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The promoting effect of boron oxide on the
FeOx/Si3N4 catalyst for oxidative dehydrogenation
of ethylbenzene†
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Here, we report a visible promotion effect of the B2O3 additive on

FeOx/Si3N4 catalysts in the oxidative dehydrogenation of ethylben-

zene. The oxygen reactivity of FeOx was alleviated by the strong

interaction between FeOx and BOx species, which suppresses the

overoxidation of ethylbenzene and styrene to carbon oxides, thus

promoting styrene selectivity.

Styrene (ST), one of the most important raw materials in the
petrochemical industry, is mainly produced by the direct dehy-
drogenation (DH) of ethylbenzene (EB) process over K2O-
promoted Fe2O3 catalysts.1–4 Given the endothermic reaction
nature of this process, high reaction temperature (600–650 1C)
and excess superheated steam diluent (80–90 vol%) are needed
to maintain an acceptable conversion (B60%) and mitigate the
catalyst deactivation, which is against the agreement of green
and sustainable development in the modern chemical
industry.5–8 Oxidative dehydrogenation (ODH) of ethylbenzene
featuring no conversion limitation from thermodynamics,
lower operation temperature (400–500 1C), and no superheated
steam input is an eco-friendly alternative to the direct dehy-
drogenation process.9 However, overoxidation of styrene or
ethylbenzene to carbon oxides will be prevalent at high conver-
sion, lowering the selectivity of styrene, especially catalysed by
the reducible metal oxide catalysts.10 The lattice oxygen of
reducible metal oxide catalysts plays an important role in the
ODH of EB, including reduction (by EB) and reoxidation (by O2)
of the catalysts.11 Among them, the reoxidation of the catalysts,
namely the replenishment of lattice oxygen in the oxide from
gas oxygen, has been considered a faster and more unmanage-
able step than the reduction step, usually causing the over-
oxidation reactions.12 Thus, it is urgent to develop a catalyst

with manageable oxygen reactivity to achieve higher styrene
selectivity.

Using additives to modify the interaction between the active
phase and carrier of supported catalysts is an effective
approach to altering the chemical state of the active phase
and hence affecting the catalyst activity.13 For example, alkali
cation additives can modulate the state and dispersion of
nickel, cobalt, and molybdenum supported on alumina and
silicon oxide.13,14 Besides, acidic B2O3 additive also reduces the
reducibility and promotes the dispersion of Ni metal for Ni/g-Al2O3

catalysts, attributed to the strong interaction between surface
nickel and boron oxide, which exhibits excellent catalytic stability
for steam methane reforming and dry methane reforming.15,16 Our
previous work demonstrates that boron oxide (BOx) species stem-
ming from the boron nitride support could form stronger inter-
action with FeOx species and further mitigate the oxygen of FeOx

species for higher styrene selectivity in oxidative dehydrogenation
of ethylbenzene.8 However, it is difficult to quantify the actual
amount of the in situ generated BOx species from the BN support
and further correlate its structure–performance relationship. Thus,
it is essential to study the structure–performance correlation of the
B2O3-modified FeOx-based catalyst for the oxidative dehydrogena-
tion of ethylbenzene with a definite amount of B2O3.

Here, to better quantificationally correlate the structure–
performance relationship, a stable and inert silicon nitride
(Si3N4, denote as SiN) material that possesses high thermal
stability and thermal conductivity as well as oxidation and
corrosion resistance17–19 is used as a support. A series of
B2O3-modified FeOx/SiN and boron-free catalysts were prepared
for the oxidative dehydrogenation of ethylbenzene. These cat-
alysts were further deeply characterized by various techniques
including XRD, UV-vis DRS, TEM, H2-TPR, CH3OH-TPD, and
XPS. The structure–performance relationship of these B2O3-
modified FeOx/SiN catalysts in the oxidative dehydrogenation
of ethylbenzene was discussed in detail.

As shown in Fig. 1a and b, modification of boric oxide in
1FeOx/SiN catalysts with the loading of B2O3 ranging from 0.1
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to 5 wt% significantly influenced the catalytic performance,
showing monotonically decreasing catalytic behaviour in terms
of the conversion of ethylbenzene but increasing the selectivity
of styrene. Among these catalysts, the 0.1B2O3–1FeOx/SiN sam-
ple demonstrated a higher styrene yield, and the highest yield
was found to be 20.6% and the selectivity of styrene was
increased from 72 to 84%. As the loading of B2O3 increased
to 0.5 wt% or 5 wt%, the conversion dramatically decreased to
5% or even to 1.5% (Fig. 1b), suggesting a prominent decrease
in the number of active sites, probably due to the coverage of
FeOx species by excess B2O3 or the change of FeOx species in
physicochemical properties by modifying B2O3. It is reported
that B2O3 is not active in the oxidative dehydrogenation of
ethylbenzene.8 These results indicated that a reasonable
amount of B2O3 modification (B0.1 wt%) in 1FeOx/SiN could
improve the selectivity and yield of styrene, but excess B2O3

modification would lead to a decrease in ethylbenzene conver-
sion and styrene yield.

To clarify that the increase in styrene selectivity with B2O3

modification was not affected by the conversion, the
conversion-selectivity profile was tested. First, the absence of
mass and heat transfer limitations was confirmed by the
Weisz–Prater criterion (CWP) and Mears’ criterion (CM) (see
ESI† for detailed calculation). As present in Fig. 1c, at the same
conversion, the 0.2B2O3–1FeOx/SiN was found to be more
selective towards styrene than the 1FeOx/SiN sample. As shown
in Fig. 1d, the effect of the contact time (W/F) on the conversion
of ethylbenzene to various products was further investigated.
Over the 1FeOx/SiN catalyst, the selectivity to styrene increased
significantly to 93% and that to COx decreased to 5% as the
contact time approached zero, suggesting that both styrene and

COx were the primary product. In contrast, over the 0.2B2O3–
1FeOx/SiN catalyst, the styrene selectivity increased to B98%
and the COx selectivity decreased to B2% as the contact time
decreased to zero. Thus, both styrene and COx were the major
primary products. These results indicated the existence of
direct oxidation of ethylbenzene to COx over both the 1FeOx/
SiN and 0.2B2O3–1FeOx/SiN catalysts. The higher ultimate
styrene selectivity (B98% 4 93%) observed over the 0.2B2O3–
1FeOx/SiN catalyst suggested that the overoxidation channels of
direct oxidation of ethylbenzene to COx and the oxidation of
styrene to COx were suppressed by the B2O3 modification. In
addition, the slope between COx selectivity and contact time
over the 0.2B2O3–1FeOx/SiN was 9.6, much lower than that of
1FeOx/SiN (19.3), which also reflected that the overoxidation
reactions were suppressed over 0.2B2O3–1FeOx/SiN, leading to
higher selectivity of styrene.

The XRD patterns of the 1FeOx/SiN and xB2O3–1FeOx/SiN
catalysts are shown in Fig. 2a. It can be seen that the 1FeOx/SiN
and xB2O3–1FeOx/SiN catalysts possessed a similar crystalline
phase as that of the SiN support, probably due to the particle
size of iron oxide being too small (o5 nm) to be detected by
XRD. Except in the 5B2O3–1FeOx/SiN sample, no peaks of the
crystalline B2O3 phase were observed in these modified sam-
ples, most probably due to the homogeneous dispersion of
B2O3. As shown in Fig. 2b, the dispersion of iron oxide (FeOx)
species was further studied by the UV-vis DRS technique
(Fig. S1, ESI†). For clarity, the spectrum of the SiN support
was subtracted from the UV-vis DRS spectra of the catalysts.
The 1FeOx/SiN and xB2O3–1FeOx/SiN could be attributed to the

Fig. 1 The catalytic performance of xB2O3–1FeOx/SiN catalysts as a
function of (a) time on stream and (b) B2O3 loading (data obtained at
1 h). Reaction conditions: 500 1C, EB = 5.6 kPa, O2/EB = 2, N2 as balance,
6000 mL g�1 h�1. (c) Selectivity to styrene (SST) plotted as a function of
ethylbenzene conversion (XEB). (d) Effect of contact time on the catalytic
behaviours in the ODH of EB. Reaction conditions: 500 1C, EB = 5.6 kPa,
O2/EB = 2, N2 as balance, 9000–300 000 mL g�1 h�1.

Fig. 2 (a) XRD patterns and (b) UV-vis DRS spectra for SiN and xB2O3–
1FeOx/SiN samples. The spectrum of the SiN support was subtracted from
the UV-vis DRS spectra of the catalysts. TEM images of the 1FeOx/SiN
(c) and 0.2B2O3–1FeOx/SiN (d) samples.
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ligand (O2�) to metal (Fe3+) charge-transfer (LMCT) transition
for oligomeric FeOx clusters.20 The broad bands centered at
510 nm could be assigned to the crystalline Fe2O3 particles.21

TEM was further used to determine the distribution of FeOx

species from the micrology. As shown in Fig. 2c and Fig. S2
(ESI†), apparent FeOx nanoparticles with a mean particle size of
4.2 nm were observed in the boron-free 1FeOx/SiN sample. In
contrast, a clear surface without nanoparticles was observed in
the 0.2B2O3–1FeOx/SiN sample (Fig. 2d and Fig. S3, ESI†). This
phenomenon is also observed in other B2O3-modified metal
oxide catalysts, such as B2O3–Co3O4/Al2O3,13 B2O3–CuO/SiO2,22

and B2O3–CuZrO2.23 More advanced characterization techni-
ques, such as spherical aberration-corrected scanning trans-
mission microscopy and EXAFS, will be helpful to understand
the specific forms of ferrite species. Currently, the results of
TEM indicate that the introduction of boron oxide could
promote the dispersion of FeOx species on the SiN support.

To investigate the interaction between FeOx particles and
the SiN support, H2-TPR experiments were performed and the
corresponding results are shown in Fig. 3a. Three peaks located
at 400, 470, and 640 1C were observed in the boron-free 1FeOx/
SiN sample, implying that the active component Fe2O3 under-
went a stepwise reduction, which could be assigned to the
reduction of Fe2O3 to Fe3O4, Fe3O4 to FeO, and FeO to Fe,24

respectively. The reduction peak of the xB2O3–1FeOx/SiN with
boric oxide modification shifted to higher temperatures with
the increase in the boron loading, probably due to the chemical
interaction between the iron oxide and the boric oxide becom-
ing stronger. When the amount of boric oxide increased,
gaining electrons during hydrogen reduction became harder
for the iron oxide species because the electron affinity of boric
oxide was higher than that of the SiN support.25 The peak also
tended to be widened with increasing boric oxide content, and
one symmetric reduction peak at 645 1C was observed in the
5B2O3–1FeOx/SiN sample. It is reported that smaller particles
interacting strongly with the support were more difficult to be
reduced,24 indicating that the introduction of boron oxide
could promote the dispersion of FeOx species, consistent with
the observation of TEM. The amounts of H2-uptake increased
with the addition of B2O3. However, a substantial drop in H2-
uptake was found with increasing boron loading to 2 or 5 w%,
indicating that the excess B2O3 loading possibly covered the
surface of FeOx species and made it inaccessible to reacting
hydrogen.26

The dissociative adsorption of methanol is an effective
method to determine the number of surface active sites on
one-component metal oxide catalysts.27 Here, the methanol
oxidation product, formaldehyde (HCHO), is used to reflect
the redox sites on these supported FeOx catalysts.27 As shown in
Fig. 3b, two HCHO (m/z = 30) formation peaks at 107 and 258 1C
were observed in the 1FeOx/SiN. With the modification of
5 wt% B2O3, the HCHO formation temperatures increased to
167 and 419 1C. The much higher temperatures of HCHO
formation in the 5B2O3–1FeOx/SiN than that of the boron-free
1FeOx/SiN sample suggested that boron modification would lower
the redox reactivity of FeOx species. The controllable oxygen

reactivity of the FeOx species showed a higher styrene selectivity
in the oxidative dehydrogenation of ethylbenzene, consistent with
the observation in our previous report.8

XPS was used to determine the surface composition and
chemical state of calcined catalysts, as shown in Fig. 3c, d and
Fig. S4 (ESI†). The Fe 2p3/2 and Fe 2p1/2 peaks (Fig. 3c) located at
binding energies of 711.6 and 725.6 eV strongly suggested that
the valence state of iron species was at the +3 after calcination.
In Fig. 3d, the B 1s peak located at 192.7 to 193.1 eV was
attributed to B3+. A small shift of B 1s binding energy along with
the same change in O 1s was observed (Fig. 3d and Fig. S4d,
ESI†). Thus, we speculate this small shift was mainly caused by
the difference of C 1s (surface carbon from contamination) over
different catalysts. The increased peak intensity of B 1s indi-
cated that the surface amount of B2O3 increased. The peak
intensity of Fe 2p decreased with the increase in boron loading,
and the surface amount of Fe was decreased from 1.15 to
0.55 at% with the introduction of 5 wt% B2O3. These results
implied the existence of B2O3 coverage on the FeOx species.

Based on our results and the literature,28 a possible sche-
matic model of the catalysts was proposed as presented in

Fig. 3 (a) H2-TPR profiles for the xB2O3–1FeOx/SiN samples; (b) CH3OH-
TPD profiles of 1FeOx/SiN and 5B2O3–1FeOx/SiN samples. XPS spectra for
xB2O3–1FeOx/SiN samples: (c) Fe 2p; (d) B 1s. (e) Schematic model of the
FeOx species on the SiN support with the increase of boron oxide.
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Fig. 3e. Characterization results demonstrated that the FeOx

species were poorly dispersed on the surface of the SiN support
with a mean particle size of 4.2 nm at the loading of 1 wt%
(Fig. 2c) and showed the strong redox reactivity of FeOx species
due to the weak interaction between the FeOx species and
support (Fig. 3a and b). When a small amount of boron oxide
(0.2 wt%) was introduced into the catalyst, the dispersion of
FeOx species was promoted (Fig. 2d), but the redox reactivity of
FeOx species became lower because of the stronger interaction
between the FeOx species and BOx species (Fig. 3a and b),
showing higher styrene selectivity. However, excess boric oxide
(0.5 to 5 wt%) loading led to the coverage of the exposed and
accessible FeOx species (Fig. 3a–d), and adversely affected the
catalytic activity (Fig. 1a and b).

Conclusions

In summary, a series of B2O3-modified FeOx/Si3N4 catalysts
were prepared to investigate the role of the B2O3 additive and
correlate the structure–performance relationship in the oxida-
tive dehydrogenation of ethylbenzene. Based on the study of
kinetics, H2-TPR, and CH3OH-TPD, it was revealed that the
addition of B2O3 could mitigate the oxygen reactivity of FeOx via
the stronger interaction between the FeOx and the BOx species,
which suppressed the overoxidation of ethylbenzene and styr-
ene to carbon oxides. Also, the introduction of boron oxide
could promote the dispersion of FeOx species on the Si3N4

support. A moderate amount of B2O3 modification (0.1 or
0.2 wt%) could improve the selectivity and yield of styrene.
Whereas excess B2O3 additive (0.5 to 5 wt%) would lead to the
coverage of active FeOx species, resulting in a decrease in
ethylbenzene conversion and styrene yield. This B2O3 modifica-
tion strategy can also be expanded into other heterogeneous
catalytic systems, such as the preparation of other highly
dispersed catalysts and the regulation of the chemical state of
the active phase, optimizing the catalytic performance.

Author contributions

Jian Sheng: investigation, formal analysis, writing – original
draft. Wen-Cui Li: formal analysis, conceptualization, writing –
review & editing. Bai-Chuan Zhou: investigation, formal analy-
sis. Xin-Qian Gao: formal analysis. Bin Qiu: formal analysis.
Wen-Duo Lu: formal analysis. Rui-Ping Zhang: investigation.
An-Hui Lu: conceptualization, supervision, funding acquisi-
tion, writing – review & editing.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This study was supported by the State Key Program of the
National Natural Science Foundation of China (21733002), and

the National Key Research and Development Project
(2018YFA0209404 and 2021YFA1500300).

Notes and references
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