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Ga- and In-exchanged chabazite (CHA) zeolites with same Si/Al and metal/Al ratios were prepared via the
incipient wetness impregnation method, were characterized using N, adsorption, electron microscopy,
temperature-programed reactions and were evaluated for the ethane dehydrogenation reaction using
flow microreactors. Ga-CHA has higher reaction rates and a lower activation energy of 107 kJ/mol than
In-CHA (E, = 175 kJ/mol). Rietveld refinement of the X-ray powder diffraction pattern shows that the
In* cation is predominantly located above the 6-ring of the CHA cage. It is proposed that the reaction pro-
ceeds through the alkyl mechanism based on stability of alkyl hydride intermediates as determined using
DFT calculations. The oxidative addition of ethane to the metal shows much lower Gibbs free energy for
Ga-CHA (+27.95 kJ/mol) vs In-CHA (+124.85 kJ/mol). These results indicate that oxidative addition may
be the rate-limiting step of ethane dehydrogenation in these materials.

© 2022 Elsevier Inc. All rights reserved.

1. Introduction

Catalytic non-oxidative ethane dehydrogenation is a promising
approach to producing ethylene in a way that minimizes energy
consumption and greenhouse gas emissions [1-4]. Although there
are catalytic processes for the non-oxidative dehydrogenation of
propane (such as the Oleflex process based on Pt catalysts and
the Catofin process based on Cr catalysts), in practice ethane dehy-
drogenation is carried out thermally, not catalytically, using ethane
steam crackers. The higher selectivity of catalytic non-oxidative
dehydrogenation helps reduce separation costs and energy con-
sumption, and it is easier to heat-integrate with hydrogen combus-
tion [5-7]. More effective catalysts for non-oxidative
dehydrogenation of ethane are thus urgently needed [8-10].

Metal-exchanged zeolites have been widely investigated for
alkane dehydrogenation reactions [11-18]. For example, Ga
impregnated in H-ZSM5 and then reduced to form Ga-ZSM5, has
been reported as an effective catalyst for alkane dehydrogenation.
Rane et al. investigated the propane dehydrogenation (PDH) reac-
tion over Ga-ZSM5 and found that the activities of potential active
sites are in the order of GaO* > Ga* > [GaH;]" [11]. Schreiber et al.,
in contrast, claimed Lewis-Brensted acid pairs to be the active sites
and proposed a bifunctional mechanism, i.e., heterolytic activation
of the propane C—H bond followed by monomolecular elimination
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of H, and desorption of propene [12]. Nascimento et al. carried out
DFT studies of Ga-ZSM-5 materials and claimed that the differ-
ences in size and type of alkanes may result in distinct reaction
mechanisms [13]. Running ethane dehydrogenation over Ga-
ZSM5, Ausavasukhi et al. observed higher activity with the intro-
duction of H,. They proposed that [GaH;]" has higher activity than
either Ga* or GaO" for EDH even though [GaH,]" is less stable than
Ga" during EDH [14]. The structure of the active sites in Ga-ZSM5,
thus, remains unclear and there are several potential candidates
(Ga*, Ga0", and [GaH,]" and others) that continue to be investi-
gated. Indium, as a metal in the same group IIIA of gallium, has also
been used for alkane dehydrogenation, but mostly as promoter to
form In-Pt alloy supported on hydrotalcite Mg(Al)O. The introduc-
tion of In can reduce acidity strength, enhance activity, and
decrease coke formation [19-22]. Reports about inclusion of mere
In in zeolites, however, are very few.

At least three mechanisms have been proposed to explain the
catalytic activity of these materials: i. The alkyl mechanism that
starts with activation of C—H bond and the formation of M—C,Hs,
ii. The carbenium mechanism, where a zeolitic oxygen bound
ethoxide along with a M—H bond is firstly formed before the for-
mation of dihydrogen, and iii. concerted mechanism, where cleav-
age of two C—H bonds occur simultaneously to generate ethylene
and hydrogen together [7].

Other zeotypes may also play a key role in adjusting the cat-
alytic activity of metal species, among which the chabazite (CHA)
zeolite is an example that has not been investigated in detail.
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The structure and smaller pore size of the CHA zeolite are likely to
affect catalytic properties: species larger than propane or butane
may, for example, be trapped inside the smaller cages of this zeo-
lite leading to coke formation. Maeno et al. recently prepared In-
CHA by reductive solid-state ion-exchange and studied ethane
dehydrogenation properties using in situ FTIR and DFT methods
[15]. This catalyst exhibits very high selectivity and durability;
and an active site, [InH;]*, was proposed. To the best of our knowl-
edge, the Ga-exchanged CHA has not been investigated in detail for
this reaction and the catalytic and mechanistic differences
between In- and Ga-CHA have yet to be determined.

Herein, we investigate and compare the catalytic properties for
ethane dehydrogenation over In- and Ga-CHA catalysts using a
combination of experimental and theoretical methods. The migra-
tion of both In and Ga species from outside to inside of the CHA
micropores after reduction was monitored by N, adsorption iso-
therms and XRD powder diffraction. Analysis of ethane dehydro-
genation rates yield a higher specific reaction rate and low
activation energy on Ga-CHA versus In-CHA. These differences
may be explained by the lower Gibbs free energy for oxidative
addition of ethane to Ga(I) in Ga-CHA, as determined by DFT meth-
ods. Compared with other supports (Al;03 and SiO,), Ga-CHA has
higher turnover frequency (TOF) due to the stabilization of reaction
intermediates by the small pore structure and metal cation coordi-
nation environment. Higher Si/Al ratio on Ga-CHA improves turn-
over frequency. After calcination and reduction, the spent Ga-
CHA recovers nearly all its initial catalytic activity.

2. Experimental section
2.1. Catalyst preparation

NH4-CHA zeolite samples with Si/Al ratio of 6 were obtained
from ACS Material LLC (California, USA). NH,-CHA with Si/Al ratios
of 12 and 21 were synthesized according to previously reported
procedures [23,24]. Prior to testing, all samples were calcined at
550 °C for 10 h in flowing air with a ramping rate of 2 °C/min to
obtain the acid form of the zeolite (H-CHA). In- and Ga-CHA with
various Ga/Al and Si/Al ratios were prepared via incipient wetness
impregnation (IWI) with aqueous solution of indium (III) nitrate
hydrate (99.999 %, Sigma Aldrich) and gallium (III) nitrate hydrate
(99.9 %, Sigma Aldrich). y-Al,03 (powder) and SiO, (silica gel, G-6)
were obtained from Alfa Aesar and Fuji Silysia, respectively.
v -Al,03 and SiO, supports were calcined in flowing air at 600 °C
for 8 h by heating ramp rate of 2 °C/min to remove any residual
water. Ga-Al,03 and Ga-SiO, with the same mass loading amount
(9 wt% Ga) as Ga-CHA (Si/Al = 6, Ga/Al = 0.4) were prepared using a
previously reported method [25,26]. The resultant In- and Ga-CHA,
Ga-Al,05, and Ga-SiO, samples were dried at 80 °C for 12 h, fol-
lowed by calcination at 550 °C for 10 h in flowing air with a ramp-
ing rate of 2 °C/min to form In,03; or Ga,03 on the supports. After
loading in the reactor, the samples were reduced under a flow of
20 mL/min of 40 % Hy/He for one hour (500 °C for In-CHA, 720 °C
for Ga-CHA) in the reactor before testing for the ethane dehydro-
genation reaction. To identify the various samples succinctly, cata-
lyst samples are designated as In- or Ga-CHA (Si/Al ratio, metal/Al
ratio). For example, Ga-CHA with Si/Al and Ga/Al ratios of 6 and 0.4
respectively is represented as “Ga-CHA (6, 0.4)".

2.2. Catalyst characterization

The Si/Al, In/Al, and Ga/Al ratios were determined by energy-
dispersive X-ray (EDX) analysis on a JEOL JSM 7400F scanning elec-
tron microscope (SEM) and X-ray fluorescence (XRF) analysis on a
Rigaku Supermini 200 WDXRF. The JEOL JSM 7400F scanning elec-
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tron microscope and Zeiss Auriga 60 high resolution focused ion
beam & scanning electron microscope were used to obtain SEM
images and determine particle size and catalyst sample morphol-
ogy. Powder X-ray diffraction (XRD) patterns were collected on a
Bruker D8 diffractometer using a Cu Ko radiation (40 kV, 40 mA).
For powder XRD refinements, samples loaded in capillaries
(Charles Supper, 15-BG) were dehydrated in a Micromeritics Vac-
Prep 061 degasser at 473 K for 12 h. The capillaries were then
sealed with vacuum grease and epoxy in a desiccant filled air
bag. Diffraction data were collected in 0D mode at room tempera-
ture. XRD data were processed with the CMPR software [27] and
analyzed using the Rietveld method with the GSAS/EXPGUI pack-
age [28,29]. Atomic occupancy for In was set as a free-to-fit vari-
able in the refinement. The sum of Si and Al occupancies were
set to 1. A previously reported structure of the CHA framework
was used as a starting model for the refinement [30].

The micropore volumes of the zeolite samples were determined
using the t-plot method; the N, adsorption isotherms were col-
lected on a Micromeritics 3Flex system. Before N, adsorption, the
samples were degassed at 300 °C for 24 h using N,. Temperature
programmed reduction profiles (TPR) were obtained under a 10 %
H,/Ar atmosphere while the amount of H, consumption was mon-
itored using TCD (Micromeritics AutoChem II). The amounts of car-
bonaceous deposits formed on the spent catalysts were measured
by thermogravimetric analysis (TGA) on Discovery TGA (TGA 550)
in air. 2’Al MAS solid-state NMR spectra were collected on a Bruker
AVIII 500NMR spectrometer equipped with a 44 mm HX MAS NMR
probe under a MAS frequency of 10 kHz. In situ DRIFTS spec-
troscopy measurements were conducted on a Nicolet 6700 instru-
ment equipped with a Harrick drifts cell. Ultraviolet/visible (UV/
Vis) spectra of the samples were collected using a UV/Vis spec-
trometer (Jasco V-550) with a diffuse reflectance cell. Reflectance
measurements converted to the Kubelka-Munk function:

2
(1R _X (1)
2R S

where R is the ratio of the diffuse reflectance of the sample to
that of a reference material (BaSO,4, Sigma Aldrich), K is the absorp-
tion coefficient, and S is the scattering coefficient.

FR) =

2.3. Catalytic rates and catalyst evaluation

Catalysts were tested for ethane dehydrogenation in a fixed-bed
plug-flow microreactor with a 6.35 mm (/4 in) in diameter quartz
tube. Typically, 50 mg of the sample (20-40 mesh) was placed in
the reactor and the catalyst bed was kept in place by quartz wool
plugs at the top and bottom. A thermocouple was placed right
below it inside the quartz tube. There was no detectable catalytic
activity with the empty reactor at the reaction temperatures inves-
tigated. After loading the catalyst, the sample was heated up to the
desired reduction temperature (500 °C for In-CHA, 720 °C for Ga-
CHA) with a ramping rate of 10 °C/min in 50 mL/min of He. Then,
20 mL/min of 40 % H,/He was introduced to reduce the samples for
a period of one hour, followed by purging with 50 mL/min He. After
this step, the temperature was changed to the desired value for
catalyst evaluation and 15 mL/min of 10 % C,Hg/He was fed into
the reactor to quantify ethane dehydrogenation rates. Apparent
activation energies were determined in the temperature range of
585-645 °C using 50 mL/min of 10 % C,Hg/He, and were measured
under low conversion (<10 %) were far from equilibrium conver-
sion. The initial data points of the experiment were collected by
the GC and were used to minimize the influence of deactivation
for the calculations of apparent activation energies. The reactor
effluent was periodically sampled using an online gas chro-
matograph (GC) (Agilent 7890B) with a restek ShinCarbon column
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(80486-810901) and a TCD for product analysis. The conversion of
C,Hg, selectivity of C;Hy, and the carbon balance were determined
using eqs. (2) to (4), respectively.

Conversion|%] = Fessin = Fngour 49

@)

FC2H5,in

2 x FC2H4,out

= x 100
2 x FC2H4,out + FCH4,out

Selectivity[%)]

3)

2 x FCzHa.out +2x FC2H4,our + FCH4,out

x 100
2 % Feyhg in

Carbon balance[%] =

2.4. Density functional theory calculations

All calculations were performed using Gaussian 09, Revision
D.01 at the M062x/def2svp level of theory [31]. Thermal correc-
tions to the electronic energy were calculated at 298 K in the har-
monic oscillator approximation.

A 106-atom quantum cluster for CHA was created using the
crystal structure for In-CHA obtained via Rietveld refinement, vide
infra. Based on crystallographically determined distances, the In
atom was placed above the 6-membered ring of the sodalite cage
in the publicly available CHA crystal structure from the database
of the Structure Commission of the International Zeolite Associa-
tion (IZA-SC) (Table S1). All framework atoms within 6.0 A of the
extra-framework In atom were included in the cluster (Fig. S1).
Capping hydrogens were attached to dangling bonds at the bound-
ary of the cluster and frozen in all optimization calculations to pre-
vent the quantum cluster from deviating far from the crystal
structure. The Ga-CHA cluster was created by replacing the In atom
with a Ga atom. All structure parameters of possible clusters are
listed in the Appendix of Supporting Information.

Both clusters were allowed to relax, resulting in the metal
cation shifting closer to the single aluminum T-site—the crystal
structure averages the T-site around the entire 6-membered ring

due to the symmetry of the R 3 m space group, hence the centered
“average” position for the In atom—in the cluster. These optimized
geometries were used as starting points for further calculations
with hydrocarbons. While searching for intermediates, the opti-
mized geometry with the lowest energy was chosen from the cal-
culation results of multiple starting geometries.
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3. Results and discussion
3.1. Morphology and structure of In- and Ga-CHA

To compare the catalytic properties of In- and Ga-CHA, the same
Si/Al ratio of 6 and In/Al or Ga/Al ratio of 0.7 were prepared, leading
to In,03 and Ga,0s5 loadings of 22 wt% and 12 wt¥%, respectively.
CHA with higher Si/Al ratios of 12 and 21 were also synthesized
for Ga-CHA with the same Ga/Al ratio of 0.4 to investigate the
influence of Si/Al ratio. These values were confirmed by EDX and
XRF. The 27Al MAS NMR spectra of H-CHA samples with different
Si/Al ratios were also obtained (Fig. S2). The peak at 55-60 ppm
is the tetrahedral framework Al and the peak at ~ 0 ppm is the
octahedral Al which could contain both extra framework Al and
framework Al coordinated to water in an octahedral [32,33] coor-
dination environment. Even if it is assumed that the peak
at ~ 0 ppm is only attributed to extra framework Al, the peak area
ratio of in/extra framework is high (6.5, 8, 46 for H-CHA with Si/Al
ratios of 6, 12 and 21, respectively) and we can neglect the poten-
tial influences of the existence of extra framework Al.

Two new peaks at ~ 30.8° and ~ 35.5° were observed in the
XRD diffraction pattern (Fig. S3) of samples impregnated with
indium nitrate and calcined afterwards; these are assigned to the
(222) and (400) diffraction peaks of In,0s3, respectively [15]. After
reduction, these XRD peaks are not observed confirming the reduc-
tion of In,03 and the migration of In into the zeolite pores. Impreg-
nation and calcination of gallium nitrate on the CHA crystals does
not lead to any evident change in the XRD pattern (Fig. S4) of all
calcined Ga- samples. This may be due to the overlap of Ga,03
peaks and CHA peaks in XRD, e.g., ~35.3° [34]. The small particles
of In,03 and Ga,0s in calcined In-CHA and Ga-CHA can be observed
on the surface of the zeolite crystals on the SEM micrographs of the
samples (see Fig. 1). Similar Ga,0s3 particles are also present in cal-
cined Ga-CHA samples with higher Si/Al ratios of 12 and 21
(Fig. S5).

The micropore volume change of samples during the various
synthesis steps has been determined using N, adsorption iso-
therms. The results evidence the movement of In and Ga into the
zeolite pores upon reduction of the samples (Fig. S6 and Table 1).
According to the loading of In,05 (22 wt%) and Ga,03 (12 wt%)
after impregnation, the volume the oxides occupy inside the zeo-
lite pores correspond to 0.03 and 0.02 cm?/g, respectively. The
as-received H-CHA (6) has an average pore volume of 0.32 cm’/g,
while the freshly prepared In- and Ga-CHA after calcination with
the same Si/Al and metal/Al ratios have micropore volumes of
0.31 and 0.30 cm?/g, respectively. These values indicate that both
In,03 and Ga,03 are mostly present outside of the micropores of

Fig. 1. SEM images of as-prepared a) In-CHA (6, 0.7) and b) Ga-CHA (6, 0.7) before reduction. In,03 and Ga,03 particles (~50 nm) are supported on the surface of pseudocubic

H-CHA crystals.
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the calcined In- and Ga-CHA samples. After reduction, however,
both the pore volumes of In-CHA and Ga-CHA decrease to about
0.26 cm®/g. The decrease of pore volume is consistent with the
movement of In and Ga from outside to inside of the pores. The
same trends were also observed in other Ga-CHA samples with dif-
ferent Ga/Al ratios (see Table 1).

Table 1
Micropore volume of In- and Ga-CHA samples before and after reduction.
Pore volume Si/Al In/Al or Before After
(cm?/g) Ga/Al reduction reduction
H-CHA 6 - 0.32 -
In-CHA 6 0.7 0.31 0.26
Ga-CHA 6 0.4 0.30 0.28
6 0.7 0.30 0.26
6 1 0.30 0.24
12 0.4 0.25 0.21
21 0.4 0.21 0.19
Ga-Al,03 - - 0.40 0.40
Ga-Sio, - - 0.62 0.62

2 Same Ga loading amount (9 wt% Ga) as Ga-CHA (6, 0.4).
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T
100 200 300 400 500 600 700 800 90
Temperature (°C)

Fig. 2. H,-TPR profiles of In- and Ga-CHA. Temperature range 50-950 °C using 10 %
H, balance Ar.
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A DRIFTS investigation using CDsCN as the probe molecule have
also been done to evaluate the acid sites change. The acetonitrile
bands at ~ 2327 and 2300 cm ! indicate the presence of Algg Lewis
acid site (LAS) and Brensted acid sites (BAS) [32]. Only a band
at ~ 2270 cm~! is observed on Ga-CHA with the Ga/Al ratio of 1,
a result attributed to the interaction between CD3;CN and Ga. That
is, the protons of BAS are replaced by Ga to form Ga* LAS. The sam-
ple of In-CHA with In/Al ratio of 0.3 show all three bands at ~ 2327,
2300, and 2270 cm™!, indicating the partial replacement of BAS
with In (Fig. S7).

The hydrogen temperature programmed reduction (H,-TPR) of
the impregnated In- and Ga-CHA (6, 0.7) show that higher reduc-
tion temperature is needed for Ga-CHA reduction than for In-
CHA (Fig. 2). The trace for In-CHA shows three peaks at 250, 340,
and 390 °C but no features are observed above 500 °C. That is,
the In-CHA sample was completely reduced below 500 °C and
higher reduction temperature would not influence its catalytic
properties (Fig. S8). For Ga-CHA, however, the TPR profile shows
maxima at 490 and 670 °C, that is, Ga-CHA is not completely
reduced until about 720 °C in this experiment. Accordingly, as
shown below, pre-reduction temperature does affect the catalytic
properties of Ga-CHA specially at the initial stage of ethane dehy-
drogenation process (Fig. S9). As a result, In- and Ga-CHA samples
were reduced at 500 °C and 720 °C, respectively, prior to catalytic
tests.

3.2. Ethane dehydrogenation over In- and Ga-CHA

At 600 °C, Ga-CHA catalysts show higher specific reaction rates
than In-CHA under same Si/Al ratio of 6 and metal/Al ratio of 0.7
(see Fig. 3a & Table 2). The initial reaction rate over Ga-CHA
(21.8 mmol/gc,/hr) is almost twice that of In-CHA (11.3 mmol/gc,,/
hr). The rates of both samples decrease rapidly over the first two
hours leading to rates of 12 mmol/g./hr for Ga-CHA and
4.6 mmol/g.,/hr for In-CHA after four hours on stream (Table 2).
Both samples produce C,H,; with very high selectivity (~98 %)
throughout the measurements.

Differences in selectivity and carbon balance are observed at the
initial stage of the reaction for both In- and Ga-CHA. The C;H,4
selectivity of In-CHA remains almost constant from the beginning
to the end of reaction, while with Ga-CHA, the selectivity increases
first from an initial value of 96.5 % to 98 % and then stabilizes. This
is correlated to the accumulation of carbon-containing species in
the Ga- samples (Table 1). The difference is even more clear in car-
bon balance (Fig. S10): Initially, both In- and Ga-CHA have their
lowest observed carbon balance (90.7 % and 87.1 %, respectively),

b 0.0
0.5
1.0 4
2154
B
o Sl N
T -2.04 IR 7
- S 1755
~~x’0
254 ~ ‘k‘//’h
s~
= In-CHA ~
304 ® Ga-CHA S~
— — Linear Fit of In-CHA XY
—— Linear Fit of Ga-CHA .
-35 T T T T
1.08 1.10 1.12 1.14 1.16 1.18

1000/T (10° K™)

Fig. 3. Comparison between In- and Ga-CHA in a) reaction rate and C;H, selectivity; b) apparent activation energy. (Reduction conditions: 20 mL/min of 40 % H,/He at 500 °C
(In-CHA) and 720 °C (Ga-CHA). Reaction conditions: a) 15 mL/min of 10 % C,Hg/He at 600 °C; b) 50 mL/min of 10 % C,Hg/He at 585-645 °C). Both In- and Ga-CHA have a Si/Al

ratio of 6 and metal/Al ratio of 0.7.
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Table 2
Reaction rates, selectivity, and carbon balance of In- and Ga-CHA at different
composition and reaction time.

Sample Time on Reaction rate Selectivity Carbon

stream (hr) (mmol/gc/hr) (%) balance (%)
H-CHA, Si/Al = 6 0.5 1.77 78.2 99.7

4 0.96 76.9 100
In-CHA, (6, 0.7)" 0.5 113 98.3 90.7

4 4.59 98.5 98.9
Ga-CHA, (6, 0.4)" 0.5 21.0 95.8 87.0

4 9.82 98.3 96.9
Ga-CHA, (6, 0.7)" 0.5 21.8 96.5 87.1

4 12.0 98.3 95.8
Ga-CHA, (6, 1)° 0.5 23.0 97.1 87.0

4 13.6 98.2 95.8
Ga-CHA, (12,04)" 0.5 14.9 98.4 89.4

4 6.95 99.0 97.7
Ga-CHA, (21,04)" 0.5 10.9 98.9 91.3

4 3.96 99.1 99.1
Ga-AlL05" 0.5 12.2 98.8 97.6

4 4.42 96.2 99.3
Ga-Si0," 0.5 1.98 99.8 100

4 2.59 99.7 100

2 Catalyst samples are designated as In- or Ga-CHA (Si/Al ratio, metal/Al ratio).
b Same Ga loading amount (9 wt%) as Ga-CHA (6, 0.4).

but the carbon balance improves with time and approaches a
stable value of over 95 % after four hours of time on stream
(TOS), demonstrating a reduction in coke formation rate over time.

The type and amount of carbon species accumulated during the
first four hours of TOS can be analyzed using UV/vis spectroscopy
and thermo gravimetric analysis (TGA). The UV/vis spectra of the
spent Ga-CHA catalyst have electronic transitions at 350, 400,
and 450 nm (these features are not observed in the fresh Ga-
CHA, see Fig. S11). These peaks can be assigned to occluded carbe-
nium ions and aromatics moieties which are too big to move
between cages and leave the CHA zeolite. These species could
transform into carbonaceous solids during the reaction [35]. In
contrast, no additional absorption peaks are observed on the UV/
vis spectra of In-CHA after ethane dehydrogenation perhaps due
to the intrinsic lower rate of In-CHA. The amount of coke formed
during the catalytic test, as determined by TGA (Fig. S12), is about
0.73 % for In-CHA, and much higher (5.41 %) for Ga-CHA.

An Arrhenius plot was used to compare reaction rates at differ-
ent temperatures and calculate apparent activation energies of
ethane dehydrogenation using the initial data points of the exper-
imental GC results (Fig. 3b). Between the temperatures of 585 °C
and 645 °C, Ga-CHA maintains higher reaction rates than In-CHA
but the difference decreases with temperature due to the higher

25
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activation energy of the In catalyst. The apparent activation
energy (E,) of EDH over In-CHA was 175 kJ/mol, while that of
Ga-CHA is only 107 kJ/mol. These values are similar to the
experimental activation enthalpy values reported by Maeno et al.
(AH%n»CHA =236 l(j/mol, AH'(T'_‘,A,CHA =107 kJ/lTlOl) [9]

3.3. Ga-CHA for ethane dehydrogenation

Different Ga/Al ratios (0, 0.4, 0.7, and 1) were employed in the
preparation of Ga-CHA whereby Brensted acid sites are partially
or completely replaced by Ga during reduction. Prior to reduction,
the three Ga-CHA samples have a micropore volume of ~ 0.30 cm®/
g; after reduction, the Ga-CHA with Ga/Al ratio of 0.4, 0.7, and 1
have lower micropore volumes of 0.28, 0.26, and 0.24 cm’/g,
respectively (Table 1) confirming the movement of Ga into the
micropores: the difference is clearly related to the different loading
amount of Ga. The introduction of Ga increases both the reaction
rate and C;H, selectivity compared with H-CHA (Fig. 4a & Table 2).
That is, the Ga-containing active sites in Ga-CHA are more reactive
and selective than the Brensted acid sites in H-CHA. Increasing the
Ga/Al ratio from 0.4 to 0.7 and 1 leads to reaction rate increase due
to the rise in the number of Ga sites.

Brensted acid sites are selective for the scission of C—C bonds
[36,37], generating more CH, from ethane and reducing selectivity
towards C;H4 over H-CHA compared with Ga-CHA (Fig. 4b). Due to
the reduction of the Brensted acid sites number, the Ga-CHA with
higher Ga/Al ratios also show higher C;H, selectivity. The carbon
balance of H-CHA, in contrast, is the highest due to its low reactiv-
ity (Fig. S13). The increase in coke formation with higher Ga/Al
ratio is evidenced by the TGA analyses (Table S2).

With the increase of Si/Al ratio from 6 to 12 and 21, the specific
reaction rate for ethane dehydrogenation decreased (Fig. S14 &
Table 2) but the C,H,4 selectivity and carbon balance increased
(Fig. 5b & S13). The amount of coke determined from the TGA
traces is also consistent with the carbon balance, higher carbon
balance leading to less coke formation (Table S2). The apparent
lower reaction rate of Ga-CHA with higher Si/Al ratio may stem
from the lower loading amount of Ga in the Ga-CHA. After normal-
izing based on the Ga loading, Ga-CHA with higher Si/Al ratio have,
in fact, higher TOF (Fig. 5a). This can be rationalized by considering
the number of Ga atoms per cage as the amount of Ga increases:
Since there are 36 T atoms in the CHA cage, higher Si/Al ratio
decreases the number density of Al sites per cage [38] reducing
interaction between sites. The presence of multiple Ga sites in a
CHA cage is thus detrimental to the overall reaction rate of the
samples.
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Fig. 4. Effect of Ga/Al ratio on the a) reaction rate and b) C,H, selectivity of EDH over Ga-CHA with Si/Al ratio of 6 and Ga/Al ratios of 0.4, 0.7, and 1. (Reduction conditions:
20 mL/min of 40 % Hy/He at 720 °C. Reaction temperature = 600 °C, 15 mL/min of 10 % C;Hg/He).
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Compared with Al,03 or SiO, supports, Ga-CHA has the highest
specific reaction rate (Fig. 6a and Table 2). In contrast with Ga-CHA,
the pore volumes of Ga-Al,0; and Ga-SiO, do not change after
reduction (Table 1). This is because no solid-state reduction and
ion exchange of Ga occurs over Al,O3 and SiO, supports, that is, dif-
ferent active sites are being formed. The weight loss associated
with coke combustion during TGA evaluations are 4.5 %, 3.9 %,
and 0.46 % for Ga-CHA, Ga-Al,03, and Ga-SiO,, respectively, which
is consistent with the carbon balance measured during the kinetic
experiments (Fig. 6b & Table S2). However, note that the coke can
be readily combusted, recovering catalytic activity of Ga-CHA man-
ifesting the stability of active sites in Ga-CHA upon regeneration
(Fig. S15).

3.4. Comparison of In- and Ga-CHA

The introduction of In and Ga species (after reduction) into the
zeolite lead to high reactivity for ethane dehydrogenation with
respect to H-CHA. In and Ga replace protons inside CHA zeolite
cages, reducing the rate of C—C bond scission of ethane and the
generation of CHy, and leading to the much higher C,H, selectivity.
Ga in CHA also shows higher reactivity than In-CHA and a much
lower activation energy. At the same time, oligomerization and
polymerization rates of the generated C,H,4 are higher in Ga-CHA,
leading to more coke formation. This generated carbon, however,
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can be oxidized in air, recovering nearly all of the initial catalytic
activity.

The effect of Si/Al ratio, normalized by the loading of Ga, shows
that the Ga-CHA with higher Si/Al ratio has the highest TOF. This
may be because, when the Si/Al ratio is higher, there are fewer
Ga cations per cage or, in other words, that the Ga-Ga interactions
reduce the average reaction rates [38]. Since CHA zeolite has 8-ring
pores (~3.8 A), products larger than propylene formed by Ga sites
(such as aromatics), are trapped inside the zeolite cages [39].

3.5. XRD structure analysis of Ga- and In-CHA

Structural analysis of the H-CHA and In-CHA samples provides
insight on coordination environments inside of the micropores of
the zeolite. Diffraction data of both samples were analyzed in the

trigonal space group R 3 m. The unit cell contains 36 symmetrically
equivalent T atoms (Si or Al) and 720 atoms. In In-CHA, the In*
cation is located above the 6-ring with an In-O distance of 2.47 A
(Fig. 7). Refinement of H-CHA diffraction pattern shows that there
is no water residue left inside the pores nor metal cations within
the cages (Fig. S16 and Table S3) after calcination of the ammo-
nium exchanged sample. Refinement of In-CHA patterns shows a
contraction of the unit cell volume (2346.6(4) A3) compared to that
of H-CHA (2374.61(9) A3), confirming In presence in the zeolite
cages and strong bonding with the framework O atoms (Fig. S17
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Fig. 7. Structure of the In(I) coordination site in In-CHA determined by Rietveld
refinement of In-O = 2.468(7) A. Blue spheres: Si or Al; red spheres: O; purple
spheres: In. The actual In site does not possess the C3 symmetry as shown above,
since the Al site is at one particular location rather than averaged distribution

shown in the figure.

and Table S4). Unit cell volume of In-CHA is also smaller than the
value reported by Pham et al. for K-CHA (2366.8 A%) [40], indicat-
ing In has stronger interactions with the zeolite framework com-
pared to K.

The refined bond length of In-O is cross-compared with the M
(I)-O bond length of a series of alkali metal-exchanged CHA zeo-
lites, and the obtained value of In-O bond length is consistent with
the trends in the reported M(I)-O bond lengths [40-42]. Li, Na and
K exchanged CHA all have cations at the same exchange site as In
(above the 6-ring). Compared to smaller Li*-(0.78 A) and
Na*- (098 A) exchanged CHA with M(I)-O of 1.910 A and
2.289 A, the larger In* (1.32 A) has a longer M—O distance of
2.47 A. K" (1.33 A) with similar ionic radius has a longer reported
M(I)-O of 2.739 A. The other exchange site found in K-CHA, which
is at the center of 8-ring of CHA [40], is not observed in In-CHA in
this study.

It should be noted that the diffraction measurement is con-
ducted at room temperature. Under reaction temperatures the In
cations could migrate to other positions in the zeolite framework
or move rapidly between sites. We also found that reduced Ga-
CHA is air-sensitive, and we are unable to produce diffraction pat-
terns that could be analyzed with confidence using the Rietveld
technique; thus, no results on Ga-CHA are reported.
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3.6. DFT calculations of intermediates in In- and Ga-CHA for ethane
dehydrogenation

Density functional theory (DFT) calculations were used to
investigate potential mechanisms of ethane dehydrogenation over
In- and Ga-CHA (Table S5 — 10). To determine the possible form of
the active site, the energies of different oxidation states of In
within the same CHA cluster model were compared. Using water
and hydrogen for stoichiometric balance, In(I) was found to be
the lowest energy (most stable) form when compared to In(OH),,
InO, and InH, (Fig. S18, Table S7). This agrees with the crystal
structures of In-CHA after reduction (vide supra). Although a crys-
tal structure could not be obtained for Ga-CHA, the comparable
amounts of H, used to reduce In,03; and Ga,0; in calcined In-
and Ga-CHA prior to ethane dehydrogenation will likely reduce
the In and Ga into stable surfaces species with at least a + 1 oxida-
tion state. Hence, only mechanisms starting from In(I) and Ga(l)
were investigated.

Three intermediates were considered for both In and Ga to com-
pare two primary reaction mechanisms: 1) a one-step dehydro-
genation involving concerted abstraction of two hydrogen atoms,
and 2) a multi-step pathway involving an ethyl-hydride-metal
intermediate (Z[H-M—Ethyl], oxidation state of + 3). One-step
dehydrogenation produces ethylene and the hydride form of the
zeolite (Z|[MH,], oxidation state of + 1) as an intermediate with a
AE of 137.0 kJ/mol and 249.2 kJ/mol for Ga- and In-CHA,
respectively. Both one-step and multi-step mechanisms lead to
ethylene and the zeolite metal hydride (Fig. 8). To complete
the catalytic cycle, hydrogen must associate in the reaction
Z|[MH;] — Z|M] + H,. In In-CHA, this process is downhill; in
Ga-CHA uphill (AE = -71.6 kJ/mol and + 40.7 k]J/mol respectively).

Although additional intermediates could be considered, the
multi-step pathway can be simplified into two overall reactions:
1) oxidative addition and 2) elimination (Fig. 9). The multi-step
pathway parallels a mechanism proposed for ethane dehydrogena-
tion in Ga-ZSM-5 by Pidko et al. [43] and Mansoor et al. [44] Pidko
investigated two mechanisms for what is referred in Fig. 8 as
“oxidative addition”. The first mechanism was a one-step oxidative
addition: Z[M] + Ethane — Z[H-M—Ethyl] with a AE* of + 374 k]J/
mol over Ga-ZSM-5. The second mechanism involved an ethyl-
metal intermediate in the vicinity of a zeolite Brensted acid site
(Z(BAS) + [M—Ethyl]) where AE* was + 210 kJ/mol and AE was +
209 kJ/mol for the reaction Z[M] + Ethane — Z(BAS) + [M—Ethyl].
The AE* and AE for the reaction Z(BAS) + [M—Ethyl] —» Z[H-M—E

250 y ]
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T I g e,
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Fig. 8. Thermodynamic reaction coordinate for ethane dehydrogenation over In- and Ga-CHA.
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Fig. 9. Schematic diagram of ethane dehydrogenation process.

thyl] was + 9 kJ/mol and —200 kJ/mol respectively, making the first
step rate determining in this mechanism.

In this work for Ga- and In-CHA, AE of the reaction Z[M] + Et
hane — Z(BAS) + [M—Ethyl] are + 206.2 kJ/mol and + 225.0 kJ/mo
1, respectively, which is remarkably similar to Pidko’s value in his
second “oxidative addition” mechanism (AE = +209 kJ/mol). Over-
all elimination in the reaction Z[H-M—Ethyl] — Z[MH,] + Ethylene
must begin with B-hydride elimination—the neighboring proton in
the metal-proton pair will promote abstraction of the B-hydride in
the ethyl group. From here, reductive elimination and ethylene
desorption could generate gas-phase ethylene and hydrogen,
which is what Pidko proposed for Ga-ZSM-5. Alternatively, in the
one-step dehydrogenation mechanism, zeolite hydride (Z[MH;])
and ethylene could directly generate from Z[M] + Ethane, followed
by hydrogen association and ethylene desorption, as discussed ear-
lier for Fig. 8.

From the DFT-calculated electronic energies alone, oxidative
addition is far less favorable in In- than Ga-CHA (Fig. 8). Incorpo-
rating thermal corrections for free energy to calculate AG® at stan-
dard state (298 K, 1 atm), this trend is observed not only for
ethylene, but for methane and propane as well (Table 3). For elim-
ination, the order is reversed. Likewise, association of hydrogen is
more favorable in In over Ga. Given that Ga- is more reactive than
In-CHA in our experiments, the DFT results suggest that in the
multi-step pathway, oxidative addition is rate controlling. The sta-
bility of the hydride based on hydrogen association/dissociation in
Ga- vs In-CHA suggests that Ga’'s preference for a 3 + oxidation
state stabilizes the reaction intermediates in comparison to the

Table 3
DFT calculated Gibbs free energy of different intermediates for alkane
dehydrogenation.

Metal Hydrocarbon Oxidative Addition AG Elimination AG
(kJ/mol) (kJ/mol)
Ga Methane +16.50 +469.53
Ethane +27.95 +84.65
Propane -3.11 +102.81
In Methane +123.28 +362.71
Ethane +124.85 -12.26
Propane +118.26 —18.56
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In cation. Therefore, the lower apparent activation energy of Ga-
CHA is likely related to oxidative addition of ethane, which is ther-
modynamically more favorable than in In-CHA. This comparison
provides some insights into the rate limiting elementary step. Fur-
ther calculations for transition states and activation energies for all
possible steps in Fig. 9 will be reported in the future.

4. Conclusions

The catalytic properties of In- and Ga-CHA were investigated
and compared using catalytic ethane dehydrogenation, powder
XRD refinements and DFT calculations. Ga-CHA needs a higher
reduction temperature (720 °C) than In-CHA (500 °C) for complete
metal reduction and metal-ions migration into the crystal pores.
Powder XRD refinements of In-CHA show that after reduction, In
is located above the 6-ring of the CHA cage with an In-O distance
of 2.47 A. No clearly defined site for Ga in Ga-CHA was observed
from XRD possibly due to hydration/oxidation during sample
preparation.

Ga-CHA has higher reaction rates and lower activation energy
(107 KkJ/mol) than In-CHA (E; = 175 kJ/mol). Higher Ga/Al ratio
leads to higher specific reaction rate due to higher concentration
of active Ga- species up to a Ga/Al of 1. Faster TOF is also observed
with higher Si/Al ratio, which is rationalized as the effect of cat-
alytic inhibition due to Ga-Ga interactions in a chabazite cage.
Ga-CHA also shows higher dehydrogenation rate than Ga-Al,03
and Ga-SiO, at similar loadings. Occluded aromatic species and
organic cations were detected by UV/vis and TGA in the Ga-CHA
samples. The small 8-ring pores of the CHA zeolite limit the move-
ment of aromatics moieties generated from the oligomerization of
C,Hy, leading to coke accumulation and catalyst deactivation dur-
ing the reaction. After calcination (and coke combustion), the cat-
alytic properties of the Ga-CHA catalyst are regenerated.

An alkyl mechanism was proposed and investigated using DFT
calculations, and the reaction intermediates formed over In- and
Ga-CHA were compared. The much lower Gibbs free energy of
oxidative addition over the Ga cations is consistent with the higher
reactivity of Ga-CHA, which combined with the lower activation
energy and higher reaction rates observed experimentally, indi-
cates that the energetics of oxidative addition are more important
than that of the elimination steps. The high selectivity and high
reaction rates observed for Ga-CHA make this material a promising
candidate for further development and analysis.
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