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Abstract

The presence of boron significantly promoted propylene oxide (PO) formation over chlorine-free K+-modified FeO,/SBA-15 catalysts with
K/Fe ratios >2.5. Boron also improved the catalytic performances of Rb*- and Cs*-modified FeO,/SBA-15 catalysts, whereas it did not play
significant roles over LiT- and Na™-modified catalysts. Boron-promoted K™—FeO,/SBA-15 exhibited the best catalytic performance for PO
formation. Potassium ions could enhance the dispersion of FeOy clusters, forming active iron sites. The addition of K at a higher content
destroyed the ordered mesoporous structure of SBA-15, likely causing the reaggregation of iron species. The modification by boron could keep
the ordered mesoporous structure and the high dispersion of iron species, which were beneficial to PO formation. The addition of boron with a
proper content also suppressed further conversion of PO by diminishing the acidity and basicity of the catalyst. We propose that the interactions
among boron, potassium ions, and iron species play pivotal roles in enhancing PO formation.
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1. Introduction

Propylene oxide (PO) is one of the most important syn-
thetic intermediates in chemical industry. Currently, PO is pro-
duced mainly through chlorohydrin and organic hydroperox-
ide processes; however, these processes produce large amounts
of byproducts and are not environmentally benign. The direct
epoxidation of propylene using a “green” oxidant has attracted
much attention in recent years [1,2]. Although the epoxidation
of ethylene by oxygen has been commercialized for several
decades using Ag-based catalysts, the epoxidation of propy-
lene by oxygen is not successful. PO selectivity can hardly
exceed 60% even at a low propylene conversion over most of
the catalysts reported to date for the epoxidation of propylene
by oxygen [3-12].

Efficient heterogeneous and homogeneous catalysts such as
TS-1 [13] and polyoxometalate [14,15] have been reported for
the epoxidation of C3Hg using H,O; as an oxidant in the lig-
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uid phase. However, the high cost of HyO» and the difficulty in
its handling are disadvantageous for the direct use of H,O; for
C3Hg epoxidation. Many studies have contributed to the in situ
production of HyO, from a H,—O; gas mixture for C3Hg epox-
idation [16-23]. Among the catalysts reported to date, the Au—
Ti-based vapor-phase catalyst developed by Hayashi et al. [17]
has attracted much attention [18-23]. Propylene conversion of
>5% and PO selectivity of >90% could be obtained over a
modified Au-Ti-based catalyst [22]. The liquid-phase epoxida-
tion of C3Hg by O, with methanol as a reductant also proceeded
efficiently in the presence of Pd and Ti—Al-MCM-22 catalyst or
Pd and peroxo-polyoxometalate catalyst [24-28].

Since the work of Duma and Honicke [29], several research
groups have reported that the catalytic epoxidation of C3Hg can
proceed with good efficiency using N> O as an oxidant [30-37].
These studies are based on the idea that NoO may generate
an electrophilic oxygen species on a proper catalyst, which
may be suitable for C3Hg epoxidation. Actually, many stud-
ies have shown that N>O can be used as an efficient oxidant
for the selective oxidation of hydrocarbons such as benzene
to phenol [38], propane to propylene [39—41], and methane
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to methanol [42]. Although N>O is still an expensive oxidant,
the chemistry concerning its application in selective oxidation
catalysis has attracted much attention [38]. Studies of the epoxi-
dation of C3Hg using N>O have shown that iron-based catalysts
are effective and that the modification of catalyst by an alkali
metal ion (AMI) is indispensable for PO formation. Whereas
other research groups worked mainly with FeO,/SiO, cata-
lysts containing very low Fe content (~0.1 wt%) [29,30,36,37],
we focused on the mesoporous silica (SBA-15 or MCM-41)-
supported FeO, catalysts with a Fe content of ~1 wt%. The
mesoporous silica may allow high and homogeneous dispersion
of FeO, species because of its large surface area and ordered
mesoporous channel. In previous studies, we found that KCl
was the best modifier of FeO,/SBA-15 for PO formation, and
we obtained PO selectivities of 72% and 50% at C3Hg con-
versions of 4.5% and 10%, respectively, over the KCl-modified
FeO,/SBA-15 catalyst [31,32]. However, the use of other potas-
sium salts, such as potassium acetate, as a modifier resulted in
significantly lower PO selectivity [32]. An efficient halogen-
free catalyst would be desirable, because halogen in the catalyst
might function as a radical promoter in the gas phase and might
be lost during the reaction. Moreover, the development of an
efficient halogen-free catalyst may provide useful information
about other catalyst requirements for high selective PO forma-
tion.

To gain more insight into the catalyst requirements for ob-
taining high PO selectivity and to develop an efficient chlorine-
free catalyst, we have aimed to improve the catalytic perfor-
mance of the chlorine-free AMI-modified FeO,/SBA-15 cata-
lysts by further modification. In a short communication [43],
we disclosed that further modification by boron could signif-
icantly enhance the catalytic performance of the chlorine-free
K'-FeO,/SBA-15 catalysts. This paper reports in detail the
effects of boron modification on the structure and catalytic be-
havior of AMI-modified FeO,/SBA-15 catalysts.

2. Experimental
2.1. Catalyst preparation

SBA-15 was synthesized by a procedure reported previ-
ously [44]. In brief, a homogeneous mixture containing a tri-
block copolymer (EO20PO70EQO3¢) and tetraethyl orthosilicate
(TEOS) in hydrochloric acid solution was first stirred at 313 K
for 20 h; then the resultant gel was subjected to hydrothermal
treatment in an autoclave at 373 K for 24 h. The solid product
thus obtained was recovered by filtration followed by wash-
ing and drying at 323 K in vacuum. SBA-15 was obtained by
calcination at 823 K for 6 h in air to remove the organic tem-
plate. FeO,/SBA-15 was prepared by impregnation of the cal-
cined SBA-15 powder with an ethanolic solution of [Fe(acac)s]
(acac = acetylacetonate) [32]. After ethanol was removed at
343 K, the obtained powdery sample was further dried at 313 K
in vacuum overnight and then subjected to calcination at 823 K
in air for 6 h. AMI-modified catalysts (e.g., KT—FeO,/SBA-15)
were prepared by impregnation of the FeO,/SBA-15 sample
with an aqueous solution of alkali metal acetate (e.g., KAc).

The catalysts modified by both AMI and boron were prepared
by impregnation of the FeO,/SBA-15 powder with an aque-
ous solution of alkali metal acetate together with boric acid
(H3BO3). After impregnation and drying, the catalysts were
calcined at 823 K in air for 6 h. The iron content in all of the
catalysts was 1.0 wt% unless specified otherwise.

2.2. Catalytic reaction

The catalytic reactions were carried out using a fixed-bed
reactor (10 mm i.d.) operated at atmospheric pressure. The cat-
alyst was pretreated in the reactor with a gas flow containing He
(40 mLmin~!) and O, (10 mL min—!) at 823 K for 30 min,
followed by purging with He (60 mL min~!) at the same tem-
perature for another 30 min. After the catalyst was cooled to the
reaction temperature (typically 623 K), the reactant gas mixture
of C3Hg and N, O diluted with He was introduced into the re-
actor to start the reaction. The products were analyzed by two
online gas chromatographs [32,33]. All of the lines and valves
between the exit of the reactor and the gas chromatographs were
heated to 393 K, to prevent the condensation of organic prod-
ucts. C3Hg conversion was calculated on a carbon basis from
the concentrations of the products detected (i.e., PO, acrolein,
allyl alcohol, acetone, propionaldehyde, acetaldehyde, CO, and
COy,) and the remaining C3Hg. PO selectivity was evaluated by
the fraction of the amount (in mol) of PO in the total amount
(in mol) of all the products detected; the difference in carbon
number in each product was considered. The reproducibility of
C3Hg conversion was within £0.2%, and that of PO selectivity
was within £2%. Carbon balance also was evaluated and found
to be generally better than 90%. C3Hg conversion decreased
gradually with time on stream, probably due to carbon deposi-
tion. Typically, the results after 30 min of reaction are shown
and used for discussion, unless stated otherwise.

2.3. Catalyst characterization

X-ray diffraction (XRD) measurements were carried out on a
Panalytical X pert Pro Super X-ray diffractometer with Cuk,,
radiation (40 kV and 30 mA). N; adsorption was carried out
at 77 K with a Micromeritics TriStar 3000 surface area and
porosimetry analyzer. The sample was pretreated at 573 K in
vacuum for 3 h before N, adsorption. The surface area was cal-
culated by the BET method, and the pore diameter distribution
was evaluated by the BJH method. Transmission electron mi-
croscopy (TEM) was performed on a Phillips Analytical FEI
Tecnai 30 electron microscope operated at an acceleration volt-
age of 300 kV. Samples for TEM observations were suspended
in ethanol and dispersed ultrasonically. Drops of suspensions
were applied on a copper grid coated with carbon.

UV-visible (UV-vis) diffuse reflectance spectra were re-
corded on a Varian Cary-5000 spectrometer equipped with a
diffuse-reflectance accessory. The spectra were collected at
200-800 nm using BaSOy as a reference. Raman spectroscopy
measurements were carried out with a Renishaw UV-vis Ra-
man system 1000R. The UV line at 325 nm from a Kimmon
IK3201R-F He—Cd laser was used as the excitation source,
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to avoid the influence of fluorescence. X-ray photoelectron
spectroscopy (XPS) was measured with a Physical Electronics
Quantum 2000 Scanning ESCA Microprobe equipment using
monochromatic AlK, radiation. The binding energy was cali-
brated using the Cls photoelectron peak at 284.6 eV as a ref-
erence. Electron paramagnetic resonance (EPR) measurements
were carried out on a Bruker EMX EPR spectrometer at X-band
frequency (9.46 GHz). A fixed amount of sample was placed in
a quartz tube (3 mm o.d.), which was then set in a quartz De-
war vessel in the EPR cavity. The temperature was set at 100 K
throughout the experiment.

H, temperature-programmed reduction (H,-TPR), NHj3
temperature-programmed desorption (NH3-TPD), and CO;-
TPD were performed using a Micromeritics AutoChem II 2920
instrument connected to a ThermoStar GSD 301 T2 mass spec-
trometer. Typically, the sample (0.1 or 0.2 g) was first pretreated
in a quartz reactor with a gas flow containing O, and N, at
823 K for 1 h, followed by purging with high-purity N». For
H,-TPR, after the sample was cooled to 303 K, an Hy—Ar
(5 vol% Hj) mixture was introduced into the reactor, and the
temperature was raised to 1173 K at a rate of 10 Kmin~!. The
consumption of Hy was monitored by a thermal conductivity
detector. For NH3-TPD, the adsorption of NH3 was performed
at 393 K in an NH3—He mixture (10 vol% NH3) for 1 h, and the
remaining or weakly adsorbed NH3 was purged by high-purity
He. TPD was performed in He flow by raising the tempera-
ture to 1000 K at a rate of 10 Kmin~!. The desorbed NH3
was detected with the mass spectrometer by monitoring the
signal with m /e = 16, because the parent peak with m/e =17
possibly could be affected by the desorbed water. For CO;-
TPD, a similar procedure was adopted. The adsorption of CO,
was carried out at 318 K in a CO,—He mixture (10% vol CO,)
for 1 h, followed by purging with high-purity He. The signal
with m /e = 44 was used to monitor the desorbed CO, during
the TPD with a heating rate of 10 Kmin~! in He flow.

3. Results
3.1. Effect of boron modification on catalytic behavior

3.1.1. Influence of various additives on the catalytic behavior
of chlorine-free K™ —FeO,/SBA-15 catalyst

Our previous studies found that the chlorine-free K+—
FeO,/SBA-15 catalyst prepared using KAc or KNOj as the pre-
cursor of K+ exhibited markedly lower PO selectivity and lower
C3Hg conversion than the KCI-FeO,/SBA-15 catalyst [32]. To
increase the catalytic performance of the chlorine-free K*—
FeO,/SBA-15 catalyst, we investigated the modifying effect
of various additives added into the K™—FeO,/SBA-15 (K/Fe =
2.5) catalyst prepared using KAc as the precursor of KT. As
shown in Table 1, the Kt—-FeO,/SBA-15 (K/Fe = 2.5) cata-
lyst without further modification provided a C3Hg conversion
of 3.8% and a PO selectivity of 64% at 623 K. Among the var-
ious additives examined, barium, boron, and phosphorus were
found to significantly enhance PO selectivity. Particularly, the
modification by boron not only improved PO selectivity, but
also increased C3Hg conversion. C3Hg conversion and PO se-

Table 1
Effect of various additives on catalytic performances of K* —FeO,/SBA-15 cat-
alysts?

Additive® N 2O conv. C3Hgconv.  Selectivity (%)

(%) (%) PO Other oxygenates®  COy
None 2.7 3.8 64 14 22
Mg 2.4 3.2 60 29 11
Ba 2.6 3.9 73 14 13
B 2.5 4.8 79 12 9.4
Al 2.3 2.1 11 52 37
Tl 3.1 3.0 49 18 33
La 1.5 1.9 11 75 14
Ce 1.0 1.4 49 44 6.9
Dy 1.0 0.94 63 24 13
Zr 0.7 2.3 49 37 14
S 1.7 1.4 39 68 28
P 1.7 2.6 70 15 15

@ Catalyst: Fe content = 1.0 wt%, K/Fe = 2.5, additive/K = 0.5; reaction
conditions: W =0.2 g, T =623 K, F =60 mLminfl, P(C3Hg) = 2.53 kPa,
P(N;0) =253 kPa.

b The sources of Mg, Ba, Al, T, La, Ce, Dy, and Zr were metal nitrates; the
sources of B, S, and P were H3BO3, (NHy)2SOy4, and NH4H,POy4, respec-
tively.

¢ Other oxygenates include propionaldehyde, acrolein, allyl alcohol, acetone
and acetaldehyde.

lectivity over the B-K™—FeQ,/SBA-15 catalyst reached 4.8%
and 79%, respectively, which were even better than those over
the KCI-FeO,/SBA-15 catalyst [32]. The conversion of N>O
decreased slightly from 2.7% to 2.5% after modification of
the KT-FeO,/SBA-15 by boron (B/K = 0.5). The efficiency
of N>O used for the oxidation of C3Hg to all of the products
(including CO and CO,) was ~30% over the catalysts both
with and without boron modification, but that used for PO for-
mation increased from ~9% to ~15% after the modification by
boron.

3.1.2. Effect of boron modification on the catalytic behavior of
various AMI-modified FeO,/SBA-15 catalysts

The catalytic performance of various AMI-modified FeO,/
SBA-15 (AMI/Fe = 2.5) catalysts with and without boron mod-
ification is characterized in Table 2. In the absence of an AMI,
no PO was formed irrespective of the presence or the absence
of boron, suggesting that modification by an AMI was essential
to epoxidation. In the absence of boron modification, PO se-
lectivity increased significantly on changing the AMI from Li™*
to Nat. However, a further change in the AMI from Na™ to K™,
Rb*, or Cs™ decreased both PO selectivity and C3Hg conver-
sion. The further modification by boron (B/AMI = 0.5) signif-
icantly improved the selectivity to PO and decreased that to
CO, for the K™= Rb*—, and Cs™—FeO,/SBA-15 catalysts. The
modification by boron also increased C3Hg conversion of these
catalysts. However, the catalytic performances of the Lit— and
Nat—FeO,/SBA-15 catalysts were altered only slightly after
the addition of boron. Over the B-Kt-FeO,/SBA-15, B-Rb"—
FeO,/SBA-15, and B-CsT-FeO,/SBA-15 catalysts, PO selec-
tivity and C3Hg conversion were >70% and >4%, respectively,
which were higher than those over the Nat—FeO,/SBA-15
catalysts with and without boron modification. These three
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Table 2
Effect of boron modification on catalytic performances of FeO,/SBA-15 cata-
lysts modified by various AMIs?

Table 3
Effect of boron modification on catalytic performances of KT —FeO,/SBA-15
catalysts with different K/Fe ratios®

Catalystb N,O C3Hg Selectivity (%) Catalystb K/Fe C3Hg Selectivity (%)
cony. cony. PO  Other oxy- COyx cony. PO Other oxy- COy
(%) (%) genates® (%) genates®
FeO,/SBA-15 2.1 1.3 0 50 50 FeO,/SBA-15 0 1.3 0 50 50
B-FeO,/SBA-154 2.0 2.3 0 59 41 B-FeO, /SBA-154 0 23 0 59 41
Lit—FeO,/SBA-15 29 4.1 16 62 22 K+-FeO,/SBA-15 0.5 2.1 0.9 56 43
B-Lit-FeO,/SBA-15 2.7 3.5 16 60 24 B-KT-FeO,/SBA-15 0.5 2.0 0.7 62 37
Nat—FeO,/SBA-15 22 42 69 18 13 K+-FeO,/SBA-15 1.0 23 47 40 13
B-Nat-FeO,/SBA-15 23 4.4 66 21 13 B-KT-FeO,/SBA-15 1.0 2.5 52 36 12
Kt-FeO,/SBA-15 2.7 3.8 64 14 22 Kt -FeO,/SBA-15 2.5 3.8 64 14 22
B-KT—FeO,/SBA-15 25 4.8 79 12 9.4 B-KT-FeO,/SBA-15 2.5 4.8 79 12 9.4
Rb+-FeO,/SBA-15 2.6 2.9 54 13 33 K+-FeO,/SBA-15 5.0 23 20 10 70
B-Rbt—FeO,/SBA-15 2.4 42 74 13 13 B-KT-FeO,/SBA-15 5.0 4.0 64 11 25
Cst—FeOy/SBA-15 2.8 2.8 45 18 37 K+-FeO,/SBA-15 7.5 1.8 14 14 72
B-CsT—FeO,/SBA-15 24 4.4 76 13 11 B-KT-FeO,/SBA-15 7.5 3.8 50 18 32
4 Reaction conditions: W =0.2 g, T =623 K, F = 60 mL min~! P(C3Hg) K"'—_l‘:_er/SBA-IS 10 1 13 15 72
i ’ ’ B-KT™-FeO,/SBA-15 10 3.6 38 20 42

=2.53 kPa, P(N,O) =25.3 kPa.

b Fe content = 1.0 wt%, AMI/Fe = 2.5, B/AMI = 0.5.

¢ Other oxygenates include propionaldehyde, acrolein, allyl alcohol, acetone
and acetaldehyde.

d B/Fe = 1.25.

boron-modified catalysts were also better for PO formation
than the KCI-FeO,/SBA-15, RbCI-FeO,/SBA-15, and CsCl-
FeO,/SBA-15 catalysts reported previously [32].

3.1.3. Catalytic performance of K*—FeO,/SBA-15 and
B-Kt—FeOQ,/SBA-15 catalysts with different compositions

Table 3 shows the catalytic performances of the K*-FeO,/
SBA-15 catalysts with different K/Fe molar ratios in the ab-
sence and the presence of boron modification. Without boron
modification, C3Hg conversion and PO selectivity increased
significantly as the K/Fe ratio rose from O to 2.5. The sum
of the selectivities to CO, and other organic oxygenates, in-
cluding propionaldehyde, allyl alcohol, acrolein, acetone, and
acetaldehyde, decreased at the same time. However, a further
increase in the K/Fe ratio to >5.0 significantly decreased CzHg
conversion and PO selectivity, and simultaneously drastically
increased the selectivity to CO, to ~70%. After the modifica-
tion by boron (B/K = 0.5), the catalyst with the K/Fe ratio of
2.5 still exhibited the highest C3Hg conversion and PO selectiv-
ity. Nevertheless, C3Hg conversion and PO selectivity increased
more dramatically for the catalysts with K/Fe ratios >5.0 af-
ter boron modification. The CO, formation over these catalysts
was greatly suppressed after boron modification. On the other
hand, the addition of boron did not exert significant effects on
the catalytic performance of the catalysts with lower K/Fe ratios
(0.5 and 1.0).

The effect of B/K ratio on catalytic behavior was investi-
gated for the catalysts with K/Fe ratios of 2.5 and 5.0. In
both cases (Figs. 1A and 1B), the increase in B/K ratio to 0.5
increased both C3Hg conversion and PO selectivity. The selec-
tivity to CO, decreased significantly at the same time, further
confirming that the modification by boron suppressed the for-
mation of CO, (especially for the samples with a K/Fe ratio
of 5.0). When the B/K ratio exceeded 0.5, C3Hg conversion

4 Reaction conditions: W =0.2 g, T =623 K, F = 60 mL min_l, P(C3Hg)
=2.53 kPa, P(N,O) =25.3 kPa.

b Fe content = 1.0 wt%, B/K = 0.5.

¢ Other oxygenates include propionaldehyde, acrolein, allyl alcohol, acetone,
and acetaldehyde.

d B/Fe =1.25.
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Fig. 1. Effect of B/K ratio on catalytic performances over B-K*—FeQ,/SBA-
15 catalysts with K/Fe ratios of 2.5 (A) and 5.0 (B). Reaction condi-
tions: W =0.2g, T = 623K, P(C3Hg) = 2.53kPa, P(N>0O) = 25.3 kPa,
F =60 mLmin~!. Other oxygenates include propionaldehyde, allyl alcohol,
acrolein, acetone, and acetaldehyde.

dropped markedly, although the change in PO selectivity was
not significant. Thus, the optimum B/K ratio for PO formation
was 0.5. In the entire range of B/K ratios investigated (0-2.0),
the catalysts with the K/Fe ratio of 2.5 exhibited better catalytic
performance than those with a K/Fe ratio of 5.0.
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Fig. 2. (A) Temperature dependence of catalytic performances over Kt—
FeO,/SBA-15 (K/Fe = 2.5) and B-KT—Fe0,/SBA-15 (K/Fe = 2.5, B/K =
0.5) catalysts. Reaction conditions: W = 0.2 g, P(C3Hg) = 2.53 kPa,
P(N,0O) = 25.3 kPa, F =60 mL min—!. (B) Arrhenius plots for conversions
of C3Hg over KT—FeO,/SBA-15 (K/Fe = 2.5) and B-KT-FeO,/SBA-15
(K/Fe = 2.5, B/K = 0.5) catalysts.

3.1.4. Comparison of the catalytic behavior of
KT—FeO./SBA-15 and B—-K*—FeO,/SBA-15 catalysts under
different reaction conditions

We further compared the catalytic behaviors of the Kt—
FeO,/SBA-15 (K/Fe = 2.5) and B-K*T-FeO,/SBA-15 (K/Fe =
2.5, B/K = 0.5) catalysts under different reaction conditions.
Fig. 2 shows the temperature dependence of catalytic perfor-
mances. We found that at temperatures <573 K, C3Hg con-
version was unreasonably lower over both catalysts. For exam-
ple, C3Hg conversion was only ~0.01% over both catalysts at
548 K, but increased suddenly to 2.3% and 2.8% as the temper-
ature rose to 598 K. This was also reflected in the Arrhenius
plots for the two catalysts (Fig. 2B), where the data points
at 548 and 573 K (1/7,1.83x 1073 and 1.75 x 1073 K~!) sig-
nificantly deviated from the straight lines drawn by the higher-
temperature data points. Furthermore, PO selectivities were
also lower at 548 and 573 K, especially over the catalyst without
boron modification. These observations suggest that there ex-
ists an “induction temperature” for the epoxidation of C3Hg by
N,O over the present catalysts. It is generally accepted that Fe!l
sites are responsible for the activation of N;O to form active
oxygen species for the selective oxidation of CHy or benzene
over the FePO4 or Fe-ZSM-5 catalyst [42,45—47]. It is reason-
able to speculate that the activation of N,O also proceeds on
the Fell sites over our catalysts. Thus, the observed “induction
temperature” may result from the reduction of the surface iron
species by the reactant (i.e., C3Hg), generating the Fe!l sites,
for which a relatively higher temperature is needed. The com-
parison between the two catalysts shown in Fig. 2 reveals that
the modification by boron enhanced C3Hg conversion at all of
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Fig. 3. Dependence of catalytic performances on contact time (W/F) over
Kt-FeO,/SBA-15 (K/Fe = 2.5) and B-K+-FeO,/SBA-15 (K/Fe = 2.5,
B/K = 0.5) catalysts. Reaction conditions: 7 = 623 K, P(C3Hg) = 2.53 kPa,
P(N;O) =25.3 kPa.

the temperatures investigated. The calculation using the straight
lines in Fig. 2B (1/T, 1.49 x 1073-1.67 x 103 K~!) provided
the same activation energy (i.e., 70 kJ mol~') for the two cat-
alysts, indicating that the modification by boron may not alter
the reaction mechanism. As shown in Fig. 2A, PO selectivity
also was improved after the modification by boron at all of the
temperatures investigated. Compared with the catalyst without
boron modification, the catalyst with boron modification could
sustain significantly higher PO selectivity at higher tempera-
tures. For example, over the boron-modified catalyst, PO selec-
tivities of 68% and 55% were obtained at C3Hg conversions of
8.9% at 648 K and 13% at 673 K, respectively. These values
were significantly higher than those over the catalyst without
boron modification (i.e., 54% and 32% at 7.0% and 11% CzHg
conversion, respectively). Thus, the further conversion of PO to
COy at higher reaction temperatures may be suppressed over
the catalyst modified by boron.

Fig. 3 shows the catalytic behavior of the catalysts with and
without boron modification at different contact times, expressed
as the ratio of catalyst weight to total flow rate (i.e., W/F).
Over both catalysts, C3Hg conversion increased almost pro-
portionally to the contact time. From the slope of the straight
lines, we calculated the C3Hg conversion rate, and found that
the modification by boron increased the C3Hg conversion rate
from 0.81 to 0.98 mmolh~! g~ at 623 K. The selectivity to
PO decreased and that to CO, increased with increasing con-
tact time over both catalysts. However, the selectivity to PO did
not approach 100%, and that to CO, did not approach zero as
the contact time approached zero. Thus, we speculate that CO,
may be formed by both consecutive oxidation of PO and direct
oxidation of C3Hg. Comparing the two catalysts demonstrates
higher selectivity to PO and lower selectivity to CO, over the
boron-modified catalyst at each contact time. The difference in
PO or CO, selectivity between the two catalysts was greater at
longer contact times. Therefore, it is likely that the modification
by boron suppresses both the consecutive conversion of PO and
the direct oxidation of C3Hg to CO,.
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We investigated the effect of partial pressure of N,O [i.e.,
P(N;0)] on catalytic performance over the two catalysts. As
shown in Fig. 4, C3Hg conversion increased slightly with in-
creasing P (N20) from 8.4 to 25.3 kPa and then decreased over
the KT-FeO,/SBA-15 catalyst. Over the catalyst with boron
modification, C3Hg conversion increased with an increase in
P(N;0) from 8.4 to 16.9 kPa, and then remained almost un-
changed with a further increase in P(N,>O). PO selectivity did
not undergo any significant change with changing P (N,O) over
both catalysts. The catalyst after boron modification exhibited
better catalytic performance for PO formation in the entire
range of P(N,O) investigated. Because N,O is an expensive
oxidant, the operation at a lower ratio of NoO/C3Hg is desirable.
The results in Fig. 4 also demonstrate that a slight decrease in
C3Hg conversion occurred when the present catalyst was oper-
ated at a relatively lower ratio of NoO/C3Hg (i.e., 3.3).

3.1.5. Stability of KT —FeOQ,/SBA-15 catalysts with and
without boron modification

Catalyst deactivation is a common problem over all of the
Fe-based catalysts reported for C3Hg epoxidation by N>O
[29-37]. The deactivation also has been observed in the epox-
idation of C3Hg by an O;—Hj, gas mixture over Au/Ti-based
catalysts [21]. We investigated the change of catalytic per-
formances with time on stream over the KT—-FeO,/SBA-15
(K/Fe = 2.5) and B-K*-FeO,/SBA-15 (K/Fe = 2.5, B/K =
0.5) catalysts at 623 K; Fig. 5 shows the results obtained in three
cycles of reactions. After each cycle, the catalyst was regener-
ated by a treatment in an O,-containing gas flow (at He and O,
flow rates of 40 and 10 mL min~!, respectively) at 823 K for
30 min, followed by purging with pure He for another 30 min.
In each cycle, C3Hg conversion and PO selectivity declined
with time on stream over the Kt—FeO,/SBA-15 catalyst. Af-
ter the modification by boron, PO selectivity remained almost
unchanged at ~80%, although C3Hg conversion still decreased
with time on stream. Over both catalysts, the catalytic perfor-
mance could be recovered by the regeneration of catalyst in the
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Fig. 5. Changes of catalytic performances with time on stream over
K+t-FeO,/SBA-15 (K/Fe = 2.5) and B-KT-FeO,/SBA-15 (K/Fe = 2.5,
B/K = 0.5) catalysts. Reaction conditions: W = 0.2 g, P(C3Hg) = 2.53 kPa,
P(N,O) =253 kPa, F =60 mL min~—!. After each cycle, the catalyst was re-
generated by a treatment in an O, -containing gas flow (flow rates of He and O,
40 and 10 mL min~!) at 823 K for 30 min following by purge with He flow for
30 min.

O,-containing gas flow, indicating that carbon deposition was
mainly responsible for the catalyst deactivation.

We investigated the effect of adding a small amount of O,
to the reactant mixture over the B-K™—FeO,/SBA-15 (K/Fe =
2.5, B/K = 0.5) catalyst with the aim of removing the carbon
deposition and suppressing catalyst deactivation. The stability
could be improved gradually by increasing the P(O;) from 0
to 0.51 kPa (Supplementary material, Fig. S1). Catalyst deac-
tivation was significantly suppressed by co-feeding O, with a
P(0O,) of 0.17 kPa; however, both C3Hg conversion and PO se-
lectivity were decreased due to the presence of Oy. Ata P(O2)
of 0.17 kPa, C3Hg conversion and PO selectivity remained at
~2% and ~50% after 470 min of reaction. The role of co-
feeding O, in suppressing catalyst deactivation also has been
reported in the oxidative dehydrogenation of C3Hg by N> O over
iron-containing zeolite catalysts [48].

3.2. Characterizations of K™—FeO./SBA-15 catalysts before
and after boron modification

To gain insight into the effect of boron modification on
catalyst structures, we focused on characterizing the K-
FeO,/SBA-15 series of catalysts with and without boron modi-
fication by various techniques.

3.2.1. Ordered mesoporous structure

Fig. 6 shows the XRD patterns at low diffraction angles
for the KT™—FeO,/SBA-15 catalysts with different K/Fe ratios
in the absence and the presence of boron modification. The
FeO,/SBA-15 catalyst exhibited three diffraction lines at 26 de-
grees of ~0.9, 1.7, and 1.9°, which were ascribed to the ordered
hexagonal arrays of mesoporous structure of SBA-15. With-
out boron modification (Fig. 6A), the main diffraction peak at
26 degree of ~0.9° became significantly weaker as the K/Fe
ratio rose to 5.0, and all of the peaks vanished at K/Fe ratios
of 7.5 and 10. The surface areas and pore volumes shown in
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Fig. 6. XRD patterns of K —FeO,/SBA-15 samples with different K/Fe ratios
in the absence (A) and the presence (B) of boron (B/K = 0.5).

Table 4
Porous parameters obtained from N,-physisorption measurements for K+—
FeO,/SBA-15 samples before and after boron modification (B/K = 0.5)

Sample? K/Fe Surface Pore Mean pore
(molar area volume diameter
ratio) (m? g_l) (cm3 g_l) (nm)

SBA-15 - 890 1.08 6.4

FeO,/SBA-15 0 684 0.92 6.3

Kt—FeO,/SBA-15 0.5 567 0.69 5.4

B-Kt-FeO,/SBA-15 0.5 597 0.75 5.6

Kt—FeO,/SBA-15 1.0 476 0.64 5.5

B-Kt-FeOx/SBA-15 1.0 489 0.67 5.6

Kt—FeO,/SBA-15 2.5 269 0.52 6.5

B-Kt-FeO,/SBA-15 2.5 332 0.61 6.6

Kt—FeO,/SBA-15 5.0 145 0.50 11.5

B-Kt-FeO,/SBA-15 5.0 294 0.63 7.5

Kt—FeO,/SBA-15 7.5 61 0.36 24.8

B-K*-FeO,/SBA-15 7.5 261 0.56 7.0

K*+-FeO,/SBA-15 10 54 0.31 24.9

B-Kt-FeO,/SBA-15 10 231 0.53 7.3

2 Fe content = 1.0 wt%, B/K = 0.5.

Table 4 underwent significant decreases with increasing K/Fe
ratio in the absence of boron. As the K/Fe ratio rose from 2.5
to 5.0 and further to 7.5, the mean pore diameter markedly in-
creased, suggesting the collapse or partial collapse of the meso-
porous structure. After the modification by boron (B/K = 0.5),
all three diffraction peaks ascribed to the hexagonal regular-
ity of mesoporous structure could be clearly observed for all
of the KT-FeO,/SBA-15 samples with K/Fe ratios of 0.5-10
(Fig. 6B). The surface areas and pore volumes both increased
after the addition of boron; the increases were more signifi-
cant for the samples with higher K/Fe ratios (5.0-10) (Table 4).
After modification by boron, the mean pore diameter for the
sample with a K/Fe ratio >5.0 decreased and became close to
that for SBA-15.

We further studied the changes in mesoporous structure
by TEM. Fig. 7 shows the typical TEM images for the K+—
FeO,/SBA-15 catalysts before and after boron modification.
The ordered mesoporous structure began to collapse due to
the unlinking of silica framework as the K/Fe ratio rose to 5.0
(Fig. 7c). The silica framework was completely destroyed at

Fig. 7. TEM micrographs. (a), (c), and (e): KT—-FeO,/SBA-15 with K/Fe ra-
tios of 2.5, 5.0, and 7.5, respectively; (b), (d), and (f): B-Kt-FeO,/SBA-15
(B/K = 0.5) with K/Fe ratios of 2.5, 5.0, and 7.5, respectively.

a K/Fe ratio of 7.5 in the absence of boron (Fig. 7e). This
confirms that the collapse of the ordered mesoporous structure
was due mainly to the strong interaction between K+ and the
silica framework. Note that we still could not confirm the for-
mation of FeO, nanoclusters from the TEM micrographs for
the samples with higher K/Fe ratios. After the modification
by boron, the well-ordered mesoporous channels could be ob-
served even for the samples with higher K/Fe ratios (i.e., 5.0
and 7.5) (Figs. 7d and 7f). This is in good agreement with the
XRD and N3 adsorption results, confirming that the presence of
boron can maintain the ordered mesoporous structure, probably
through the interaction between boron species and K™ ions.
We also studied other alkali metal ion-promoted FeO,/
SBA-15 catalysts in the absence and presence of boron mod-
ification. For the Li*- and Na™-modified catalysts, the perfect
XRD pattern with three diffraction peaks at 26 degrees of ~0.9,
1.7, and 1.9° could be sustained even at a Li/Fe or Na/Fe ra-
tio of 5.0. The further modification of these two catalysts by
boron did not change the XRD pattern. The surface areas and
pore volumes were decreased after boron modification, proba-
bly because boron species further occupied the spaces of meso-
pores. On the other hand, the Rb™- and Cs™-modified samples
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Fig. 8. UV-vis diffuse reflectance spectra of K*—1 wt% FeO,/SBA-15 samples
with different K/Fe ratios in the absence (A) and the presence (B) of boron
(B/K =0.5).

behaved similarly to the K*-modified FeO,/SBA-15 samples
described above. The increase in the Rb/Fe or Cs/Fe ratio to 5.0
caused the collapse of mesoporous structure in the absence of
boron. The presence of boron in these samples could likewise
maintain the ordered mesoporous structure.

3.2.2. Structure of iron species

We did not find iron-, potassium-, or boron-related crys-
talline species from the high-angle XRD patterns for the cat-
alysts used in this work, whereas XRD peaks of crystalline
KCI were observed for the KCl-FeO,/SBA-15 series of cata-
lysts with K/Fe ratios >5.0 [32]. XPS measurements showed
that the binding energies of Fe2p3/, were ~711 eV for the Kt—
FeO,/SBA-15 catalysts with and without boron modification,
suggesting that iron was in a Fe(IIl) state in these samples.
The binding energies of Bls were observed at ~193 eV for
the B-K™-Fe0,/SBA-15 (K/Fe = 2.5) catalysts with B/K ra-
tios of 0.5 to 2.0. This value corresponds to that of boron in the
B(III) state.

In previous work [32,33], we clarified that the dispersion
of iron species in SBA-15 or MCM-41 could be enhanced by
KCl, probably through a surface reaction between KCI and the
FeO, clusters, and we proposed that the tetrahedral iron species
thus formed on the surface of SBA-15 was responsible for the
epoxidation of C3Hg by N>O. In the present work, we mainly
investigated the effect of boron modification on the structure of
iron species in KT-FeO,/SBA-15 catalysts with different K/Fe
ratios. As shown in Fig. 8, the FeO,/SBA-15 exhibited a broad
UV-vis absorption band at 255 nm, which can be assigned to
the ligand (0%7) to metal (Fe’1) charge-transfer (LMCT) tran-
sition for small FeO, clusters [32]. The addition of KT into
the FeO,/SBA-15 significantly shifted the LMCT transition to a
shorter-wavelength position, indicating enhanced dispersion of
FeO, species [32,33,37]. In the absence of boron modification,
for the sample with a lower K/Fe ratio (i.e., 0.5), the peak posi-
tion was observed at 238 nm. As the K/Fe ratio rose to 2.5 and
then to 5.0, the absorption pattern changed; two overlapping
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Fig. 9. UV-Raman spectra. (A): (a) SBA-15; (b) FeO,/SBA-15; (c), (d),
and (e) KT—FeO,/SBA-15 with K/Fe ratios of 2.5, 7.5, and 10, respec-
tively; (f) K¥-SBA-15 (K/Si = 0.02). (B): (a), (c), and (¢) K*—FeO,/SBA-15
with K/Fe ratios of 2.5, 7.5, and 10, respectively; (b), (d), and (f) B-K*—
FeO,/SBA-15 (B/K = 0.5) with K/Fe ratios of 2.5, 7.5, and 10, respectively.

bands at 227 and 245 nm were observed. It has been reported
that the isolated tetrahedral Fe3™ site in the framework of MFI
zeolite provides two absorption bands at 215 and 241 nm [49].
For the Fe3* (d°) in tetrahedral coordination with oxygen, the
high-spin e2t23 configuration is favored over the e4t21, because
the crystal field is not strong enough to cause spin-pairing. This
leads to the appearance of two bands ascribed to 1 — #, and
t; — e transitions [49]. Thus, the two bands observed for our
present samples at 227 and 245 nm suggest that iron is in tetra-
hedral coordination in these samples. This observation is the
same with those reported for the KCl-FeO,/SBA-15 and KCI-
FeO,/MCM-41 samples [32,33]. As the K/Fe ratio rose to 7.5
and then to 10, the absorption pattern changed again and be-
came quite similar to that for the sample with a K/Fe ratio
of 0.5, showing a single broad band at 238 nm. This may imply
a change in the coordination structure of iron. After the modi-
fication by boron (Fig. 8B), the UV-vis spectra for the samples
with K/Fe ratios of 0-5.0 did not change significantly. However,
for the samples with K/Fe ratios of 7.5 and 10, after the modifi-
cation by boron, the absorption pattern changed from the single
broad band centered at 238 nm to the dual overlapped bands at
227-229 and 245 nm.

UV-Raman spectra for the K*—FeO,/SBA-15 samples with
and without boron modification are shown in Fig. 9. SBA-15
alone only showed very weak Raman bands at ~810 and
~980 cm™! (Fig. 9A, curve a), assignable to the asymmet-
rical stretching vibrations of =Si—OH in the defect sites of
SBA-15 [32]. The modification of SBA-15 alone by boron
did not change the Raman spectrum significantly. For the
FeO,/SBA-15 (Fig. 9A, curve b), weak and broad bands at 1066
and 1137 cm~! were observed, and these two bands may be as-
cribed to the finely dispersed FeO, clusters in SBA-15. The
modification of the FeO,/SBA-15 by K™ with a K/Fe ratio
of 2.5 caused the appearance of a distinct Raman band at
1000 cm™! (Fig. 9A, curve c). This band was not observed
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Fig. 10. Hy-TPR profiles of Kt—FeO,/SBA-15 samples with different K/Fe
ratios in the absence (A) and the presence (B) of boron (B/K = 0.5).

for the KT—SBA-15 without iron (Fig. 9A, curve f). The Ra-
man band at 1000 cm~! also was observed for the KCl-
FeO,/SBA-15 catalyst; in previous work, based on a detailed
XANES study, we proposed that this band corresponded to the
surface tetrahedral iron species [32]. Further increases in K/Fe
ratios to 7.5 and 10 in the absence of boron shifted the Raman
bands to 1013 and 1015 cm™!, respectively (Fig. 9A, curves d
and e). This likely suggests the variation of iron coordination at
higher K/Fe ratios. Interestingly, the modification of the sam-
ples with K/Fe ratios of 7.5 and 10 by boron (B/K = 0.5) could
shift the Raman band again to 1000 cm™! (Fig. 9B, curves d
and f). On the other hand, for the sample with a K/Fe ratio
of 2.5, the modification by boron did not significantly change
the center position of the band at 1000 cm™".

We also performed EPR studies at 100 K for the K-
FeO,/SBA-15 samples in the absence and presence of boron
modification. Three signals at g = 2.0, 4.3, and 6.0 were ob-
served (Supplementary material, Fig. S2). The assignments of
these EPR signals are quite complex [50,51]. The signals at
g =4.3 and 6.0 are generally assigned to isolated Fe’* sites
in strong rhombic or axial distortion, whereas that at g =2.0
may arise either from isolated Fe’T in high symmetry or from
FeO, clusters [50,51]. In our case, the FeO,/SBA-15 showed
weak and broad signals, possibly due to the strong spin—spin
interaction or pairing between Fe>T ions in FeO, nanoclusters.
The intensity of EPR signals increased significantly after modi-
fication by K, suggesting enhanced dispersion of iron species.
The increase in the K/Fe ratio to 5.0 decreased the intensity
slightly; however, we found no significant differences between
the samples with and without boron modification.

H,-TPR is also a powerful technique for the characterization
of iron structure, because iron species with different structures
have different reducibilities [49]. Fig. 10 shows the H,-TPR
profiles for the KT—FeO,/SBA-15 samples with and without
boron modification. In the temperature region that we investi-
gated, the FeO,/SBA-15 exhibited a single reduction peak at
664 K, and the quantitative calculation revealed that this peak
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Fig. 11. NH3-TPD profiles. (a) SBA-15, (b) FeO,/SBA-15, (c) Kt-
FeO,/SBA-15 (K/Fe = 2.5), (d) KT—FeO,/SBA-15 (K/Fe = 5.0), (e) B—
Kt-FeO,/SBA-15 (K/Fe = 2.5, B/K = 0.5), (f) B-K+—Fe0,/SBA-15
(K/Fe = 5.0, B/K = 0.5), (g) B-KT—FeO,/SBA-15 (K/Fe = 2.5, B/K = 2.0),
(h) B-KT—Fe0,/SBA-15 (K/Fe = 5.0, B/K = 2.0).

corresponded to the reduction of Fe>T to Fe?T. The peak shifted
significantly to a higher temperature after the addition of K™ to
the FeO,/SBA-15. It is reported that the reduction of the iso-
lated Fe3* in tetrahedral coordination requires a significantly
higher temperature than that of the FeO, clusters [49,52]. For
example, the reduction of Fe37 in the framework of MFI ze-
olite occurred at >900 K, whereas the reduction of the extra-
framework FeO, species occurred at <700 K [49,52]. Thus,
the present H>-TPR results also indicate enhanced dispersion
of Fe species due to the interaction with K. The peak tem-
perature increased from 664 to 918 K as the K/Fe ratio rose
from O to 2.5 (Fig. 10A). However, further increases in K/Fe ra-
tios to0 5.0, 7.5, and 10 decreased the peak temperatures to 883,
872, and 863 K, respectively. This likely suggests the reaggre-
gation of iron species to some extent at higher K/Fe ratios. For
the FeO,/SBA-15 without K™, the modification by boron did
not significantly change the peak temperature for the reduction
of Fe3* to Fe?* (Fig. 10B). However, for the samples with K+,
the modification by boron (B/K = 0.5) shifted the reduction
peak to a higher temperature. Such a shift was more significant
at K/Fe ratios >5.0. Therefore, the presence of boron must have
increased the dispersion of iron species in the sample modified
by K+ especially with a higher K/Fe ratio.

3.2.3. Acidity and basicity

The modification by K* or boron can be expected to
affect the acidic and basic properties of catalysts. Fig. 11
shows the NH3-TPD profiles for SBA-15, FeO,/SBA-15, K-
FeO,/SBA-15, and B-K™—FeO,/SBA-15 samples. No desorp-
tion of NH3 was observed over SBA-15 (curve a), in agree-
ment with the fact that SBA-15 does not have acidic sites.
Two overlapped NH3 desorption peaks at ~630 and ~770 K
were observed over the FeO,/SBA-15 sample (curve b); these



260 S. Yang et al. / Journal of Catalysis 254 (2008) 251-262

(@

mw(\f)\

I VA N )
=
=
z
g

= d

©

W

@)

N A e

400 600 800

Temperature (K)

Fig. 12. CO,-TPD profiles. (a) SBA-15, (b) FeO,/SBA-15, (c) KT—
FeO,/SBA-15 (K/Fe = 2.5), (d) KT-FeO,/SBA-15 (K/Fe = 5.0), (e) B-
Kt—FeO,/SBA-15 (K/Fe = 2.5, B/K = 0.1), (f) B-KT-FeO,/SBA-15
(K/Fe = 2.5, B/K = 0.5), (g) B-KT—-Fe0,/SBA-15 (K/Fe = 5.0, B/K = 0.5).

two peaks were assignable to the desorptions of NH3 from the
Lewis and Brgnsted acid sites, respectively [32,53]. We specu-
late that the Lewis acid sites probably correspond to the FeOy,
clusters, whereas the Brgnsted acid sites may stem from the dis-
turbed —OH due to the strong interaction of a part of iron with
the Si—OH [32]. After modification by KT, the two peaks al-
most disappeared (curves ¢ and d). At the same time, a weak
peak at ~500 K was observed, and this peak should arise from
weaker Lewis acid sites. This confirms that K™ ions play sig-
nificant roles in diminishing catalyst acidity. However, the peak
at ~500 K became stronger as the K/Fe ratio rose from 2.5
to 5.0 (from curves ¢ to d). Thus, K* ions also might function
as weak Lewis acid sites. It is of interest to note that the fur-
ther modification by boron with a proper B/K ratio can further
weaken catalyst acidity. The peak at ~500 K ascribed to the
weak Lewis acid sites almost vanished for the catalysts with a
B/K ratio of 0.5 (curves e and f). This observation also demon-
strates the interaction between boron species and K™ in these
catalysts. An increase in the B/K ratio to 2.0 caused the ap-
pearance of a new NH3 desorption peak at ~475 K (curves g
and h), possibly due to the Lewis acid property of the excess
boron species.

Fig. 12 shows the CO,-TPD profiles. SBA-15 and FeO,/
SBA-15 showed no CO; desorption peaks below 873 K
(curves a and b), suggesting that there were no basic sites on
these samples. After the modification of the FeO,/SBA-15 by
KT with a K/Fe ratio of 2.5, two CO, desorption peaks were
observed at 362 and ~450 K (curve c), indicating the appear-
ance of two types of basic sites. The increase in the K/Fe ratio
to 5.0 shifted the two peaks slightly to 348 and 463 K, and the
intensity of the lower-temperature peak increased significantly
(curve d). The addition of boron into the K*—FeO,/SBA-15

(K/Fe = 2.5) markedly changed the CO,-TPD profile. At a low
B/K ratio of 0.1, only one broad peak at ~378 K was observed
(curve e). As the B/K ratio rose to 0.5, almost no CO; desorp-
tion could be observed over the sample with a K/Fe ratio of 2.5
(curve f). For the sample with a K/Fe ratio of 5.0, a weak and
broad CO, desorption peak at ~360 K remained after the mod-
ification by boron with a B/K ratio of 0.5 (curve g).

4. Discussion

We found that boron was an efficient promoter for improving
the catalytic performance of some halogen-free AMI-modified
FeO,/SBA-15 catalysts for the epoxidation of C3Hg by N7O.
The promoting effect of boron was not significant for the Li*-
and Nat-modified FeO,/SBA-15 catalysts, but the presence of
boron could markedly enhance PO selectivity and C3Hg con-
version for the KT-, Rb*-, and CsT-modified catalysts with
an AMI/Fe ratio of 2.5 (Table 2). The B- and K*-doubly pro-
moted catalyst exhibited better catalytic performance for PO
formation. For the KT—FeO,/SBA-15 series of catalysts, the
promoting effect of boron became evident at K/Fe ratios >2.5
(Table 3). Over a B-K™—FeO,/SBA-15 catalyst with a K/Fe ra-
tio of 2.5 and a B/K ratio of 0.5, PO selectivities of 79, 68,
and 55% could be obtained at C3Hg conversions of 4.8% at
623 K, 8.9% at 648 K, and 13% at 673 K. These values exceed
those reported previously for the KCI-modified FeO,/SBA-15
catalyst [32].

Our characterizations using XRD, N; physisorption, and
TEM clearly revealed that the ordered mesoporous structure
of SBA-15 was partially or completely destroyed for the K-
modified FeO,/SBA-15 catalysts with K/Fe ratios >5.0. The
presence of boron in these catalysts could sustain the ordered
mesoporous structure (Figs. 6 and 7). Similar observations were
observed for the Rb™- and Cs*-modified samples. The results
obtained from UV-vis, UV-Raman, and H,-TPR suggested that
the modification of the FeO,/SBA-15 by K+ with a proper K/Fe
ratio could enhance the dispersion of FeO, clusters, probably
forming tetrahedral Fe3* species on SBA-15. A similar con-
clusion was also obtained for the KCI-FeO,/SBA-15 [32] and
Rb;S0O4—FeO,/Si0; [37] catalysts reported previously. In our
present work using KAc as a precursor of KT, the character-
izations indicated the occurrence of changes in iron structure
accompanying with the collapse of mesoporous structure of
SBA-15 at higher K/Fe ratios. The characterization results al-
low us to speculate that the collapse of the ordered mesoporous
structure due to the strong interaction between K™ and the sil-
ica framework of SBA-15 may have caused the reaggregation
of iron species attached on the surface of SBA-15. The charac-
terizations also imply that the modification by boron sustained
the high dispersion of iron species by maintaining the ordered
mesoporous structure even for the catalysts with higher K/Fe ra-
tios. Thus, boron may suppress the strong interaction between
K™ ions and the silica framework and thereby maintain the
ordered mesoporous structure and the high dispersion of iron
species.

As we reported previously [33], the use of Cab-O-Sil (a non-
porous fumed silica) instead of SBA-15 resulted in significantly
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Table 5
Catalytic conversion of propylene oxide by N,O?

Catalyst® T Conv.  Selectivity® (%)
®)y (B pA  AA ACR AC COy
SBA-15 623 11 34 64 0.6 2.1 Trace
FeO,/SBA-15 623 100 26 1.8 22 10 22
K+7FeOX/SBA-15 623 11 12 9.8 8.1 47 16
648 39 2.8 3.6 3.7 31 57
673 72 1.0 1.7 1.9 26 68
B-Kt-FeO,/SBA-15 623 98 12 10 11 45 14
648 25 7.2 104 43 35 41

673 40 45 98 33 26 55

4 Reaction conditions: P(PO) = 0.084 kPa, P(Ar) = 8.4 kPa, P(N,0) =
25.3 kPa, He was used as a balance, W (catalyst) = 0.05 g, F = 60 ml min~1!.

b Fe content = 1 wt%, K/Fe = 2.5, B/K = 0.5.

¢ PA = propionaldehyde, AA = allyl alcohol, ACR = acrolein, AC = ace-
tone. Others products include acetaldehyde and small amounts of methane,
ethane, ethylene and propylene.

lower C3Hg conversion and PO selectivity. We believe that the
main role of SBA-15 is to maintain the high dispersion of iron
species on its surface. The combination of the catalytic results
and the structural information described above suggests that the
higher dispersion of iron species plays a pivotal role in obtain-
ing both higher PO selectivity and higher C3Hg conversion.
Analyzing the catalytic performance of all of the catalysts in-
vestigated in this work allows us to speculate that K+, Rb™,
and Cs™ ions are essentially better modifiers than Na* and
Li™" ions for PO formation. It is likely that KT, Rb™, and Cs™
ions interact more effectively with the FeO, clusters to gener-
ate the highly dispersed iron species; however, these ions also
may cause partial or complete collapse of the ordered meso-
porous structure and reaggregation of iron species, resulting
in a significant decrease in PO selectivity and C3Hg conver-
sion along with a simultaneous increase in CO, selectivity. The
presence of boron maintains the ordered mesoporous structure
and the high dispersion of iron species, thereby enhancing both
PO selectivity and C3Hg conversion. On the other hand, Li™ or
Na™ ions with even higher content exerted no significant effect
on the ordered mesoporous structure. The further modification
of Li*- or Na™-promoted catalysts by boron may not affect the
dispersion of iron species and thus can not significantly change
the catalytic performance.

The present work also revealed that boron exerts significant
effects on the acidity and basicity of catalysts. Although the
presence of KT markedly decreased the acidity due to iron
species, weak Lewis acidity remained. The modification by
boron with a proper B/K ratio could further diminish such weak
Lewis acidity. The basic sites arising from K ions also were
decreased by boron modification. Neutralization of the catalyst
surface is also believed to contribute to the increased PO selec-
tivity by inhibiting the acid- or base-catalyzed conversions of
PO [54]. To clarify this point, we performed catalytic conver-
sion of PO in the presence of N>O. As shown in Table 5, PO
conversion over the FeO,/SBA-15 was 100% at 623 K. The
addition of K™ into the FeO,/SBA-15 catalyst (K/Fe = 2.5)
markedly decreased the PO conversion. A further modification
of the Kt—FeO,/SBA-15 catalyst by boron (B/K = 0.5) caused

a further decrease in PO conversion. Moreover, such a decrease
became more significant at a higher temperature. Therefore,
boron also should play a significant role in suppressing the con-
secutive conversion of PO during C3Hg epoxidation, probably
by diminishing either the acidity or the basicity on catalyst sur-
face. This also can explain the result shown in Fig. 2 that com-
pared with the KT-FeO,/SBA-15, the B-K™-FeO,/SBA-15
catalyst can sustain a significantly higher PO selectivity at a
higher temperature.

Our findings demonstrate that interactions between the
boron species and K+, Rb*, or Cs* ion are crucial for sustain-
ing the ordered mesoporous structure and thereby maintaining
a high dispersion of iron species. This interaction also may be
the key point for modifying the acidic and basic properties of
catalysts. Other acidic modifiers may play similar roles. Actu-
ally, phosphorus also enhanced PO selectivity, as shown in Ta-
ble 1. However, after modification of the K*—FeO,/SBA-15 by
phosphorus, C3Hg conversion decreased. The modification by
sulfur, a stronger acidic modifier, significantly decreased both
C3Hg conversion and PO selectivity (Table 1). Further stud-
ies involving changing the P/K or S/K ratio could not improve
the catalytic performances (Supplementary material, Table S1).
We clarified that the modification by phosphorus could not im-
prove the ordered mesoporous structure of SBA-15, possibly
leading to its poorer modifying effect compared with boron.
On the other hand, the presence of sulfur did significantly
improve the regularity of the ordered mesoporous structure
for KT—FeO,/SBA-15 (K/Fe = 5.0) (Supplementary material,
Fig. S3). High-angle XRD measurements showed the forma-
tion of K>SOy crystallites in this case (Supplementary material,
Fig. S4), demonstrating a very strong interaction between sulfur
and K™ occurring after the modification by sulfur. This overly
strong interaction could have weakened the interaction between
K™ and the iron species, leading to the decreased catalytic per-
formance. In contrast, with boron modification, we found no
formation of potassium borate. We speculate that there exist
proper interactions among boron, potassium, and iron species
that result in high PO formation activity. Moreover, boron might
have the capability of improving the electrophilicity of the oxy-
gen species derived from N>O because of its electron-deficient
nature.

5. Conclusion

Boron was found to be an efficient promoter for improving
the catalytic performances of halogen-free K*-, Rb™-, or Cs*-
modified FeO,/SBA-15 catalysts for propylene epoxidation by
nitrous oxide. The presence of boron significantly enhanced the
selectivity to PO and decrease that to CO,. The modification
by boron also increased propylene conversion. For the KT—
FeO,/SBA-15 series of catalysts, the promoting effect of boron
became evident at K/Fe ratios >2.5. The B- and K*—doubly
promoted catalyst exhibited the best PO formation activity, and
PO selectivity of 79% and 68% could be obtained at propy-
lene conversions of 4.8% at 623 K and 8.9% at 648 K. K™ ions
enhanced the dispersion of FeO, clusters, forming a tetrahedral
iron species on the surface of SBA-15 responsible for propylene
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epoxidation by nitrous oxide. However, K™ ions also could re-
act with the silica framework of SBA-15 and lead to the partial
or complete collapse of the ordered mesoporous structure. The
reaggregation of iron species likely occurred, accompanied by
the collapse of the ordered mesoporous structure. The presence
of boron could sustain the ordered mesoporous structure and
thereby maintain the high dispersion of iron species. The mod-
ification by boron also played a significant role in preventing
PO from further conversion by neutralizing the catalyst surface.
The proper interactions among boron, potassium ion, and iron
species are proposed to be crucial in obtaining high PO forma-
tion activity.
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