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Oxidative dehydrogenation (ODH) of propane to propylene offers a promising large-scale alternative to
direct dehydrogenation. The reported metal oxides catalysts generally cause over-oxidation of propylene
to COx, thus hindering the commercialization of ODH processes. In this study, a layered borosilicate zeo-
lite was demonstrated as highly active and selective catalyst for the oxidative dehydrogenation of pro-
pane, showing a propylene selectivity of 83.6% and the total light olefins (propylene and ethylene)
selectivity of 91.2% at a propane conversion of 3.9%. Further, at a propane conversion of 15.6%, the catalyst
exhibited a propylene selectivity of 80.4% and the total light olefins selectivity of 91.6% at 530 �C.
Structural characterization revealed that the abundance of defective trigonal boron species (B[3]a and
B[3]b) was responsible for the activity of propane ODH.

� 2020 Elsevier Inc. All rights reserved.
1. Introduction

Oxidative dehydrogenation (ODH) of propane to propylene
offers a promising large-scale alternative to direct dehydrogena-
tion. The major advantages of ODH are the absence of equilibrium
limitations on propane conversion and the suppression of catalyst
coking [1–3]. Supported metal oxides [4–7], especially those based
on VOx as the active sites, have been extensively studied as
propane ODH catalysts in the past decades [8,9]. However, these
catalysts generally cause over-oxidation of propylene to COx

[10–12], which hinders the commercialization of ODH processes.
Recently, several catalysts based on defective hexagonal boron

nitride for the ODH of light alkanes have been reported. This new
family of catalysts shows superior selectivity to olefins and low
CO2 formation [13–19]. Our previous work revealed that oxygen-
containing boron species at the surface of boron nitride are critical
to their superior catalytic performance [15,19]. Hermans and co-
workers proposed that amorphous oxidized boron layer were
responsible for high activity in boron nitride [20] and the same
conclusion was obtained in the supported B/SiO2 catalysts [21].
Inspired by the previous studies, besides boron nitride, thermally
stable silicon boride has also been proved as the active catalyst
for ODH [22]. Nevertheless, these catalysts are usually having
low surface area. For heterogeneous catalysis, high surface area
catalyst usually provides more active sites. Hence, the design of
new catalysts with well dispersed boron using high surface area
supports is desirable to further improve the catalytic performance.

Zeolites are one of the most common catalyst supports, and
widely used in industry due to its large internal surface areas,
micropores of molecular dimension, and high thermal stabilities
[23,24]. In this study, we demonstrated that layered borosilicate
zeolite (ERB-1, an MWW borosilicate zeolite) [25] was an active
and selective catalyst for ODH of propane, showing a propylene
selectivity of 80.4% at a propane conversion of 15.6%. Noticeably,
the total selectivity to light olefins can reach 91.6% at 530 �C. The
catalytic active sites were attributed to the abundant of defective
trigonal boron structures.
2. Experimental methods

2.1. Catalyst preparation

The MWW borosilicate lamellar precursor was synthesized
hydrothermally according to earlier report, with slight modifica-
tions [25]. First, 8.67 g hexamethyleneimine (HMI) was dissolved
in 15.3 g deionized water with strong stirring at room temperature.
Then, boric acid was added and the mixture was stirred for 1 h.
Finally, silica sol (9.2 g) was added and then the mixture was stir-
red for another hour to obtain a gel with a molar composition of
1SiO2:xB2O3:1.4HMI:19H2O (x = 0.3, 0.5 and 1.0). The gel was
sealed into a 50 mL Teflon-lined stainless steel autoclave and sub-
jected to hydrothermal treatment at 175 �C under tumbling condi-
tion for 7 days. After cooling down to room temperature, the
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product was filtered, washed, dried and finally calcined at 550 �C in
air for 6 h to remove the templating agent. The materials are
denoted BZEO-1, BZEO-2 and BZEO-3, accordingly with boron con-
tent 1.54 wt%, 2.48 wt% and 4.88 wt%. The used catalyst BZEO-2
(20 h-spent, 2.40 wt% B) was treated through washing and filtering
with 600 mL deionized water, to obtain the sample denoted BZEO-
2-W of which the boron content is determined as 0.85 wt%.
2.2. Catalyst characterization

The actual boron content of the zeolites before and after various
treatments was measured by inductively coupled plasma optical
emission spectroscopy (ICP-OES) on Optima2000DV. Before the
measurements, the sample (10 mg) was dissolved by hydrochloric
acid (3 mL) and hydrofluoric acid (3 mL) mixed solution in a teflon-
lined autoclave at 150 �C for 1.5 h. After evaporating up the solu-
tion that contained hydrochloric acid and hydrofluoric acid, we
repeatedly added deionized water into the teflon container and
then collected the solution into a polypropylene volumetric flask,
finally fixed the solution volume as 25 mL.

Powder X-ray diffraction (XRD) was recorded on PANalytical
X’Pert3 Powder diffractometer using Cu Ka radiation (k = 0.1540
6 nm). The zeolite powder was placed inside a quartz-glass sample
holder for testing. The tube voltage was 40 kV, and the current was
40 mA.

N2 adsorption-desorption isotherms were measured with an
ASAP 2020 sorption analyzer (Micromeritics). Prior to the mea-
surement, the sample was degassed by evacuation at 200 �C for
4 h. The Brunauer-Emmett-Teller (BET) method was used to calcu-
late the specific surface area (SBET). Total pore volume (Vtotal) was
calculated from the amount of gas adsorbed at a relative pressure
P/P0 of 0.99. Micropore volume (Vmicro) was calculated using the
t-plot method.

Transmission electron microscopy (TEM) images were recorded
on a Hitachi HT7700, operating at an accelerating voltage of
120 kV. The scanning electron microscopy investigation were car-
ried out with Hitachi FESEM SU8220 instrument.

IR spectra were recorded on a Nicolet 6700 FT-IR spectrometer
equipped with mercury cadmium telluride (MCT) detector.

11B MAS NMR spectra were recorded on Agilent DD2-500 MHz
spectrometer with an 11.7T magnet and Bruker AVANCE III
600 MHz spectrometer with a 14.1T magnet, using a 4-mm MAS
NMR probe with a spinning rate of 10 kHz. Quantitative 1D MAS
11B one pulse NMR spectra acquired at 14.1T were obtained with
a small flip angle of p/12 at corresponding 11B rf field of about
36 kHz with a recycle delay of 2 s [26]. Two-dimensional (2D)
11B multiple-quantum (MQ) MAS NMR experiments were per-
formed on Agilent DD2-500 MHz spectrometer using a three-
pulse sequence incorporating a z-filter at a spinning speed of
10 kHz. The spectra were acquired with 1024 scans per increment,
a recycle delay of 1 s. Chemical shifts were referenced to a 1 M
H3BO3 aqueous solution at 19.6 ppm. The DMFIT programwas used
to deconvolute the spectra and fit the peaks [27]. The peak areas
represented the amount of nuclear spins, i.e., the amount of corre-
sponding B species; therefore, the relative amount of B species in
each spectrum could be derived. We assumed that all B species
were observed in the 11B MAS NMR, and the amount of each spe-
cies could be obtained for each sample with a given B content
derived from ICP-OES. Considering the fact that under the ODH
conditions, water molecules can be formed in situ, indicating that
the environment of the catalysts located were not free of water.
Therefore, when we measured the NMR spectra, we took our sam-
ples (that were stored after reactions under inert atmosphere) and
packed them into NMR rotors, and then conducted the measure-
ments at room temperature.
2.3. Catalytic tests of propane and ethane oxidative dehydrogenation

Selective oxidation of propane and ethane was studied in a fixed
bed reactor (I. D. = 8 mm, length = 42 cm) packed with 200 mg cat-
alyst (without diluent, 40–60 mesh) and heated to 500–590 �C
under atmospheric pressure. Quartz wool was put in the middle
of the reactor tube to support the catalysts. A thermocouple was
inserted into the center of the catalyst bed to control the reaction
temperature. The feed gas contains C3H8/O2/N2 with a volume ratio
of 1:1.5:3.5 and C2H6/O2/N2 with a volume ratio of 1:1:4 at a fixed
total flow rate of 48 mL/min. Reactants and products were ana-
lyzed using an online gas chromatograph (Techcomp, GC 7900)
equipped with a GDX-102 and molecular sieve 5A column. A TCD
was used to detect O2, N2, C3H8, C3H6, C2H6, C2H4, CH4, CO, and
CO2. Conversion was defined as the number of moles of carbon
converted divided by the number of moles of carbon present in
the feed. Selectivity was defined as the number of moles of carbon
in the product divided by the number of moles of carbon reacted.
The turnover frequency (TOF) was calculated based on the hypoth-
esis that B[3]a and B[3]b were the active sites. The quantity of B[3]a

and B[3]b species was calculated from the results of 11B MAS NMR
spectra and ICP-OES. The carbon balance was checked by compar-
ing the number of moles of carbon in the outlet stream to the num-
ber of moles of carbon in the feed. Under our typical evaluating
conditions, the carbon balance was generally higher than 95%.
The blank experiment was conducted using 200 mg quartz sand
under the same reaction conditions.
3. Results and discussions

3.1. Structure and property of MWW borosilicate

Layered borosilicate zeolites were synthesized. Fig. 1a–c
showed the SEM images of BZEO-1, BZEO-2 and BZEO-3 catalysts,
and the BZEO zeolites were composed of intergrown, randomly-
oriented, flaky crystals with particles of about 1–2 lm in length
and around 100 nm in thickness. TEM image further revealed that
the lamellar zeolite consisted of rectilinear sheets with a clear crys-
tallized structure (Fig. 1d).

As seen in Fig. 2a, the X-ray diffraction (XRD) patterns showed
four main diffraction peaks at 2h = 7.21, 8.02, 10.10 and 26.33�, cor-
responding to the known (1 0 0), (1 0 1), (1 0 2) and (3 1 0) reflec-
tions of ERB-1, which confirmed the MWW structure [28]. The N2

adsorption-desorption isotherms of different boron-containing
MWW-typed zeolites exhibited nearly type-I shape (Fig. 2b), fea-
turing predominantly micropores with a small proportion of inter-
stitial mesopores. Detailed information was listed in Table S1. The
presence of boron in the framework was confirmed by the FT-IR
spectra (Fig. 2c, Fig. S1). The bands at 1405 and 926 cm�1 were
assigned to trigonally and tetrahedrally coordinated boron respec-
tively [29,30], making it clear that the heteroatom boron inserted
into the framework of zeolites.
3.2. Catalytic performance of MWW borosilicate

The catalytic performance of the layered borosilicate zeolites in
propane ODH was evaluated using a reaction gas consisting of
C3H8, O2 and N2 in ratios of 1:1.5:3.5, at a total WHSV of 4.7
gC3H8 gcat�1h�1. The propane conversions of 5.6%, 9.3% and 30.6% at
about 520 �C were corresponded to BZEO-1, BZEO-2 and BZEO-3
respectively, together with the boron content increased from
1.54 wt% to 4.88 wt% (Fig. 3a). The results turned out that higher
conversion was obtained at higher boron content under identical
reaction condition. While BZEO-3 with more boron content exhib-
ited higher propane conversion than BZEO-2 and BZEO-1 at same



Fig. 1. SEM images of (a) BZEO-1, (b) BZEO-2 and (c) BZEO-3 and (d) TEM image of BZEO-2.

Fig. 2. (a) XRD patterns, (b) N2 adsorption-desorption isotherms and (c) FT-IR spectra of boron contained MWW-typed zeolites. N2 sorption isotherm of BZEO-1 was vertically
shifted an additional 30 cm3 g�1 (STP) for easy view.
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reaction temperature, its activity degraded after long term running
(Fig. 3b). The XRD pattern of the used BZEO-3 catalyst showed that
the crystallinity was declined to some extent (Fig. S2). Taking into
account the fact that the boron content of BZEO-3 before and after
reaction remained almost identical, the deactivation process of
BZEO-3 was probably caused by the declined zeolite structure.
The apparent activation energies of propane over BZEO-1, BZEO-2
and BZEO-3 catalysts were of 212, 204 and 205 kJ/mol, respectively
(Fig. 3c). These values were quite similar indicating that identical
reaction pathway involving same active sites occurred on these
catalysts. Therefore, BZEO-2 was used for further study.

Fig. 3d shows the temperature dependence of propane conver-
sion over BZEO-2 sample. As expected, higher temperatures afford
higher propane conversions. For example, as the temperature was
increased from 500 to 530 �C, the propane conversion increased
from 3.9% to 15.6%. The catalyst also showed good stability with
both propane conversion and propylene selectivity remaining con-
stant (~30% and ~70%, respectively) for over 20 h at 540 �C (Fig. 2b).
The XRD patterns of the used catalysts still retained the typical
MWW structure under the ODH conditions for 20 h (Fig. S2) and
the morphology of the used catalyst was almost unchanged after
exposure to the reaction conditions for 20 h (Fig. S3). The major
products of propane ODH consist of C3H6, C2H4, and CO, with very
small amount of CO2 (<1%). The selectivity towards the desired
product, propylene, decreases slightly with elevated temperatures
(Fig. 3d). However, the total selectivity for light olefins (ethylene +
propylene, C2-3

= ) remained almost unchanged up to 530 �C. For
example, the total selectivity to light olefins is 91.2% (propylene:
83.6%, ethylene: 7.6%) at 500 �C, and 91.6% (propylene: 80.4%, ethy-
lene: 11.2%) at 530 �C. The selectivity of ethylene was measured to



Fig. 3. (a) Dependence of propane conversion on the reaction temperature over BZEO catalysts. (b) Time on stream profiles of propane conversion and propylene selectivity
over BZEO-2 (540 �C) and BZEO-3 (515 �C) catalysts. (c) Arrhenius plots for the reaction rate (activation energy, Ea) of C3H8. (d) Effect of reaction temperature on C3H8

conversion and corresponding product distribution of BZEO-2 catalyst. Reaction rates of propane was measured in the range of 470–520 �C with a feed gas of 16.7 vol% C3H8/
25.2 vol% O2/N2 at the space velocity of 4.7 gC3H8 gcat�1h�1.
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constantly increase at elevated temperature (Fig. 2d). In the case of
ethane ODH, the conversion of ethane from 3.5% increased to 37.6%
when the temperature from 560 �C reached to 590 �C with the
yield of ethylene from 5.1% up to 30.6% (Fig. S4). The layered
borosilicate zeolite catalyze ethane ODH at a slightly higher tem-
perature range of 560–590 �C, which is due to more energetically
demanded activation of primary CAH bonds in ethane.

Moreover, the dependence of reactant partial pressure on the
reaction rate was measured to investigate the kinetic behaviors
(Fig. 4a, b). The kinetic analysis exhibited that the reaction order
is approximately 0.5 for oxygen and a near second-order depen-
dence of propane concentration. Similar kinetic behaviors were
Fig. 4. Kinetic behaviors of propane ODH over the BZEO-2 catalyst.(a) and (b) Dependen
the BZEO-2 catalyst. Reaction conditions: mcat = 50 mg, T = 530 �C, feed: 0–25.2 vol% O2
observed in BNOH which suggested that the BZEO-2 catalyst has
an analogous reaction mechanism [15].

3.3. Identification of the possible active boron species

Benefited from the sensitivity of solid-state 11B MAS NMR spec-
troscopy to the local coordination environment of boron, 11B MAS
and MQ MAS NMR spectra of as-prepared BZEO-2 and after differ-
ent reaction intervals were measured and shown in Fig. 5 and
Fig. S5. All of the one-dimensional 11B MAS NMR spectra showed
broad and overlapped signals due to quadrupolar interaction.
These overlapped signals can be effectively discriminated along
ce of propane conversion on O2 and C3H8 partial pressure during propane ODH over
, 16.7 vol% C3H8, N2 balance, WHSV = 18.8 gC3H8 gcat�1h�1.



Fig. 5. 11B MAS NMR spectra (14.1 T) of BZEO-2: (a) two-dimensional 11B MQ MAS NMR spectrum of BZEO-2 after 1 h spent. And recorded after: (b) 1 h on-stream, (b) 20 h
on-stream, (c) washing the recovered catalyst with water. The top lines represent the experimental spectra, the gray dashed lines represent total analytical simulations of the
spectra, and the overlapping individual peaks below represent the features of four types of boron species.
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the F1 dimension using two-dimensional 11B MQ MAS NMR. As
shown in Fig. 5a, at least five types of major B species (B[3]a, B
[3]b, B[3]c, B[4]a and B[4]b) present in the catalysts. Making further
efforts to obtain best fit, the one-dimensional 11B MAS NMR spec-
tra of these catalysts acquired at magnetic fields of 11.7T and 14.1T
were deconvoluted by the same parameters (diso, CQ and gQ) guided
by the sliced spectra from 11B MQ MAS NMR, and the parameters
were listed in Table S2.

One-dimensional 11B MAS NMR were performed to distinguish
the B species and identify the active sites. Each spectrum can be
deconvoluted into five peaks with chemical shifts at ca.18, 15,
11, 0 and �2.8 ppm. The peaks at ~18, ~15 and ~11 ppm were
ascribed to tri-coordinated boron which denoted as B[3]a, B[3]b

and B[3]c respectively. Normally, the 11B isotropic chemical shift
of trigonal boron correlates with the number of hydroxyl on B
atom, and the peak at ~18 ppm was often identified as B(OH)3
[31]. Since the BZEO-2 catalyst was calcined at 550 �C, at this tem-
perature B(OH)3 is unstable due to the dehydration reaction. Thus,
the B[3]a is probably corresponding to the aggregated BAO units
originated from the condensation of BAOH. Therefore, site B[3]a

was tentatively attributed to the terminal boron species AOBAOH
[32]. Sites B[3]b and B[3]c were assigned to framework
B(OSi)xOH3-x(x=1,2) and B(OSi)3 structure [33,34]. The sharp peaks
at around 0 ppm and �2.8 ppm were accordingly assigned to B
(OH)2(OSi)2 and B(OSi)4 tetrahedral framework, donated as B[4]a

and B[4]b [35–37]. It can be seen that the relative amounts of boron
sites in fresh and spent catalyst at 1 h TOS were similar (Fig. S5).
After 20 h reaction, there was no significant change of B[3]c spe-
cies, while the presence of B[3]a was increased at the cost of B
[3]b species (Fig. 5c). Considering the fact that propane conversion
increased from 19.9% to 29.8% during reaction period of 1 to 20 h, it
can be inferred that the amount of B[3]a and B[3]b species (defec-
tive trigonal boron species) may be correlated with the catalytic
activity of the catalyst in propane ODH reaction.

To further validated the assumption, the spent BZEO-2 after
20 h reaction was washed thoroughly with deionized water to
remove any soluble species [38,39]. As a consequence, the boron
content declined from 2.48 wt% to 0.85 wt%. In the 11B MAS NMR
(Fig. 5d) spectra, the content of B[3]a and B[3]b signals decreased
dramatically (by ca.72%), whereas the amount of B[4]a and B[4]b

species changed marginally (Table 1). Actually, both the extra
framework and incorporated boron species were removable by a
washing step [31]. Therefore, it is quite difficult to distinguish
which boron species belong to extra or incorporated framework
only based on the results fromwashing experiment. The significant
loss of activity by about 87% after washing implicated that there
was a correlation between the amount of defective trigonal boron
species and the propane conversion, i.e., in the order of blank
(1.4%) < washed BZEO-2 (3.8%) < BZEO-2 after 20 h on-stream
(29.8%). To elucidate the origin of active sites, we calculated the
TOF of BZEO catalysts at 500 �C based on the fraction of B[3]a

and B[3]b (Fig. S6, Table S3). The TOF value of BZEO-1, BZEO-2
and BZEO-3 were 4.3, 4.3 and 3.8 h�1, respectively, indicated the
intrinsic catalytic activities for the BZEO catalysts are identical
under same reaction conditions. The tetrahedral boron can be
transformed to trigonal structure with carefully dehydration treat-
ment. However, the reaction conditions of ODH process was oper-
ated at ambient pressure with the presence of alkane and the



Table 1
11B MAS NMR signals of BZEO-2 after exposed to various conditions and corresponding activity of ODH of propane.

Catalysts Magnetic field (T) Content of boron speciesa/(mgboron species/gcat) Propane conversionb (%)

B[3]a B[3]b B[3]c B[4]a+b

1 h-spent 14.1 3.01 6.83 14.76 0.20 19.9
20 h-spent 14.1 7.31 3.18 11.64 1.88 29.8
washed 14.1 0.30 2.63 4.60 0.97 3.8
blank experiment – – – – – 1.4

a Content of boron species: boron content (by ICP-OES) � ratio of boron species (in Table S2).
b Reaction conditions: 200 mg catalyst, 540 �C, gas feed: 16.7 vol% C3H8, 25 vol% O2, N2 balance; total flow rate, 48 mL/min.

Scheme 1. Illustration on the active sites of borosilicate zeolite for propane ODH.
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in situ formed water molecules. Besides, the relative amounts of B
[4]a+b in the fresh catalysts were much lower (0.2 mgboron species/
gcat) compared with that of B[3]a and B[3]b, which significantly
increased to 1.88 mgboron species/gcat after 20 h running on stream.
Being aware of that B[4]a+b did not contribute to the reactivity,
while B[3]a+b did, we can then deduce that the transformation from
B[4]a+b to B[3]a+b can be ignored during the constant reaction pro-
cess. Thus, we postulate that B[3]a and B[3]b are responsible for the
ODH activity. The results agreed well that the defective trigonal
structures were the active sites, being consistent with the previous
reports that BO3 rather than BO4 species were required for propane
ODH to propylene (Scheme 1) [31,40].
4. Conclusion

In summary, an MWW-type zeolite containing boron species
was demonstrated as a promising catalyst for the ODH of propane.
Structural characterization revealed that the abundance of defec-
tive trigonal boron species (B[3]a and B[3]b) were correlated with
the activity for propane ODH. This well-defined catalyst system
provided a platform for further investigation of the relationship
between boron coordination environment and ODH performance.
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