethoxymethyl cation (Figure 13) Conversely,
higher site densities are associated with lower barriers to
propylene formation (Figure 14).

In summary, we show that during the induction period of
methanol conversion over ZSM-5 catalysts, higher methanol
and dimethyl ether binding energies and lower acid site densities
are associated with lower barriers to methoxy methyl cation and
methyl propenyl ether formation. Conversely, higher site
densities correlate with lower barriers for propylene formation.
Acid site density has the key influence on the reaction energies
(Figures 13 and 14) and hence is the key descriptor over the
active sites. Conversely, over the binding sites, a lower acid site
density is associated with higher dimethyl ether binding
energies. Acid site density is the key descriptor of the binding
sites during the induction period of methanol conversion over
ZSM-5 catalysts.
Temperature-Programmed Surface Reaction of Dimethyl

Ether over ZSM-5 Catalysts.Over the low-, medium-, and high-
temperature binding sites, we observe site-specific scaling

Figure 13. Scaling relations between the acid site density and barriers to the formation of methoxy methyl cation on the low-temperature, medium-
temperature, and high-temperature active sites over fresh and working ZSM-5 (25), ZSM-5 (36), and ZSM-5 (135) catalysts during the temperature-
programmed surface reaction of methanol.

Figure 14. Scaling relations between the acid site density and barriers to the formation of propylene over low-temperature, medium-temperature, and
high-temperature sites of ZSM-5 (25) and ZSM-5 (36) catalysts during the temperature-programmed surface reaction of methanol.
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Figure 15. Scaling relations between the acid site density and the dissociative adsorption of dimethyl ether over the low-temperature, medium-
temperature, and high-temperature binding sites over fresh and working ZSM-5 (25), ZSM-5 (36), and ZSM-5 (135) catalysts during the temperature-
programmed surface reaction of dimethyl ether.

Figure 16. Scaling relations between the acid site density and the molecular adsorption of dimethyl ether over the low-temperature, medium-
temperature, and high-temperature binding sites over fresh and working ZSM-5 (25), ZSM-5 (36), and ZSM-5 (135) catalysts during the temperature-
programmed surface reaction of dimethyl ether.

Figure 17. Scaling relations between the formation barriers of reaction intermediates of propylene formation as a function of activation energies of
desorption of dimethyl ether over medium- and high-temperature active sites present on fresh and working ZSM-5 (25), ZSM-5 (36), and ZSM-5
(135) catalysts during the temperature-programmed surface reaction of dimethyl ether.
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relations between the binding energy of dimethyl ether to the
ZSM-5 catalyst and the density of each site ensemble (Figure
15). Here, the binding energy of dimethyl ether is extracted from
the dissociative adsorption of dimethyl ether. In addition, we
observe similar scaling relations between the molecular
adsorption of dimethyl ether and the acid site density (Figure
16).

We observe scaling relations between the binding energy of
dimethyl ether to the ZSM-5 catalyst surface and the reaction
energy of intermediates (methyl propenyl ether and methoxy
methyl cation) leading up to the formation of propylene during
the temperature-programmed surface reaction of dimethyl ether
over fresh and working ZSM-5 catalysts. The binding energies of
dimethyl ether are extracted from the dissociative adsorption of
dimethyl ether on the different sites. These scaling relations are
site-specific as they occur over the medium- and high-
temperature active sites of ZSM-5 catalysts (Figure 17).

We observe scaling relations between the activation energy of
desorption of dimethyl ether and the barriers to propylene
formation over ZSM-5 catalysts (Figure 18). Here, the

activation energy of desorption is extracted from the dissociative
adsorption of dimethyl ether on ZSM-5 catalysts.

We observe scaling relations between the density of acid sites
and the binding energies of dimethyl ether to the surface of the
ZSM-5 catalyst during the temperature-programmed surface
reaction of dimethyl ether (Figure 19) over the low-temper-
ature, medium-temperature, and high-temperature binding sites.
Here, the binding energies of dimethyl ether are extracted from
the dissociative adsorption of dimethyl ether on the different
sites. The distance between acid sites is inversely proportional to
the density of acid sites, i.e., dave,H+−H+ α ρH+

−0.5 (eq 8). As the
density of acid sites increases, the distance between acid sites
decreases. We observe that a stronger binding energy of
dimethyl ether with the acid sites correlates with a lower acid site
density and a larger distance between acid sites.

Scaling relations are observed between the acid site density
and the barriers to the formation of methyl propenyl ether
during the induction period of dimethyl ether over ZSM-5
catalysts (Figure 20).

Over the binding sites, lower binding energies of dimethyl
ether are observed at smaller site densities (Figures 15 and 16).

Figure 18. Scaling relations between the barriers of formation of propylene and activation energy of desorption of dimethyl ether over low-
temperature, medium-temperature, and high-temperature active sites of fresh and working ZSM-5 (25) and ZSM-5 (36) catalysts during the
temperature-programmed surface reaction of dimethyl ether.

Figure 19. Scaling relations between the acid site density as a function of the activation energies of desorption of dimethyl ether over low-, medium-,
and high-temperature active sites over fresh and working ZSM-5 (25), ZSM-5 (36), and ZSM-5 (135) catalysts during the temperature-programmed
surface reaction of dimethyl ether.
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Over the active sites, lower binding energies of dimethyl ether
lead to lower barriers to the formation of intermediates such as
methoxy methyl cation and methyl propenyl ether (Figure 17).
Higher activation energy of DME desorption is associated with
lower barriers of propylene formation (Figure 18). Conversely,
at the active sites, higher acid site densities are associated with
lower barriers of DME desorption (Figure 19) and lower
barriers to the formation of intermediates, methyl propenyl
ether (Figure 20).

In summary, we show that during the induction period of
dimethyl ether conversion over ZSM-5 catalysts, lower dimethyl
ether binding energies and higher acid site densities are
associated with lower reaction energies. The binding energy of
dimethyl ether has the key influence on reaction intermediates
and, hence, is the key descriptor (Figures 17 and 18). Lower
binding energies of dimethyl ether are obtained at lower barriers
of propylene formation. Conversely, on the binding sites, lower
acid site densities are associated with lower binding energies of
dimethyl ether.

The distance between acid sites is generally higher for fresh
catalysts during the temperature-programmed surface reaction
of dimethyl ether than for methanol. During the temperature-
programmed surface reaction of dimethyl ether, they generally
range from ca. 30 nm for high-temperature active sites over
ZSM-5 (25) catalysts to ca. 120 nm for high-temperature active
sites over ZSM-5 (36) catalysts and ca. 190 nm for high-
temperature active sites over ZSM-5 (135) catalysts. During the
temperature-programmed surface reaction of methanol, the
distance between active sites ranges from ca. 37 nm for high-
temperature active sites over ZSM-5 (25) catalysts to ca. 47 nm
for high-temperature active sites over ZSM-5 (36) catalysts and
ca. 83 nm for high-temperature active sites over ZSM-5 (135)
catalysts.

In ZSM-5 catalysts, active site dynamics can be further
incorporated through the elucidation of the clustering effects of
water,60,61 or methanol,11,32 or proton hopping9 or the
formation of organic reaction centers29 and supramolecular
structures.62 The nature and mobility of active sites affect the
quantity of active sites. There are higher site densities and
shorter acid site distances during the induction period of the

conversion of methanol compared to that of dimethyl ether over
ZSM-5 catalysts. In our previous work,32 we observed that the
adsorption stoichiometry is higher during the temperature-
programmed desorption of methanol compared to that of
dimethyl ether. This is attributed to the cluster formation of
methanol molecules when adsorbing on ZSM-5 catalysts.11 The
shorter distances between acid sites show that the clusters on
each site could form bonds. However, for dimethyl ether, a lower
site density observed with longer distances between active sites
gives fewer opportunities for cluster formation.

We observed that lower barriers of propylene formation are
obtained at higher site densities during the induction period of
methanol conversion. Evidently, the shorter distances between
sites during the temperature-programmed surface reaction of
methanol allow propagation of the formation of the primary
olefin over ZSM-5 catalysts. The best correlation (R2 = 0.66)
exists between the acid site density and the barrier to the
formation of methoxy methyl cation (Figure 13) during the
induction period of methanol conversion over the low-
temperature, medium-temperature, and high-temperature active
sites of fresh and working ZSM-5 (25), ZSM-5 (36), and ZSM-5
(135) catalysts. During the induction period of dimethyl ether
conversion over medium-temperature and high-temperature
active sites of fresh and working ZSM-5 (25), (36), and ZSM-5
(135) catalysts, the best correlation (R2 = 0.79) exists between
the activation energy of DME desorption and the barrier to the
formation of methoxy methyl cation (Figure 17). Consequently,
acid site density and activation energies of DME desorption are
key descriptors over the active sites during the induction period
of propylene formation from methanol and dimethyl ether,
respectively.

Over the binding sites on the low-temperature, medium-
temperature, and high-temperature binding sites of fresh and
working ZSM-5 (25), ZSM-5 (36), and ZSM-5 (135), the best
correlation (R2 = 0.21) occurs between the acid site density and
dissociative desorption of dimethyl ether (Figure 15) during the
induction period of dimethyl ether conversion. Over the binding
sites on the low-, medium-, and high-temperature binding sites
of fresh and working ZSM-5 (25), ZSM-5 (36), and ZSM-5
(135), the best correlation (R2 = 0.45) occurs between the acid

Figure 20. Scaling relations between the acid site density as a function of the barriers of the formation of methyl propenyl ether over low-, medium-,
and high-temperature active sites for fresh and working ZSM-5 (25), ZSM-5 (36), and ZSM-5 (135) catalysts during the temperature-programmed
surface reaction of dimethyl ether.
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Figure 21. Sensitivity coefficient of rate parameters obtained for methanol TPSR over fresh ZSM-5 (36) catalysts.

Figure 22. Sensitivity coefficient of rate parameters obtained for DME TPSR over fresh ZSM-5 (36) catalysts. Reproduced with permission from ref
41. Copyright 2021 Elsevier.
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site density and the molecular desorption of methanol (Figure
10) during the induction period of methanol conversion.
Consequently, acid site density is the key descriptor over the
binding sites during the induction period of propylene formation
from methanol and dimethyl ether.

Next, we examine the sensitivity of chemical steps during the
temperature-programmed surface reaction of methanol and
dimethyl ether over ZSM-5 catalysts.

■ SENSITIVITY ANALYSIS
Site 1 is the low-temperature binding site, site 2 is the medium-
temperature binding site, and site 3 is the high-temperature
binding site. Site 4 is the low-temperature active site, site 5 is the
medium-temperature active site, and site 6 is the high-
temperature active site. The sensitivity analysis shows that the
low-, medium-, and high-temperature binding sites, which are
activated between 300 and 450 K, are dominant during the
induction period occurring during the temperature-pro-
grammed surface reaction of methanol (Figure 21). Water
regulation through its adsorption on the medium- and high-
temperature binding sites has the highest influence of all
chemistries occurring in this temperature range. The chemistries
involved in the high-temperature active site are influential in the
formation of propylene during the temperature-programmed
surface reaction of methanol.

During the temperature-programmed surface reaction of
dimethyl ether, the low-temperature active sites (activated
between 450 and 600 K) are dominant during the induction
period (Figure 22). The dissociative desorption of dimethyl
ether and the formation of adsorbed propylene as well as its
molecular desorption on the low-temperature active site are the
dominant chemistries during the temperature-programmed
surface reaction of dimethyl ether over fresh and working
catalysts.

Methanol behaves differently from dimethyl ether during the
induction period of propylene formation over ZSM-5 catalysts.
More water is formed during the induction period of methanol
conversion compared with that of dimethyl ether. In general,
higher site densities and shorter distances between acid sites are
obtained for methanol compared with those of dimethyl ether.
The binding sites are dominant during the induction period of
the methanol conversion. Over these binding sites, lower acid
site densities are associated with higher binding energies.
Conversely, over the active sites, higher binding energies and
lower acid site densities are associated with lower barriers to
methoxy methyl cation and methyl propenyl ether formation
during the induction period of methanol conversion over ZSM-5
catalysts. Higher site densities correlate with lower barriers to
propylene formation. The dominant site ensemble during the
induction period from methanol is the low-, medium-, and high-
temperature binding sites (activated between 300 and 450 K)
with water regulation through adsorption as the dominant
chemistry on these sites. Acid site density is the key descriptor
over both the binding sites and active sites of ZSM-5 catalysts
during the induction period of methanol conversion.

The dominant site ensemble during the induction period of
dimethyl ether is the low-temperature active site ensemble
(activated between 450 and 600 K) with the dissociative
desorption of dimethyl ether, the formation of adsorbed
propylene, and molecular desorption as dominant chemistries
over this site ensemble. The active sites are dominant during the
induction period of dimethyl ether conversion. On these active
sites, lower binding energies and higher acid site densities are

associated with lower reaction energies of methoxy methyl
cation and methyl propenyl ether. Lower binding energies are
obtained at lower barriers to propylene formation. Conversely,
over the binding sites, lower acid site densities are associated
with lower binding energies of dimethyl ether. While the acid
site density is the key descriptor over the binding sites of ZSM-5
catalysts, the activation energy of desorption of dimethyl ether is
the key descriptor over the active sites of the ZSM-5 catalyst
during the induction period of dimethyl ether conversion.

Through microkinetic models, Nørskov and co-workers63

observed scaling relations between adsorption energies and
reaction energies, thus aiding the computational screening of
catalysts. We observed site-specific scaling relations between the
barriers of oxygenate desorption and reaction energies. These
site-specific scaling relations can be used to optimize the size
heterogeneity and distributions observed during the conversion
of dimethyl ether to olefins over ZSM-5 catalysts. Murzin
showed acid site density to be a descriptor over zeolites.55 We
showed above that acid site density is a descriptor during the
induction period of methanol and dimethyl ether conversion
over ZSM-5 catalysts. We observe site-specific scaling relations
between acid site density and reaction energies during the
induction period of propylene formation from methanol over
ZSM-5 catalysts.

■ CONCLUSIONS
The induction period of the conversion of methanol and
dimethyl ether to primary olefins over fresh and working ZSM-5
catalysts of different compositions, i.e., Si/Al ratios, has been
studied using a combination of temperature-programmed
surface reaction experiments and microkinetic modeling studies.
Six ensembles of sites are observed: three binding site ensembles
and three active site ensembles. During the temperature-
programmed surface reaction of methanol over fresh and
working ZSM-5 catalysts, these site ensembles account for up to
3% of the total sites present on the catalyst. Of these, ca. 70% are
composed of the binding sites and ca. 30% are composed of
active sites. The dominant site ensembles during the induction
period of methanol conversion to propylene are the low-
temperature, medium-temperature, and high-temperature bind-
ing sites activated between 300 and 450 K. However, during the
temperature-programmed surface reaction of dimethyl ether
over fresh and working ZSM-5 catalysts, the site ensembles
account for up to 1% of the total sites on the catalyst. Binding
sites account for ca. 30%, while active sites account for ca. 70% of
these sites. The low-temperature active site activated between
450 and 600 K is the dominant site ensemble during the
induction period of dimethyl ether conversion to olefins.

Acid site density and desorption barriers are key descriptors
during the induction period of primary olefin formation over
ZSM-5 catalysts. During the induction period of methanol
conversion, the binding sites are more dominant. Over these
binding sites, lower acid site densities are associated with higher
activation energies of dimethyl ether desorption. Over the active
sites, higher activation energies of methanol and dimethyl ether
desorption are associated with lower barriers to methoxy methyl
cation andmethyl propenyl ether formation, respectively. Lower
acid site densities correlate with lower barriers to methoxy
methyl cation formation. Higher acid site densities correlate
with lower barriers to propylene formation. During the
induction period of dimethyl ether conversion, the active sites
are the dominant site ensembles. Over these active sites, lower
activation energies of dimethyl ether desorption and higher acid
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site densities are associated with lower reaction energies of
intermediate formation (methoxy methyl cation and methyl
propenyl ether). Lower activation energies of DME desorption
correlate with lower barriers to propylene formation. Over the
binding sites, lower acid site densities correlate with lower
activation energies for DME desorption. While the acid site
density is the key descriptor during the induction period of
methanol conversion, the barrier to dissociative desorption of
dimethyl ether is the key descriptor during the induction period
of dimethyl ether conversion over ZSM-5 catalysts. Barriers to
propylene formation are lower during the induction period of
methanol conversion (up to 141 kJ mol−1) compared to that of
dimethyl ether conversion (up to 200 kJ mol−1). Site properties,
via the acid site density, can be used to tune the induction period
of the formation of propylene from methanol over ZSM-5
catalysts. Surface characteristics, through the activation energy
of DME desorption, can be used to modulate the formation of
propylene from dimethyl ether over ZSM-5 catalysts.
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