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Reaction mechanism
Ethanol-to-hydrocarbons (ETH) process, is investigated in this work due to the requirement of sustain-
able production route for light olefins such as ethene and propene. Majority of the mechanism insights
of ETH process are principally proposed based on the methanol-to-hydrocarbons (MTH) process, which
involves a homologous reaction system. The reaction intermediate species including cyclopentenyl
cations and aromatics species, which are denoted as ‘‘hydrocarbon pool (HCP)” species in MTH process,
were discovered and identified in the ETH process by in situ solid-state 13C NMR (ssNMR) experiments,
advanced 2D 13C–13C INADEQUATE (Incredible Natural Abundance DoublE QUAntum Transfer
Experiment) ssNMR experiment, 12C/13C-C2H5OH isotope switching experiments complemented by gas
chromatography-mass spectroscopy (GC–MS). Especially, in the ETH reaction, ethylcyclopentenyl cations
and their deprotonated form were first captured and exhibited relatively higher activity in the formation
of ethene and propene. Multi-routes with the participation of these active intermediates were proposed
and evaluated by density functional theory calculation (DFT), demonstrating that they can play important
roles in the formation of olefins. Ethene formation are mainly formed from ethanol dehydration, whereas
propene can be produced via multi-routes with the participation of the captured HCP species. Moreover,
the detailed reaction routes may be modulated by the temperature. This work provides direct evidences
of the critical function of HCP species in the ETH process and reveals the mechanism of olefin formation.

� 2022 Elsevier Inc. All rights reserved.
1. Introduction

Ethanol-to-hydrocarbons (ETH) process catalyzed over zeolite
catalysts has recently attracted extensive attentions from both aca-
demia and industry due to the massive resources from bioethanol
production and coal-to-ethanol process [1–3]. A great deal of work
on industrial development and fundamental understanding on the
zeolite-catalyzed ETH process have been done, however, mainly
focus on catalyst modification [4–6] and products optimization
[7,8]. At present, there is not a unified understanding on reaction
mechanism, which remains a controversial topic [9–11]. It is note-
worthy that majority of the mechanism insights are principally
based on the understanding of its homologous reaction,
methanol-to-hydrocarbons (MTH) process, which is performed
over similar zeolite catalyst and presents the close product distri-
butions as ETH process [12]. The MTH reaction mechanism has
been systematically investigated by both experiment [13–18] and
theory [19–21] for many years, including complex reaction pro-
cess, reaction intermediates and catalytic routes. Inspired by this,
the ETH process was supposed to have similar mechanism to the
‘‘sister-reaction” (MTH process) [22–24]. For instance, the ethoxy
[25,26] and triethyloxonium ion (TEO) [27] in ethanol dehydration
reaction corresponding to the methoxy and trimethyloxonium ion
(TMO) in methanol dehydration stage, were observed by infrared
(IR) and solid-state nuclear magnetic resonance (ssNMR) spectro-
scopies directly, and play an important role as initial active species.
However, it is imperative to note that the detailed reaction mech-
anism of ETH process should not be considered exactly identical to
MTH process. As the ETH process starts with a C2 reactant, the for-
mation of the initial carbon–carbon bonds, still an ongoing contro-
versy in the MTH process, is not interfered in this reaction.
Furthermore, as the coupling of ethanol molecules which have
even carbon number occurs in ETH process, it will be hard to shed
light on the formation of the products and intermediates with the
odd carbon number, especially propene.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcat.2022.07.002&domain=pdf
https://doi.org/10.1016/j.jcat.2022.07.002
mailto:xushutao@dicp.ac.cn
https://doi.org/10.1016/j.jcat.2022.07.002
http://www.sciencedirect.com/science/journal/00219517
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Up to now, three different mechanisms have been proposed for
the ETH process, including the acid-catalyzed mechanism [28], the
radical-intermediate mechanism [29] and the dual cycle mecha-
nism [12]. It was inclined to consider that ethanol first dehydrates
to generate an ethene intermediate, which subsequently trans-
forms to C3+ hydrocarbons and aromatics via secondary reactions,
such as oligomerization, cyclization, aromatization and cracking
as in the process of MTH [3,9,30]. Zhou et al have done an elaborate
work on the dehydration of ethanol to ethene, the triethyloxonium
ion (TEO) mediated reaction pathway was supposed to be more
energetically favorable compared to the ethoxy precursors. During
the secondary stage of ETH reaction, three kinds of ethyl-
substituted benzene species were identified and responsible for
the formation of ethene in the work of Chowdhury et al. [10].
And they hold the view that the olefins-based cycle is deficient
in ETH process due to the failure in capture of olefinic-
hydrocarbon pool (HCP) species [10], which is controversial to
the previous conclusion [9,12]. Although they have exhibited these
exquisite works to readers, the whole conversion process of etha-
nol was rarely observed by any in situ technology. In addition,
the detailed active intermediates and explicit production paths of
light olefins, especially propene, are still not fully given.

Focused on the dehydration stage of ethanol, our teams recently
reported different surface species on ZSM-5 zeolite, including
adsorbed ethanol with side-on and end-on orientation, diethyl
ether with adsorbed and activated state, ethoxy, TEO and even
cyclopentadienyl cations, the evolution process of these captured
intermediates was also exhaustively illustrated [31]. Carbocations
which are demonstrated as critical active intermediates and con-
tributed to the formation of ethene and propene via a dual-cycle
mechanism (olefins-based and aromatics-based cycles) and a com-
plementary cyclopentadienes-based cycle mechanism in MTH pro-
cess [32–34], are rarely identified in ETH process. Furthermore, the
important roles and explicit structure of these cations in ETH pro-
cess have not been reported yet. Therefore, it is worth for us to
investigate whether these critical carbocations and the corre-
sponding catalytic cycles mentioned in the MTH process are uni-
versal in alcohol conversion. The active intermediates and exact
reaction pathway in ETH process should be further revealed.

Herein, multiple methods like magic angle spinning (MAS)
solid-state nuclear magnetic resonance (ssNMR), gas
chromatography-mass spectroscopy (GC–MS), and 12C/13C-
ethanol isotope switching experiments were performed to investi-
gate the issues mentioned above, including the reaction pathway
of ETH process, capture and identification of the active intermedi-
ates on the working catalyst as shown in Scheme 1. Some critical
intermediates, ethyl-substituted carbocations, especially ethylcy-
clopentenyl cations and ethyl-substituted benzene species were
identified, and the feasibility and the contribution on the produc-
tion of the target products like ethene and propene were investi-
gated by density functional theory (DFT) calculation. Except for
the direct dehydration of ethanol to form ethene, the triple-cycle
mechanism including olefins-based cycle, aromatics-based cycle,
and cyclopentadienes-based cycle was demonstrated to be feasible
in ETH process for generating olefins, especially propene. In addi-
tion, the contribution of the proposed reaction routes is susceptible
to temperature.
2. Experimental

2.1. Catalyst and characterizations

The H-ZSM-5 zeolite used in this work was synthesized by a
seed surface crystallization method described in reference [35].
Firstly, the nano silicalite-1 was synthesized as a seed. 7 g of
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TPAOH solution (25 wt% in H2O), 50 g of TEOS, and 30 g of H2O
were mixed and stirred at 308 K for 12 h, and then transferred into
a 200 mL Teflon-lined steel autoclave and crystallized at 353 K for
72 h. The molar composition of the final gel was 1 TEOS:0.36
TPAOH:19 H2O. Then, the ZSM-5 zeolite was prepared as following
steps. 17.75 g of tetra-propyl ammonium bromide (TPABr)
(17.75 g) and 66.67 g of silica sol (30 wt% in H2O) were mixed at
308 K, then the seed was added into the silica gel. After stirring
for 30 min, 3.32 g of AlCl3�6H2O and 45 g of H2O was added drop-
wise into the silica gel. Then, 22.26 g of ethylamine aqueous solu-
tion (65 wt% in H2O, as alkali source) was poured into the obtained
silica-aluminum gel. Finally, the mother gel was transferred into a
Teflon-lined stainless-steel autoclave and crystallized at 443 K for
72 h. The molar composition of the final gel was 1 SiO2:0.02
Al2O3:0.20 TPABr:0.27 ethylamine:17 H2O. H-ZSM-5 zeolite was
obtained after calcination by removing the organic template. The
catalyst characterizations, including powder X-ray diffraction
(XRD) and scanning electron microscope (SEM) are showed in Sup-
plementary Fig. S1-2.

2.2. Catalytic testing

Ethanol conversion experiments were performed in a
continuous-flow fixed-bed tubular quartz reactor at atmospheric
pressure, and the reaction temperature was monitored with a ther-
mocouple in the catalyst bed. For the reactions at different temper-
atures, firstly 100 mg (40–60mesh) H-ZSM-5 samples were purged
at 500 �C under helium for 30 min, and then the reactor was cooled
to the desired reaction temperature (100–450 �C). For the reaction
with different WHSV conditions at 250 �C, 10–200 mg H-ZSM-5
samples (40–60 mesh) were diluted with variable weight (270–
0 mg) quartz sand (40–60 mesh) to keep the same bed volume.
Ethanol (Beijing J&K Scientific Co. Ltd., purity greater than 99.9%)
was supplied by passing helium through saturation evaporator at
20 �C water bath. The effluent products were analyzed on online
by gas chromatography (Agilent GC 7890A) equipped with a HP-
PLOTQ capillary column, a FID detector, and a mass spectrometric
detector (Agilent 7890A/5975C).

2.3. ssNMR experiments

All the solid-state NMR experiments were performed on a Bru-
ker Avance III 600 spectrometer equipped with a 14.1 T wide-bore
magnet. The resonance frequencies in this field strength were
119.2 MHz, 156.4 MHz and 150.9 MHz for 29Si, 27Al and 13C,
respectively. The 27Al MAS NMR spectrum was recorded use a
one pulse consequence with spinning rate of 12 kHz and 2 s recycle
delay. The 29Si MAS NMR spectrum was recorded with a high-
power proton decoupling sequence with a spinning rate of 8 kHz
and 10 s recycle delay. Chemical shifts of 27Al spectrum was refer-
enced to Al(NO3)3 solution at 0 ppm, and that of 29Si spectrum was
referenced to kaolinite at �91.5 ppm.

Prior to 13C-ethanol reaction, the catalyst was dehydrated under
the home-built vacuum line at 420 �C overnight. All the chemical
shifts of 13C NMR spectroscopies were referenced to adamantane
with the up-field methine peak at 29.5 ppm.

The 2D INADEQUATE (Incredible Natural Abundance DoublE
QUAntum Transfer Experiment) ssNMR experiment was conducted
using the 4 mm WVT probe with the spinning rate of 14 kHz and
recycle delay of 1 s. The p/2 pulse width of 13C and 1H used was
3.6 ls and 4.5 ls, respectively. The contact time was 3 ms for
polarization transfer from 1H to 13C. The rotor synchronized s delay
in the INADEQUATE experiments was optimized to about 2.14 ms.

For the in situ 13C ssNMR experiment under continuous-flow
(CF) condition, about 200 mg of pre-dehydrated H-ZSM-5 was
filled into a 7 mm NMR rotor reactor as a hollow cylinder with



Scheme 1. Illustration and comparison of reaction mechanism of the thoroughly investigated methanol-to-hydrocarbons (MTH) process (highlighted in blue background)
and ambiguous ethanol-to-hydrocarbons (ETH) process (highlighted in pink background). Several kinds of ethyl substituted cyclopentenyl cations and aromatics with high
activity were identified by multiple technology in ETH process. Moreover, the triple-cycle mechanism that mediated by the identified species was proposed analogously to
MTH process. In dotted frame on the right, multiple methods for unearthing the findings in this work are illustrated.
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Fig. 1. The conversion and selectivity of products of the ethanol conversion on H-
ZSM-5 zeolite at varied reaction temperature from 100 to 450 �C. DEE denotes
diethyl ether, C0

1-4 refers to the C1-C4 alkanes, C5+ refers to the aliphatic hydrocarbons
with carbon number above five, including chain alkanes, cyclic alkanes, chain alkenes
and cyclic alkenes, aromatics includes benzene, toluene, xylenes, ethylbenzene,
methyl ethylbenzenes and trimethylbenzenes. (The effluent products were analyzed
after reaction for 5 min at each temperature with the WHSV of 2 h�1).
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the assistance of a specially constructed tool in a nitrogen glove
box. Before the introduction of ethanol, the catalyst was activated
at 300 �C for 30 min under flowing helium (36.5 mL/min), and then
the temperature was adjusted to the desire reaction temperature.
Subsequently, continuous-flow 13CH3

13CH2OH was fed into the
7 mm NMR rotor by passing the carrier gas He through an ethanol
saturator kept at 10 �C with a WHSV of 0.5 h�1, and 13C MAS NMR
spectra were recorded using one pulse sequence with a spinning
rate of 3355 Hz simultaneously. In order to obtain the 13C MAS
NMR spectra with better signal-to-noise ratios, 0.5, 2 and 4 s recy-
cle delay was used during the periods from 0 to 10 min, 10 to
30 min and 30 to 74 min, respectively. After the in situ CF 13C
519
ssNMR experiment, the sample was removed from the 7 mm rotor
and transferred into a 4 mm rotor at room temperature for the 13C
CP/MAS experiment. The spinning rate of 12 kHz, recycle delay of
2 s and contact time of 3 ms was used for the CP sequence.

For the in situ 13C ssNMR experiments under batch-like condi-
tion, about 20 kPa of 13CH3

13CH2OH saturated vapor was adsorbed
in pre-dehydrated H-ZSM-5 zeolite at 20 �C and keep equilibrium
for 30 min, then evacuated 1 min to remove the supersaturated
ethanol from the zeolite surface. According to the equation of state
of ideal gas (PV = nRT), the amount of the ethanol is 3.53 � 10-4

mol. The elementary composition of the used H-ZSM-5 zeolite is
Si0.156Al0.006O0.331 according to XRF analysis (quality ration). There-
fore, the amount of the Al content can be obtained from the follow-
ing formula:
n Alð Þ ¼ mðAlÞ
MAl

¼ 0:006MAl �mcat:= 0:156MSi þ 0:006MAl þ 0:331MOð Þ
MAl

ð1Þ

Which is 1.20 � 10-4 mol. Therefore, about 2.9 ethanol adsorbed
on one Al site can be obtained in this sample. Subsequently, about
80 mg H-ZSM-5 zeolite that adsorbed ethanol was transformed
into a 4 mm NMR rotor reactor, and the sample was quickly heated
to 217 �C in the 4 mm H-X probe. Meanwhile, the in situ 13C CP/
MAS NMR spectra were recorded continuously to present the con-
version process of ethanol with the spinning rate of 10 kHz. 1 and
2 s recycle delay was used during the periods from 0 to 44 min and
44 to 64 min, respectively. 3 ms contact time was used for this
experiment.

The temperature of the probe mentioned above were calibrated
using KBr as a heat indicator, according to the change of the chem-
ical shift form 79Br MAS NMR spectra under different temperatures.
The79Br chemical shifts are linearly related to temperature with a
slope of �0.0249 ppm/K [36]. The chemical shift is set to
0.0 ppm at 293 K. Therefore, the real-time temperature (Treal) of



Fig. 2. In situ 13C MAS NMR spectra of the continuous-flow ethanol conversion on H-ZSM-5 zeolite at 258 �C and WHSV of 0.5 h�1. The reaction was conducted on the 7 mm
MAS-CAT probe with a spinning rate of 3355 Hz. The temperature of the probe was calibrated by potassium bromide (KBr). The spectra were recorded every 30 s from 0 to
10 min, then every 2 min from 10 to 30 min, and finally every 4 min from 30 to 74 min.
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sample can be deduced by the following equation, where d repre-
sent to the chemical shift of KBr at the actual temperature.

Treal ¼ 293� d=0:0249 ð2Þ
2.4. 12C/13C-methanol switch experiment

In the 12C/13C-ethanol switch experiment, 12C-ethanol was
firstly introduced into reactor by passing He through saturation
evaporator maintained at 20 �C at designated temperature (eg.
250 �C, 350 �C and 450 �C in this work) for 15 min. Then the feeding
of 12C-ethanol was stopped and 13C ethanol (fed by passing the car-
rier gas helium through a 13CH3

13CH2OH saturator with same flow
rate) was switched into the reactor for 30, 60 and 90 s respectively.
Subsequently, sufficient liquid nitrogen was used to cool the cata-
lyst very quickly to stop the reaction. The isotopic distribution of
effluents and the materials confined in the catalyst was analyzed
using an Agilent 7890A/5975C GC/MSD.

2.5. Confined organics determination with GC–MS

The catalysts that after reaction were dissolved in 20% hydroflu-
oric acid solution to destroy the framework structure of zeolite and
release the confined organics trapped in the channel of H-ZSM-5.
Then, dichloromethane (CH2Cl2) with 100 ppm C2Cl6 as an internal
standard was used to extract the confined organics. The organic
phase was analyzed by Agilent 7890A/5975C GC/MSD equipped
with an HP-5 capillary column.

2.6. Theoretical calculation for ETH reaction mechanism

Cluster model of ZSM-5 was extracted from the crystallographic
MFI structure of the International Zeolite Association. As shown in
Fig. S3, the 72 T model covers the intersection cavity between the
straight channel and the zigzag channel, which can consider the
interaction between the adsorbed species and the zeolite frame-
work, as same as the periodic structure. It is large enough to
account for the effects of the topological structure of the catalyst
520
[37–38]. The terminal Si-H was fixed with the bond length of
1.47 Å oriented along the direction of the corresponding Si-O bond.

For the calculation model, the substituted Al atomwas placed at
the T12 site and Al12-O24H-Si12 site was chosen to represent the
Brønsted acid site of H-ZSM-5 to evaluate the feasible pathway of
ethanol conversion. T12 site has been proved as the reaction active
site that is easy access by the bulk intermediates such as aromatics
and cyclopentadienes species [37–38]. This site is located in the
intersection of the straight channel and the sinusoidal channel of
zeolite H-ZSM-5 and it has maximum reaction space, accessible
to the adsorbed molecules.

In the 72 T cluster, the local structure of 24 T around the Al cen-
ter and the adsorbed species were optimized, while the rest of
atoms were fixed in the crystallographic data. Various adsorption
structures and transition states (TS) were predicted at the ONIOM
(xB97XD/6-31G (d, p):AM1) level. The xB97XD method, a long-
range corrected hybrid DFT for dispersion developed by Chai and
Head-Gordon, can describe long-range dispersion interactions on
zeolites catalytic system. The wB97XD functional uses a version
of Grimme’s D2 dispersion model, which can reflect the weak
van der Waals(vdW) interaction between the adsorbed organic
species and the zeolite framework. The frequency calculations
were performed at the same level as geometry optimizations. Only
a single imaginary frequency was observed for the transition state,
and no imaginary frequency was observed for the adsorbed state.
Furthermore, on the basis of optimized structures, the single-
point energies were calculated at the level of xB97XD/6-31G (d,
p). The energies have been corrected for zero-point vibration ener-
gies. All calculations were performed using the Gaussian 09 soft-
ware package.
3. Results and discussion

3.1. Catalytic performance of ethanol conversion on H-ZSM-5 zeolite

The structural characterizations of H-ZSM-5 are described in
the Supplementary Fig. S1-S5. The SEM image (Fig. S1), XRD
pattern (Fig. S2) of the H-ZSM-5 zeolite show the regular crystal
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morphology and good crystallinity with MFI structure. The 27Al
MAS NMR spectrum (Fig. S4) reveals the dominating tetra-
coordinated framework aluminum species of the catalyst. The
framework atomic ratio of silicon to aluminum (Si/Al) is 26.6 calcu-
lated from 29Si MAS NMR spectrum (Fig. S5). The catalytic perfor-
mance of ethanol conversion over H-ZSM-5 zeolite was evaluated
at different temperature. The conversion and products distribution
are presented on Fig. 1 with the temperature increase from 100 to
450 �C. A low conversion of ethanol is obtained at relatively low
reaction temperatures (<250 �C), in which the dehydration of etha-
nol to diethyl ether (DEE) is the dominant reaction route, accompa-
nied by a small amount of ethene and acetaldehyde. With reaction
temperature increasing from 250 to 450 �C, the ethanol conversion
reaches and stays at 100%. Significant amounts of olefins, alkanes
and even aromatics appear in the products stream. It is noteworthy
that the selectivity of products changes distinctly with the temper-
ature increase from 250 to 450 �C and shows the following trends:
(1) When the temperature goes up from 250 to 400 �C, the selectiv-
ity of ethene decreases from 89.2% to 15.2%, while the selectivity of
C3+ products (including propene, butenes, C5+ products, C1-4 alka-
nes and aromatic products) show a continuous upward trend,
which imply the promotion effect of the temperature for the fur-
ther conversion of the produced ethene. (2) As the temperature
rises further from 400 to 450 �C, the selectivity of ethene presents
a recovery to 25.2%, while the selectivity of butenes, C5+ products
and C1-4 alkanes experiences a modest decrease, which implies
the polymerization of produced ethene is inhibited at higher tem-
perature. C5+ refers to the aliphatic hydrocarbons with carbon
number above five, including chain alkanes, cyclic alkanes, chain
alkenes and cyclic alkenes as shown in Fig. S6.

Therefore, it can be deduced from the Fig. 1 that ethene may be
mainly produced by the dehydration of ethanol. Increasing the
temperature from 250 to 400 �C may promote secondary reactions
of ethene and also accelerate the production of propene and other
long chain olefins. It is obviously perceived that the product distri-
bution is sensitive to the reaction temperature, presenting a
temperature-modulated reaction route of ethanol conversion.
However, it is still unknown about the detailed formation pathway
of light olefins, especially propene. Further investigations are
imperative to shed light on the reaction mechanism. The effluent
products distribution of ethanol conversion on H-ZSM-5 varying
with time-of-stream (TOS) at different temperature from 250 to
450 �C is explicitly presented on Fig. S7-S9. It is worthy to note that
the selectivity of ethene shows a tendency of decreasing firstly and
then increasing with temperature increase from low to high, corre-
sponding to the variation of the selectivity of C3-C6. Therefore, it
can be established that ethene can be produced firstly by ethanol
dehydration, then some active intermediates like HCP species in
MTH process may be generated via the secondary reaction of
ethene, leading to a downward tendency of ethene selectivity at
the temperature range of 250–400 �C. At relatively high tempera-
ture, dehydration becomes dominant again which cause the
increase of ethene selectivity again. The decreasing tendency of
ethene selectivity at the initial stage (<83 min) in Fig. S7 also
demonstrated the formation and accumulation of some intermedi-
ates, while rising temperature will make this tendency less notice-
able (Fig. S8-9). Changing the weight hour space velocity (WHSV)
of the reaction at 250 �C, it also reveals the characteristics of the
ethanol conversion with two stages as shown Fig. S10. Under high
WHSV conditions that means shorter contact time between etha-
nol and catalyst (eg. 10–20 h�1), ethanol exhibits incomplete con-
version at 75.5%-61.6%. And the effluent products are only DEE and
ethene which means secondary reaction of ethene is suppressed.
Under low WHSV conditions (eg. 1–5 h�1), except for the ethene,
DEE and acetaldehyde, tiny amount of C4 products can be obtained
through the dimerization of the produced ethene. The appearance
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of C3+ products at low WHSV (eg. 1–5 h�1) condition also means
the secondary reaction of the ethene after the dehydration of etha-
nol. In this case, the whole reaction process, the nature and specific
structure of the active species, as well as their possible catalytic
routes need to be further revealed via experimental and theoretical
investigations.

3.2. In situ 13C MAS ssNMR experiments for the capture of active
intermediates

To confirm the above speculation, the in situ ssNMR experiment
with the continuous-flow (CF) 13CH3

13CH2OH conversion was con-
ducted in a rotor reactor at 258 �C. The real-time evolution of the
ethanol conversion and the reaction intermediate species genera-
tion can be presented under real working conditions. Mild reaction
conditions aim to lower the reaction rate and realize a possible
capture of the active intermediates. The signals presented in the
in situ 13C MAS NMR spectra under continuous flow (CF) condition
(Fig. 2) and the 1H–13C CP/MAS NMR spectra under batch-like con-
dition (Fig. S11, Fig. S12) show the following signals: (1) 10–
50 ppm from aliphatic groups; (2) 50–73 ppm from alkoxy groups;
(3) 120–140 ppm from aromatic moieties; and (4) 140–150 ppm
and 240–251 ppm from carbenium ions [39–40]. As shown in
Fig. 2, the formation of diethyl ether (66 ppm) and ethoxy
(70.4 ppm) from the reaction of ethanol (60 ppm) dehydration is
clearly visible at the initial 10 min. Meanwhile, the appearance
of these species is also evidenced in Fig. S11. After 14 min, the
peaks in the 10–50 ppm range are more complex, suggesting that
significant amounts of aliphatic hydrocarbons are produced. It
can be deduced that the oligomerization of the produced ethene
works efficiently during this period. Meanwhile, an eye-catching
finding is that the occurrence of the signals at 125–128 and 140–
145 ppm, the characteristic peaks of aromatics and cyclopentenyl
cations respectively. Catalyst-trapped highly active cyclopentenyl
cations, analogous to MTH process [13,41], are captured directly
in in situ ETH reaction. Aromatic species (50 min) appears later
than cyclopentenyl cations (16 min), indicating that the cyclopen-
tenyl cations may be formed preferentially than aromatic species.
The formation of cyclopentenyl cations is further consolidated by
the in situ 1H–13C CP/MAS NMR spectra at 217 �C in the ethanol
conversion under batch-like condition with the observation of
the more pronounced peaks at 146–154 ppm and the relatively
weak peaks at 240–250 ppm (shown in Fig. S11). Meanwhile, the
characteristic peaks of the cyclopentenyl cations are kept in the
13C CP/MAS NMR spectrum after the in situ CF ethanol reaction
(Fig. S12), illustrating the relatively high stability of the captured
intermediate species.

In summary, the evolution of the generated organic species over
H-ZSM-5 in ETH reaction was clearly revealed by the in situ ssNMR
spectroscopy. Firstly, ethanol experiences a dehydration stage to
form DEE and ethoxy groups. Then, ethene could be eliminated
from ethoxy groups. Thereafter, ethene quickly transforms to
active cyclopentenyl cations via oligomerization and cyclization
reactions. Direct observation of these cyclopentenyl cations under
real conditions verified the formation of active intermediates like
HCP species in ETH process, then aromatics could be also formed
via H-transfer and aromatization reaction in the following steps.
These observations are of great significance to clarify the ambigu-
ous reaction mechanism of ethanol conversion.

3.3. Advanced 2D INADEQUATE ssNMR experiment for identifying the
cations

To further identify the structure of the captured cyclopentenyl
cations, advanced 2D INADEQUATE (Incredible Natural Abundance
DoublE QUAntum Transfer Experiment) ssNMR experiment was
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conducted in combination with GC–MS analysis. 2D INADEQUATE
ssNMR experiment is based on exclusively J couplings and provides
through-bond correlation information, making an unambiguous
assignment for carbon–carbon (C-C) connectivity [42]. In the 2D
spectrum, two individual 13C frequencies in the single quantum
(F2) dimension have common frequency in the double quantum
(F1) dimension denotes the information that the two carbon atoms
are directly bonded. 13CH3

13CH2OH was used to ensure the high
sensitivity of NMR signals and the accurate determination of the
catalyst-trapped carbocations. In order to avoid the interference
of polyalkyl aromatics to cyclopentenyl carbocations, the sample
was reacted with 13C-ethanol at 150 �C for 1 h to obtain more
cyclopentenyl carbocations.

The spectrum in Fig. S13 shows multiple cross-peaks, reflecting
the complexity of the confined cyclic organic species. For detailed
information, the enlarged views of the Fig. S13 at different regions
are shown in Fig. 3 with corresponding colors. Four cyclopentenyl
cations with methyl or ethyl substitution are explicitly identified,
which are 2,3,4,5-tetramethylcyclopentenyl cation (I), 1,2,5-
trimethylcyclopentenyl cation (II), 2,3,4,5-tetramethyl-1-ethylcy
clopentenyl cation (III) and 3,4-dimethyl-2-ethylcyclopentenyl
cation (IV). For example, the 2,3,4,5-tetramethylcyclopentenyl
cation I can be explicitly identified through the correlations of C2
(C5) (249 ppm)-C1 (146 ppm), C2 (C5) (249 ppm)–C3 (C4)
(47 ppm), C2 (C5) (249 ppm)-C6 (C7) (24 ppm), C3 (47 ppm)-C4
(47 ppm) and C3 (C4) (47 ppm)-C8 (C9) (19 ppm) as marked in
orange in Fig. 3. Similarly, the remaining three cyclopentenyl
cations II (blue), III (crimson) and IV (green) are also identified
with the same approach. Moreover, the identified four
cyclopentenyl cations are further consolidated by the detection
of their neutral form (i.e., cyclopentadienes) when analyzing
the trapped organics extracted from the H-ZSM-5 after
dissolving the ethanol-reacted catalyst (obtained after reaction at
250 �C for 15 and 30 min) by GC–MS (seen in Fig. S14). Meanwhile,
several ethyl substituted-benzene species and long-chain
olefins were also obtained in the confined species, such as
1-methyl-4-ethylbenzene, 1,4-dimethyl-2-ethylbenzene, 1,3,
5-triethylbenzene, 1-methyl-3,5-diethylbenzene, 1,3-dimethyl-5-
isopropylbenzene and 2,6-dimethly-2,4,6-octatriene (or it’s
isomers). Serving as reactive intermediates in MTH process,
cyclopentenyl cations and polymethylbenzenyl cations were
emphasized on their high activity and involvement in MTH
reaction in numerous works [43–44]. In the present work, two
ethylcyclopentenyl cations (III, IV) were firstly captured and iden-
tified in ETH process. Cyclopentenyl cations have been reported in
MTH process as key HCP species to explain the production of
ethene and propene31. In addition, the methylcyclopentadienes-
based cycle has also been proposed as an alternative route in
MTH process for the formation of light olefins [34]. For ETH reac-
tion, ethanol as the starting reactant, it can be deduced that the
ethylcyclopentenyl cations and ethyl substituted-benzenyl species
are possibly formed through the ethylation of the cyclic organic
species.

3.4. 12C/13C-ethanol isotope switching experiments for demonstrating
the reactivity of intermediate species

To confirm the participation of the obtained ethylcyclopentenyl
cations and ethyl-substituted benzenyl species under working con-
dition, 12C/13C-ethanol isotope switching experiments were per-
formed at a series of temperature (250, 350, and 450 �C) after
12C-ethanol reaction for 15 min.

After switching the feeding of 12C-ethanol to 13C-ethanol (13-
CH3

13CH2OH) for 30, 60, and 90 s, both the effluent and trapped
products present the 13C atom incorporation due to the interaction
of 13CH3

13CH2OH with the previously formed 12C-reactive interme-
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diates. The time evolution of relative 13C content of the typical
products were monitored and presented in Fig. 4. 13C content of
ethene is higher than other products at 250 �C and 350 �C as shown
in Fig. 4(a) and 4(b), and rapidly reaches more than 90% at 350 �C.
Prolonging the 13C-ethanol feeding time, the incorporation content
of 13C atom in both effluent products and trapped organic species
gradually increases. Combined with the reaction results (Fig. 1),
it proves that the formation mechanism of ethene is different from
that of other olefins. Among the trapped organics, three kinds of
reactive intermediates identified by 2D 13C–13C INADEQUATE
experiment and GC–MS analysis, 3,4-dimethyl-2-ethylcyclopenta
diene (neutral form of cation IV), 2,3,4,5-tetramethyl-cyclopenta
diene (neutral form of cation I), and 1-methyl-3,5-diethylbenzene
exhibit relatively higher 13C contents than other components in
the 12C/13C-ethanol isotope switching experiments at 250 �C. The
detailed 13C distribution of these species were also presented in
Fig.S15-17, after switching 12C-ethanol to 13C-ethanol, 13C was
incorporated in 1,2,3,4-tetraMCP, 4,5-DiM-3-ECP and 1-methyl-
3,5-diethylbenzene. These results demonstrate the high activity
of these organic species as the HCP species of ethanol reaction
and confirm that the captured reactive intermediates are involved
in olefins generation. Increasing the temperature to 450 �C, aro-
matic species appear in the effluent products, and cyclopentadiene
species become undetectable among the extracted organics in cat-
alyst. It can be deduced that the high temperature reaction accel-
erated the transformation of cyclopentadiene species to
alkylbenzenes and polycyclic aromatics.

More detailed information about isotopic distribution of ethene
and propene is presented in Fig. 4(d-f). After switching to
13C-ethanol, ethene molecules without 13C-labeling and the total
13C-labeling dominate, but almost no ethene is incorporated with
single 13C atom at 250 �C. Meanwhile the proportion of total
13C-labeled ethene increases significantly with the increase of
reaction temperature. It indicates that ethene is most likely to be
obtained directly from ethanol dehydration, which is consistent
with the predominant ethene generation at 250 �C (Fig. 1). How-
ever, the isotopic distribution of propene is sensitive to tempera-
ture. At relatively lower temperatures (250 and 350 �C), the
isotopic distribution of propene varies from none 13C-labeled to
total 13C-labeled, which means part of propene is produced by
the 13CH3

13CH2OH reaction with 12C-labeled HCP intermediate spe-
cies, contributing to a wide 13C atom distribution in propene. This
result gives sufficient evidence for indirect mechanism in ETH pro-
cess with the participation of some retained organics, such as
cyclopentenyl cations and aromatics. While increasing tempera-
ture to 450 �C, the isotopic distribution of propene exhibited a
dominating total 13C incorporation at 450 �C. On the one hand, it
shows that the high temperature accelerates the secondary reac-
tions of the produced 13C-labeled ethene. On the other hand, it
can be speculated that the propene is mainly produced by the
cracking of the 13C-labeled oligomeric olefins, which originated
from 13C-ethene polymerization, since the cracking at high tem-
perature becomes energetically preferable [45,46]. In addition,
the reducing of the selectivity of C1-4 alkanes at 450 �C (Fig. 1) also
illustrates the depression of the H-transfer reactions in whole reac-
tion process, indicating a decreasing role of the aromatics-based
cycle mechanism in ETH process. Moreover, the similar isotopic
distribution of butenes, pentenes and propene at 450 �C (seen in
Fig. S18) further demonstrates the temperature-modulated reac-
tion route for in ETH process. These results, all together, prompt
us to speculated that the ethylation-cracking mechanism in the
ETH process becomes predominant at high reaction temperature
(450 �C).

In general, switching experiments of 13C-ethanol at different
temperatures revealed the participation of the captured ethyl-
substituted cyclopentenyl cations and aromatics in ETH process.



Fig. 3. Advanced 2D 13C–13C INADEQUATE experiment at room temperature probing trapped carbocations of 13CH3
13CH2OH conversion. The assignments of the different

carbenium ions are highlighted in different colors.

Fig. 4. Relative 13C content of the effluent and the trapped products in H-ZSM-5 zeolite after 12C-ethanol reaction for 15 min followed by switching to 13CH3
13CH2OH and the

isotopic distribution of ethene as well as propene at 250 �C (a), (d); 350 �C (b), (e); 450 �C (c), (f). The number 0 denotes there are no 13C atom in products, number 1 denotes
only one 13C atom incorporated in products and so forth.
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Learning from their important roles in MTH process [33], a triple-
cycle reaction routes including olefins-based cycle, aromatics-
based cycle, and cyclopentadienes-based cycle can be proposed
to involved in the formation of the light olefins in ETH process. Fur-
thermore, a temperature-modulated mechanism in ETH process
can also be unraveled from the foregoing analyses. At low reaction
temperature (ie, 250 and 350 �C), three kinds of cycle mechanism
should be co-existed and worked comparatively, while higher tem-
perature (ie, 450 �C) may make the reaction mechanism more
favorable for olefin ethylation-cracking mechanism. More impor-
tantly, the formation of ethene is principally through direct dehy-
dration of ethanol, while the formation of propene is more likely
going through indirect pathway, which consolidates the existence
of the cyclic organics-mediated mechanism. Meanwhile, the
olefins-based cycle mechanism cannot be ruled out in ETH process.
Moreover, the high activity of the cyclopentadiene species may
also inspired us to propose the cyclopentadienes-based cycle for
light olefins formation.

3.5. Multi-routes with the participation of different intermediate
species for ethene and propene formation via DFT calculations

Based on the aforementioned results, HCP species such as
2,3,4,5-tetramethylcyclopentenyl cation (I), 1,2,5-
trimethylcyclopentenyl cation (II), 2,3,4,5-tetramethyl-1-ethylcy
clopentenyl cation (III) and 3,4-dimethyl-2-ethylcyclopentenyl
cation (IV), were captured in ETH process via 2D 13C–13C INADE-
QUATE experiment, and more importantly, their deprotonated spe-
cies (corresponding cyclopentadienes) and ethylbenzenes exhibit
higher reactivity in 12C/13C-ethanol isotope switching experiments
at the temperature range of 250–350 �C. This means that besides
direct ethanol dehydration reaction, the generated alkene prod-
ucts, especially propene may be produced via indirect reaction
mechanism with the participation of these active intermediates.
It is widely known that these intermediates are regarded as active
HCP species for olefins formation in MTH reaction [13,19,39], while
their roles have not been suggested in ETH process so far. These
findings in the present work prompt us to propose the multi-
routes with the participation of different intermediates for ethene
and propene formation via indirect mechanism in ETH process over
H-ZSM-5 (Fig. 5). To testify the roles of these intermediate species,
DFT calculations were employed to evaluate the feasibility and the
contribution of all the potential routes from energetic perspective.
Computational details are provided in experimental section.

In the ETH process, when ethanol dehydrates to form ethene,
HCP species accumulate in H-ZSM-5 via a series of secondary reac-
tions, such as oligomerization, cyclization, H-transfer, and aroma-
tization as concluded from above experimental results. These
HCP species including alkenes, aromatics and cyclopentadiene spe-
cies are supposed to react with ethanol to fulfill the propagation of
side-chains of the cyclic and alkenyl species, and then split off ole-
fins. In this work, starting from these active intermediates, triple-
cycle routes the feasibility of ethene and propene formation pro-
cess, via critical reaction steps, such as ethylation, cracking or elim-
ination as the important elementary steps, were considered and
evaluated. The critical reaction steps of the triple-cycle routes for
ethene and propene formation from ethanol conversion are pro-
posed and the associated the Gibbs free energy barriers of ethanol
conversion of 250 �C, are shown in Fig. 5. Based on the observed
cyclopentenyl cations (cation I/II/III) and dimethyl/tetramethyl
cyclopentadienes with high activity, the role of these species was
presented via the reaction route of cyclopentadienes-based cycle,
which is found to be responsible for olefins formation in the
MTH reaction system, in parallel with the olefins-based and
aromatics-based cycles [34]. Starting from dimethyl/tetramethyl
cyclopentadienes (1,2-dimethyl and 1,2,3,4-tetramethyl cyclopen-
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tadienes), dimethyl/tetramethyl cyclopentadienes can be ethylated
with ethanol to form ethylcyclopentenyl cation (C1a, C2a), which
can produce ethene and dimethyl/tetramethyl cyclopentadienes
by elimination reaction (C1b, C2b). In addition, the 12C/13C-
ethanol isotope switching experiments confirm that the interac-
tion of ethanol and ethyl-substituted benzenyl species can produce
olefin products via aromatics-based cycle. The formation of ethyl-
substituted benzenyl species and its role in ethene and propene
formation is suggested in the calculation. Firstly, toluene ethylates
with ethanol to form ethyl-methylbenzene (A1), which can form
diethyl-methylbenzene through continuous ethylation reaction
(A2). Then ethene is split off via cyclohexadiene carbenium ions
(A3 and A4). For the reaction route of ETH process following the
olefins-based cycle, alkoxides or carbenium ions can be easily pro-
duced via dimerization reaction, ethylation and isomerization, and
then ethene is formed via a cracking reaction of long-chain alkenes,
such as hexene. In this work, olefins-based cycle starting from C6+

were investigated in parallel with cyclopentadienes-based cycle
and aromatics-based cycle.

For propene formation, triple-cycle mechanism is also sug-
gested and theoretically evaluated. In cyclopentadienes-based
cycle, 1,2,3,4-tetramethylcyclopentenyl cation is deprotonated to
form trimethylmethylenecyclopentene (TMMCP) with an exocyclic
double bond (C10). Then 2,3,4-trimethyl-1-propylcyclopentenyl
cation is formed via an exocyclic ethylation step (C20). From this
cation, as propene precursor, propene eliminates (C30). Similarly,
in aromatics-based cycle, when 3,5-diethyl-1-methylbenium
cation forms, it loses a proton (A30) to form 3,5-diethylmethylene
cyclohexadiene (DEMC) with an exocyclic double bond. Then the
propene precursor with propyl side-chain is generated via the
ethylation of DEMC (A40), followed by the propene formation via
elimination reaction (A50). In the olefins-based cycle, the function
of olefins species is calculated and revealed by evaluating the
cracking reaction of C6+ to propene (O10).

The Gibbs free energy barrier at 250 �C for ethene and propene
formation via various reaction pathways with the participation of
different HCP species in ETH over H-ZSM-5 are provided in
Table S1. The optimized transition state structures for ethene and
propene formation via various reaction pathways with the partici-
pation of different HCP species in ETH over H-ZSM-5 are shown in
Fig. S19 and Fig. S20 in SI. As shown in Fig. 5, in the
cyclopentadienes-based route, the free energy barriers of critical
step for ethene formation from dimethyl cyclopentadiene as inter-
mediate of 31.2 (C2b) kcal/mol are found to be lower than that
from tetramethyl cyclopentadiene as the intermediate of 37.1
(C1a) kcal/mol, which is ascribed to the space limit of the bulk
ethene precursor in zeolite framework. In the same way, the for-
mation of the bulk ethylbenzene precursor needs overcome rela-
tively higher barrier of 34.0 kcal/mol (A1) and 33.8 kcal/mol
(A2), which becomes the pivotal step in the aromatics-based route.
Besides, the free energy barriers of ethene formation from the
cracking reaction of C6+ in the olefins-based route is 30.4 kcal/mol.
Compared with the critical step of ethene formation through dif-
ferent reaction routes, it can be concluded that ethene formation
from cyclopentadienes-based reaction route (31.2 kcal/mol) and
olefin species-based reaction route (30.4 kcal/mol) has close free
energy barrier, suggesting parallel contribution of
cyclopentadienes-based and olefins-based cycle for ethene forma-
tion in ETH process. Therefore, combined with the experimental
results discussed above, although the majority of ethene can be
generated from direct dehydration of ethanol, HCP species also
can play their important roles in the formation of ethene.

Furthermore, the feasibility of the triple-cycle routes for pro-
pene formation was evaluated. In the cyclopentadienes-based
route, relative lower barriers of 15.9–20.6 kcal/mol are predicted
for propene formation, where an ethylation reaction with free bar-



Fig. 5. Ethene and propene formation via triple-cycle routes with the participation of different intermediate species in ETH over H-ZSM-5. Calculated free energy barriers at
250 �C are given in kcal/mol.
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rier of 20.6 kcal/mol (C20) is slightly lower than the cracking reac-
tion of C6+ (23.6 kcal/mol, O10) in olefins-based route. When the
3,5-diethyl-1-methylbenzenium cation forms, the ethylation reac-
tion of DEMC also needs to overcome relative high barrier of
32.6 kcal/mol (A40), owing confinement effect from zeolite envi-
ronment. This means that ethylation reactions (A1, A2, A40) are
the critical steps for the propene formation via aromatics-based
route. That is, compared to the aromatics-based route,
cyclopentadienes-based and olefins-based routes with the partici-
pation of cyclopentadienes and olefins species favor the propene
formation. It is worth noting that the free energy barriers for pro-
pene formation via cyclopentadienes-based route (20.6 kcal/mol,
C20) and olefins-based (23.6 kcal/mol, O10) route are obviously
lower by 6.8–10.5 kcal/mol than that of ethene formation with
31.2 kcal/mol (C2b) and 30.4 kcal/mol (O1), respectively. These
results demonstrate that HCP species can function a significant role
in olefins formation in ETH process, in which cyclopentadienes,
aromatics and olefins species are the dominant active intermedi-
ates. Furthermore, relative lower free barrier of propene formation
suggests that the reaction route mediating by HCP species favors
the propene production in ETH process.
4. Conclusion

In conclusion, the detailed mechanism of ethanol conversion
was studied by the multiple experimental methods and DFT calcu-
lation. In situ 13C MAS NMR spectroscopy recorded the whole reac-
tion process under real-time condition. Ethanol experienced a
dehydration stage firstly to form ethene. Thereafter, ethene quickly
transformed to active cyclopentenyl cations and aromatics via
oligomerization, cyclization and aromatization reactions. Espe-
cially, four cyclopentenyl cations with methyl or ethyl substituted
were explicitly identified by 2D 13C–13C INADEQUATE NMR exper-
iment. Subsequently, these cyclopentenyl cations and aromatics
such like 3,4-dimethyl-2-ethylcyclopentenyl cation, 2,3,4,5-tetra
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methyl-cyclopentenyl cation and 1-methyl-3,5-diethylbenzene
presented high activity in 13C-isotope switching experiments and
were suggested to be the active HCP species in ETH process. More-
over, ethene was supposed primarily to be generated through
direct dehydration of ethanol. These captured HCP species were
further proved to play a significant role in olefins formation espe-
cially propene formation in ETH process by DFT calculation. Finally,
a triple-cycle route including olefins-based, aromatics-based and
cyclopentadienes-based routes, which were reported in MTH pro-
cess, were also proposed to reveal the formation pathway of ethene
and propene in ETH process. In addition, the reaction routes were
speculated sensitive to temperature. At low reaction temperature
(ie, 250 and 350 �C), the three kinds of cycles work together in par-
allel for olefins formation. However, the olefins ethylation-cracking
mechanism gradually become a dominant route at higher temper-
ature (ie, 450 �C). These findings not only provide the detailed
mechanism of ETH process, but also are of great importance for
enriching the fundamental understandings of the alcohol’s
conversion.
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