
Journal of Catalysis 400 (2021) 265–273
Contents lists available at ScienceDirect

Journal of Catalysis

journal homepage: www.elsevier .com/locate / jcat
Coproduction of styrene and benzaldehyde over a boron
nitride-supported monomeric MoOx catalyst
https://doi.org/10.1016/j.jcat.2021.06.009
0021-9517/� 2021 Elsevier Inc. All rights reserved.

⇑ Corresponding author.
E-mail address: anhuilu@dlut.edu.cn (A.-H. Lu).
Jian Sheng, Wen-Cui Li, Yue-Ran Wang, Wen-Duo Lu, Bing Yan, Bin Qiu, Xin-Qian Gao, Shi-Qun Cheng,
Lei He, An-Hui Lu ⇑
State Key Laboratory of Fine Chemicals, Liaoning Key Laboratory for Catalytic Conversion of Carbon Resources, School of Chemical Engineering, Dalian University of Technology,
Dalian 116024, People’s Republic of China
a r t i c l e i n f o

Article history:
Received 23 March 2021
Revised 10 June 2021
Accepted 11 June 2021
Available online 17 June 2021

Keywords:
Coproduction
Styrene
Benzaldehyde
Monomeric MoOx

Boron nitride
a b s t r a c t

Styrene and benzaldehyde are manufactured by energy-intensive direct dehydrogenation and an inter-
mittent liquid chlorine oxidation batch process, respectively. The coproduction of styrene and benzalde-
hyde through selective oxidation of ethylbenzene is an environmentally friendly and economically
feasible alternative. However, it is hard to control the selectivity for styrene or benzaldehyde as a result
of deep oxidation reactions. Here, we report an efficient selective oxidation catalyst, boron nitride-
supported monomeric MoOx (MoOx/BN), over which styrene and benzaldehyde can be selectively copro-
duced. Structure characterization and catalytic evaluation reveal that the MoOx/BN catalyst is conducive
to the generation of benzaldehyde and less formation of COx than for monomeric MoOx supported on
inert silica. Based on the kinetic analysis, over MoOx/BN catalyst, styrene is the primary product and ben-
zaldehyde is the major by-product in the subsequent oxidation reaction. The boron hydroxy groups of the
MoOx/BN catalyst are involved in the reaction network, which could regulate the reaction behavior of
monomeric MoOx species; thus the reaction generates more benzaldehyde.

� 2021 Elsevier Inc. All rights reserved.
1. Introduction

Selective oxidation of alkanes to valuable olefins and oxy-
genates is worthwhile in both academia and industry because of
the versatility of olefinic bonds and oxygen-containing groups in
industrial building blocks [1–3]. Styrene (ST) is one of the most
important monomers for polymers in the petrochemical industry,
which is produced by energy-intensive dehydrogenation of ethyl-
benzene [4,5]. The requirement for a large amount of superheated
steam, which maintains the reaction efficiency and retards the
deactivation of the catalyst [6,7], violates the objective of environ-
mentally friendly and sustainable development in the modern
chemical industry.

Selective oxidative dehydrogenation of ethylbenzene to styrene,
featured with no thermodynamic equilibrium limitation in conver-
sion, no superheated steam input, and a low operation tempera-
ture, is regarded as an ecofriendly alternative route to direct
dehydrogenation. However, parallel or consecutive oxidations pro-
duce huge amounts of carbon oxides and tiny amounts of oxy-
genates, such as benzaldehyde, acetophenone, and benzofuran,
leading to low selectivity for styrene [4,8]. On the other hand, these
oxygenates are in great demand and are high-value-added chemi-
cals in industry. Benzaldehyde (BA), a widely used aromatic fine
chemical in the cosmetic and flavor industries, is commercially
manufactured by liquid-phase batch processes involving either
hydrolysis of benzyl chloride or selective oxidation of toluene
using a homogeneous Br-promoted cobalt acetate catalyst
[3,9,10]. Harmful halogen residues in benzaldehyde limit its appli-
cation in perfumery and the food industry [11,12]. The rational
design of oxidation reaction catalysts would facilitate ecofriendly
and effective coproduction of valuable styrene and benzaldehyde,
avoiding halogen residues and high energy consumption. Also,
given the large boiling point difference (~33 �C), it is easy to
achieve the separation of benzaldehyde and styrene in practice.
From the economic aspect, as the selectivity ratio of styrene and
benzaldehyde gets closer to 1 and the total selectivity approaches
85%, this process could lower the separation cost [13] and achieve
comparable production capacity for styrene and benzaldehyde.

Molybdenum oxides are active and selective in oxidation reac-
tions. Silica-supported molybdenum oxides can catalyze selective
oxidations of alkanes, such as ethane to acetaldehyde and propane
to acrolein [14–16]. Highly dispersed monomeric or isolated MoOx

species on SiO2 are more active in converting alkane to aldehydes
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[16,17]. However, since alkenyl and oxygenated intermediates are
susceptible to oxygen, especially under harsh reaction conditions,
the overoxidation products, carbon oxides, often account for a
large proportion of output (20–40%) [16–20].

Catalytic supports play an important role in regulating the pro-
duct distribution in a selective oxidative process. In the case of
selective propane oxidation, vanadium or molybdenum oxide sup-
ported on conventional oxides (e.g., SiO2 and ZrO2) show nearly
100% selectivity to CO2, while boron-nitride-supported catalysts
show a significant selectivity decrease to CO2 and an obvious
increase to acrolein [18]. Moreover, a small amount of oxygenates,
such as formaldehyde, methanol, and acrolein, is also detected dur-
ing selective oxidation of propane using pure boron nitride [18,21].
Indeed, boron nitride itself is an efficient catalyst for selective
oxidative dehydrogenation of light alkanes to olefins, with negligi-
ble formation of CO2 [22–27]. The active surface boron oxygen spe-
cies (BAOH/BAO) of boron nitride play a key role in activating the
reactant molecules and suppressing the deep oxidation of interme-
diate free alkoxyl radicals [28]. These findings indicate that boron
nitride possesses the potential for selectively oxidizing alkanes to
olefins and oxygenates, with strong suppression of the deep oxida-
tion product CO2.

In the case of ethylbenzene, pure boron nitride shows poor
reactivity, possibly due to the obviously greater polarity and steric
hindrance of ethylbenzene or styrene molecules than of light
alkane molecules. Modifying the polarity of boron nitride, such
as by heteroatom doping—for example, carbon-doped boron
nitride [29,30], boron nitride–graphitic carbon composites [8], or
porous boron nitride with plenty of edges [31]—could partly
enhance the yield of styrene. However, benzaldehyde, a widely
used aromatic fine chemical, was not reported even at a high reac-
tion temperature of 550 �C [30].

Taking advantage of the unique catalytic properties of boron
nitride, we here report the coproduction of styrene and benzalde-
hyde from selective oxidation of ethylbenzene with supported
MoOx/BN catalysts. This study provides an environmentally
friendly approach to the coproduction of valuable styrene and ben-
zaldehyde and a good example of the support’s regulating effect
toward catalytic behavior of active metal oxides.
2. Experimental

2.1. Chemical reagents and pretreatments

Ammonium molybdate tetrahydrate ((NH4)6Mo7O24�4H2O, 99%,
Sinopharm Chemical Reagent Co. Ltd.) and SiO2 (99.8%, Aladdin)
were used as received. Hexagonal boron nitride (99.9%, Aladdin)
was ball-milled (Pulverisette 7, Fritsch) with ZrO2 beads (o.d.:
5 mm) at 800 rpm for 15 min and washed intensively with hot
water. The obtained powder was labeled as BN.
2.2. Preparation of MoOx/BN catalyst

Supported molybdenum oxide catalysts were prepared by an
incipient-wetness impregnation method. Typically, certain
amounts of ammonium molybdate tetrahydrate were dissolved
in deionized water to form aqueous solutions. Then the solutions
were incipiently impregnated into BN support, maintained at room
temperature for 2 h, and dried at 50 �C overnight. After calcination
in a muffle furnace at 600 �C under a static air atmosphere for 2 h,
the obtained catalysts were denoted as y%MoOx/BN (y represents
the amount of Mo, calculated using the wt.% of MoO3, y = 0.5, 1,
3). For comparison, another commercial SiO2 support was chosen
to support the molybdenum oxide with the same preparation pro-
cedure (named z%MoOx/SiO2, z = 1).
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2.3. Catalyst characterization

X-ray powder diffraction (XRD) was carried out on an X’Pert-3
Powder diffractometer (CuKa, k = 0.15406 nm). Nitrogen adsorp-
tion isotherms (ASAP 3000, Micromeritics) were tested
at �196 �C. The specific surface areas (SBET) were calculated by
the Brunauer–Emmett–Teller method. Raman spectra were mea-
sured using a laser (excitation wavelength = 532 nm) at room tem-
perature on a Thermo Fisher Raman microscope. The UV–vis
diffuse reflectance spectra (UV–vis DRS) were collected using
BaSO4 as a reference on an Agilent Cary 5000 UV–vis–NIR spec-
trophotometer with a diffuse reflectance integration sphere attach-
ment (Internal DRA 2500). The edge energy (Eg) was also calculated
according to the literature [32]. Transmission electron microscopy
(TEM) images were recorded on a Tecnai G2 F30 S-Twin (accelerat-
ing voltage 300 kV). H2 TPR was carried out on a Micromeritics
AutoChem II 2920 apparatus with a TCD detector by passing 8%
H2/Ar at up to 1000 �C (flow rate 50 mL min�1, 10 �C min�1). Before
H2 TPR, the samples were pretreated at 150 �C for 1 h under Ar flow
and then cooled to ambient temperature under Ar flow. Thermo-
gravimetric analysis (STA 449 F3 Jupiter, NETZSCH) was carried
out from 40 to 900 �C under airflow (40 mL min�1, 10 �C min�1).
X-ray photoelectron spectroscopy (XPS) data were obtained on a
Thermo Scientific K-Alpha spectrometer (AlKa X-ray source). The
binding energy was calibrated using C 1s photoelectron peak at
284.6 eV. Infrared spectra were collected on a Bruker 70 V spec-
trometer in diffuse reflectance mode (DRIFTS) equipped with a
reaction cell (HARRICK) and an MCT detector. The powder sample
(~50 mg) was pretreated in 5% O2/N2 or O2/He (10 mL min�1) at
500 �C or 450 �C for 0.5 h and then cooled to room temperature
before measurement of adsorption or reactions. Background spec-
tra of the pretreated sample were recorded in flowing inert gas at
each temperature. Styrene or ethylbenzene vapor was fed into the
chamber through a bubbler (0 �C) by inert gas. The DRIFTS spectra
were collected from 4000 to 650 cm�1 (256 scans, 4 cm�1).
2.4. Catalytic tests

Catalytic tests were carried out in a fixed-bed quartz tube reac-
tor (i.d. 8 mm, length 420 mm) using 100 mg catalyst under atmo-
spheric pressure in the temperature range 450–530 �C. The
reactant (5.6 kPa EB, N2 as balance) was fed into the reactor
through a saturator at a total flow rate of 10 mL min�1 (54 �C).
The effluent stream compositions were analyzed by an online gas
chromatograph (GC7900, Themcomp) equipped with a TCD and
FID detector. Permanent gases (O2, CO, CO2, N2) were separated
on a Heyesep D combined with a molecular sieve 5A column,
and the hydrocarbons and oxygenates (ethylbenzene, styrene, ben-
zaldehyde, acetophenone, etc.) were separated on a PEG capillary
column. The catalytic data were calculated by the equations

EB ConversionðXEBÞ ¼ ðFEB in � FEB outÞ=FEB in
ST SelectivityðSSTÞ ¼ FST out=ðFST out þ FBA out þ FCOx out

þ Fothers outÞ
BA SelectivityðSBAÞ ¼ FBA out=ðFST out þ FBA out þ FCOx out

þ Fothers outÞ
COx SelectivityðSCOxÞ ¼ FCOx out=ðFST out þ FBA out þ FCOx out

þ Fothers outÞ;

where FEB, FST, FBA, and FCOx denote the molar flow rates of ethylben-
zene, styrene, benzaldehyde, and COx, respectively, and Fothers rep-
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resents the sum of individual concentrations of acetophenone, 2,3-
benzofuran, phenol, and benzene;

carbon balance ¼ the sum of moles of carbon in the outlet
stream = the sum of moles of carbon in the feed:

The carbon balance was close to 95–100% in all runs and the EB
conversion of the blank experiment (quartz sand) was lower than
1% in the whole test temperature range.

We also calculate

TOF ¼ FEB � XEB=ðw� SMoÞ

SMo ¼ CMo=CBðor SiÞ � n=w

Ci ¼ Ai=f i=
X

ðAi=f iÞ;
where FEB for molar flow rate of EB, XEB for EB conversion, w for
weight of catalyst, and SMo for concentration of surface active sites
were calculated by XPS results. Ci is composition of element i on the
catalyst surface, Ai is integral area of the XPS characteristic peak of
element I, and fi is XPS sensitivity factor of element i, where i repre-
sents Mo, O, B, N, Si, and C. n stands for the moles of catalyst,
Table 1
Surface area, composition of each element on the catalyst surface, concentration of active

Catalyst Surface area (m2 g�1) Composition of each element (Ci at.%)

Mo O B N Si

1 %MoOx/BN 57 0.05 6.64 48.84 40.32 –
1 %MoOx/SiO2 299 0.13 66.94 – – 30

Fig. 1. Structural characterizations: (A) XRD patterns; (B) Ram
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approximately calculated by the moles of support (BN or SiO2) given
the small amount of Mo loading (~1 wt%). The surface areas, compo-
sition of each element on the catalyst surface, concentration of
active sites, and the estimated TOF value of supported MoOx cata-
lysts are shown in Table 1.

Kinetics was determined in the kinetic region (EB conversion
less than 15%). The mass and heat transfer limitations were accord-
ingly evaluated by Weisz–Prater and Mears’ criterion (detailed cal-
culation in Supplementary Materials) [33]. The reaction orders of
EB and oxygen were measured in an EB partial pressure range of
1.6–7.3 kPa and an oxygen partial pressure range of 5.6–22.4 kPa.
3. Results and discussion

3.1. Structure of the supported catalysts

Supported molybdenum oxide catalysts were prepared using
boron nitride as the support. Fig. 1A shows the X-ray diffraction
patterns of BN support and as-prepared MoOx/BN catalysts.
No XRD diffraction peaks for Mo compounds were observed in
sites, and estimated TOF value of supported MoOx catalysts.

Concentration of active sites (SMo micromol g�1) TOF (s�1)

C

4.15 41 1.0 � 10�2

.72 2.21 70 4.1 � 10�3

an spectra; (C) UV–vis DRS spectra; (D) H2 TPR profiles.
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MoOx/BN catalysts, as the loading of Mo was less than 1 wt%, indi-
cating that highly dispersed MoOx species were formed on the BN
support. Obvious diffraction peaks of MoO3 (ICDD: 00-005-0508)
were detected in 3 %MoOx/BN, suggesting the existence of MoO3

crystallites [34]. For the control sample, 1 %MoOx/SiO2, there were
also no XRD diffraction peaks of MoOx species. N2 adsorption iso-
therms for BN, 1 %MoOx/BN, and 1 %MoOx/SiO2 samples are dis-
played in Fig. S1 in the Supplementary Material. All tested
samples show the typical stacked mesoporous structure, and the
BET surface area was 21, 57, and 299 m2 g�1, respectively.
Table S1 lists other structure parameters for the pore volumes
and Mo surface density of these catalysts.

Raman measurement is a sensitive tool to obtain the dispersion
of molybdenum oxides on supported catalysts. As shown in Fig. S2
and Fig. 1B, for 0.5 %MoOx/BN and 1 %MoOx/BN, only a band
at ~1367 cm�1 corresponding to the E2g phonon vibrational mode
from the in-plane vibration of B and N atoms was observed, possi-
bly due to the low Mo content. As the loading of Mo rose to 3 wt%,
evident bands at ~996 and ~820 cm�1 were detected, which could
be ascribed to Mo@O symmetric stretching vibrations and the
MoAOAMo antisymmetric stretching mode in MoO3 crystallites
[35], respectively. A band at ~669 cm�1 could be attributed to
the stretching vibrations of bridging oxygen atoms linked to three
Mo atoms in the MoO3 phase [35]. For 1 %MoOx/SiO2 catalyst, the
broad band at ~970 cm�1 might be ascribed to the highly dispersed
surface MoOx species.[16]

UV–vis DRS was employed to detect the degree of polymeriza-
tion of surface MoOx species and the coordination state of Mo
cations. As shown in Fig. 1C, a band at ~203 nm was the character-
istic peak of the BN support. Among the supported catalysts, the
absorption band between 220 and 400 nm was on account of the
charge transfer transitions of the ligand to the metal center
(O2�? Mo6+) [36]. A typical absorption band at ~245 nm was
observed among all catalysts, which could be the isolated tetrahe-
dral MoO4 species [36]. As the Mo loading increased to 3 wt% on
BN, another absorption band at ~350 nm was observed, which
could be the MoO3 crystallites [36]. This result was consistent with
those from XRD and Raman characterizations. The edge energy (Eg)
of catalysts was also calculated (Fig. S3). As the Mo content was
less than 1 wt%, Eg values of the MoOx/BN and MoOx/SiO2 samples
were 4.1–4.2 eV, attributable to the isolated MoOx and MoO3–O–
MoO3 dimer species [37]. The Eg of 3 %MoOx/BN decreased dis-
tinctly to 3.8 eV, indicating the formation of larger MoOx clusters
[37].

Fig. 1D shows the H2 TPR profiles of supported MoOx catalysts.
Two reduction peaks at ~585 and 775 �C were observed on 0.5 %
Fig. 2. TEM images of supported catalysts
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MoOx/BN and 3 %MoOx/BN. For the 1% MoOx/BN catalyst, two
reduction peaks were slightly shifted to ~560 and 725 �C, respec-
tively. The former peak might be assigned to the reduction of
Mo6+ to Mo4+ and the latter could be ascribed to the reduction of
Mo4+ to Mo0 [38]. For the control sample, the peak at ~460 �C could
be attributed to the reduction of well-dispersed polymolybdate to
MoO2, and the high-temperature peak at ~910 �C could be ascribed
to the highly dispersed Mo species that may have interacted with
the SiO2 support [16]. These results from XRD, Raman, UV–vis
DRS, and H2 TPR measurements suggested that highly dispersed
MoOx species dominated on MoOx/BN and MoOx/SiO2 samples, as
the loading of Mo was less than 1 wt%, whereas MoO3 crystallites
were the dominant species for 3 %MoOx/BN.

Fig. 2 shows the TEM images of 1 %MoOx/BN and 1 %MoOx/SiO2

catalysts. The image of the 1 %MoOx/BN catalyst exhibits small
amorphous particles dispersed on the surface of BN. The diffraction
from the SAED image (Fig. S4A) shows that the sample was poly-
crystalline, indicating that the MoOx species were possible in the
amorphous form. And the STEM-EDX mapping results (Fig. S4B–
S4F) suggest that the elements were well dispersed over 1 %MoOx/
BN. However, no particles were observed on the 1 %MoOx/SiO2

sample.

3.2. Catalytic behavior of the supported catalysts

The blank experiment using quartz sand demonstrated a negli-
gible conversion of EB (less than 1%) in the temperature range 490–
530 �C under the tested reaction conditions (Table S2). The cat-
alytic performance dependence of 1 %MoOx/BN catalyst on temper-
ature for the selective oxidation of ethylbenzene was shown in
Table S3. As temperature elevated, EB conversion increased gradu-
ally and the selectivity of benzaldehyde was enhanced from 8.5% to
15.3% and styrene decreased from 90.2% to 81.8%. Also, the ratio
BA/ST was raised from 0.094 to 0.187, indicating an evident
increase in the formation of benzaldehyde. Importantly, the forma-
tion of carbon oxides was as low as ~1.5% across the entire temper-
ature range. These results suggested that 1 %MoOx/BN was a
potential catalyst for the coproduction of styrene and
benzaldehyde.

Bare BN afforded 2% EB conversion at 510 �C after 1 h, and ST
selectivity was nearly 100%, which was in line with the literature
[29]. Fig. 3A exhibits the catalytic performance of the supported
catalysts. Upon loading 0.5 wt% MoOx onto BN, EB conversion
was up to 3%, whereas BA selectivity increased to 13%. As the MoOx

loading increased to 1 wt%, EB conversion increased to 10%,
whereas BA selectivity increased from 13% to 20% and ST
: (A) 1 %MoOx/BN, (B) 1 %MoOx/SiO2.



Fig. 3. Selective oxidation of ethylbenzene over supported catalysts: (A) catalytic performance comparison over different catalysts, data obtained after 1 h reaction; (B) time-
on-stream performance over 1 %MoOx/BN catalyst. Reaction conditions: 100 mg, T = 510 �C, EB = 5.6 kPa, O2/EB = 1, SV = 6000 mL g�1h�1, N2 as balance.
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selectivity decreased to 76%. For 3 %MoOx/BN, EB conversion
decreased to 5% and BA selectivity decreased to 14%. The initial
conversion exhibited a volcanic curve with the loading of Mo (0–
3 wt%) over BN (Fig. 3A), suggesting that the surface MoOx species
played an important role in activating ethylbenzene. Thus, the sur-
face MoOx was tentatively proposed as active sites for the MoOx/BN
catalyst. These results indicated that the monomeric MoOx species
were more active toward ethylbenzene activation and more
favored selectivity for benzaldehyde than the crystallized MoO3

nanoparticles on the BN support. MoOx/SiO2 is a typical catalyst
for selective oxidation of alkanes to oxygenates by oxygen
[16,18,39,40]. Here, the catalytic performance of 1 %MoOx/SiO2

was also tested. This catalyst provided a 7% EB conversion with
86% ST selectivity, 6% COx selectivity, and only 2% BA selectivity.
Given the low conversion (<1% under identical reaction conditions)
observed over pure SiO2, the surface MoOx species was determined
to be the active sites for the 1 %MoOx/SiO2 catalyst. Notably, the
monomeric MoOx species on different supports lead to a marked
distinction in product distributions, revealing the key role of the
support in modulating product distributions. During the oxidative
dehydrogenation of ethylbenzene catalyzed by conventional V–
Mg–O, CeO2, and carbonaceous catalysts, the formation of oxy-
genates, such as benzaldehyde, 2,3-benzofuran, phenol, and ben-
zoic acid, was in small amounts, while COx was the dominant
oxidation by-product [5,41–44]. In contrast, benzaldehyde, a valu-
able fine chemical, was the major oxygenated product over the 1 %
MoOx/BN catalyst, which was significantly different from the pro-
duct over the control sample 1 %MoOx/SiO2 and the conventional
catalysts.

The stability test of supported catalysts for the selective oxida-
tion of ethylbenzene is shown in Fig. 3B and Fig. S5. For 1 %MoOx/
BN, during the tested 12-h period, no significant decrease in EB
conversion (TOF = 1.0 � 10�2 s�1) occurred. The individual selectiv-
ity for BA and ST was also maintained at 20% and 76%, respectively.
The COx only accounted for ~ 1.5%. That is, the yields of BA and ST
were maintained at 2% and 7.6%, respectively (Fig. 3B). For the BN
catalyst, there was an induction period of ~5 h prior to stable EB
conversion. This induction phenomenon was similar to the oxida-
tive dehydrogenation of light alkanes catalyzed by BN
[23,25,31,45], which could be attributed to the boron species vari-
ation in the initial stage. After the induction period, BN delivered
8% EB conversion and 8% BA selectivity, along with 89% ST selectiv-
ity (Fig. S5A). For 3 %MoOx/BN, the selectivity of ST and BA was
maintained at 83% and 17% at 5% EB conversion level during the
time on stream test, which was lower than those of the 1 %MoOx/
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BN catalyst, possibly because the BxOy layer blocked the partial
active sites of the MoO3 particle (Fig. 1A and Fig. S6) [46]. In the
case of 1 %MoOx/SiO2, 7% EB conversion (TOF = 4.1 � 10�3 s�1)
and 2% BA selectivity were achieved, along with 87% ST selectivity
and 5% COx selectivity for 12 h on stream (Fig. S5B). To have a much
clearer clue, a comparative summary of the selective oxidation of
ethylbenzene is listed in Table S4. Compared with the reported cat-
alysts, the MoOx/BN catalyst provided higher benzaldehyde selec-
tivity and lower COx selectivity, showing the unique effect of
boron nitride in the selective oxidation reaction.

Structural characterizations of spent catalysts were also con-
ducted. Figs. S6 and S7 show XRD patterns and UV–vis DRS spectra
for spent catalysts. No significant changes of the spectra are
observed after the time-on-stream reaction, revealing the good sta-
bility of catalysts’ structures. The oxidation states of the Mo species
on fresh and spent catalysts were determined by XPS and the
results are shown in Fig. S8. Two typical binding energies at
236.0 and 232.5 eV are ascribed to Mo3d3/2 and Mo3d5/2 spin–or-
bital peaks for Mo6+ species [47]. Fig. S9 shows thermogravimetry
profiles for the spent BN, 1 %MoOx/BN, and 1 %MoOx/SiO2 catalysts
after 12 h on stream test. About 1.4% weight loss was observed on
1 %MoOx/SiO2 catalyst, and no weight gain was detected on BN,
while a slight weight gain was found on 1 %MoOx/BN. It was spec-
ulated that the oxidation of BN support to B2O3 might be acceler-
ated by surface MoOx species in the air at high temperatures.

Kinetic behavior was measured to gain insight into the reaction
pathways. The effect of ethylbenzene and oxygen concentrations
on the reaction rate is shown in Fig. 4A, 4B, and 4C. As summarized
in Table S5, the reaction order with respect to ethylbenzene was 1
for BN, 1 %MoOx/BN, and 1 %MoOx/SiO2, whereas the reaction order
of O2 was 0.3, 0.2, and 0.2, respectively. The calculated activation
energy based on the Arrhenius plot was 192, 119, and 139 kJ mol�1

on BN, 1 %MoOx/BN, and 1 %MoOx/SiO2. The lower activation
energy of 1 %MoOx/BN and 1 %MoOx/SiO2 indicated that the MoOx

species could promote the activation of ethylbenzene. The effect of
gas hourly space velocity over 1 %MoOx/BN and BN is shown in
Fig. S10. The catalytic conversion of selective oxidation of ethyl-
benzene did not change linearly in the gas space velocity range
from 3000 to 18,000 mL g�1h�1, indicating the presence of gas-
phase reactions [48–50]. Also, the absence of mass and heat trans-
fer limitations in the tests was verified by the Weisz–Prater crite-
rion and Mears’s criterion (Table S6). Similar activities of 1 %MoOx/
BN and BN at steady state (Fig. 3B and Fig. S5A) suggest that homo-
geneous gas-phase reactions were important for selective ethyl-
benzene oxidation. These observations are consistent with



Fig. 4. Kinetic behavior of selective oxidation of ethylbenzene: effect of partial pressure of EB (A) and oxygen (B) on the rate of EB conversion over BN, 1 %MoOx/BN, and 1 %
MoOx/SiO2 catalysts. Reaction conditions: 100 mg, T = 500 �C, EB = 1.6–7.3 kPa, O2 = 5.6–22.4 kPa, SV = 6000 mL g�1h�1, N2 as balance. (C) Arrhenius plots for the rate of EB
conversion. Reaction conditions: 100 mg, T = 460–510 �C, EB = 5.6 kPa, O2/EB = 1, SV = 6000 mL g�1h�1, N2 as balance. Effect of contact time over 1 %MoOx/BN (D) and 1 %
MoOx/SiO2 (E) catalysts. Reaction conditions: 100 mg, T = 500 �C, EB = 5.6 kPa, O2/EB = 1, SV = 1500–18,000 mL g�1h�1, N2 balance.
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previous work reported by Taylor et al. [18], suggesting that the
surface and gas phase reactions coexist and the MoOx species
seems to promote the BN chemistry. Thus, the positive reaction
order of oxygen over 1 %MoOx/BN was speculated to be affected
by BN, and further investigation is definitely required.

The effect of contact time (W/F) on the product distribution and
ethylbenzene conversion was also studied. As shown in Fig. 4D and
4E, the selectivity for styrene increased as the contact time
decreased over both 1 %MoOx/BN and 1 %MoOx/SiO2, while at a
longer contact time, the product distribution was quite different.
Over the 1 %MoOx/BN catalyst, the selectivity for benzaldehyde
increased significantly as the contact time increased, so benzalde-
hyde was the major by-product. On the other hand, over the 1 %
MoOx/SiO2 catalyst, COx became the dominant oxidized by-
product. These results suggested that styrene was probably the pri-
mary product, and benzaldehyde was generated in secondary reac-
tions on the 1 %MoOx/BN catalyst, whereas both styrene and COx

are primary products over 1 %MoOx/SiO2 catalyst. Despite the same
tendency of EB conversion on both catalysts, the selectivity for
benzaldehyde on 1 %MoOx/BN was distinctly higher than that on
1 %MoOx/SiO2 at the same conversion. It was likely that more ben-
zaldehyde was produced from the consecutive oxidation of styrene
over 1 %MoOx/BN, while more COx would be generated over 1 %
MoOx/SiO2.

The catalytic performance of selective oxidation of the styrene
intermediate at different temperatures was further studied. As
shown in Tables S7 and S8, benzaldehyde was the major product
on both catalysts, while the selectivity for benzaldehyde over 1 %
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MoOx/BN was much higher than that for 1 %MoOx/SiO2 (80.3% vs.
51.0% at 490 �C), whereas the selectivity for COx was opposite
(5.4% vs. 18.6% at 490 �C). These results were consistent with the
tendency observed in selective ethylbenzene oxidation, suggesting
that the deep oxidation of styrene or benzaldehyde to COx was
heavily suppressed by 1 %MoOx/BN. The effect of contact time on
selective oxidation of styrene was also studied. As shown in Tables
S9 and S10, as W/F decreased, the selectivity for benzaldehyde
increased, suggesting that benzaldehyde was favored to be pro-
duced over 1 %MoOx/BN. In contrast, over the 1 %MoOx/SiO2 cata-
lyst, the selectivity for both benzaldehyde and COx increased
with decreasing contact time, indicating that benzaldehyde and
COx may be formed in parallel from styrene. Given the abovemen-
tioned results, the main reaction pathways during selective oxida-
tion of ethylbenzene over 1 %MoOx/BN were proposed to be as
shown in Scheme S1. First, the major product, styrene, was gener-
ated from the oxidative dehydrogenation of ethylbenzene. Then a
fraction of styrene was consecutively oxidized to benzaldehyde
as the major by-product. The minor formation of COx could be
derived from the oxidation of styrene or benzaldehyde, which
was suppressed by 1 %MoOx/BN catalyst.

3.3. The role of the catalyst support

As described previously, monomeric MoOx species on different
supports showed distinct product distributions for selective oxida-
tion of ethylbenzene. In situ FTIR was conducted to clarify the
modulating functions of different supports on monomeric MoOx



Fig. 5. FTIR spectra of styrene adsorption–desorption in N2 at various temperatures: (A) 1 %MoOx/BN; (B) 1 %MoOx/SiO2. Reaction conditions: styrene adsorbed at 25 �C for
1 h, followed by purging with N2 (10 mL/min) for 1 h at 25 �C, and then desorbed at various temperatures.
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species. Fig. 5 shows the adsorption–desorption behavior of inter-
mediate styrene. Styrene vapor was fed into the chamber through a
bubbler (0 �C) and was adsorbed onto the catalysts at 25 �C. For 1 %
MoOx/BN catalyst (Fig. 5A), after 10 min adsorption, a distinct sig-
nal observed at ~1630 cm�1 could be ascribed to the vinyl t(C@C)
of the styrene [51,52]. The CAH out-of-plane bending modes of the
vinyl group at 907 and 977 cm�1 were also observed [51]. The
bands from 2920 to 3150 cm�1 were attributed to the CAH
stretches in the adsorbed styrene [31]. The spectra intensity was
maintained unaltered during the purging procedure. During the
desorption procedure, new bands at ~1450 and ~1500 cm�1

assigned to the skeletal CAC stretching modes of the aromatic ring
were observed at 200 �C [31]. As the temperature increased to
400 �C, the C@C band at 1630 cm�1 shifted to 1602 cm�1 and
decreased in intensity. Simultaneously, the CAH bands (3083,
3063, 3026, 2960, and 2920 cm�1) [31] decreased with increasing
temperature and then vanished at 500 �C.

In the case of 1%MoOx/SiO2 (Fig. 5B), after 10 min adsorption,
signals that occurred at ~1630 cm�1 could be ascribed to the vinyl
t(C@C) of the styrene. Bands at 1600 and 1494 cm�1 were also
observed, which could be the result of the skeletal CAC stretching
modes [51]. Also, bands from 2950 to 3150 cm�1 were attributed
to the CAH stretches in the adsorbed styrene. However, the peak
relative to C@C (1630 cm�1) decreased in intensity with time on
N2 purging, while the bands of the skeletal CAC (1600 and
1494 cm�1) and CAH of the aromatic ring (3083, 3063, 3026,
2960, and 2920 cm�1)[31] remained unchanged, suggesting that
the transformation of C@C bonds, such as dealkylation, may occur.
As the temperature increased to 200 �C, all bands started to
decrease in intensity, probably due to the desorption. The intensity
of bands decreased further as the temperature was raised to
500 �C. The adsorption–desorption behavior of styrene suggested
that the C@C bonds of styrene can be adsorbed at 400 �C over
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MoOx/BN, while these bonds were vulnerable over MoOx/SiO2 even
at 25 �C. Therefore, adsorbed styrene is more likely to react with
oxygen and form benzaldehyde over MoOx/BN catalyst, thus lead-
ing to high benzaldehyde selectivity.

In previous work, the boron oxygen species of boron nitride,
especially BO–H groups, were demonstrated to play an important
role in the oxidative dehydrogenation of light alkanes [23–27]. In
this study, the role of hydroxy groups was also investigated by
in situ FTIR. As shown in Fig. 6A, for MoOx/BN catalyst, the bands
at ~3410 and 3390 cm�1, attributable to boron hydroxyl stretching
vibration of boron nitride [23,24,53], remained unchanged during
the pretreatment procedure (5 %O2/95 %He, 450 �C for 0.5–1 h).
Upon switching to EB/He atmosphere, the bands at ~3410 and
3390 cm�1 continuously declined in intensity. This phenomenon
was further confirmed by prolonging the treatment (Fig. S11A),
since the boron hydroxyl groups even vanished in intensity. The
continuous consumption of the boron hydroxyl groups indicated
that such groups might be involved in the reduction reaction.
When the atmosphere was changed to O2/He or O2/EB/He
(Fig. 6A and Fig. S11A, C), the boron hydroxyl groups gradually
recovered. Thus, the introduction of O2 could maintain the hydro-
xyl groups of the 1 %MoOx/BN catalyst. These observations were in
accordance with the results observed on Pt–WOx/BN catalyst [53].
As for 1 %MoOx/SiO2 catalyst and BN support (Fig. 6B and
Fig. S11B), the hydroxyl groups at ~3200–4000 cm�1 remained
unchanged under various atmospheres. Combining these results,
one could speculate that the boron hydroxyl groups of the 1 %
MoOx/BN catalyst actually participated in the reaction and these
boron hydroxyl groups might assist the monomeric MoOx species
in directing the reaction paths, and further favorably forming the
partial oxidation product, benzaldehyde. Further investigations,
such as isotopic labeling experiments and microkinetic model sim-
ulations, are needed to reveal the detailed reaction pathway.



Fig. 6. FTIR spectra of the hydroxy vibration under O2/He, EB/He, and O2/He (total
flow rate 10 mL min�1) at 450 �C: (A) 1 %MoOx/BN, (B) 1 %MoOx/SiO2.
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4. Conclusions

In this study, coproduction of styrene and benzaldehyde was
achieved through the selective oxidation of ethylbenzene using a
boron nitride-supported monomeric MoOx catalyst. At 10% ethyl-
benzene conversion, 76% styrene and 20% benzaldehyde
and ~1.5% COx are obtained over 1 %MoOx/BN catalyst. Kinetic anal-
ysis reveals that styrene is the primary product in selective oxida-
tion of ethylbenzene; benzaldehyde is more likely to be generated
than COx in the subsequent oxidation reaction on the MoOx/BN cat-
alyst. The boron hydroxy groups of the MoOx/BN catalyst that par-
ticipate in the reaction network could modulate the reaction
behavior of monomeric MoOx species to favorably generate ben-
zaldehyde. This work demonstrates that MoOx/BN-catalyzed gas-
phase selective oxidation of ethylbenzene is a feasible route to
coproduce styrene and benzaldehyde, as well as displaying the
function of hydroxy groups of nonoxide supports in regulating
the catalytic behavior of active metal oxides.
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