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ABSTRACT: The dehydration of alcohols to value-added chemicals using alumina
catalysts has been industrialized decades ago; however, despite years of fundamental
research, the molecular-level understanding of the reaction process is still lacking.
Herein, the dehydration reactions of ethanol on two representative aluminas, i.e., γ-
Al2O3 and five-coordinated Al-rich Al2O3-nanosheet (Al2O3-NS), are comparatively
investigated by a combination of solid-state NMR spectroscopy and reaction
evaluations. NMR results reveal that the presence of hydroxyl groups nearby the
Lewis acid sites (LASs) leads to different ethanol adsorption modes. The surface
hydroxyls nearby LASs interfere with ethanol adsorption, which causes the methyl
group to move away from the alumina surface and hinders the elimination of β-H, resulting in low reaction activity. In addition, the
desorption property of surface hydroxyls will affect the dehydration reaction as they participate in the catalytic reaction cycles. Such
effects may also explain the lower reaction activities for diethyl ether to ethylene compared with ethanol. Although both four- and
five-coordinated Als are the possible active sites for ethanol dehydration, the reactivity of alcohol dehydration may also be
substantially affected by the local environment of undercoordinated Als besides coordination numbers. These new insights
demonstrate that the host−guest interaction regulated by the local environment of active sites plays an important role in the catalytic
reaction.

■ INTRODUCTION
Oxygenates such as alcohols derived from biomass are
important renewable platform molecules for the chemical
industry as alternatives to traditional petroleum resources.1,2

Dehydration of oxygenates to olefins or ethers is an important
transformation route to obtain high value-added fuel and
chemical feedstocks by removing oxygen from oxygen-rich
biomass.3 Acid catalysts such as amorphous silica-alumina,
zeolite, and alumina containing Brønsted acid sites (BASs),
Lewis acid sites (LASs), or both can effectively catalyze the
reaction.4,5 Among these catalysts, γ-Al2O3 is practically used
for alcohol dehydration reactions with high selectivity and
stability.6 Although γ-Al2O3 has been used as an alcohol
dehydration catalyst for several decades,7−9 the reaction
mechanisms regarding critical reaction intermediates and
active sites on the catalyst remain controversial.
Ethanol is one representative alcohol, and its monomolec-

ular dehydration to ethylene and bimolecular dehydration to
diethyl ether (DEE) are the typical transformation routes.8

Besides, DEE will undergo a secondary reaction and be
decomposed into ethylene and ethanol at a higher temper-
ature.10 Knöezinger et al. proposed that the active center was
hydroxyl and basic center (surface oxygen atom), and olefins
were derived from the E2-type elimination of alcohols based
on a large number of studies on alcohol dehydration on γ-
Al2O3.

11−14 In contrast, Roy et al. confirmed through Fourier
transform infrared (FT-IR) spectra of pyridine adsorption that
the acid sites on the surface of γ-Al2O3 were dominated by

LASs,15 and alcohols were first converted into alkoxy
intermediates at the LASs and then followed by the removal
of β-H to form olefins with the assistance of base sites.16−19

Furthermore, Kwak et al. proposed that BAS was the active
center for ethanol dehydration to ethylene on γ-Al2O3 calcined
at a lower temperature (<473 K), while for high-temperature
(>673 K) calcined γ-Al2O3, the ethanol adsorbed on the LASs
would be converted into ethylene based on the ethanol
temperature-programmed desorption (TPD) investigations.20

Although the LASs have been increasingly proposed as the
main active sites of ethanol dehydration in many theoretical
calculation studies and kinetic models,15,19,21,22 the detailed
structure for the active site, specifically the coordination state
of active Als, remains controversial. All of the surface three-,
four-, and five-coordinated Als in the undercoordinated status
are the probable active LASs for the dehydration reactions.
Kwak et al. suggested that the five-coordinated Al was the
active site for methanol dehydration.20 In addition, both Hu23

and Chen24 have recently reported that the content of the five-
coordinated Als was positively correlated with ethanol
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dehydration activity. However, Wischert et al. determined
through theoretical calculations that the adsorption energy of
N2 on γ-Al2O3 increased with an increase in the coordination
number of Al, indicating that Lewis acidity became stronger
with the decrease of the coordination number of Al.25 In
addition to the coordination status of Als, trace additives such
as Na+ ions, the pressure of alcohol and water could also
greatly affect the catalytic performance of alcohol dehydra-
tion.15,19,26,27 Moreover, the low crystallinity of γ-Al2O3 caused
by the inherent defects hinders the unambiguous determi-
nation of the structure of γ-Al2O3, which also makes it a great
challenge to reveal its catalytically active sites.28

The solid-state nuclear magnetic resonance (NMR)
technique is capable of extracting information about the
chemical structure and local environment including the
bonding/nonbonding spatial configuration at the atomic
scale regardless of the crystalline/amorphous phases.29 Various
solid-state NMR techniques, including 27Al and 17O MQ MAS
NMR, 1H−1H/17O−17O/27Al−27Al DQ MAS, and 1H−27Al
HMQC NMR, have been employed to investigate the
coordination states of Als, oxygen, and surface hydroxyl
distribution of γ-Al2O3.

30−32 Thanks to NMR spectral editing
techniques such as 1H−27Al HMQC31 and 13C−27Al REAP-
DOR,33 it is possible to reveal the direct interactions between
reaction intermediates and active sites critical for the catalytic
reactions. Herein, we conducted a comparative investigation
on the dehydration reaction of ethanol on γ-Al2O3 and five-
coordinated Al-rich Al2O3-nanosheet (Al2O3-NS) by solid-
state NMR combined with TG-MS and reaction kinetic
analysis. Al(V)-rich Al2O3-NS was chosen to signify the role of
Al(V) because regular Al2O3 materials contain a very small
quantity of Al(V) species. It was found that surface hydroxyl
alters the adsorption configurations of ethanol on the surface
of two aluminas, resulting in different reactivities. Moreover,
the correlations between adsorbed ethanol/ethoxy and the
active Als on the surface of alumina were clearly elucidated. It
provided the first spectrometric evidence for the adsorption
configuration of alcohol dominating the dehydration activities
of catalysts.

■ METHODS

Synthesis of Al2O3-Nanosheet. Five-coordinated Al-rich
Al2O3-nanosheet (Al2O3-NS) was synthesized following the
previous report.34 Typically, 6.46 g of Al(NO3)3·9H2O (Sigma-
Aldrich, 99.997% trace metals basis) and 9.21 g of urea
(Aladdin, 99.999% metals basis) were dissolved in 60 mL of
deionized water under magnetic stirring until a clear solution
was obtained. The solution was transferred to a 100 mL
Teflon-lined stainless autoclave and kept in a 100 °C oven for
48 h. Thereafter, the white precipitates were obtained by
repeated washing with deionized water, centrifuged, and
further dried at 110 °C for 12 h. Finally, it was calcined at
600 °C in a muffle furnace for 2 h with a ramp rate of 2 °C/
min.
X-ray Powder Diffraction (XRD). X-ray powder diffrac-

tion (XRD) measurements were carried out on a Rigaku D/
MAX-2500 X-ray diffractometer using Cu Kα radiation in the
2θ range of 10−80° at a scan rate of 5°/min.
TG-MS Measurements of Ethanol Desorption on

Aluminas. The TG-MS experiments were performed on a
Pyris Diamond TG/DTA (PerkinElmer) in a flow of N2 (100
mL/min) at atmospheric pressure. About 10 mg of the sample

was placed in an alumina crucible and heated from 20 to 800
°C with a ramp rate of 5 °C/min.

Solid-State NMR. Alumina samples were dehydrated at
350 or 550 °C for 16 and 5 h respectively, under a high
vacuum of 10−4 Pa at a heating rate of 2 °C/min. After cooling
to 25 °C, the dehydrated samples were immediately adsorbed
with about 2 kPa of 13C-labeled ethanol (13CH3

13CH2OH),
followed by vacuum desorption for 2 h, and transferred into a
glovebox. For subsequent NMR experiments, the aluminas
adsorbed with ethanol were treated at different temperatures
under a vacuum of 0.1 kPa. All treated samples were packed
into a sealed rotor in a glovebox for NMR testing to avoid
exposure to air and moisture. The 13C and 1H NMR chemical
shifts were referenced to adamantane (ADA), and the 27Al
NMR chemical shifts were referenced to 1 M Al(NO3)3
aqueous solution.

13C CP/MAS NMR, 1H detected 2D 1H−13C CP HETCOR
(heteronuclear correlation),35 and two-dimensional (2D)
13C−13C CP J-refocused INADEQUATE (incredible natural
abundance double quantum transfer experiment)36 MAS NMR
experiments were carried out on a Bruker AVANCE NEO 800
spectrometer with resonance frequencies of 800.3 and 201.2
MHz for 1H and 13C, respectively, using a 3.2 mm HX probe at
a spinning rate of 20 kHz. The Hartmann−Hahn condition for
1H−13C CP was optimized using adamantane (ADA), with a
contact time of 2.5 ms and a recycle delay of 4 s. The 13C MAS
NMR spectra were acquired using a 13C 90° pulse length of 3.3
μs with a 20 s recycle delay, where the 1H SPINAL-64
decoupling was applied during the acquisition period. The 13C
detected 2D 1H−13C CP HETCOR spectrum was acquired on
a Bruker AVANCE III HD 400 spectrometer with a 4.0 mm
probe at a spinning rate of 12 kHz.
One-pulse 27Al MAS NMR experiments were carried out on

a Bruker AVANCE NEO 800 spectrometer with a 3.2 mm
probe at a spinning rate of 20 kHz using a small flip angle of π/
18 pulse of 0.5 μs. Ultrahigh-field (35.2 T) solid-state 1H−27Al
HMQC NMR spectra were acquired using a series-connected
hybrid (SCH) magnet at the National High Magnetic Field
Laboratory (NHMFL) in Tallahassee, FL. A Bruker AVANCE
NEO spectrometer was used with a 2.0 mm HXY MAS probe
designed and constructed at the NHMFL and a sample
spinning rate of 30 kHz. The dipolar recoupling SR421
sequence was applied with a recoupling time of 0.4 ms, and
448 scans were accumulated. The 1H detected and 27Al
detected 1H−27Al D-RINEPT NMR spectra were acquired at a
Bruker AVANCE NEO 800 spectrometer using a 1.3 mm
probe at a spinning rate of 60 kHz and a 3.2 mm probe at a
spinning rate of 20 kHz, respectively. The recoupling time was
set to 0.6 ms for the dipolar recoupling SR421 sequence.
The 13C−27Al REAPDOR MAS NMR experiment (rota-

tional-echo adiabatic-passage double-resonance)37 was per-
formed on the Bruker AVANCE III HD 400 spectrometer with
a 4 mm probe using a frequency splitter REDOR-BOX at a
spinning rate of 10 kHz. The CP contact time was 1500 μs,
and a recycle delay of 4 s was used. Radio frequency field
strengths were 62.5 kHz for 13C and 63.8 kHz for 27Al. The
length of the adiabatic pulse applied on 27Al was 33.33 us.

Reaction Evaluation. The catalytic reactions were
performed on a quartz tube-packed fix-bed reactor (6 mm
inner diameter). Alumina powders were pressed and sieved to
get 40−60 mesh particle sizes. In a typical experiment, 0.01 g
of catalyst (diluted by 0.09 g of quartz sand (40−60 mesh))
was activated at 350 °C for 16 h under nitrogen flow (20 mL/
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min) and cooled down to the temperature for the ethanol
dehydration reaction. Ethanol was introduced by nitrogen (60
mL/min) from a bubbler with the temperature kept at 5 °C.
The effluent products were quantitatively analyzed by an
online gas chromatograph (Agilent 8890) with a PLOT-Q
capillary column using an FID detector and He as the carrier
gas.

■ RESULTS AND DISCUSSION

Basic Structural Properties of Aluminas. The XRD
patterns and 27Al MAS NMR spectra of the synthesized Al2O3-
Nanosheet (Al2O3-NS) and γ-Al2O3 are shown in Figure S1. γ-
Al2O3 shows broad characteristic peaks of the typical γ-phase
of alumina, while Al2O3-NS is closer to the amorphous phase
with minor peaks of γ-Al2O3. The

27Al MAS NMR spectra
(Figure S1b) show that there are more Al(V)s on Al2O3-NS
(29%) than those of γ-Al2O3 (2%). 1H−27Al HMQC NMR
spectra (Figure S2) can selectively extract the signals of surface
Als by dipolar interactions between 27Al and 1H (hydroxyl
groups) on the surface and also indicate that more Al(V)s
present on the surface of Al2O3-NS. The Brunauer−Emmett−
Teller (BET) surface areas from N2 physisorption are 299 and
253 m2/g for γ-Al2O3 and Al2O3-NS, respectively.
Ethanol Adsorption. The 13C CP/MAS NMR spectra of

13C-enriched ethanol (13CH3
13CH2OH)-adsorbed samples

after desorption at 25−200 °C and a representative 2D
13C−13C INADEQUATE NMR spectrum are shown in Figure
1. As shown in Figure 1a,b, the signals at 57 ppm and 16−18
ppm observed at 25 °C on both aluminas are assigned to
methylene and methyl groups of ethanol, respectively. As the
temperature was increased to 120 °C, two new weak signals at
71 and 12 ppm attributed to ethoxy were observed for γ-
Al2O3,

38 which are generally identified as the intermediates for
the formation of ethylene. The correlation peaks between
methyl (16, 18 ppm) and methylene (57 ppm) groups for
ethanol and methyl (12 ppm) and methylene (71 ppm) groups
of ethoxy in 13C−13C J-based refocused INADEQUATE
(Figure 1c) further confirm the above assignments. With the
appearance of ethoxy, the peak intensity at 18 ppm is
significantly weakened after 180−200 °C treatment, while
that of Al2O3-NS does not change significantly, as shown in
Figure 1b. It means that this kind of adsorbed ethanol (18
ppm) undergoes either desorption or consumption due to the
higher reactivity. It should be noted that ethoxy on γ-Al2O3 is
very sensitive to moisture, and only the signals of ethanol can
be observed after exposure to air (Figure S3).39 Unexpectedly,
for Al2O3-NS with more Al(V)s that were considered as the
active center in the ethanol dehydration reaction,20 no signal of
the ethoxy is observed in the entire temperature range up to
200 °C.

Figure 1. 13C CP/MAS NMR spectra of 13C-enriched ethanol adsorbed on dehydrated γ-Al2O3 (a) and Al2O3-NS (b) after desorption for 2 h at
different temperatures. (c) 13C−13C J-based refocused INADEQUATE NMR spectrum of ethanol adsorption on dehydrated γ-Al2O3 and
desorption at 120 °C for 2 h.

Figure 2. 13C CP/MAS NMR spectra of (a) DEE adsorbed on dehydrated γ-Al2O3 and
13C-DEE (containing 13C-ethanol) adsorbed on Al2O3-NS

(b) and γ-Al2O3 (c). (d)
1H detected 13C−1H HETCOR NMR spectrum of 13C-DEE (containing 13C-ethanol) adsorbed on γ-Al2O3. The scan

number is 12 288 for (a) and 128 for (b) and (c).
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DEE Adsorption. The 13C CP/MAS NMR spectrum
(Figure 2a) of DEE adsorbed on γ-Al2O3 at 25 °C shows
mainly four signals at 11, 12, 65, and 71 ppm. Interestingly,
two evident signals of ethoxy at 71 and 12 ppm are observed,
while the signals of ethanol are not observed, which highly
suggests that DEE can be dissociatively adsorbed at Lewis acid
(Al) and base (O) centers on γ-Al2O3 as two ethoxy groups
even at 25 °C. Two new signals completely different from
ethanol at 65 and 11 ppm can be assigned to the signal of DEE
adsorbed on γ-Al2O3. It is also worth noting that the relative
signal intensities of ethoxy generated by the dissociation of
DEE on γ-Al2O3 are much stronger than those from the
ethanol-adsorbed catalyst because the dissociation of DEE will
not generate water. To further confirm these assignments, 13C-
DEE with residual 13C-ethanol derived from 13C-ethanol
dehydration was adsorbed on the dehydrated γ-Al2O3 and
Al2O3-NS, and the corresponding 13C CP/MAS NMR spectra
are shown in Figure 2b,c. All of the signals assigned to
adsorbed ethanol, DEE, and ethoxy can be clearly observed. 1H
detected 2D 13C−1H HETCOR experiments with enhanced
1H resolution combined with 1H MAS NMR spectra and 13C
detected 13C−1H HETCOR NMR spectra (Figures S4 and S5)
were performed to make a clear assignment of the signals of 1H
and correlated 13C, as shown in Figure 2d, and the detailed
signal assignments are listed in Table 1.

Adsorption Modes of Ethanol. For both ethanol-
adsorbed aluminas, two different signals of the methyl groups
with different reactivities were observed, which may be caused
by the different adsorption configurations of ethanol. 13C−27Al

REAPDOR NMR experiments were carried out to study the
spatial interaction between the 13C atom of the methyl group
and the 27Al atom on the surface of γ-Al2O3. Figure 3 shows
the representative one-dimensional (1D) 13C−27Al REAPDOR
NMR spectra and the obtained dephasing curves of ethanol
adsorbed on γ-Al2O3 at 25 °C. As in shown in Figure 3a, the
intensity of the signal at 18 ppm decreases more significantly
than 16 ppm, implying that there is closer spatial proximity and
stronger dipolar interaction between the carbon atom of the
methyl groups (18 ppm) and the surface Al atoms.
Furthermore, the dephasing curve (Figure 3b) recording the
signal attenuation value ΔS/S0 as a function of the recoupling
time was fitted to obtain the internuclear distances, and the
spatial distances between two kinds of 13C (18 and 16 ppm)
atoms and 27Al atoms were quantitatively estimated, which are
3.44 and 3.86 Å, respectively. Considering that the adsorption
sites on the surface of alumina should be LASs and hydroxyl
groups, the observation of two different adsorption config-
urations of ethanol suggests that one may be absorbed on LAS
and the other at hydroxyl; alternatively, ethanol is absorbed on
LASs with different microenvironments. As these signals can
be preserved even after 200 °C desorption for Al2O3-NS
(Figure 1b), the strongly adsorbed ethanol with methyl signals
at 18 and 16 ppm should result from LASs with different
microenvironments, where methyl groups have different
distances from the surface. For 550 °C dehydrated Al2O3-
NS, as most hydroxyl groups were removed, the relative
amount of adsorbed ethanol at 16 ppm decreased (Figure S6),
implying that the signal at 16 ppm may be affected by the
hydroxyl groups near LASs. The possible adsorption models
are shown in Figure 3c−e. Since the methyl group has different
distances from the surface of alumina, we infer that the signal
at 16 ppm may be from the ethanol adsorption perturbed by
hydroxyl groups near the LASs (Figure 3d,e) but different from
adsorbed ethanol at 18 ppm (Figure 3c). The hydroxyl groups
near the LASs make the adsorbed ethanol molecules more
vertical to the surface as a steric hindrance, leading to a
relatively longer average distance between methyl groups and
the surface of catalysts.

Table 1. Assignments of NMR Signals of Ethanol and Its
Derivatives Adsorbed on γ-Al2O3

1H signal (ppm) 13C signal (ppm)

species −CH2− −CH3 −CH2− −CH3

ethoxy 4.0 1.2 71 12
ethanol 3.5 1.0 57 16 and 18
DEE 3.6 1.1 65 11

Figure 3. (a) 1D 13C−27Al REAPDOR NMR spectra of 13C-ethanol adsorbed on γ-Al2O3 at 25 °C with a recoupling time of 1.6 ms. (b) 13C−27Al
REAPDOR NMR spectra fitting curves of signals at 18 and 16 ppm. The proposed adsorption modes of ethanol on γ-Al2O3 are shown in (c) (18
ppm) and (d, e) (16 ppm).
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To clarify the configurations of different adsorption modes
of ethanol molecules on alumina catalysts, 1H−27Al D-
RINEPT NMR experiments were further conducted, and the
spectra are shown in Figure 4. For γ-Al2O3, both the protons of
methylene (3.5 ppm) and methyl (1.0 ppm) have strong
correlation peaks with Al(V)s (35 ppm) and Al(VI)s (10
ppm). It is worth noting the protons of methylene groups of
ethanol adsorbed at Al(V)s shift to a lower field at 3.7 ppm
compared with those of ethanol (3.5 ppm) adsorbed at
Al(VI)s. It is reasonable that Al(V)s and Al(VI)s are derived
from Al(IV)s and Al(V)s, respectively, while Al(IV)s have
stronger Lewis acidity than Al(V)s. Moreover, the 1H−27Al D-
RINEPT NMR spectrum (Figure S7) of 13C-DEE-adsorbed γ-
Al2O3 demonstrates methylene groups of ethoxy also correlate
with both Al(V)s and Al(VI)s. These results indicate both

Al(IV) and Al(V) LASs on γ-Al2O3 are active adsorption sites.
As is clearly shown in Figure 4a,b, the correlation signals
between CH3 and surface Als are stronger than those of CH2,
especially for the catalyst pre-dehydrated at 550 °C (Figure
4b), although theoretically CH2 is closer to the surface than
CH3. It can be only explained that CH3 is also very close to the
surface of γ-Al2O3 and CH3 groups have more H than CH2

groups. In contrast, as for Al2O3-NS, the protons of ethanol are
mainly correlated with Al(V)s. Moreover, the correlations
between CH2 groups of ethanol and surface Als for Al2O3-NS
dehydrated at 350 °C are much stronger than those of CH3

(Figure 4c). After the removal of most surface hydroxyl groups
at 550 °C (Figure 4d), the correlation signals between CH3

and surface Als become stronger than those of CH2, similar to
γ-Al2O3. All these results indicate that the surface hydroxyls

Figure 4. 1H−27Al D-RINEPT NMR spectra and slices from selected correlations of 13C-ethanol adsorption on dehydrated catalysts. (a) γ-Al2O3
dehydrated at 350 °C, (b) γ-Al2O3 dehydrated at 550 °C, (c) Al2O3-NS dehydrated at 350 °C, (d) Al2O3-NS dehydrated at 550 °C.

Figure 5. TG-MS analysis of 13C-ethanol desorption on γ-Al2O3 (a) and Al2O3-NS (b) activated at 350 and 550 °C.
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have a significant impact on the ethanol adsorption on alumina
catalysts.
Reaction Evaluations. To study reaction behaviors of

ethanol adsorbed on the catalysts, temperature-programmed
surface reaction (TPSR) utilizing TG-MS was also carried out.
As shown in Figure 5, DEE is first formed with the peak
temperature at 210 °C and then ethylene is formed with the
peak temperature at 260 °C for γ-Al2O3 activated (dehydrated)
at 350 °C (Figure 5a), and no obvious change in the
desorption peaks is observed for γ-Al2O3 activated at 550 °C.
Whereas, the desorption peaks of DEE and ethylene at Al2O3-
NS activated at 350 °C shift to higher temperatures at 280 and
350 °C, respectively (Figure 5b). When the activation
temperature was elevated to 550 °C, desorption peaks of
DEE and ethylene shifted to lower temperatures at 250 and
310 °C, respectively. The results indicated that ethanol
adsorbed on γ-Al2O3 has higher reactivity to DEE and ethylene
than Al(V)-rich Al2O3-NS. It is worth noting that the changes
in desorption peaks of DEE and ethylene on Al2O3-NS imply
that the active centers of Al2O3-NS are altered after high-
temperature activation but not for γ-Al2O3.
The reaction performances of the alumina catalysts were

further evaluated by a fixed-bed reactor. As shown in Figure
S8a,b, DEE begins to be generated at a lower temperature on
γ-Al2O3 (140 °C) than that on Al2O3-NS (170 °C). The
formation of ethylene follows the same tendency on γ-Al2O3
(200 °C) and Al2O3-NS (240 °C). For γ-Al2O3, the formation
of DEE and ethylene at a lower temperature is consistent with
NMR and TPSR results. In addition, ethoxy is produced at a
lower temperature (120 °C, Figure 1) than DEE, implying that
DEE may originate from ethoxy. The reaction behavior of DEE
over alumina catalysts was also studied, as shown in Figure
S8c,d. At lower reaction temperatures, except for minor
unknown impurity and ethanol in the DEE, there is no
evolution of the products such as ethylene and ethanol. As the
temperature increases, ethylene begins to be produced at
temperatures above 260 and 280 °C for γ-Al2O3 and Al2O3-NS,
respectively, accompanied by the appearance of ethanol. It
indicates that the decomposition of DEE produces ethanol and
ethylene at the same time. It is worth noting that the reaction
activity of DEE to ethylene is significantly lower than that of
ethanol on both alumina catalysts. The apparent activation
energies (Figure S9) for the production of DEE from ethanol
are 93 and 97 kJ/mol, while those of ethylene are 179 and 156
kJ/mol for γ-Al2O3 and Al2O3-NS, respectively. Although two
catalysts exhibit similar activation energies for DEE formation,
those for ethylene formation are significantly different.
Reaction Mechanism. Alcohol dehydration to olefins over

alumina catalysts is generally recognized to proceed via an E2-
type dehydration mechanism involving concerted cleavage of
Cβ−H over a base site and C−OH bond over an acid site. Our
multinuclear and multidimensional NMR results demonstrate
that ethanol molecules have two different adsorption
configurations on the surface of alumina, and they possess
different reactivities. It is found that ethanol and ethoxy can be
adsorbed on Al(V)s and Al(VI)s, which means that both
Al(IV)s and Al(V)s on the surface of alumina are the possible
active sites for the ethanol dehydration reaction. In contrast,
the local environments of these active sites determine their
activities besides the coordination number of Als. For instance,
Al(IV)s are not necessary more reactive than Al(V)s. Although
most of the ethanol molecules are adsorbed on the Al(V)s for
Al2O3-NS from 1H−27Al D-RINEPT NMR, their reactivities

are lower than those adsorbed at γ-Al2O3. We noticed that
Al(V)s were recently reported to populate on the surfaces and
promote BAS formation in Al(V)-rich amorphous silica-
aluminas (ASAs).40 To exclude the impact of BASs,
trimethylphosphine (TMP) adsorption capable of discriminat-
ing BASs and LASs was carried out for both γ-Al2O3 and
Al2O3-NS, and

31P MAS NMR spectra (Figure S10) show only
signals near −50 ppm attributed to TMP adsorbed at LASs for
both samples.41 As previously reported, for ethanol dehy-
dration to ethylene, a β-H elimination in the E2 dehydration
mechanism plays important roles.18,42 β-H elimination is
strongly affected by the configuration of methyl groups and
base properties of surface oxygen/hydroxyl species. In the
reaction of DEE to ethylene, although ethoxy is formed at 25
°C, the formation of ethylene only occurs at a temperature
near 300 °C significantly higher than ethanol, which means
that the β-H elimination step may be more difficult. Ethanol
adsorption can be perturbed by the surface hydroxyl groups,
leading to different adsorption configurations as well as
reactivities of ethanol on the alumina surface (Scheme 1a,b).

Since the hydroxyl groups of both aluminas mainly exist in the
form of bridged hydroxyl groups,43 ethanol adsorption as
Al(IV) or Al(V) without neighboring hydroxyl groups may
have much higher reactivities to form ethoxy and DEE
(Scheme 1b, step 1−3). Ethoxy groups will proceed with β-H
elimination to form ethylene, and then the surface hydroxyl
groups will dehydrated to complete the catalytic cycles (steps 4
and 5). It should be noted here that dehydration of surface
hydroxyl groups should also impact the apparent activation
energy for the dehydration reaction. Although the dehydration
temperature of ethanol to ethylene is lower for γ-Al2O3, the
apparent activation energy from the fixed-bed reaction is
higher than Al2O3-NS, as the hydroxyl groups on Al2O3-NS are

Scheme 1. Proposed Pathways for Ethanol Dehydration on
γ-Al2O3: (a) Ethanol Adsorbed on Lewis Acid Sites
Interfered by Hydroxyl Groups and (b) Ethanol Adsorbed
on Lewis Acid Sites without Neighboring Hydroxyl Groupsa

aAl atom marked in blue represents Al(IV) or Al(V), while Al atoms
marked in red correspond to Al(V) and Al(VI).
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more readily desorbed.43 When DEE is further dehydrated to
ethylene, the two adjacent ethoxys from DEE dissociative
adsorption may also hinder the β-H elimination on the surface
of alumina, and therefore, ethylene and ethanol were produced
simultaneously with lower activity (steps 6 and 7).

■ CONCLUSIONS
A comparative study on the dehydration reaction mechanism
of ethanol on commercial γ-Al2O3 and Al(V)-rich Al2O3-NS
was carried out by a combination of NMR techniques, TG-MS,
and reaction kinetic analysis. Two different adsorption
configurations of ethanol on LASs were observed. Ethanol
adsorption is perturbed by nearby surface hydroxyl groups,
which causes the methyl groups to move away from the surface
of alumina, thus hindering the β-H elimination and leading to
lower reactivity for ethylene production. It is also found that
both Al(IV)s and Al(V)s as the LASs contribute to the
catalytic dehydration of ethanol. The formation and desorption
of surface hydroxyls are indispensable to complete the catalytic
reaction cycle, and hydroxyl groups will also impact the
reactivities. These effects may also be applicable for DEE to the
ethylene reaction, showing lower activity than ethanol. The
catalytic performance of commercial γ-Al2O3 for ethanol
dehydration is significantly superior to that of Al(V)-rich
Al2O3-NS, although Al(V) was proposed as the active center,
revealing that the reactivity of ethanol dehydration is also
significantly affected by the local environment of under-
coordinated Als.
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