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Influence and stability of the surface density of
MoO, on TiO, in deoxydehydration: structure-
activity correlationsy

Joby Sebastian,? Chalachew Mebrahtu @2 and Regina Palkovits @ *2°

Titania supported MoO, catalysts containing varying surface densities of Mo were prepared and well-
characterized to identify the most effective MoO, species for the deoxydehydration (DODH) reaction of
1,4-anhydroerythritol (1,4-AHE), and eventually close the gap between experimental observations and
theoretical predictions. Structure-activity correlations revealed isolated MoO, species to be more active
than oligomeric/polymeric/crystalline MoO, species. Decreasing activity with increasing Mo surface density
proved to be a result of the increase in strong acidity of the catalysts. These acid sites favored side
reactions involving dehydration reaction and ketal formation. Comparative studies with dried and calcined
catalysts showed that calcination moderately improves the selectivity of isolated MoO, species while it
decreases the selectivity of polymerized MoO, species. This was due to the increased Bronsted acidity of
the catalyst, a consequence of calcination. Brgnsted acid sites were not present on isolated MoO, species.
Regarding leaching, the calcination only benefited the isolated species as the leached species were DODH
inactive while for polymerized species, due to their higher loading, the leached species were DODH active.
The use of a merely dried catalyst exposed significant leaching of catalytically active species into the
reaction medium in the early hours of the reaction. Recycle studies with the most active catalyst
demonstrated the stable loading of Mo on TiO,, carbon deposition, and possible acidity regeneration

rsc.li/catalysis during heat treatments.

1. Introduction

Producing fuels and chemicals from renewable lignocellulosic
biomass is an important way to address sustainability in
chemical production, accelerating the transition from a linear
economy to a circular economy, and regulate net CO,
emissions."™ However, the high oxygen content of
lignocellulosic biomass feedstocks such as carbohydrates and
lignin presents a major challenge for selective transformation
to valuable products. Chemical deoxygenation strategies, like
dehydration®® and hydrogenolysis,” '® are the conventional
solutions to this hurdle; however, lately, deoxydehydration
(DODH) has significantly gained attention.""'> DODH
involves the effective removal of two oxygen atoms of a vicinal
diol to a double bond by making use of a sacrificial reducing
agent. The resulting alkene can serve as a platform chemical
for the synthesis of monomers, specialty chemicals, and
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pharmaceuticals. Sugar alcohols, e.g. glycerol, and a variety of
vicinal diols containing aliphatic, alicyclic, and aromatic
substituents can be used as substrates for DODH. Concerning
the sacrificial reducing agent, various alcohols, H,, CO, PPh;,
etc. can be used."

Homogeneous organometallic complexes containing active
centers Re, Mo, and V are most prevalent for DODH, thanks
to their variable oxidation states.' As compared to
homogeneous catalysts, heterogeneous, solid catalysts are
advantageous on the road to industrial implementation. The
first solid catalyst for DODH, a carbon-supported ReO,
catalyst, was reported by the group of Jentoft."*> Later, many
supported ReO, catalysts on various supports such as TiO,,"
Ce0,," "8 7r0,,""?° Al,03,°”*" and zeolites®* ensued. Though
ReO,-based catalysts were highly effective for DODH, they
hold the disadvantage of high price and leaching of Re.” To
circumvent these shortcomings, our group has reported a
Mo-based solid catalyst (MoO,/TiO,) as a cost-effective
alternative to ReO, systems.>*> MoO,/TiO, showed fairly good
activity and stability in DODH of 1,4-anhydroerythritol
(1,4-AHE) to 2,5-dihydrofuran (2,5-DHF) with 3-octanol as a
reducing agent. Polymerized MoO, species owing to the high
loading of Mo (4.9 wt%) on TiO, were identified as the active
species for DODH. Following this, Nicholas et al. compared
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the activities of MoO,. on various supports such as TiO,, ZrO,,
Si0,, AlL,O;, and o-Fe,O; in the DODH of 1,2-decanediol.**
The MoO, coverage on Al,0;, SiO,, and ZrO, was nearly
monolayers and on a-Fe,O; and TiO,, it was multilayers. The
most active catalysts (TOF = 1.2 x 10°* s7') were MoO,/TiO,
and Mo0O,/SiO,, revealing that both oligomeric and polymeric
MoO, species are equally active for DODH. Recently,
Tomishige et al. reported MoO, cluster species in their MoO,-
Au/TiO, (1 wt% of Mo) catalyst to be the active species for the
DODH of 1,4-AHE using H, as the reducing agent.*” In
contrast to these experimental observations, through density
functional theory (DFT) calculations, Fristrup et al. suggested
mononuclear MoO, species to be more active in the DODH of
1,2-propanediol than its next higher homologue, the dinuclear
MoO; species.?® Consistent with this finding, a first principles
calculation on anatase TiO,(101) by Hayden et al also
demonstrated the effectiveness of monomeric MoO, species
for the DODH of 1,4-AHE.?” Their obtained TOF was 4.8 times
higher than that obtained by Nicholas et al.** implying a
higher activity of monomeric MoO, species compared with
oligomeric/polymeric species. According to these reports,
MoO, species of different nuclearities/surface densities
appear to be active for DODH. Theoretical calculations
concluded that mononuclear MoO, species possess superior
activity; however, this hypothesis still requires experimental
validation. Moreover, comparing the activities of MoO,
species of increasing nuclearities starting from monomeric to
oligomeric to polymerized to crystallites appears necessary to
establish solid structure-activity correlations on the most
active MoO, species as a basis of future catalyst design. Along
this line, MoO, catalysts of previous experimental studies
were employed either in the as-synthesized form, where the
active species were proposed to be formed in situ,*® or after
reduction treatment using H,,>* or after calcination in N, or
air.>* The importance of a prior temperature treatment of the
catalyst for its activity and stability is not well understood;
though, this step is pivotal for generating highly active MoO,
species for DODH.

In this study, we report the effect of MoO, surface density
on TiO, for the model DODH reaction of 1,4-AHE using
3-octanol as the reducing agent (Scheme 1). Comprehensive
structure-activity relations allow revealing the most effective
MoO, species for DODH. Therefore, a set of catalysts
possessing increasing surface densities of MoO, on TiO,
ranging from isolated species to highly polymerized/
crystallized MoO, species were prepared and systematically
characterized. Activity comparison of these catalysts was
performed in the kinetic regime to ensure the identification

H H
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o ()

Scheme 1 DODH of 1,4-AHE to 2,5-DHF using 3-octanol as the
reducing agent.
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of the most effective MoO, species for DODH. The
consequences of a calcination step on MoO, species of
different surface densities on catalytic activity and stability
were examined through comparative studies involving dried
catalysts, leaching experiments, and recycle studies.
Correlations were made with regard to the effect of Mo
surface density and catalyst acidity on catalytic activity and
selectivity aiming to identify the critical features of an
optimum Mo-based solid catalyst for DODH.

2. Experimental

2.1. Materials and reagents

AEROXIDE® TiO, P25 and n-dodecane were procured from
Acros Organics. Ammonium molybdate [(NH,),Mo0O,, 99.98%
trace metal basis] and 3-octanol (99%) were obtained from
Sigma Aldrich. 1,4-Anhydroerythritol (>98%) was purchased
from TCI. Ethanol (99.5%) was received from Merck.

2.2. Catalyst synthesis

All the catalysts were prepared by the wetness impregnation
method. A typical synthesis of 3.1 wt% Mo on TiO, is as
follows. First, the TiO, powder was calcined at 500 °C for 4 h
(2 °C min™"). Then, 1 g of calcined TiO, was added to a
solution of 0.0633 g of ammonium molybdate in 20 mL of
deionized water and stirred for 24 h at room temperature. At
the end of the impregnation, the water in the slurry was
removed by rotary evaporation. The solid sample obtained
was then dried at 80 °C under air for 3 days. Finally, the
dried solid sample was calcined in a muffle furnace at 500 °C
for 4 h (2 °C min™") for characterization and activity studies.

Catalysts containing 0.44, 0.88, 1.32, 1.75, and 3.95 wt%
Mo were also prepared following the same procedure as
above but varying the amounts of ammonium molybdate
precursors in the impregnating solution.

2.3. Catalyst characterization

Powder X-ray diffraction patterns of the catalysts were
recorded on a Bruker (D2 Phaser) diffractometer with a
Lynxeye XE-T detector in the 26 range of 10-90° using Cu-Ka
radiation (4 = 0.154184 nm). The elemental composition of
the catalysts was measured by the inductively coupled
plasma-optical emission spectroscopy (ICP-OES) method by
using a SpectroBlue ICP-OES analyzer instrument. An acid
mixture comprised of concentrated H,SO,, HNO;, and HF
was used as the digestion medium for the catalysts. Textural
properties of the catalysts were analyzed using a
Micromeritics ASAP 2060 instrument. The specific surface
areas of the catalysts were calculated by applying the
Brunauer, Emmett and Teller (BET) method. The total
amount of acid sites on the catalysts was quantified by
temperature-programmed desorption of ammonia (NH;-TPD)
using a Micromeritics Autochem 2950 HP chemisorption
analyzer instrument. Ammonia adsorption and desorption on
the thermally activated catalysts (500 °C for 0.5 h) were

This journal is © The Royal Society of Chemistry 2023
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conducted at 80 °C. Pyridine adsorbed Fourier transform
infrared spectroscopy (Py-FTIR) measurements were done on a
Bruker Optics Vertex 70 instrument with a homemade stainless-
steel IR cell furnished with CaF, windows. The catalyst samples
(20 mg) were pressed on top of a KBr pellet and used for the
analysis. Pyridine adsorption was done at 80 ©C. After
equilibration at 80 °C for 30 min and desorption at 150 °C for
30 min, the final spectra containing strongly adsorbed pyridine
were recorded at 80 ©°C wunder vacuum (0.006 mbar).
Thermogravimetric analysis of the catalyst after the reaction was
performed on NETZSCH STA 409 equipment in an air
atmosphere (5 °C min'). Raman analyses of the catalysts under
ambient conditions were performed on a Bruker RFS 100/S
instrument operating at a wavelength of 1064 nm. The spectral
resolution was 4 cm ™' and the number of scans was 700.

2.4. Catalytic reaction

The DODH reactions of 1,4-AHE using 3-octanol as the
sacrificial reducing agent over various catalysts were
conducted in a glass reactor (Ace Druck glass pressure tube,
9 mL capacity). A stock solution containing 1,4-AHE and
3-octanol with a molar ratio of 1:9 (mol: mol) was used for

(Moles of 1,4-AHE before reaction) — (Moles of 1,4-AHE after reaction)
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at 80 °C for 48 h and directly used for the first and second
recycle runs. After the second and third recycle runs, an
additional calcination step (500 °C for 4 h, 2 °C min™") of the
dried catalyst was performed before their consecutive runs.

2.7. Product analysis

Identification of the reaction products was achieved through a
gas chromatography-mass spectrometry (GC-MS) instrument
(Trace 1310 from Thermo Fisher Scientific coupled with an ISQ
single quadrupole MS detector). An Optima 1701 column
having a 60 m length and 0.25 mm internal diameter was used
for the analysis. The injector temperature was set at 250 °C and
the detector temperature at 250 °C. The injection volume was 1
pL. Quantification of the various products was done using a
Trace GC Ultra instrument (Thermo Fisher Scientific) using the
same column (Optima 1701, 60 m, 0.25 mm) and at the same
injector and detector temperatures (250 °C). For the
quantification, dodecane and absolute ethanol were used as
the internal standard and the diluent, respectively. The
conversion and the product yield using the corresponding
response factors of the different product molecules were
calculated by using the following equations:

Conversion (%) =

the activity studies. In a typical catalytic reaction, 0.050 g of
0.5Mo catalyst was placed in the glass reactor followed by
0.900 g of the reactant stock solution. The air inside the tube
was purged with N, and was sealed. The reactor was then
placed inside a pre-heated (200 °C) aluminum block with a
conical well. The stirring (600 rpm) was initiated and the
reaction was conducted for a period of 18 h. At the end of
the reaction time, the tube was taken out of the heating block
and was immediately cooled down by immersing it in an ice
bath. The product mixture was then filtered through a
polyamide filter (pore diameter = 0.20 um) and used for gas
chromatography (GC) analysis.

2.5. Cold and warm filtration tests

The cold filtration test was conducted after 1 h of the
reaction. After the designated reaction time, the reactor was
cooled down to room temperature using a water bath, the
catalyst was separated by centrifugation and the supernatant
was filtered through a polyamide filter (pore diameter = 0.20
pm). The filtrate was then allowed to react for 17 h at 200 °C.

The warm filtration test was conducted after 24 h of the
reaction. Here, the reactor was cooled down to a temperature
of 50 °C and the reaction mixture was directly filtered
through a polyamide filter (pore diameter = 0.20 um). The
filtrate was then allowed to react for 18 h at 200 °C.

2.6. Recycle experiments

The catalyst after the reaction was separated by
centrifugation and washed with absolute ethanol (4 times
with 15 mL of ethanol each time). It was then dried under air

This journal is © The Royal Society of Chemistry 2023

x100%

(Moles of 1,4-AHE before reaction)

(Moles of 2,5-DHF)
(Moles of 1,4-AHE)

Yield of 2,5-DHF (%) = % 100%

For the quantification of ketals, the effective carbon
number method, using the response factor of dodecane, was
adopted.

3. Results and discussion
3.1. Catalyst characterization

A series of catalysts with increasing surface densities of Mo
atoms per nm” surface area of TiO, was designed to derive
isolated, oligomerized, and polymerized MoO; species. This
was accomplished by considering the area occupied by a
single [MoOg] octahedra (22 A)*® and the specific surface area
of the TiO, support (58 m> g'). The lowest surface density

Table 1 Overview of Mo surface density and textural and acidic
properties of the series of Mo-supported TiO, catalysts with increasing
Mo loading

Mo

loading BET surface Actual Mo surface Total acidity

Catalyst (wt%) area (m®g ') density (Mo nm™>) (umol NHj geoi ')
TiO, 0.0 58 0.00 796
0.5Mo 0.4 57 0.48 327
1.0Mo 0.9 56 0.99 310
1.5Mo 1.3 54 1.50 300
2.0Mo 1.8 52 2.10 270
3.5Mo 3.1 55 3.50 251
4.5Mo 4.0 52 4.80 244

Catal Sci. Technol,, 2023, 13,1087-1097 | 1089
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was set at 0.5Mo atoms per nm” and the highest at 4.5Mo
atoms per nm® Table 1 summarizes the Mo loadings and
corresponding Mo surface densities on TiO,. Only a marginal
change in the specific surface area of the catalysts with an
increase in Mo loading was observed, still, it showed a trend
that is decreasing with an increase in Mo loading.

Fig. S1 in the ESIf shows the powder X-ray diffraction
(XRD) patterns of the calcined MoO,/TiO, catalysts. Every
catalyst showed reflections attributable purely to the TiO,
support. No additional reflexes indicative of MoO; crystallites
were observable even at a higher Mo loading of 4.0 wt% (4.8
Mo nm™?) which is very close to the theoretical monolayer
coverage of 4.2 wt%. The XRD analysis suggested highly
dispersed and amorphous MoO, species on TiOy;
nonetheless, the presence of X-ray amorphous MoO;
crystallites of very small size (<4 nm) could not be ruled
out.”

Raman spectroscopy is extensively used to scrutinize the
coordination behavior of Mo—O0O moieties of surface MoO,
species.”®*°* Since TiO, has no dominant Raman features
in the range of 850-1100 ¢m™', bands in this region are
exclusively attributed to the coordination status of the
Mo—O0 moieties. Fig. 1 displays the Raman spectra of the
catalysts in the Mo=O0 stretching region (850-1100 cm™).
For the catalyst containing 0.5Mo nm 2, a recognizable
Mo=0O0 stretching band is observed at 939 cm™. A gradual
shift of the maximum of this band to higher Raman shifts
occurred with increasing surface densities of Mo on TiO,,
and for the 4.5Mo nm™> catalyst, this band possessed the
maximum at 972 cm ' (Fig. S2f provides the Raman
spectrum of the monomeric precursor (NH,),MoO, and the
representative spectrum of the polymeric (NH,)sMo0,0,,
compound. The Mo=—O stretching frequencies of these
compounds appear at 903 c¢cm ' for (NH,),Mo00, and 933
em™ for (NH,;)sMo,0,,. The observed shift in the band
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Fig. 1 Raman spectra of the catalysts containing different surface
densities of MoO,.
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position with an increase in Mo surface density can be
ascribed to an increasing degree of oligomerization of the
MoO, species from isolated species to oligomers and further
to polymerized (2D) species.**® In comparison, MoO,
crystallites (3D-polymerized) exhibited an Mo=0 stretching
band at 996 ecm™" (Fig. 1, inset). A close inspection of the
Raman spectra of 3.5Mo and 4.5Mo catalysts revealed the
presence of a band at 996 cm ™" with very low intensity, which
increased with increasing Mo surface density, suggesting the
presence of XRD amorphous nano MoO; crystallites. For the
remaining catalysts (0.5Mo, 1.0Mo, 1.5Mo, and 2.0Mo), this
finding implied the presence of XRD amorphous
2-dimensional MoO, species on TiO,. In addition, the M—0O
peaks of MoO; crystallites are always accompanied by the
Mo-O-Mo stretching band at around 820 cm™* (Fig. S31%).
Indeed, the 4.5Mo catalyst showed the incidence of this band
with a very low intensity (Fig. S31) indicating the very little
contribution of MoOj; crystallites in it. The 820 cm™" band for
0.5, 1.0, and 1.5Mo was indistinguishable from the TiO,
background validating the absence of MoO, crystallites in
these catalyst compositions. The synthetic approach was
effective in modulating the coordination behavior of MoO,
species on TiO, from isolated species to oligomers to
polymerized (2D) species, and to crystallites, respectively.

The presence of Mo on TiO, can modify the acidic
properties of the final catalyst.*® The variation in the total
acidity of the catalysts with an increase in Mo loading was
monitored and quantified by using temperature-programmed
desorption of NH; (NH3-TPD). The blank TiO, support
possessed the highest total acidity (796 umol NH; gea ). The
addition of 0.4 wt% Mo on the support (0.5Mo) decreased its
acidity to 327 umol NH; gca{l. With a further increase in Mo
loading, a gradual decrease of the total acidity of the catalysts
occurred (Table 1). This observation is in agreement with
previous studies on MoO, supported on TiO,,*>*" Al,0;,*
and ZrO,?® wherein an increase in loading of MoO, caused a
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Fig. 2 NH3z-TPD profiles of the catalysts.
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decrease of the total acidity of the supports. The origin of
this effect presents the coverage of acid sites of TiO, by Mo
surface species during Mo-impregnation, ultimately leading
to the generation of new acid sites, which are less strong
than those found on Ti0O,.>**”

The NH;-TPD profiles of the different catalysts possessed
very broad desorption peaks (Fig. 2). Accordingly, the
desorption peaks with maxima at around 150, 260, and 360
°C are discernible in all TPD profiles characteristic of the co-
existence of acids sites of varying strengths. The desorption
at 150 °C was assigned to weak acid sites (mostly
physisorbed) and desorption at 260 and 360 °C was assigned
to strong acid sites of slightly varying acid strengths. The
relative contribution of these acid sites, especially the strong
acid sites, to the total acidity was then calculated by signal
deconvolution (Fig. S4t). The analysis showed an increase in
the contribution of strong acid sites with increasing surface
density of Mo on TiO, (Fig. 3).

Since NH3-TPD does not allow differentiating Lewis and
Bronsted acid sites, Py-FTIR analysis on the representative
catalysts (TiO,, 0.5Mo, 2.0Mo, and 3.5Mo) was performed
(Fig. 4). The Py-FTIR spectrum of TiO, confirmed the sole
presence of Lewis acid sites (bands at 1445, 1490, 1575, and
1609 cm').>>*® Brgnsted acid sites were also absent on the
0.5Mo catalyst. However, at a higher loading of Mo (2.0Mo
and 3.5Mo), Brensted acid sites started to occur (Fig. 4,
designated bands due to Brgnsted acid sites at 1540 and
1637 ecm™") in the catalysts.’”"! The origin of these Brgnsted
acid sites is the generation of surface Mo®-OH groups
during the impregnation step.””"** Moreover, the intensity of
these bands increased with the increasing surface density of
MoO, on TiO, (I3540/I1445 ratios are 0.11 and 0.33 for 2.0Mo
and 3.5Mo, respectively). Therefore, the increase in the
amount of strong acid sites on the catalysts with an increase
in Mo loading/surface density is attributed to the increase in
the amounts of Brgnsted acid sites.

100

90

) ]_I
40 - — 1 T T T T
0 0.5 1 1.5 2

35 45
Mo surface density (/nm?)

) =3
> >
1 1

Strong acidity (%)
3
1

Fig. 3 The contribution of strong acidity (%) to the total acidity of the
catalysts.
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Fig. 4 Py-FTIR spectra of TiO,, 0.5Mo, 2.0Mo, and 3.5Mo catalysts.
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3.2. Catalytic activity

Fig. 5 shows the correlation of Mo surface densities on TiO,
versus the reaction rates for the desired product 2,5-DHF in

0.8
0.6

0.4 - i
0.2 ] E

Rate (moles of 2,5-DHF/moles of Mo/ h)

0 T T T T T T
0.5 1 1.5 2 3.5 45

Mo surface density on TiO,

Fig. 5 The correlation of the DODH reaction rate versus MoO, surface
density on TiO,. Reaction conditions: 1,4-AHE = 0.6 mmol, 3-octanol
= 6 mmol, Mo = 0.4-0.8 mol% w.r.t 1,4-AHE, T = 200 °C, t = 18 h.
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the kinetic regime (Fig. S5T). The reaction rate decreased with
an increasing Mo surface density on TiO, and followed the
trend: isolated species > oligomers > polymerized species
(2D) > crystallites (3D). This observation unequivocally
verifies the results from literature experimental observations
that all kinds of MoO, species are active for the DODH
reaction, and the predictions from theoretical calculations
that monomeric MoO, species are the most effective as
compared to oligomeric and polymeric MoO, species.***’
The decrease in the reaction rate with an increasing Mo
surface density also correlates to the acidity of the catalysts.
The Brensted acidity of the catalysts increased with an
increasing Mo surface density on TiO, (Fig. 3 and 4). Acidity
appears to promote side reactions including dehydration
reactions and ketal formation from 1,4-AHE and 3-octanone
(a by-product of the reducing agent 3-octanol).>* The amount
of octenes (2 and 3-octenes via dehydration of 3-octanol) and
ketals increased with an increasing surface density of MoO,
on TiO, (Fig. 6). In parallel with the evolving Brensted acidity
of the catalysts, the yield of octenes and ketals increased
(Fig. 6), thereby decreasing the reaction rate of the desired
1,4-AHE DODH to 2,5-DHF.

Next, the role and consequences of a calcination step on
the activity were scrutinized using the dried and calcined
catalysts. The experiments were carried out for the 0.5Mo
and 3.5Mo catalysts to include the role of Mo surface density.
Fig. 7 compares the performances of the dried and calcined
catalysts. Interestingly, for the 0.5Mo catalyst, the calcination
step improved the 1,4- AHE conversion to 2,5-DHF. A modest
increase in the selectivity to 2,5-DHF also occurred.
Nonetheless, an increase in the yields of octenes from <1
mol% to 2.9 mol% after calcination suggested an increasing
acidity of the catalyst. For the 3.5Mo catalyst, though
calcination improved the conversion of 1,4-AHE, the
treatment reduced the selectivity to 2,5-DHF. A substantial
increase in the yield of octenes rising from <1 mol% to 6.6
mol% accentuated a large increase in the acidity of the
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- 50
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©
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L 40

- 30
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Fig. 6 Correlation of the yields of octenes and ketals with the content
of strong acid sites.
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mmol, 3-octanol = 6 mmol, T = 200 °C, t = 18 h.

catalyst after calcination. At a lower surface density of Mo,
where isolated species of MoO, exists, the negative role of
acidity is overpowered by the increase in the selectivity of the
catalyst. However, at higher Mo surface density, the acidity
controls the selectivity of the catalyst. The main advantage of
using a dried catalyst containing a high loading of Mo
appears to circumvent the involvement of acidity in reducing
the selectivity of the reaction.

Thereafter, the stability of MoO, species on the 0.5Mo
catalysts (calcined and dried) during DODH was investigated
through leaching studies. Initially, a cold filtration test after
the first hour of the reaction was performed. A significant
increase in the conversion of 1,4-AHE was observed
(Fig. 8(a)). Though this increase in conversion was only half
as compared to the conversion in the presence of the catalyst,
the test revealed the leaching of Mo during the early stages of
the reaction. Surprisingly, no considerable increase in the
yield of 2,5-DHF was recorded after the cold filtration test
(Fig. 8(b)). The leached Mo species from the 0.5Mo catalyst
do not catalyze the selective conversion of 1,4-AHE to
2,5-DHF. Subsequently, a separate warm filtration test after
24 h of the reaction was performed (Fig. 8(a)). An increase in
the 1,4-AHE conversion with an insignificant increase in the
yield of 2,5-DHF (Fig. 8(b)) further confirmed the non-
selective nature of leached Mo during the reaction.
Afterwards, the same cold filtration test was repeated with
the uncalcined, dried 0.5Mo catalyst. The test showed an
increase in the yield (1.2 mol%) of 2,5-DHF (Fig. S6t). The
use of a merely dried catalyst resulted in leaching of
catalytically active Mo species into the reaction medium
emphasizing the usefulness of calcination for the 0.5Mo
catalyst. This characteristic behavior of leached Mo species
can be correlated to the nature of Mo species existing on the
dried and calcined catalysts. Some Mo species in the
precursor form are expected to be present on the catalyst
after the drying step. The calcination step decomposes the
precursor Mo species to MoO, species. Conditional

This journal is © The Royal Society of Chemistry 2023
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experiments with the precursor (NH,),Mo0O, and MoO;
crystallites were then performed to correlate the catalytic
nature of the precursor MoO, species. The reaction with
(NH,4),Mo00, established the catalytic nature of the precursor
(5.5 mol% yields to 2,5-DHF at 10 mol% conversions of
1,4-AHE). Likewise, the reaction with MoO; crystallites
verified its catalytic nature too (6.9 mol% yields to 2,5-DHF at
8.7 mol% conversions of 1,4-AHE). The performances of the
precursor and MoO; catalysts are inferior to that of the MoO,/
TiO, catalysts. The leached Mo species from dried 0.5Mo can
be presumed to originate from the supported (NH,),MoO,
precursor. On the other hand, leached Mo species from
calcined 0.5Mo are plausibly different in chemical nature as
they originate from MoO; (note that no MoO; crystallites were
found on the 0.5Mo catalyst, Fig. S11 and Fig. 1).

An identical cold filtration test with the calcined 3.5Mo
catalyst was conducted to include the effect of higher Mo
surface density on leaching behaviors. The test confirmed
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(Fig. 9) leaching of catalytically active Mo species into the
reaction medium. Their likely origin is in MoO; crystallites
as the catalyst constituted a small fraction of MoO;
crystallites (Fig. 1, Raman spectrum). The uncalcined, dried
3.5Mo catalyst is expected to leach more Mo species of the
precursor origin due to its higher loading on the catalyst;
therefore, it will be equally unstable as the 0.5Mo dried
catalyst. At large, calcination has the benefit of improving the
interaction between the TiO, support and the Mo species
through the generation of Ti-O-Mo bonds,* but, it fosters
the acidity of the final catalyst. At lower surface densities of
Mo, such interactions are maximum while at higher surface
densities, due to polymerization and crystal formation of
MoO, species, interactions are lower leading to leaching of
catalytically active species. A low surface density of Mo and a
calcination step are identified to be the design parameters
for a more active MoO,/TiO, catalyst for the DODH of
1,4-AHE to 2,5-DHF.

30

(b)

[¥] N
=) wn
1 1

2,5-DHF yield (mol%)
n
1

.9

" Cold filtration

0 T T T T T T T T T
0 10 20 30 40 50
Reaction time (h)

Fig. 9 Leaching studies of the 3.5Mo catalyst. (a) Reaction time versus 1,4-AHE conversion and (b) reaction time versus 2,5-DHF yield. Reaction
conditions: 1,4-AHE = 0.6 mmol, 3-octanol = 6 mmol, Mo = 0.86 mol% w.r.t 1,4-AHE, T = 200 °C.
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Having established the leaching of Mo and the
inefficiency of leached Mo species from the 0.5Mo catalyst
towards the DODH reaction, the stability of the remaining
unleached Mo species on the 0.5Mo catalyst was investigated
through recycle studies. Since higher conversions and yields
were observed at higher temperatures (Fig. S771), the recycle
studies were conducted at a higher reaction temperature of
210 °C. Fig. 10 shows 4 recycle runs of the 0.5Mo catalyst
without and with regeneration steps. A substantial decrease
(18 mol%) in the conversion of 1,4-AHE was observed in the
first recycle (recycle 1). The catalyst was only subjected to a
simple drying treatment before its use in recycle 1. ICP
analysis of the catalyst after the reaction showed a Mo
loading of 0.3 wt% which is ~0.29 wt% lower than the fresh
catalyst. This was expected due to the leaching of some Mo
during the fresh run as revealed by cold and warm filtration
studies (Fig. 8). The decrease in the activity of the catalyst
can thus be ascribed to the lower amount of Mo in recycle 1
as compared to the fresh run. Surprisingly, the selectivity to
2,5-DHF displayed an increment from ~55 mol% in the fresh
run to 79 mol% in recycle 1. Possibly, the catalyst at this
stage constituted solely highly selective active species. This
observation is similar to that found from the cold and warm
filtration tests of the catalysts where leached species were
non-selective for 2,5-DHF production. The fresh run might
have resulted in the removal of most of the easily leachable
non-selective Mo species from the support. The high

View Article Online
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selectivity of the catalyst could also be correlated to its
decreased acidity as uncovered by the significantly reduced
yields of octenes and ketals (Fig. 11). For the second recycle
run (recycle 2), the same drying pretreatment step for the
recycled catalyst was carried out. Recycle 2 displayed a
similar 1,4-AHE conversion and 72 mol% 2,5-DHF selectivity
as compared to recycle 1. ICP analysis of the catalyst after
recycle 2 showed an Mo loading of ~0.3 wt% similar to
recycle 1. However, although less significant, a 7 mol%
decrease in the selectivity towards 2,5-DHF compared to
recycle 1 was noticed. No substantial change in the yields of
octenes and ketals as compared to recycle 1 occurred
excluding a significant effect of acidity on the selectivity. The
catalyst after recycle 2 was analyzed by thermogravimetry
(Fig. S8f) to check for carbon deposition impacting
selectivity. A large weight loss (~8 wt%) in the region of 200
600 °C was pointed at the presence of adsorbed organic
matter on the catalyst.”> The presence of carbonaceous
species on the catalyst could be the reason for the slight
decrease in selectivity. Thus, for recycle 3, the recycled
catalyst was subjected to a calcination step at 500 °C for 4 h
to partially remove the carbonaceous matter. In recycle 3, the
conversion remained almost the same as compared to
recycles 1 and 2 (Fig. 10); however, the selectivity of the
catalyst decreased by almost 10 mol%. Yet, in comparison to
the fresh run, the selectivity of the catalyst in recycle 3 was
~7.2 mol% higher. Py-FTIR analysis of the catalyst did not
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Fig. 10 Recycle runs of the 0.5Mo catalyst. Reaction conditions: 1,4-AHE = 0.6 mmol, 3-octanol = 6 mmol, T = 210 °C, t = 18 h.
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show indications of Brensted acid sites (Fig. S9T) affecting
the selectivity. No considerable decrease in the amount of Mo
on the catalyst as compared to recycle 2 was detected by ICP
analysis. For recycle 4, the catalyst was once again calcined
before use to discern the after-effects of
calcination. This resulted in a further increase in the
conversion (3.7 mol%) with a small decrease (2 mol%) in the
selectivity as compared to recycle 3. The minor increase in
octene selectivity (Fig. 11) suggested a likely trend of a
gradual increase in the acidity of the catalyst after
consecutive calcination between recycles as it might have
exposed the acid sites covered by the carbonaceous matter.
An almost similar amount of ketals was observed on recycle 3
and recycle 4. A similar amount of Mo on the catalyst after
the reaction as compared to recycle 1, recycle 2 and recycle 3
pointed out the stability of the unleached Mo species on the
catalyst. An additional comparison was made on the rates of
the reaction in the fresh run, recycle 2, and recycle 3. The
rate showed a trend towards moderate improvement with
recycles (0.85 + 0.11, 0.94 + 0.03, and 1.1 + 0.15 moles of
2,5-DHF per moles of Mo per h, respectively, for the fresh,
recycle 2, and recycle 3 catalysts). The catalyst was found to
be stable in its performance. Both the XRD and Raman
analysis of the catalyst after recycle 4 did not show any major
change in the crystallinity and the coordination behavior of
the MoO, species (Fig. S10 and S117). Overall, the recycle
studies demonstrated the supported MoO, to be stable and
selective for multiple runs, the accumulation of carbonaceous
materials on the catalyst during successive runs, and the
possibility of an increase in acidity with regenerations
involving calcination.

successive
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Fig. 11 The yields of octenes and ketals during the recycling of the
0.5Mo catalyst.
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Finally, the carbon balance of the reaction was closely
analyzed. In particular, the carbon balance for DODH
reactions with sacrificial reducing agents is difficult to
account for completely. This is because of (a) the vicinal diol
can itself act as a reducing agent and most of the
corresponding by-products are undetectable by GC due to
their high boiling points, (b) the formation of ketals from the
dehydrogenated product of the reducing agent and the
vicinal diol, and (c) competing dehydrating reactions of
reducing agents at higher acidity (Scheme S11 provides the
various reaction pathways). The existence of octenes and
ketals was already confirmed in our previous study through
the "H NMR analysis of the product mixture.”® To verify the
coexistence of these side reaction pathways, conditional
experiments with the 0.5Mo catalyst were performed. An
experiment with 1,4-AHE alone without 3-octanol yielded 14
mol% 2,5-DHF at complete of 1,4-AHE
highlighting the possible contribution of route (a) to the
desired product. The ketone formed from 1,4-AHE would
produce a ketal with another molecule of 1,4-AHE with a high
boiling point which is undetectable by GC. Similarly, another
conditional experiment with 1,4-AHE and 3-octanone yielded
8.4 mol% 2,5-DHF and ketals at full conversion of 1,4-AHE
verifying the possibility of route (b) contributing to the
carbon balance. At higher acidity, the dehydration reactions
of 3-octanol are dominant as discussed before. Therefore,
designing a highly selective catalyst necessitates identifying
specific active species for the main reaction as well as the
different side reactions.

conversion

4. Conclusions

A series of MoO,/TiO, catalysts containing varying surface
densities of MoO, from isolated species to oligomeric species
to polymeric MoO, species were successfully synthesized and
characterized. Raman analysis of the catalysts confirmed the
polymerization of MoO, species from isolated species to 3D
crystallites with an increase in the surface density of Mo on
TiO,. Supporting Mo on TiO, introduced Brgnsted acidity to
the catalysts and its amount increased with the increase in
Mo surface density. A correlation of the reaction rate with the
surface density displayed a decreasing rate with an increasing
Mo surface density and was correlated to the increase in
strong acid sites, especially the Brgnsted acid sites of the
catalysts. Isolated MoO, species were found to be the most
effective species for the DODH reaction. A calcination step
has an advantage that can improve the interaction of the
MoO, species with the TiO, support but with a drawback of
increasing the acidity and this increase in acidity is more
prominent in catalysts with higher Mo surface densities.
Leaching studies of the catalysts revealed the non-catalytic
nature of leached species for the catalyst containing isolated
MoO, species and the catalytic nature of polymerized MoO,
species. Finally, recycle studies of the most effective catalyst
indicated the stable nature of the unleached MoO, species
on the catalyst, its selective nature, deposition of organic
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matter in the continuous use of the catalyst without
calcination, and the regeneration of acid sites with
successive calcination steps. The results discussed here
provide insights into the critical design parameters for the
future design of a highly effective and stable Mo-based
catalyst for DODH reactions.
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