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Theoretical investigation of the olefin cycle in
H-SSZ-13 for the ethanol-to-olefins process using
ab initio calculations and kinetic modelings
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The formation of the hydrocarbon pool (HCP) in the ethanol-to-olefins (ETO) process catalyzed by
H-SSZ-13 is studied in a kinetic model with ab initio computed reaction barriers. Free energy barriers are
computed using density functional theory (DFT) and post-Hartree-Fock methods with a complete basis set
extrapolation applied to a hierarchy of periodic and cluster models. The kinetic model includes ethanol
(EtOH) dehydration to ethene as well as olefin ethylations up to hexene isomers and the corresponding
cracking reactions. Ethylation of ethene and of products thereof leads only to even-numbered olefins, while
cracking can lead to propene and thus initiate the formation of olefins with an odd number of carbon
atoms. During EtOH dehydration at 473.15 K we observe diethyl ether (DEE) formation for a short period of
time where the DEE selectivity decreases monotonically with increasing EtOH conversion. At 673.15 K we
find that EtOH dehydration occurs much faster than ethylation of the formed ethene, which takes
considerably longer due to higher free energy barriers. Hexene isomers form on the same time scale as
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butene, where branched isomers are favored with 2-methyl-pentene isomers contributing most to the
formation of propene through cracking. As in the methanol-to-olefins (MTO) process, the most relevant
alkylation pathway is the stepwise mechanism via surface alkoxy species (SAS) on the zeolite catalyst. A

DOI: 10.1039/d1cy02289j
comparison of ethylation with methylation barriers of up to heptene isomers forming nonene and octene
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1 Introduction

The zeolite-catalyzed ethanol-to-olefins (ETO) process and its
closely related methanol-to-olefins (MTO) process are promising
key drivers in the value-added chain from biomass to fuels and
raw materials for the petrochemical industry partaking in a
sustainable energy economy."* Aided by crystalline microporous
zeolite catalysts at temperatures around 673 K to 823 K and
intermediate pressures around 1 bar to 5 bar, ethanol (EtOH)
and methanol (MeOH) are converted into light olefins in these
processes.® The current understanding of the mechanistic
details revolves around the concept of the hydrocarbon pool
(HCP) comprised of a variety of (unsaturated) hydrocarbons that
continuously undergo  oligomerization and  cracking
reactions.”™ While the initial formation of carbon-carbon
bonds in the multi-step initiation of the MTO process from
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isomers, respectively, shows that ethylation barriers are lower by around 11 kJ mol™® on average.

MeOH has been attributed to either impurities’"™* or direct

initiation,">*® the ETO process initiates via EtOH dehydration
to ethene." In a majority of experimental studies, the ETO
conversion was performed on (modified) H-ZSM-5 where the
first stage of EtOH dehydration proceeds at a high rate and is
virtually independent of the selectivity of the catalyst towards
higher olefins.”> The most important acid-catalyzed reactions
(dehydration, alkylation/oligomerization, isomerization,
cyclization, aromatization, hydrogen transfers and cracking) in
the HCP are promoted by the acidic Brensted sites and
governed by the structural properties (framework, pore size) as
well as the acidity of the catalyst.*

Several studies have compared different zeolites and have
demonstrated excellent activity in the dehydration reaction of
EtOH to ethene,* and further reactions to a complex mixture of
short-chain hydrocarbons.**** In the experimentally determined
thermodynamic equilibrium between EtOH, diethyl ether (DEE)
and ethene at atmospheric pressure the ratio of DEE: ethene is
1:1 at roughly 370 K, while above 450 K no significant amount
of DEE is observed.>* However, in many experimental studies
the actually observed product ratio greatly varies with the overall
reaction conditions,* such as EtOH pressure,*® catalyst contact
time, overall conversion and temperature. A particularly high
sensitivity of the ethene selectivity to the catalyst contact time
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and temperature has been found in H-SAPO-34 in the narrow
temperature interval from 458 K to 503 K.”’ Many other
experimental works have been reported.”® Tong used a diluted
EtOH solution (20%) over H-ZSM-5 and achieved 99%
conversion with 80% ethene selectivity at 672 K, and 42%
conversion with 72% ethene selectivity at 571 K.*® Le Van Mao
et al. observed 96% conversion of EtOH solution (15%) over H-
ZSM-5 at 673 K with 49% ethene selectivity.”® Phillips and Datta
applied EtOH in very low pressures and discovered that
temperatures below 473 K are too low for EtOH dehydration
leading to catalyst deactivation.®® Pan and Li used modified
H-ZSM-5 at 533 K and obtained 98% conversion with 98% to
99% ethene selectivity.*'**> Wang et al. fed 0.2 MPa EtOH, water
and Ar carrier gas to H-SAPO-34 at 493 K to 593 K where the
observed EtOH conversion was 90% with an ethene selectivity of
99% above 533 K, whereas DEE was generated at lower
temperatures.® Zhou et al. used 0.1 MPa EtOH at 513 K over
H-SAPO-11/H-ZSM-5 to achieve a conversion of 99% with 99%
ethene selectivity.** Xin et al. used H-ZSM-5 at 1 atm and 473 K
with an EtOH partial pressure of 19.8 kPa diluted in He. The
observed conversion was around 70% to 76% with ethene
selectivities ranging from 5% to 17% depending on the degree
of dealumination and desilication of the catalyst tuning its
acidity for controlled selectivity.*> Phung et al. compared FER,
MFI, MOR, BEA, Y, and USY catalysts using a feed of 7.9% EtOH
in N, carrier gas to observe over 70% DEE at 473 K with MFI
and BEA, 99.9% ethene selectivity at 573 K with FER and FAU/
USY (competition with DEE was not relevant under practical
conditions). Confinement was concluded to explain the
observations best. EtOH conversion occurred only above 400 K
with almost full conversion at temperatures above 600 K. DEE
was the main product at low temperatures and low conversion
but decreased at 500 K.** Zhang et al. found that 90% EtOH
conversion and 90% ethene selectivity can be achieved with
zeolite catalysts or catalytically active Al,O; but the latter
requires higher temperatures by at least 100 K. Among zeolites,
the required temperature for similar conversion and ethene
selectivity can differ by up to 70 K.*' In tests with heteropoly
acids it was concluded that DEE and ethene are probably
produced mostly through parallel routes rather than following a
consecutive reaction scheme.>””*® In a theoretical study using H-
ZSM-5, however, Alexopoulos et al. identified the consecutive
dimer-mediated etherification followed by ether decomposition
to be energetically most favorable for EtOH dehydration to
ethene at 500 K - closely followed by the ethoxide-mediated
mechanism.”® EtOH conversion and ethene selectivity thus
strongly depend on the employed catalyst and the reaction
conditions.**

Chowdhury et al have elucidated the homologation
reaction network originating from ethene with homologated
and non-homologated products.’® In the absence of
methylation reactions, the ETO reaction network can thus be
thought of two separate networks for the even and odd-
numbered olefins, interconnected by cracking reactions, see
Scheme 1. This concept of even and odd-numbered carbon
units is further supported by Ingram and Lancashire who
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Scheme 1 Concept of dividing the HCP into the even and the odd-
numbered olefins self-contained through ethylations but partially
interconnected by cracking reactions (n, m € N).

found that propene formation mainly originates from
cracking of hexene isomers.*

Quantum chemical calculations, typically based on density
functional theory (DFT) are nowadays routinely used to study
the reaction mechanisms associated with e.g. the HCP cycle.
These methods are able to predict reaction barriers thus
shedding light on reaction mechanisms and determining
possible rate determining steps. Often, the obtained data also
serves as input for (micro)kinetic models of the corresponding
processes.***° For instance, Alexopoulos et al. have shown that
a reaction path analysis of EtOH dehydration from free energy
profiles should include the effect of reaction conditions, feed
concentrations and conversion levels. While DFT and ab initio
post-Hartree-Fock (HF) calculations have been used extensively
for MTO and related processes,™>**#1:43:48:50°35 theoretical
insight into the analogous conversion of EtOH in acidic zeolites
has so far mostly been limited to EtOH dehydration to ethene
and DEE****®® and is rather scarce for subsequent
propagation steps.

Herein we use a hierarchical approach employing periodic
DFT (PBE-D3) calculations to periodic models corrected by
highly accurate post-HF (DLPNO-CCSD(T)) calculations on
cluster models.”® This way, the periodic DFT calculations take
the steric implications of the entire zeolite framework into
account while the high-level post-HF method yields accurate
electronic energies.’>®”®" The calculated reaction barriers
serve as input for a microkinetic model comprising EtOH
dehydration in competition with diethyl ether (DEE)
formation as well as subsequent ethylation and cracking
reactions up to hexene isomers. We furthermore compare
stepwise ethylation barriers with methylation barriers studied
previously for the MTO process.

2 Results and discussion

This work 1is divided into three parts. We start by
investigating the conversion of ethanol (EtOH) to diethyl
ether (DEE) and ethene. Subsequently, we show our results
regarding the ethylation of ethene to butene and further
formation of hexene as well as the selectivities among hexene
isomers. Lastly, we discuss similarities and differences of
EtOH conversion with the well-established MTO process.

2.1 Conversion of EtOH to DEE and ethene

We computed stepwise and concerted reaction pathways for
the conversion of EtOH to DEE and ethene as depicted in the

This journal is © The Royal Society of Chemistry 2022
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reaction scheme in Fig. 1a. EtOH dehydration to DEE or ethene
starts by adsorption of EtOH at the acid site of H-SSZ-13,
for which we computed a Gibbs free energy of adsorption
of =12 k] mol™* and 23 kJ mol™ for temperatures of 473.15 K
and 673.15 K, respectively. Starting from adsorbed EtOH
(ZOH*EtOH), the reaction network for the formation of DEE
comprises both the stepwise (gray and green lines) and
concerted (orange line) mechanisms. Due to a high barrier
for direct DEE decomposition on H-SSZ-13 (red line), the
stepwise dehydration mechanism has lower overall free
energy barriers, already at 473.15 K. At 673.15 K, the stepwise
barriers are 131 k] mol™* and 125 kJ mol™* when measured
from adsorbed EtOH. Ethene formation can occur via three
different mechanisms, namely via (1) direct dehydration of
adsorbed EtOH (blue line), (2) the dehydration of adsorbed
DEE (red line) and (3) from surface ethoxy species (SES),
whereby the acid site is reestablished again (black line). At
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Fig. 1 Reaction scheme for a) EtOH dehydration pathways with
corresponding calculated Gibbs free energy diagrams for the
conversion of ethanol (EtOH) to diethyl ether (DEE) and ethene in
H-SSZ-13 at pressures of 1 bar for a temperature of b) 673.15 K and c)
473.15 K.
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673.15 K these barriers have values of 175 k] mol ', 168 K]
mol ™, and 125 kJ mol ™}, when referenced to adsorbed EtOH,
adsorbed DEE and SES, respectively. Judging from the
calculated Gibbs free energy diagram in Fig. 1b at 673.15 K,
the stepwise mechanism (formation of SES and subsequent
elimination to ethene (gray and black lines)) has the overall
lowest barriers for ethene formation (154 kJ mol™* and 131 kJ
mol™" when referenced to EtOH in the gas phase and
adsorbed at the acid site, respectively). We observe, however,
that the ranking of the barriers for DEE and ethene
formation (green and black lines) changes with temperature.
In consequence, at 473.15 K DEE formation is kinetically
favored before the thermodynamically slightly more stable
ethene eventually dominates the gas phase composition upon
higher conversions (the chemical equilibrium between EtOH,
DEE and ethene depends strongly on the temperature, see
Fig. S2 in the ESIf and Garbarino et al.>*). Thus, we can use
this finding to explain why the conversion-dependent
formation of DEE decreases with increasing temperature.

In order to shed more light on the formation of DEE and
ethene and to identify reaction pathways, we also performed
simulations of the kinetics using a batch reactor model with
the reaction scheme shown in Fig. 1a. The barriers at 673.15
K for the kinetic model are summarized in Table 1 and the
data at 473.15 K and 573.15 K are listed in Tables S1 and S2
of the ESIf Fig. 2 shows the outcome of the kinetic
simulations using a feed of 1 bar EtOH and three different
temperatures. The upper panel of Fig. 2 shows simulated
partial pressures, while the coverages of all possible
intermediates are given in the lower panel.

Note that due to our choice of initial settings, surface
coverage corresponds equally to partial pressure (a DEE
coverage of 0.15 corresponds to 0.15 bar DEE when
desorbed). As expected, surface coverages decrease with
increasing temperatures where adsorbed water dominates
among the surface species. At 473.15 K, DEE is the
dominating product during the first minute where half of the
amount of DEE is adsorbed at the reactive centers. Our
simulations predict a theoretical initial DEE selectivity (S) of

Table 1 Adsorption free energies of water, EtOH and DEE as well as
forward and backward free energy barriers at 673.15 K and pressures of 1
bar for all elementary reaction steps shown in Fig. 1a
AGH (k_J)
mol

No.  Elementary reaction

1 ZOH + H,0 =ZO0H*H,0 25¢

2 ZOH + EtOH =ZOH*EtOH 23°

3 ZOH + DEE =ZOH*DEE 35

4 ZOH*EtOH =SES + H,O 131, 148
5 SES + EtOH =ZOH*DEE 142,127
6 ZOH*EtOH + EtOH =Z0H*H,0 + DEE 176, 188
7 SES =ZOH + ethene 125, 180
8 ZOH*EtOH =ZOH*H,0 + ethene 175, 222
9 ZOH*DEE =ZOH*EtOH + ethene 168, 215

“ Adsorption free energies;
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Fig. 2 Simulated partial pressures of gas phase species (top row),
surface coverages (middle row) as well as EtOH conversion (X) and
selectivity (S) of DEE (bottom row) at three different temperatures as a
function of time using the reaction mechanism shown in Fig. 1a with
data shown in Table 1 and an initial pressure of 1 bar EtOH. Note that
the time scale differs significantly, being minutes (473.15 K), seconds
(573.15 K) and milliseconds (673.15 K).

90% at 0.2% conversion which decreases monotonically with
increasing EtOH conversion (X). After 50 s at 473.15 K we
observe a peak DEE yield with a DEE selectivity of 61% and
an EtOH conversion of 79%. At 673.15 K on the other hand,
ethene is simulated to form within hundreds of ms, while
DEE is not present in large amounts throughout the
simulation time. This behavior depending on temperature
and conversion can be understood by the temperature-
dependent ranking of the barriers for DEE and ethene
formation, as discussed above. We also note that the absence
of DEE formation at elevated temperatures is in line with
experimental  observations.?*273173%36:62  pBegides  the
temperature dependence, we also observe conversion to be
significant for DEE and ethene selectivity. After one minute
at 473.15 K, 81% of the EtOH have been converted into DEE
(56%) and ethene (25%) on a per carbon basis. At higher
conversion and for longer reaction times, ethene becomes
the dominant product since the thermodynamic equilibrium
favors ethene even at 473.15 K (see ESIt). A high variation of
the ethene selectivity within a narrow temperature range and
depending on the catalyst contact time was also reported for
EtOH dehydration in H-SAPO-34 by Potter et al.>’ At 473.15 K
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and a contact time of 22 min they observed 40 mol% DEE
and 10 mol% ethene. Moreover, ethene increased to 20
mol% when the contact time increased to 90 min. At 503.15
K, their measured ethene selectivity went up to 45 mol% and
80 mol% for the same contact times of 22 min and 90 min,
respectively. H-SSZ-13 and H-SAPO-34 exhibit the same CHA
topology with a pore size of 3.7 A and virtually identical van-
der-Waals (vdW) interactions.®® From the higher acidity of
H-SSZ-13 we expect slightly lower barriers (higher rates) in
our case with, nevertheless, a similar effect of temperature.
In MTO experiments, H-SSZ-13 displayed a higher conversion
capacity at lower temperatures.®*

Our kinetic simulations thus show that DEE selectivity
varies greatly with temperature, conversion and catalyst
contact time, with DEE being mainly observed at lower
temperature and lower conversion.

2.2 Ethylation of olefins

In this section, we focus on a small subset of the ETO
reaction network comprising only olefins with an even
number of carbon atoms as well as their cracking products
(including propene). The alkylation pathways shown in
Scheme 2 are inspired by the methylation pathways in the
methanol-to-olefins (MTO) process.”® We consider stepwise
and concerted mechanisms, in other words, the formation of
surface ethoxy species (SES) followed by a reaction with an
olefin and the direct reaction of the olefin with an alkylation
agent (EtOH, DEE, or ethene) at the acid site.

2.2.1 Ethylation of ethene to butene. After ethene
formation from EtOH, the route to higher olefins necessarily
proceeds via ethylation of ethene.'® As mentioned above, we
always consider ethylation pathways through the three
ethylation agents (EtOH, DEE and SES) and potentially
further ethylation pathways by olefin dimerization. Butene
formation from ethene can thus proceed via the four
reactions listed in Table 2. From the listed intrinsic free
energy barriers, the lowest barrier of 173 k] mol" is found
for ethylation by SES formed from ethene (at 673.15 K). Note
that the lowest ethylation barrier is still significantly higher
than the lowest barrier for ethene formation from SES with
125 kJ mol™'. We thus conclude that the conversion of EtOH
to ethene is much faster than the subsequent butene

Concerted: +ZOH*EtOH - ZOH*H,0
CpHy * ZOH*DEE - ZOH*EtOH ConioHanta
+ =z ZOH(cat.)
Stepwise: +EtOH -H,0
+ - EtOH + CyH
7ZOH L SES M, ContoHanta
+ / -ZOH

Scheme 2 Depiction of stepwise and concerted ethylation paths.

This journal is © The Royal Society of Chemistry 2022
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Table 2 Elementary reaction steps for the formation and cracking of
butene with forward and backward free energy barriers at 673.15 K

AGI (ﬁ)
mol

No.  Elementary reaction

10 ZOH*EtOH + ethene =ZOH*H,0 + butene 205, 274
11 SES + ethene =ZO0OH + butene 173, 250
12 ZOH*DEE + ethene =Z7ZOH*EtOH + butene 199, 267
13 ZOH + 2 ethene =Z7O0H + butene 250, 272

formation. Unsurprisingly, the intrinsic formation/cracking
barrier for the short-chained butene is very high in both
directions (250 k] mol™ and 272 kJ mol *).°>®® The Gibbs
free energy diagrams corresponding to stepwise and
concerted butene formation and cracking at 673.15 K along
with optimized transition structures are shown in Fig. 3.
Inspection of Fig. 3 shows that the intrinsic barrier for the
SES-mediated dimerization of ethene is higher in comparison
to the reactions of ethene with EtOH or DEE.
Thermodynamically, however, ethene is considerably lower in
free energy than DEE or EtOH (see Fig. S3 in the ESIt), such
that the ethene dimerization to butene via SES (see Fig. 3c) is
actually the most favorable pathway from a kinetic point of
view. In addition, since ethene is formed rapidly, see Fig. 2,
the partial pressure of ethene will be much higher than that
of either EtOH or DEE. We thus conclude, that the overall
lowest ethylation barrier is found for the stepwise ethylation
pathway via SES.

2.2.2 Formation of hexene isomers. Ethylation from
butene onwards can lead to a variety of hexene isomers. The
Gibbs free energy diagrams for the corresponding ethylation,
cracking and methyl shift reactions are shown in Fig. 4.
Analogous to the ethylation of ethene, the overall lowest
ethylation barrier of butene is found for the stepwise
ethylation by SES formed from ethene (black barriers in
Fig. 4c), followed by ethene dimerization (red barrier in
Fig. 4c), direct ethylation through DEE and direct ethylation
with EtOH. Hence, our calculations indicate that the
preferred alkylation pathway in the ETO process is similar to
that identified for the MTO process, that is alkylation via
surface alkoxy species (SAS) in the stepwise pathway. A
comparison of the ethylation pathways towards linear and
branched hexene isomers shows that the formation of
branched products is favored with lower barriers and more
favorable reaction energies which principally obeys the idea
of the Bronsted-Evans-Polanyi (BEP) principle. For analogous
stepwise methylations of olefins by MeOH this BEP principle,
which relates energy barriers with reaction energies, has been
applied in the literature to estimate barriers from reaction
energies.®”’®® The preference of branched products over linear
products can also generally be observed, as we will also see
later on in section 2.3. In particular, the stepwise ethylation
barrier for the formation of 3-methyl-pentene is by 19 kJ
mol ™" lower than the analogous formation of hexene. Relative
to ethene in the gas phase the free energy barriers for the

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Gibbs free energy diagram and transition structures for the
direct ethylations of ethene at 673.15 K through a) EtOH (blue), b) DEE
(orange) and c) ethene (red). Corresponding stepwise ethylations are
shown in black.

methyl shift of 3-methyl-pentene to 2-methyl-pentene and
subsequent cracking to propene are slightly lower than the
formation of 3-methyl-pentene from ethene and butene (see
Fig. S4 in the ESIf). Once longer olefins are formed, the
formation of propene and subsequent formation of other
odd-numbered olefins is hence kinetically favorable. Using
our calculated free energy barriers in Table 3 together with
the data in Tables 1 and 2, we extended our kinetic model
shown above such that we can simulate the entire reaction
network. The results of such a kinetic simulation are shown
in Fig. 5 for a temperature of 673.15 K with a feed of 1 bar of
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Corresponding stepwise ethylations are shown in black. The formation
of linear (left) and branched (right) hexene isomers can be compared.
The barriers for a methyl shift and for propene formation through
cracking are shown in d).

EtOH. As can be seen, the kinetic regimes can roughly be
separated into three time domains. At 673.15 K, ethene is
formed from EtOH within milliseconds (Fig. 5a). Ethene then
dimerizes mediated by SES to form butene (Fig. 5b) on the
scale of minutes, with the olefin partial pressures eventually
approaching thermodynamic equilibrium through dimerization,
ethylation and cracking (propene formation, Fig. 5c).

Note that branched hexene isomers are observed in small
amounts while the partial pressure of linear hexene stays
noticeably lower, which is due to the lower barriers for branched
olefins (see Fig. 4 and 5). Due to the high temperatures, the
equilibrium partial pressures of hexene isomers are always low
and these species present intermediates towards propene. The
propene formation accompanying the formation of hexene
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Table 3 Elementary reaction steps for the formation, cracking and
methyl shift reactions of hexene isomers with forward and backward free

energy barriers at 673.15 K
ok
AGH <i>
mol

No. Elementary reaction

14 ZOH*EtOH + butene =ZOH*H,0 + hexene 232, 268
15  ZOH*EtOH + butene =ZOH*H,O + 3-Me-C5% 177, 221
16 SES + butene =ZO0H + hexene 178, 223
17  SES + butene =ZOH + 3-Me-C5“ 159, 212
18 ZOH*DEE + butene =Z7ZOH*EtOH + hexene 199, 235
19  ZOH*DEE + butene =~ =ZOH*EtOH + 3-Me-C5% 184, 228
20 ZOH + hexene =Z7ZO0H + ethene + butene 245, 255
21 ZOH + hexene =ZOH + 2 propene 224, 245
22 ZOH + 2-Me-C5” =ZOH + 2 propene 210, 219
23 ZOH + 2-Me-C5” =7OH + 3-Me-C5° 179, 176

“ 3-Methyl-pentene. ? 2-Methyl-pentene.

isomers is also within our expectations based on the computed
barriers shown in Fig. 4. In this regard, the methyl shift of
3-methyl-pentene to 2-methyl-pentene and subsequent cracking
to propene contributes most significantly to propene formation.
From these Gibbs free energy diagrams it is also evident that the
ethylation barriers for butene are lower than the ethylation
barrier for ethene, similar to the trends of methylation barriers
in the MTO process.®®

Since odd-numbered olefins are eventually formed
through cracking, the ETO process shows fairly similar
product distributions compared to that observed for MTO.?
Our findings hence support the work of Ingram and
Lancashire who demonstrated that propene originates from
cracking of presumably 2-methyl-pentene rather than from
intermediate steps of butene formation.*®

At lower temperatures, the formation of olefins higher
than ethene quickly becomes unfeasible due to the high
overall ethylation barriers. This is in line with experimental
studies on H-ZSM-5 zeolite, where the selectivity for ethene
formation was 95.5% at 543.15 K with almost no formation
of higher olefins.®® Only at temperatures above 573.15 K,
significant amounts of higher olefins were observed, leading
to gradually increased concentrations of butene and propene
through cracking.®® Although our calculations were
performed for H-SSZ-13 and not H-ZSM-5, we have observed
previously that significant differences in activation barriers
are typically transferable to other zeolite frameworks.®*”°

An analysis of the kinetics shows that the largest
contributions come from reactions no. 2, 4, 7, 11, 17, 22 and
23 (see ESIf). Notably, the majority of the relevant reactions
proceed via SES. This key aspect of the ETO process is
analogous to that of the MTO process where most reactions
of the olefin (and aromatic cycle) proceed via SMS under
typical reaction conditions.

2.3 Correlations between ethylation and methylation

In the previous sections we noticed similarities between ETO
and MTO in that the predominant alkylation pathways

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 The upper mechanism is a subset of the ETO reaction network with even-numbered olefins (ethene, butene and hexene isomers). The
even-numbered olefins are self-sustained by ethylations (E) unless hexene isomers are cracked to propene leading to the existence of odd-
numbered olefins. The three diagrams depict the evolution of partial pressures in a corresponding kinetic simulation with the kinetic model
combined from Tables 1-3 at 673.15 K with an initial pressure of 1 bar EtOH as a function of time. The crucial events happen on different time
scales, namely (a) the conversion of EtOH to ethene within 300 ms, (b) the evolution of higher olefins with propene partial pressure surpassing
butene after 97 min and (c) the slow equilibration that is not completed even after 40 h (equilibrium pressures are indicated). We note that further
reactions of propene such as the formation of pentene through ethylation or the formation of heptene from propene and butene are not included
in our simulation. Surface coverages are rather low at 673.15 K and thus not depicted here.

proceed via SAS. In the following, we compare free energy
barriers for the second step of the stepwise alkylation,
referenced to the gas phase, for a few olefin methylations
and ethylations where we differentiate between linear and
branched products. This correlation of intrinsic alkylation
barriers for ETO and MTO at 673.15 K is presented in Fig. 6.
As can be seen from Fig. 6, there is a correlation between
methylation and ethylation barriers, with ethylation barriers
being lower by about 11 kJ mol™.

In earlier work on MTO, we observed that the van-der-Waals
(vdW) contribution to reaction barriers increases with
decreasing zeolite pore size and that for H-SSZ-13 a contribution
of roughly 5.8 k] mol™ per adsorbate atom can be expected.®®
With the additional CH, fragment in ethylations, we would
hence expect a vdW contribution to the energies of the barriers
of about —17.4 kJ mol™". We indeed observe that the major part
of the energetic differences of the reaction barriers (-8 kJ mol )
originates from the difference in vdW contributions (see Fig. S6
of the ESI}), albeit it is only half as strong as expected from
earlier work. Since vdW interaction generally depends on the
specific fitting of the adsorbate and the microporous structure,
different zeolites can be expected to differ in their vdW
interactions with adsorbates, although on average, interaction
increases with the size of the adsorbate.®*”°

3 Summary and conclusions

The formation of the HCP in the ETO process was studied
based on batch reactor kinetics using ab initio calculated rate
constants for the H-SSZ-13 catalyst. Temporary DEE

This journal is © The Royal Society of Chemistry 2022

formation with initially high DEE selectivity was observed
within the first couple of minutes or seconds, at 473.15 K
and 573.15 K, respectively, as long as the conversion was
relatively low. This is due to the fact that at these

Alkylation barriers
T T T T
®  linear product :
%X branched product
200 p—mmm— AL
el
£
E 180 b o e e s
4.1.:-% 160 F o X
<
1 40 b s s v s . _
MAE: 6:kJ/mol
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140 160 180 200
AGrﬁclhylation (kJ/mOI)

Fig. 6 Correlation of free energy barriers, referenced to the gas
phase, for the second step of the stepwise alkylation between ETO and
MTO processes at 673.15 K and a reference pressure of 1 bar. The
formation of linear and branched products is distinguished. The
barriers for ethylation scale linearly with the barriers for methylation
with a slope of one and an offset of 11 kJ mol™ with a mean absolute
error (MAE) of 6 kJ mol ™.
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temperatures the dehydration pathway to DEE exhibits lower
reaction barriers compared to the dehydration pathway to
ethene. Ethene is formed rapidly at temperatures above
473.15 K with the main reaction pathway going through SES.
Further ethylation to butene and hexene isomers, however, is
significantly slower. Because butene ethylation is faster than
ethene ethylation at 673.15 K, the ethylation of ethene to
butene leads to the formation of hexene isomers opening
cracking pathways to the formation of odd-numbered olefins
(i.e. propene). Although the importance of cracking increases
for higher olefins,”> our simulations predict that propene is
mainly formed through cracking of 2-methyl-pentene, a
finding that has also been proposed based on experiments.*’
Furthermore, our study revealed a mechanistic similarity
between ETO and MTO processes, that is the alkylation via
SAS being favored over direct alkylation with the alkanol or
alkylation through the dialkyl ether.

A correlation of Gibbs free energy barriers for alkylations
mediated by SAS shows that ethylation barriers are generally
lower than their methylation counterparts by roughly 11 kJ
mol ', which we assign to differences in vdW interactions.

Our study thus provides theoretically derived reaction
mechanisms for the dehydration of EtOH to ethene as well as
further homologation and cracking steps.

4 Methods

We computed free energies as described in previous work.>> A
hexagonal unit cell with pre-optimized parameters (a = 13.625
A, ¢ = 15.067 A) and one Bronsted acid site per unit cell was
used for H-SSZ-13, see ESIT for locations of bulkier transition
structures within the cavities. Structures were optimized
employing periodic density functional theory (DFT)
calculations with the dispersion-corrected PBE-D3”"”” density
functional (zero damping) using the VASP code with the
standard PAWs’>”7> and an energy cutoff of 400 eV. A
convergence criterion of 0.01 eV A™* was applied to geometry
optimizations. The Brillouin zone was sampled at the /-point
only’® using Gaussian smearing with a width of 0.1 eV.
Transition structures were optimized using automated relaxed
potential energy surface scans (ARPESS)’” and the existence of
one imaginary mode connecting the correct minima of the
reaction was confirmed. Entropic contributions to the free
energy barriers have been calculated using the harmonic
approximation at the respective temperatures and at a
reference pressure of 1 bar. Vibrational frequencies were
derived from the partial Hessian matrix computed using a
central finite difference scheme including only the adsorbate,
the acid site and its adjacent Al- and Si-atom. Moreover,
vibrational frequencies below 12 cm™ were raised to this value
because they can lead to inaccurate entropies otherwise.”® To
obtain accurate reaction barriers,’® corrections of the electronic
energies according to eqn (1) and (2) were applied using a
hierarchical cluster approach’®®® (periodic models and 46T
cluster models saturated by hydrogen atoms,” see ESIf) with highly
accurate domain-based local pair natural orbital couple cluster
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(DLPNO-CCSD(T))**® calculations combined with complete basis
set (CBS) extrapolation based on DLPNO-MP2 calculations.

_ PBC 6T 6T 6T

E = Epge-ps ~ Eppeps + E%)LPNO-CCSD(T)/DZ + AByipocas (1)
. 46T _ 46T 6T

with AEnpo/ces = EbLpNo-MP2/CBS ~ E4DLPNO-MP2/DZ (2)

In this approach, the cc-pvVDZ basis set was used for
Epipno-cespimypz Of the 46T cluster model, the def2-TZVPP
basis set was used for Epgpps, and AEse,cps stands for
the difference between MP2-based CBS extrapolation
(Ebipnompa/css) and  MP2/ce-pVDZ  calculations for 46T
clusters (Efypno-mpa/pz)- The CBS extrapolations of Hartree-
Fock energies were carried out with the three-point exponential
formula®” with cc-pVXZ (X = D, T, Q). For MP2-correlation, the
two point I~ formula®® was used with cc-pVXZ (X = D, T). The
non-periodic calculations were performed on 46T cluster
models using the ORCA®***° and TURBOMOLE’ program
packages. PBE-D3 calculations on the 46T cluster models were
performed using TURBOMOLE along with the def2-TZVPP
basis set.””°® ORCA was used to perform DLPNO-CCSD(T),*®
DLPNO-MP2°*%  and  restricted Hartree-Fock  (RHF)
calculations for cc-pVXZ (X = D, T, Q) in the DLPNO
approximation.*®?*71°° The RIJCOSX (resolution of identity for
Coulomb integrals and semi-numerical chain-of-sphere
integration for HF exchange integrals) approximation'®" with
GridX6 was used in RHF calculations. Parts of the calculations
were operated using the atomic simulation environment."*>

The kinetic model comprises direct ethylations with DEE
and EtOH, stepwise ethylations via SES as well as cracking
reactions. Olefin isomerization barriers that only shift the
double bond are expected to be small compared to ethylation
and cracking barriers®® and are therefore treated implicitly;
e.g. 1-butene and 2-butene are lumped together as butene,
2-methyl-2-hexene is simply called 2-methyl-hexene, and so
on. The kinetic simulations of the batch reactor were carried
out based on the mean field approximation using simple
Euler integration with a maximum time step smaller than 5 x
1077 s as implemented in the in-house code used in previous
work."'* Since we only consider the initial part of the ETO
reaction mechanism we neglect diffusion limitations in the
reactor simulations, thus assuming perfect mixing, as
diffusion of smaller olefins has been shown to be rather
fast.'® We assume instantaneous equilibration of adsorption
processes. For numerical reasons, the lower threshold of 80
kJ mol ™" for adsorption barriers was set when deriving kinetic
parameters from the barriers. It was verified that lowering
this threshold has no impact on the outcome of the
simulations (see ESIt). Further details on the kinetic model
can be found in the ESI of our previous publication."?
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