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Molybdovanadylphosphoric acid (HPMV) was supported on a carbon nitride-modified SBA-15 (CN-SBA-15)
molecular sieve to enhance its catalytic performance for oxidation of methacrolein (MAL) to methacrylic
acid (MAA). HPMV/CN-SBA exhibited increased catalytic activity (20%) and five times greater MAA
selectivity (98.9%) compared to bulk HPMV. HPMV supported on CN-SBA-15 exhibited much better
catalytic performance as compared to that on other supports, such as KIT-6, HY zeolite, TiO,, Al,Os,
SiO,, CNTs, and NH3z-modified CNTs. The supported HPMV was well characterized by FT-IR, XRD, SEM,
N> physical desorption, TG-DTA, NH3-TPD, CO,-TPD, XPS, and solid-state NMR. The CN minimized the
interaction between the silica support and HPMV. HPMV was successfully separated from SBA-15, which

was restricted by CN to increase stability and prevent interaction between the catalysts and support that
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Introduction

As an important intermediate chemical, methacrylic acid (MAA)
is produced at a scale of 2.5-3 billion kilograms per year, and is
used for producing methyl methacrylate, functional polymers,
and coatings." Approximately half of the MAA is produced via
the acetone cyanohydrin (ACH) process, which necessitates the
use of toxic HCN and corrosive H,SO,, and generates significant
amounts of NH,HSO, as solid waste.” The toxic chemistry and
byproduct disposal issues associated with the ACH process have
resulted in new factories being prohibited in many developed
and developing countries. Oxidation of methacrolein (MAL) to
MAA over heteropolyacid catalysts, such as molybdophosphoric
or molybdovanadylphosphoric compounds (H,PMo0;;VOy,
HPMV), is a compelling alternative for the green production of
MAA.>* However, the low surface area of these heteropoly acid
(HPA) materials remains a primary constraint in terms of
catalytic efficiency.

A suitable approach to address the low surface area issue is
to load the HPA on a porous support,® such as porous SiO,,
zeolites, activated carbon, polymers, and metal oxides.®*® Of
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stable supported HPA catalysts for oxidation reactions.

these, silica is considered a good option due to its thermal
stability under high-temperature reaction conditions in
conjunction with its low cost. Legagneux et al. supported
H,SiW;,0,40 and H;PW,;,0,4, on porous SiO, using maceration,
and both HPAs reacted with the silica support to give [=
SiOH,],H,; ,SiW;,040 and [=SiOH,];PW;,0,,, respectively,
which led to partial decomposition of the Keggin structure upon
heating.® Kanno et al. supported HPMV on SiO, for oxidation of
MAL to MAA; however, the supported HPAV decomposed to
MoO; during the reaction."* To surmount the decomposition
problem, they instead loaded HPMV onto NH;-modified SiO,.
The modified catalyst exhibited better catalytic performance
with MAL conversion and MAA selectivity at 9% and 89%,
respectively.” However, the NH;-modification of SiO, was per-
formed at 900 °C, which is not suitable for scaling up of the
reaction. Despite the improved performance, the supported
catalysts continued to display poor thermal stability under the
reaction conditions, and MAL conversion remained too low. It
has been reported that the substandard thermal stability orig-
inates from the reaction between the H,PMo0,,VO,, catalyst and
the silica support, whereby silicon atoms replace the central
atom of the HPA structure."”

Consequently, modifications to the silica surface so as to
enhance thermal stability and improve the catalytic perfor-
mance of the supported HPA catalyst are still required. One
potential support modifier is carbon nitride (CN). Incorporating
nitrogen atoms into a carbon nanostructure has been shown to
enhance the conductive, mechanical, field-emission, and
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energy-storage properties of carbon materials."”®>* More
importantly, the carbon nitride surface possesses high levels of
amino groups,® and adding NH; to heteropolyacid catalysts has
been previously reported to improve its performance for selec-
tive oxidation reactions.*” The potential then exists to use CN as
a barrier to HPA degradation when it is supported on silica
while concurrently promoting HPA catalytic performance via
NH; inclusion into the structure.

In the work presented here, the prospect of using CN as
a favourable modifier for silica-supported HPA catalysts was
examined. HPMV was loaded onto a CN-modified SBA-15
support and assessed as a catalyst for oxidizing MAL to MAA.
The CN loading, synthesis conditions, and preparation time of
the catalysts were optimized.

Results and discussion

Catalyst characteristics

FTIR. FTIR spectra of neat SBA-15, neat CN, CN-SBA, neat
calcined HPAV, and 2HPMV/CN-SBA are shown in Fig. 1. The
typical vibrational bands for silica are at 3436, 1086, and
807.6 cm™ ', which can be assigned to vs.(0-H), vs.(Si-O-Si), and
vs.(Si-0), respectively.®* A series of vibrational bands seen at
1237-1578 ecm ' correspond to aromatic C-N and aromatic
carbon rings.*® The vibrational band of N-H in amino groups is
shown at 3259 cm ™' * suggesting the existence of amino groups
in C3N,. The composite CN-SBA spectrum exhibits proponents
of both the neat SBA-15 and neat CN spectra, indicating that
C;N, was successfully loaded onto the silica support. Four
vibrational bands occur at 1065, 960, 865, and 802 cm ™! in the
spectrum of HPMV, which can be assigned to vs.(P-O), vs.(Mo=
Og4), vs.(Mo-O,-Mo), and vs.(Mo-O.-Mo), respectively, and
these are the characteristic vibration bands of the Keggin
structure.® The vibrational band at 1036 cm ™" can be assigned
to vs.(V-0) in VO**, which was formed from the migration of V
atoms in the Keggin structure to the secondary structure during
calcinations.?
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Fig. 1 FT-IR spectra of SBA-15, CN, CN-SBA, calcined HPMV, and
2HPMV/CN-SBA.
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The four vibrational bands that are characteristic of
a Keggin structure also emerged in the 2HPMV/CN-SBA
spectrum. When compared with neat HPMV (Fig. S17), the
vs.(Mo=0d) of xHPMV/CN-SBA shows a shift from 961 to
960 cm ™, vs.(Mo-Op-Mo) has shifted from 874 to 865 cm ™ *,
and vs.(Mo-O.~Mo) has shifted from 780 to 801.9 cm*,
while vs.(P-O) remains unchanged. The shifts suggest that
there has been an interaction between the HPAV and amino
groups on the CN-SBA support, and it also suggests that
HPMV was successfully supported on CN-SBA. A new vibra-
tional band emerged at 1413 cm ™', which can be assigned to
vs.(N-H) in NH,".** The band indicates that HPMV reacted
with the amino groups on the CN-SBA surface to form HPA
ammonium salt.

Fig. S5-S91 shows the FTIR spectra of the HPMV, non-
calcined catalysts, calcined catalysts, and used catalysts with
different HPMV loadings, as well as catalysts prepared at
different temperatures with different synthesis time. Apart
from the V-O vibrational bands in VO*>' appearing in the
calcined and used HPMV spectra, there is no obvious differ-
ence between the calcined HPMV spectrum and the non-
calcined HPMV or used HPMV spectra (Fig. S1f). The
spectra of the as-prepared HPMV/CN-SBA exhibited charac-
teristic Keggin structure (1060, 960, 870, and 796 cm ™ '), silica
(1086 and 465 cm™ '), and CN (1460 and 1412 cm ') vibra-
tional bands, which also indicated that HPMV was success-
fully loaded onto CN-SBA (Fig. 1, S5-S97).

After calcination, a new band emerged at 1036 cm ™' that was
assigned to the V-0 vibration band. Disappearance of the band
at 1460 cm~ ' may have occurred from the reaction between
HPMV and amino groups during calcinations (Fig. S61). After
increasing the HPMV loading to n = 3 (75 wt%), the Mo-O
vibrational band at 595 cm ™", belonging to MoOj3, appears in
the calcined and used catalyst spectra (Fig. S5-S71). Appearance
of the Mo-O vibration suggests that if excessive HPMV loading
occurs, catalyst decomposition may be promoted. The prepa-
ration temperature and synthesis time have little influence on
the structure of the supported catalysts (Fig. S8 and S97) over
the range considered.

X-ray diffraction. XRD patterns of SBA-15, CN, CN-SBA,
HPMV, and 2HPMV/CN are provided in Fig. 2. Only a broad
diffraction peak at 22.5° was observed for the SBA-15 XRD
patterns, which indicated an amorphous silica presence. In
the case of neat CN, a strong diffraction is present at 27°,
which depicts a 0.323 nm lattice spacing and can be attrib-
uted to the interlayer distance between the carbon nitride
sheets (i.e., resembling the 002 reflection of graphite).” A
broad diffraction peak at 12° can be ascribed to the intralayer
periodicity in C3N,. The two reflections also emerge in the CN-
SBA pattern, illustrating the successful modification of SBA-
15 by C;N,.

Typical HPA patterns with a Keggin structure are a feature of
the neat HPMV sample, which can be associated with a triclinic
crystal phase.*> When HPMV was loaded on CN-SBA, two HPMV
crystal forms are evident in the 2HPMV/CN-SBA patterns, cubic
and triclinic. The overlaying crystal spectra potentially reflect
(NH,4),H;_PMo0,,VO,, (cubic crystal, 26 = 10.6°, 15.0°, 19.3°,

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 XRD patterns of SBA-15, CN-SBA, CsN,, calcined HPMV, and
2HPMV/CN-SBA. Quadrangular star = (NH,4),H4_xPMo01;VO40; arrow =
amorphous silica; & = HPMV; ¥ = C3Ny.

21.4°, 26.3°, 30.5°, and 36.0°) and H,PMo0,,VO,, (triclinic
crystal, 26 = 9.0°, 9.3°, 18.5°, 24.8°, and 28.7°) (Fig. S107).>>*°
The spectrum depicting (NH,),H;_yPMo04,VO,, reveals that
HPMV has reacted with amino groups on the CN-SBA surface.
The diffraction patterns of C;N, also can be observed at 27° for
composite samples.

After calcining, the HPMV patterns have disappeared, with
only (NH,),H, ,PMo0,,VO,, remaining. This suggests that
HPMV continued to react with amino groups during calcina-
tion. However, when the HPMV loading was deficient (e.g.,
0.5HPMV/CN-SBA) or too high (4HPMV/CN-SBA, 5HPMV/CN-
SBA), diffraction patterns representing MoO; and V,0s (25.6°
and 27.3°, 20.5°, Fig. S10bt) appeared for the calcined sup-
ported catalysts. The MoO; and V,Os5 originate from degrada-
tion of the supported HPA during calcination. MoO; diffraction
patterns are also observed in the used 3HPMV/CN-SBA, 4HPMV/
CN-SBA, and 5HPMV/CN-SBA patterns (Fig. S117), which were
generated from the decomposition of HPMV. It appears that if
there is insufficient or excessive HPMV loaded onto the CN-SBA
support, the thermal stability of HPA is diminished, and it
undergoes partial decomposition. MoO; diffraction patterns are

View Article Online
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also observed in the patterns of calcined 2HPMV/CN-SBA
prepared at temperatures of 100 °C or greater and preparation
times of 8 h or longer (Fig. S12 and S137). The crystal diameters
(Table S1f%) calculated by the Scherrer formula show that the
catalyst size decreased after being supported and increased with
the increase in the loading amount. The findings indicate that
an excessive preparation temperature and/or preparation time
also lead to HPA decomposition.

Specific surface area and pore distribution. The N, physical
adsorption isotherms and pore diameter distributions for
SBA-15, CN-SBA, and the supported catalysts are shown in
Fig. S14,1 with values provided in Table 1. The isotherms
reflect typical IV isotherms, indicating that all the materials
are mesoporous. The neat SBA-15 surface area was 1018 m?>
g " and decreased to 499.8 m* g~ ! upon modification with the
CN. There was a small increase in the average pore diameter
(6.6 nm vs. 7.7 nm), while the pore volume decreased
following C;N, addition. The nature of the change in pore
diameter and volume suggests that the decrease in surface
area originated from partial blocking of smaller pores by
C;N,. When HPMV is loaded onto the CN-SBA, the surface
area further decreases to 118 m”> g~' (2HPMV/CN-SBA). With
increased HPMV loading, the surface area of the supported
catalysts decreased (Table 1). A new pore size with a diameter
of 4 nm emerged following HPMV addition to the CN-SBA. The
volume ratio of the smaller (4 nm) pores to the larger
(approximately 7 nm) pores increased with increasing HPMV
(Fig. S15-S197). These findings suggest that the supported
HPMV enters the available pores in the CN-SBA, which results
in a decrease in the surface area and a narrowing of pores.
Relative to bulk HPMV and NHPMYV, the surface area of
HPMV/CN-SBA is considerably larger.

Catalyst morphology. As seen in Fig. 3, the microscopic
morphology of CN-SBA is similar to that of SBA-15 in terms of
the cylindrical SBA-15 assembled beams, which indicates that
the CN does not impact the SBA-15 structure. When loaded
with HPMV, the underlying morphology of the SBA-15 again
remained unchanged, although some additional plate-shaped
particles appeared on the support surface. With increasing
HPMV loading, the amount and size of the plate-shaped
particles increases (Fig. S207). At a HPMV loading of three
and beyond, cubic particles with a diameter greater than
300 nm have appeared at the support corner. This

Table 1 The Brunauer—Emmett-Teller (BET) results of catalysts with different loading amounts

Catalysts Specific surface area/m® g™* Pore volume/cm® g ™" Average pore diameter/nm
HPMV 3.3 0.014 17.8
NH,PMV 2.4 0.008 15.6
SBA-15 1018 1.307 6.6
CN-SBA 499.4 1.019 7.7
0.5HPMV/CN-SBA 165.6 0.40 8.2
1HPMV/CN-SBA 175.2 0.32 7.8
2HPMV/CN-SBA 118.0 0.20 8.1
3HPMV/CN-SBA 66.7 0.11 7.3
4HPMV/CN-SBA 66.4 0.086 5.7
5HPMV/CN-SBA 50.4 0.089 5.9

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 SEM images of CN-SBA and 2HPMV/CN-SBA.

demonstrates that these plate-shaped and cubic particles were
(NH,),H,_,PMo0,,VO,, crystallized on the outer surface of the
support, as confirmed by XRD (Fig. S107).

With increasing HPMV loading, the large plate per cubic
particles firstly appear at the end, on the corners, and in the
cracks of the support. The appearance of the plate per cubic
originates from the HPMV initially entering the pores of the
support and reacting with amino groups on the pore walls
during preparation. With increasing HPMV loading, NHPMV
crystals continued to accumulate in the pores, and eventually
grew out of the pores to form large particles. Pore exits are
absent at the end, corners, and cracks of the support, with the
large particles consequently growing at these points. This may
also account for the decrease in surface area with increased
HPMV loading. Concurrently, HPMV may also react with amino
groups on the outer surface of the support to form the plate-
shaped particles. The BET results and scanning electron
microscopy (SEM) images indicate that excessive HPMV loading
decreases the surface area and is detrimental for the pore
structure of the support.

Thermal stability of the catalysts. Thermal stability is a key
factor that has restricted the application of supported HPA
catalysts. Thermogravimetry-differential thermal analysis (TG-
DTA) was performed to determine the thermal stability of the
supported catalysts (Fig. 4 and S21%). In the case of carbon

34068 | RSC Adv., 2019, 9, 34065-34075
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Fig. 4 TG-DTA curves of CN-SBA, HPMV and 2HPMV/CN-SBA ((a)
CN-SBA; (b). HPMV; (c) 2HPMV/CN-SBA).

nitride-modified SBA-15 (Fig. 5a), three weight loss stages are
apparent upon heating in air. The first stage below 200 °C can
be assigned to the desorption of adsorbed water. The weight
loss between 200 and 500 °C can be attributed to ammonia
desorption.*® At a temperature higher than 500 °C, the weight
loss accounts for CN oxidation (by oxygen).** As seen in Fig. 5b,
the weight of HPMV decreased by approximately 1.2% at 200 °C,
which can be assigned to the loss of adsorbed and crystalline
water.>® By 460 °C, the constitutional water was removed,
resulting in Keggin-type compounds with oxygen vacancies,
which finally decomposed to the oxides as the temperature
reached approximately 640 °C.****

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 XPS spectra of V 2p in 2HPMV/CN-SBA (a) before and (b) after
calcination, and (c) following the reaction.

In the case of 2HPMV/CN-SBA (Fig. 5c), removal of the
constitutional water had occurred at approximately 420 °C,
which was 30 °C lower than bulk HPMV. Subsequently, it
appears that the thermal stability of HPA can be weakened when
it is loaded on a support. The decrease of thermal stability of
supported HPMV may be caused by the decrease in the catalyst
crystal size. The reaction temperature for oxidizing MAL to MAA
is 280 to 350 °C,'0 3173234373943 and therefore, the thermal
stability of HPMV/CN-SBA is sufficient for application in this

This journal is © The Royal Society of Chemistry 2019
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reaction. The temperature decreases with increasing HPMV
loading, at which the supported catalysts completely decom-
posed (Fig. S217). It is apparent that an increased HPMV pres-
ence lowers the thermal stability of the supported catalyst.

Surface oxidation state. The XPS results are provided in
Fig. 5, S22-S27 and Table S1.7 As can be seen in Fig. S22, only
one peak is presented (103.9 eV) in the >°Si 2p spectrum of CN-
SBA, which can be assigned to the silicon species in SBA-15.%
Upon loading HPMV onto the support (Fig. S227), the Si binding
energy shifted to 103.3 eV due to the interaction between HPMV
and the support. Calcination did not alter the Si binding energy,
although a further decrease (to 103.1 eV) was observed after the
reaction. No other silicon species were detected in the three
samples, which suggests that the interaction between HPMV
and C;3N, also caused little change in SBA-15.

There were at least four different nitride species present
within the carbon nitride (Fig. S241). The peak at 400.6 eV can
be attributed to amino groups and is analogous to nitride
species on carbon nitride.”* The other three peaks at 400.0,
399.4, and 398.6 eV can be assigned to nitrogen species in the
form of N-O, C-N, and N-H, respectively.>>*”*® These findings
confirm the existence of carbon nitride and amino groups on
the support surface.

Vanadyl and molybdenum species in the Keggin structure
are the active species for oxidizing MAL to MAA.*” Two distinct
vanadyl species were detected in the XPS profiles of the sup-
ported catalysts, V°* at 517.1 eV and V** at 516.1 eV (Fig. 6).
The ratio of V** in 2HPMV/CN-SBA (45.5%) was higher than that
in HPMV/SBA (33.3%), with the binding energy of both vanadyl
species also being lower for HPMV/SBA (Table S2t). These
findings suggest that the presence of ammonia decreased the
chemical states of the vanadyl species. After calcination, the
ratio of V°* increased from 54.5% to 64.3% due to V** oxidation
by oxygen in the air flow. Following the reaction, the V" had
decreased to 43.5% because it was reduced to V** by the MAL.

HPMV

NH PMV

5HPMV/CN-SBA

4HPMV/CN-SBA

2HPMV/CN-SBA

1HPMV/CN-SBA

SHPMV/CN-SBA

100 200 300 400

Temperature/°’C

500 600

Fig. 6 NH3-TPD curves of neat HPMV, neat NH4,PMV, and HPMV/CN-
SBA after calcination. Catalysts were prepared at 80 °C with 2 h mixing
and were calcined at 360 °C for 12 h.
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Two types of molybdenum species with binding energies of
232.8 and 231.6 eV are presented in Fig. S25,7 which could be
assigned to Mo®" and Mo®", respectively, in the Keggin struc-
ture.”” The Mo>" was almost completely oxidized upon calcina-
tion, and then reappeared during the reaction. The binding
energy of both molybdenum species in 3HPMV/CN-SBA before
and after calcination was lower than that for HPMV/SBA. The
binding energy change indicates that the ammonia reduced the
chemical states of the supported heteropoly compounds, which
was also demonstrated in earlier work.*> The low chemical
states of the vanadyl and molybdenum species are beneficial for
improving the selectivity toward MAA.

NH,-TPD. In Fig. 6, two different acid sites were detected in
HPMV by NH3-TPD. Weak acid sites appear at 114 °C, and
strong acid sites appear at 467 °C. Upon ammonia inclusion,
the acid strength of both types of sites changes slightly, while
the amount of weak acid sites decreased (Table S4f). The
amount of strong acid sites appears to increase with ammonia
inclusion. The increase in peak area of the strong acid sites is
attributed to the decomposition of the NH,PAV, which then
produces NH;. It should be noted that 1 g of NH,PMV contains
0.56 mmol of ammonia, which is much higher than the amount
detected by NH;-TPD, and the actual amount of strong acid sites
should decrease with ammonia addition. A new peak emerges at
577 °C that could potentially be assigned to the ammonia
formed from total decomposition of the catalysts. When HPMV
was supported on C;N,, the strength of the weak acid sites
slightly changed, while the acid amount substantially decreased
due to the addition of ammonia. Both the strength and amount
of strong acid sites of the supported HPA decreased for the same
reasons mentioned above. The peaks that emerged between
500-600 °C can potentially be assigned to ammonia formed
from the total decomposition of the HPA compounds. With an
increase in HPMV loading, the acid strength and amount of
weak acid sites slightly changes, while the acid strength and
amount of strong acid sites significantly increases. With
increasing HPMV loading, increasing numbers protons are
available, which can account for the increased acid strength and
amount of strong acid sites.

P and Si species in the catalysts. To further confirm the
chemical states of SBA-15 and the supported HPA, *'P and *°Si
NMR were performed. Fig. 7 shows that only one chemical shift
appears at —5 ppm in the *'P NMR spectrum of HPMV, which
can be assigned to P atoms in Keggin structure.*” This suggests
that the synthesized HPMYV is pure. Fig. 7 shows that one type of
phosphorus species was detected at —4.5 ppm in HPMV/SBA
before and after calcination and as well as post-reaction,
which can be attributed to the P in the Keggin structure. The
chemical shifts of phosphorus species in HPMV and supported
HPMV are different, which may be due to the interaction
between HPMV and silica. Following reaction, the chemical
shift of P had moved to —5.3 ppm due to catalyst reduction by
MAL and the removal of absorbed and crystalline water. As
detailed in earlier work, a portion of supported HPMV
completely decomposes during calcination and reaction, with
the released P volatilized as P,Os to the air.’” Consequently, no
additional P species are found in the spectra of HPMV/SBA
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Fig. 7 P NMR spectra of (a) HPMV/SBA and (b) 2HPMV/CN-SBA
before and after calcination and reaction.

before and after calcination and reaction. The chemical shift
of P in 3BHPMV/CN-SBA was at —4.5 ppm, which was the same as
that of HPMV/SBA. After calcination and reaction, the main
peak shifted to —5.5 ppm for the same reason detailed above.
An additional peak also emerged at —7.5 ppm, which can be
assigned to P species in a partly decomposed Keggin structure
that had formed during the reaction and remained on the
surface.’” This finding indicates that partially decomposed HPA
may exist on the support during reaction, with the presence of
the partially decomposed species suggesting that HPMV on CN-
SBA is more stable than that on the neat SBA-15.

The HPMV/SBA and HPMV/CN-SBA *°Si NMR spectra are
shown in Fig. 8. Chemical shifts at —110, —102.5, and
—91 ppm can be attributed to the Q4, Q3, and Q2 silicon
species in Si-(0Si),(OH),_,, respectively.*® Qn is the number of
siloxane bonds linking the Si site to the silica framework. The
T2 and T3 (Si-R, R is the organic groups) chemical shifts that
should appear at —67 and —54 ppm are almost invisible. For
CN-SBA, the chemical shifts of Q4, Q3, and Q2 move to —111,
—104, and —90 ppm, respectively, and appear to arise from the

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 2°Si NMR spectra of HPMV/SBA and 2HPMV/CN-SBA before
and after calcination and post-reaction.

influence of carbon nitride on the SBA-15 surface. Carbon
nitride is rich in electrons that result in silicon species
chemically shifting to high field, which also suggests that SBA-
15 was successfully modified by carbon nitride. A new chem-
ical shift at —99 ppm can be assigned to silica species inter-
acting with amino groups. When HPMV is added to the CN-
SBA support, the chemical shift of silicon species in Si-
(0Si),,(OH),_,, results in movement to —109.5 and —102 ppm,
which was the same as that for HPMV/SBA. Disappearance of
the chemical shift at —99 ppm and weakening of the chemical
shift at —90 ppm following calcination may arise from a reac-
tion between HPMV and the amino groups on carbon nitride
that causes a decrease in the electron cloud density and breaks
the interaction between silica and amino groups. The >°Si
NMR results demonstrate that carbon nitride strongly
combined with SBA-15, and HPMV remains segregated from
SBA-15.

Catalytic performance. Catalyst performance in terms of
activity and selectivity are provided in Fig. 9, 10 and S29-S32.7
MAL conversion over neat HPMV was the highest at 34.8% and
290 °C (Fig. 9). Upon loading HPMV onto the CN-SBA support
(0.5HPMV/CN-SBA), MAL conversion was 9.5% at 290 °C, which
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Fig. 9 MAL conversion and MAA selectivity over 0.5HPMV/CN-SBA,
1HPMV/CN-SBA (1), 2HPMV/CN-SBA (2), 3HPMV/CN-SBA (3), 4HPMV/
CN-SBA (4), 5SHPMV/CN-SBA (5), and HPMV, HPMV/SBA-15, NH4PMV,
and NHPMV/SBA at 290 °C. (The volume ratios of MAL, O,, and H,O in
the reactant stream were 4.4 vol%, 11.1 vol%, and 17.8 vol%, respec-
tively, with a balance of Ny).

is much lower than that over HPMV. Increasing HPMV loading
from 0.5 to 5 resulted in an increase in MAL conversion to
24.2%. MAL conversion for the control HPMV/SBA, NH,PMV,
and NHPMV/SBA was 21.4%, 10.8%, and 18.3%, respectively.
Loading the HPMV onto the CN-SBA support more significantly
impacted selectivity toward MAA than activity. The selectivity
increased from 19.1% for the neat HPMV to 65.7% when loaded
onto the support (0.5HPMV/CN-SBA), reaching a maximum of
98.9% for 2HPMV/CN-SBA. At HPMV loading beyond 2, the
selectivity was diminished. Upon addition of ammonium ion to
HPMV, MAA selectivity increased from 19.1% to 72%
(NH,PMV).

When NH,PMV was supported on SBA-15, MAA selectivity
decreased to 56.9%. When the reaction was performed at
310 °C, MAL conversion on the supported catalysts increased
considerably, while MAA selectivity decreased (Fig. S287).
Additionally, at 310 °C, both MAL conversion and MAA
selectivity increased for HPMV and NH,PMV. Similarly, when
the reaction temperature was further increased to 320 °C
(Fig. S301), MAL conversion on all the catalysts increased,
while MAA selectivity on all the catalysts decreased. HPMV
was also successfully supported by KIT-6, HY zeolite, TiO,,
Al,03, SiO,, CNTs, and NH;-modified CNTs. Although HMPV
supported on these supports showed increased catalytic
activity, MAA selectivity over HPMV on these supports was
much lower than that on CN-SBA (Fig. S29%). The results
showed that CN-SBA is the most favourable porous support
for HPMV.

Catalyst preparation temperature and mixing time during
synthesis were also examined, using 2HPMV/CN-SBA with the
conversion and selectivity results at 290 °C shown in Fig. 10,
S29 and S30f. Increasing the preparation temperature
(Fig. 10a) provided a small increase in MAL conversion, while
MAA selectivity was the most optimal (98.9%) at a preparation
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Fig.10 MAL conversion and MAA selectivity at 290 °C for 2HPMV/CN-
SBA prepared at (a) different temperatures and (b) using different
synthesis (mixing) times.

temperature of 80 °C. The most suitable mixing time
synthesis was found to be 2 h (Fig. 10b), with longer times
resulting in poorer catalyst selectivity, in particular.

Discussion

Relative to all the control cases, the HPMV/CN-SBA delivered
a generally better catalytic performance (Fig. 8), either in terms
of conversion or MAA selectivity. Loading HPMV on a silica
support resulted in a decrease in both activity and selectivity
relative to the neat HPMV. The poorer catalytic performance of
HPMV/SBA arose from the decomposition of HPMV into MoOj;
and V,0s, due to interaction between the HPMV and the silica
support 17. The poor selectivity is thought to have originated
from further MAA oxidation on the MoO; and V,05 to other
byproducts.’” Including NH," in the HPMV structure is partic-
ularly beneficial for MAA selectivity, although loading it into the
SBA-15 mildly counteracted the benefit. FT-IR and XRD results
(Fig. S33 and S347) showed that part of the NH,PMV on SBA-15
degraded to MoO; and V,0s5 when supported on the SBA-15.
Consequently, it is apparent that it is necessary to separate
HPMV from silica to minimize their interaction and avoid
partial decomposition of the HPA. For almost all the HPMV
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catalysts supported on CN-SBA, a comparable or higher MAA
selectivity relative to the NH,PMV/SBA was observed. Impor-
tantly, no MoOj; or V,05 was detected for the HPMV/CN-SBA by
any of the characterization techniques, demonstrating that the
CN is crucial for keeping the HPMV from the silica and mini-
mizing HPA decomposition. The CN barrier strategy adopted
here is an effective approach for improving and maintaining
catalyst performance.

From a MAL conversion perspective, the most optimal
performance was exhibited by the neat HPMV because it was
able to process the strongest acidity (Fig. S35 and Table S27).
The oxidation of MAL to MAA on HPAs follows the Van-Marvel
mechanism, whereby strong acidity is positive for MAL
adsorption on the catalyst surface, which then promotes higher
MAL conversion.*® Consequently, MAL conversion on both
NH,PMV and NH,PMV/SBA was lower than that for HPMV due
to their lower acidity levels. When HPMV was loaded onto the
CN-SBA, overall, the acidity decreased compared to the neat
HPMV, although the effect was moderated with increasing
HPMV loading. Interaction of the HPMV with basic amino
groups on the CN-SBA surface effectively lessened HPA acidity,
and in turn, its capacity for MAL conversion. Additional HPMV
acted to partially offset the neutralizing influence of the amino
groups, which appeared to reach (and remain at) a maximum
HPMYV loading of 3. The findings demonstrate that although the
surface area of the supported catalysts was considerably larger
than that for bulk HPAV (Table 1), any beneficial impact on MAL
conversion was overshadowed by the influence of the basic
amino groups on the CN-SBA. These findings demonstrate that
acidity is the key driver that influences MAL conversion, and
while the CN is important for preserving the HPA structure, its
amino groups have a mildly negative impact on catalytic
activity.

The presence of ammonium in the catalyst system resulted
in a significant increase in selectivity towards MAA. Previous
studies showed that ammonia addition decreased the chem-
ical valence of vanadyl and molybdenum species, such that the
oxidation susceptibility decreased. This hampered MAL
conversion on the CN-SBA-supported HPMV, NH,PMV, and
NH,PMV/SBA.** However, restricting oxidation susceptibility
could also prevent deep oxidation of the MAL and increase
MAA selectivity.*>** Here, with the increase in the HPMV
loading, MAA initially increased to reach a maximum for
2HPMV/CN-SBA, after which it began to decrease. As the
HPMYV loading increased, the surface area decreased (Table 1),
although this was eclipsed by a parallel increase in catalyst
acidity (Table S21), while the ammonia content remained
constant.

The low acidity (e.g., 0.5HPMV/CN-SBA) was not positive for
MAL adsorption and MAA desorption, resulting in the observed
low MAL conversion and MAA selectivity. However, when acidity
was too strong (SHPMV/CN-SBA), deep oxidation of the MAA
occurred, which decreased the MAA selectivity while retaining
reasonable MAA conversion. Additionally, if the HPMV loading
was too low or too high, the decomposition of the HPA to MoO;
or V,05 was evident (Fig. S10t). Decomposition of HPMV on CN-
SBA when at a low is envisaged to relate to the small size of

This journal is © The Royal Society of Chemistry 2019
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supported HPA, rendering it unstable at an elevated tempera-
ture. In contrast, it is thought that higher HPMV loadings lead
to direct interaction between the SBA-15 and the HPA,
promoting its partial decomposition. It is suspected that the
SBA-15 surface in not entirely covered with C;N,. When the HPA
is loaded onto CN-SBA, it would preferentially react with and be
immobilized by amino groups on the C;N, surface. However,
when the C;N, surface area became saturated with HPMA at
high loading, excess HPMA was found directly on the silica
surface. The ideal HPMV loading appears to be approximately
66.7 wt% (i.e., 2HPMV/CN-SBA).

Consideration of the catalyst preparation temperature and
synthesis (mixing) time showed that they both influenced the
performance in terms of MAL conversion and MAA selectivity,
with the effect being considerably more pronounced for
selectivity. An optimum synthesis temperature of 80 °C was
observed. Catalysts prepared at a temperature below 80 °C
exhibited smaller crystal size, which was detrimental to
performance. At synthesis temperatures above 80 °C, FTIR and
XRD illustrated the presence of MoOj in the catalysts (Fig. S8
and S12%), indicating that partial thermal decomposition of
the HPMV had occurred, which was responsible for the
diminished performance. In relation to synthesis time,
a shorter stirring time (2 h, Fig. 10b and S32+1) delivered more
optimal catalyst performance. The XRD spectra again showed
an MoO; presence for synthesis times of 4 h or more, high-
lighting a decomposition of the HPMV and explaining the
poorer performance.

Experimental
Catalyst preparation

HPMV was synthesized according to a previously published
procedure described by Kanno et al.** A mixture comprising 5 g
of molybdenum trioxide (Sinopharm Chemical Reagent Co.,
Ltd.) and 0.287 g of vanadic anhydride (Tianjin Guangfu Fine
Chemical Research Institute) in 100 mL of deionized water was
initially heated to reflux. An 85% solution of H;PO, (Sinopharm
Chemical Reagent Co., Ltd.), equal to 0.364 g of acid, was added
dropwise into the turbid liquid. The mixture was vigorously
stirred and refluxed for 5 h, and a deep-orange solution was
formed. The solid was recovered via filtration, and then, the
solution was evaporated at 80 °C to obtain a bright orange
powder. The structure of HPMV was confirmed by FT-IR
(Fig. S11).

SBA-15 was prepared by a process described elsewhere.** In
a typical experiment, P123 (4 g, poly(ethylene glycol)-block-
poly(propylene  glycol)-block-poly(ethylene glycol), Aldrich
Chemical Co.) was dissolved in 125 mL of 1.8 wt% hydrochloric
acid (Sinopharm Chemical Reagent Co. Ltd.) solution at 40 °C.
Tetraethoxysilane (8.16 g, TEOS, Sinopharm Chemical Reagent
Co. Ltd.) was then added dropwise into the solution, which was
hydrolyzed for 24 h at 40 °C. Following hydrolysis, the mixture
was hydrothermally treated at 100 °C for 24 h. The resulting
solid was recovered using filtration, washed with water and
alcohol, and calcined at 550 °C for 6 h. It was characterized by
small angle XRD (Fig. S2+).
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Carbon nitride (CN)-modified SBA-15 (CN-SBA) was
prepared by dissolving 0.8 g of melamine into 30 mL of
deionized water at 80 °C. After the melamine was completely
dissolved, 2 g of SBA-15 was added to the solution with the
mixture vigorously stirring, and the stirring continued for 2 h.
Water was then evaporated from the mixture at 110 °C, and the
solid dried in an oven at 80 °C for 12 h. The dried solid was
calcined in an airtight magnetic boat at a ramp rate of
3 °C min " to 550 °C, where the temperature was held for 3 h.
The amino group content of CN-SBA was 2.2 mmol g~ ', which
was evaluated using CO,-TPD and energy dispersive X-ray
spectroscopy (EDS) (Fig. S3 and S47).

HPMV was loaded onto the CN-SBA using the following
procedure. First, 2 g of HPMV was dissolved in 10 mL of deion-
ized water and added dropwise to 1 g of CN-SBA powder. The
mixture was then stirred at 80 °C for 2 h. The remaining water
was evaporated, and the solid dried in an oven at 80 °C for 12 h.
Catalyst nomenclature is in the form of nHPMV/CN-SBA, where n
denotes the HPMV loading (n = (weight of HPMV, g)/(weight of
CN-SBA, g)). HPMV was also loaded onto neat SBA-15 (nHPMV/
SBA) following the same procedure described above.

As a control to evaluate the HPMV/CN-SBA, NH,H;PMo;+-
VO, (NHPMV) was synthesized by mixing 2 g of HPMV in 10 mL
of deionized water with 0.06 g of NH,ClI (Sinopharm Chemical
Reagent Co., Ltd.) in 10 mL of deionized water and stirring at
80 °C for 2 h. The remaining water was evaporated, and the
resulting yellow solid was dried in an oven at 80 °C for 12 h.

NHPMYV supported on SBA-15 (NHPMV/SBA) was prepared by
dissolving 0.06 g NH,Cl in 10 mL deionized water, and the
solution was added dropwise onto 3 g of dried HPMV/SBA. The
mixture was then stirred at 80 °C for 2 h. Any remaining water
was evaporated, and the recovered yellow solid was dried in an
oven at 80 °C for 12 h.

Following synthesis, all catalysts were calcined at 360 °C in
air at a flow rate of 80 mL min~ " in a pipe furnace (SK-G03123K,
Zhonghuan Co., Ltd., Tianjin).

Catalyst characterization

Fourier transform infrared (FT-IR) spectrograms of the catalysts
were recorded from 4000 to 400 cm ' on a Nicolet 380 FT-IR
spectrometer (Thermal Electron Corporation) with anhydrous
KBr as the standard. The crystal phase of the catalysts was
evaluated by X-ray diffraction (XRD, Bruker D8 Advance X-ray
powder diffractometer) with Cu Ka radiation (A = 0.154 nm)
as the X-ray source. Thermal stability of the samples was
analyzed using a thermogravimetric differential thermal
analyzer (TG/DTA, DTG-60H, Shimadzu, Japan). Approximately
10 mg of the sample was heated from 25 to 700 °C at 5 °C min~"
in an air atmosphere (flow rate 10 mL min"). Catalyst acidity
was determined using NH; temperature-programmed desorp-
tion analysis on a Micromeritics AutoChem II Chemisorption
Analyzer. NH; desorption was recorded over the temperature
range of 50 to 650 °C at a ramp rate of 10 °C min ', Catalyst
morphology was observed using scanning electron microscopy
(SEM, SU8020, Hitachi, Japan). Oxidation states of the catalyst
components were evaluated by X-ray photoelectron spectros-
copy (XPS, Kratos Axis Ultra DLD spectrometer) with
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monochromatic Al Ko radiation as the source. Surface area and
pore structure of the catalysts were analyzed using N, phys-
isorption on a Micromeritics ASAP 2460 (US) via the BET and
Barrett-Joyner-Halenda (BJH) methods, respectively. Prior to
analysis, the samples were pretreated by heating at 200 °C for
4 h under vacuum. Silicon and phosphorus species in the
catalysts were detected by *°Si NMR and *'P NMR [Bruker
Avance III (400M)] analyses at 12 kHz, respectively.

Catalyst performance

Catalyst performance was evaluated at atmospheric pressure
in a 400 mm-long fixed bed reactor with an internal diameter
of 6 mm. Prior to performance assessment, the bulk catalysts
were crushed and screened to a mesh size fraction of 20 to 40.
Next, 0.8 g of the catalyst was loaded into the reactor. Air was
fed through the catalyst bed at a rate of 10 mL min ™", and the
bed temperature was increased to 310 °C. The reactant gas
stream, comprising N, that had passed through a bubbler
containing MAL at 19 °C with water added via an advection
pump, was passed through the catalyst bed at 19 mL min .
The volume percent (vol%) of MAL, O,, and H,O in the reac-
tant stream was 4.4, 11.1, and 17.8, respectively, with the
balance composed of N,. Once the reaction had proceeded for
1 h, the products were analyzed by a gas chromatograph
(7890B, Agilent Technologies Co. Ltd.) with a flame ionization
detector and a DB-FFAP capillary column. The column tank
temperature increased from 40 to 240 °C at a rate of
25 °C min~* and was maintained at 240 °C for 5 min; the
injection temperature was 180 °C. The MAA selectivity was
calculated by the molar amount of MAA being divided by the
converted MAL molar amount (Scheme 1).

MAL conversion was calculated by eqn (1), and selectivity
toward MAA was calculated by eqn (2).

MAL conversion = (1 — F(IMAL)tail)/ (MAL) (1)
MAA selectivity = F(IMAA)/[F(IMAL) x Conversion] (2)

where F(MAL) denotes the initial MAL molar flow rate
(mol min™"), and F(MAL)tail denotes the MAL molar flow rate
after reaction.

Piezometer
Check valve @

[l
N
Circulating water|

MAL bubbler

(0}
Mass flowmeter

Thermocouple

N2 cylinder

/

1030831 paq paxi4

Gas mixer

Tail gas

Air compressor
Products storage tank

Scheme 1 Catalytic process for oxidation of MAL to MAA.
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Conclusions

In this work, modified SBA-15 was used as a support for HPMV
for the oxidation of MAL to MAA. The CN modification offered
twin benefits in terms of improving catalyst performance: (i) it
acted as a barrier to restrict direct interaction between HPMV
and SBA-15, improving HPMV stability; (ii) it furnished the
catalyst support with amino groups, which were advantageous
for MAA selectivity. In the absence of C;N,, HPMV was partially
decomposed to MoO; and V,05 by SBA-15, which was detri-
mental to performance. At an optimum HPMV catalyst formu-
lation of 2HPMV/CN-SBA, the MAA selectivity was improved by
more than five times over neat HPMV. Lower and higher HMPV
loadings resulted in partial decomposition of the HPMV, which
was attributed to smaller less thermally stable HPMV deposits
and excess HPMV spillover onto the SBA-15, respectively.
Synthesis temperature and mixing time were found to be
important for catalyst performance, with the optimized condi-
tions identified to be 80 °C and 2 h stirring, respectively. These
findings reveal a new approach that overcomes selectivity and
stability challenges associated with using supported heteropoly
acids as catalysts for oxidation reactions.
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