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A stable performance of TiO, catalysts for gas-phase acetone aldol condensation was observed when
reduced metals were added (Pt or Ni, 1.5 wt%) and the reactions were conducted in presence of hydrogen.
In both cases, the resulting metal-loaded catalysts are stable for 10 h, whereas continuous deactivation is
observed for the parent TiO, catalyst (573 K). Both the activation of the H, molecule by metal nanopar-
ticles and the change of the catalytic surface by metal insertion (in the case of Ni-loaded catalyst) enable
suppressing oligomerization (by hindering enolates formation) and the strong adsorption of intermedi-
ates (by decreasing the concentration of high-strength acid-basic active sites), respectively.

More interestingly, these metals allow to tune the selectivity of the reaction. Indeed, the Ni-loaded tita-
nia catalyst is highly selective for the synthesis of o,B-unsaturated ketones (selectivity to unsaturated C6
and C9 species >98%, at ~12% acetone conversion), whereas the Pt-loaded one is highly selective to the
formation of saturated C6 and C9 ketones (MIBK and DIBK, with selectivities >95% at ~42% acetone con-
version).

The catalytic activity and stability of the two materials (Ni/TiO, and Pt/TiO,) in both absence and pres-
ence of H, are compared between them and with those of the parent TiO,. The results obtained by the
reaction gas-phase analysis are supplemented through different solid characterization techniques (i.e.,
CO,-TPD and NHs-TPD, HRTEM, XPS, TPO, and DRIFTS).

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

Although large quantities of acetone are used all over the world
(mostly in industrial processes as solvent or cleaning agent), its
application as platform molecule to produce valuable commodities
is also a very promising issue, attracting the attention of several
researchers in recent years [1-4]. Its availability is ensured, being
produced in huge amounts as byproduct in the synthesis of phenol
by the cumene oxidation process [5]. In addition, several processes
using biomass as raw material also produce acetone; such as the
ABE (acetone-butanol-ethanol) fermentation or by biomass pyrol-
ysis [6-9]. Therefore, using this acetone for the production of
value-added chemicals with a traditional fossil origin (mesitylene,
isobutene, etc.) brings an additional environmental incentive,
related to the circular economy and the shift of the consumption
of non-renewable resources [10,11].
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The catalytic upgrading of acetone requires increasing its
carbon-chain length. For this purpose, aldol condensation reaction
is one of the most common alternatives [12]. In this light, the ace-
tone self-condensation allows obtaining relevant chemicals such as
mesityl oxide and isophorones (used in the manufacturing of
paints, resins, adhesives, etc.) [13]. However, to the best of our
knowledge, all the catalysts previously used for the production of
unsaturated ketones from acetone show significant deactivation
(e.g., MgO, modified MgO, Mg-Zr mixed oxide, aluminosilicates,
etc.) [2,4,14,15]. In fact, concerning the catalytic stability, the
high-strength acid and basic active sites favor strong adsorption
of intermediates and formation of oligomers, respectively [4,13].
Based on this, tuning the surface chemistry of the catalyst in terms
of both concentration and distribution of active sites should be
considered for improving not only activity and selectivity, but also
catalyst stability.

This stability might be also improved by performing the reac-
tion in presence of molecular hydrogen together with a metallic
phase that allows its activation by dissociative adsorption
(bifunctional catalyst), what acid-basic materials cannot do. This
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enhancement could be brought by hindering the oH abstraction of
the ketone intermediates to form the enolates due to the presence
of a significant surface concentration of hydrogen atoms. Conse-
quently, this might imply a decrease of the aldol condensation abil-
ity of the catalytic system leading to downplaying, or even
inhibiting, the oligomerization that ultimately results in strong
adsorption and coke formation (i.e., catalytic deactivation) [4]. On
the other hand, this hypothesis could be concealed or suppressed
because of the promotion of hydrogenation side-reactions as a con-
sequence of the presence of both the molecular hydrogen and the
metallic phase, which may fully or partially change the reaction
pathways (depicted in Scheme 1). Furthermore, combining aldol
condensation and hydrogenation reactions can yield saturated
products, highlighting the methyl isobutyl ketone (MIBK) and dii-
sobutyl ketone (DIBK) because of their relevant applications (e.g.,
solvents, extracting agents, lubricants precursors, etc.) [16-19].
Typically, these compounds are co-produced from acetone, by a
three-stage process [20,21], however merging aldol condensation
and hydrogenation in an one-stage process by using a bifunctional
catalyst presents relevant advantages.

In this work, two bifunctional anatase-TiO,-based catalysts
(1.5 wt% M/TiO;; M: Pt, Ni) were tested in the gas-phase acetone
self-condensation with the aim of studying the effect of the pres-
ence of both the metallic active phase and the molecular hydrogen
on the catalytic activity and stability. Thus, results obtained were
compared with those reached when the parent TiO, was used, both
in presence and in absence of molecular hydrogen. Both metals,
platinum and nickel, were selected since they are among the most
active metallic phases to activate the hydrogen molecule [22,23].
The metal loading considered (i.e., 1.5 wt%) was low, trying to min-
imize the effects on the original-TiO, morphological properties and
surface acidity-basicity (deeply analyzed by different characteriza-
tion techniques). In addition to the analysis of the reaction gas-
phase by gas chromatography, temperature programmed oxidation
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(TPO) and diffuse reflectance infrared Fourier transform spec-
troscopy (DRIFTS) were used to analyze the interaction of the reac-
tant, products, and intermediates with the solid surface, allowing
to obtain further insights on the deactivation processes.

2. Materials and methods
2.1. Catalyst synthesis

Parent anatase TiO, (Alfa Aesar, 99.6%) was treated in flowing
dry air (40 cm3g~'min~!) by heating up from 293 to 723K at
10 K-min~?, holding the final temperature for 3 h, to ensure the sta-
bility of this material at reaction conditions. The Pt/TiO, catalyst
was prepared from this pretreated TiO, by incipient wetness
impregnation using a platinum precursor, Pt(NH3)4(NO3), (Aldrich,
99.995%). The aqueous solution of the precursor, 1.15 ml (5 wt% Pt
(NH3)4(NO3),), was added dropwise (40 ul) on 2 g of pretreated
TiO, in order to achieve 1.5 wt% of platinum loading. The resulting
material was dried at 383 K for 24 h before treating it, following
the same procedure as the previously explained for the TiO, sup-
port. After this, the material was exposed to a 10 vol% H,/Ar flow
(100 cm?-.g "'min~') and heated up from 298 to 673 K (5 K-min™')
holding the temperature for 1 h to ensure that all the metal is in its
reduced state. This final temperature was chosen according to the
the temperature-programmed reduction (TPR) results, shown in
Fig. S1 (Supplementary Material). Finally, the catalyst was cooled
down to room temperature in flowing He (40 cm®.g '-min~!).
The 1.5 wt% Ni/TiO, catalyst was synthesized following the same
procedure as the Pt/TiO,, using a 11.6 wt% Ni(NOs),-6H,0 (Aldrich,
99.999%) aqueous solution. After the catalysts preparation, both Pt/
TiO, and Ni/TiO, as well as the treated parent TiO, were analyze by
different characterization techniques, being all the details included
in the supplementary material (SM).

A

iso-DIBK

B-Isophorone a-Isophorone

Scheme 1. Overall proposed mechanism for acetone conversion through combined aldol self-condensation and hydrogenation reactions (DAA: diacetone alcohol; MO:
mesityl oxide; MIBK: methyl isobutyl ketone; MIBC: methyl isobutyl carbinol; DIBK: diisobutyl ketone).
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2.2. Reaction studies

Catalytic activity and stability experiments (duplicated; relative
error < 3%) were carried out at 573 K in a U-shaped fixed bed reac-
tor (4.0 mm i.d.). The material sample (100 mg; 250-355 pm) was
held by a quartz plug and kept at constant temperature using a
PID-controlled furnace, and an internal thermocouple. The catalyst
was pretreated at 673 K for 1 h before the catalytic experiment in
flowing 20 vol% H,/He (200 cm3.g~!-min~!) when testing bifunc-
tional materials (Pt/TiO, and Ni/TiO,), but in He flow (200 cm?.g~!-
.min~!) in the case of parent TiO,. After this, the catalytic system
was cooled down to the reaction temperature, keeping the gas
stream. Acetone (0.017 cm®min~!, VWR, >99.9%) was introduced
into the gas flow (resulting in 20 mol%) by a liquid syringe-pump
and vaporized in a heated transfer line (523 K), being
7.9, -8k - h™! the weight hourly space velocity (WHSV). The
reactor effluent stream was analyzed by gas chromatography (HP
6890Plus GC; TRB-5MS capillary column, 30 m, 0.25 mm) using a
flame ionization detector (FID). Both retention times and response
factors of the different compounds were determined by using stan-
dards. Additionally, the use of standards and speciation by mass
spectrometry after gas-chromatographic separation (Shimadzu
GCMS-QP2010), using the same column as in the GC-FID analyses
and a similar temperature procedure, were used to complete the
identification of the species.

2.3. Infrared analyses at reaction conditions

Infrared spectra were measured using DRIFTS in a Thermo Nico-
let Nexus FT-IR equipped with the Smart Collector accessory and
mercury cadmium telluride (MCT) detector. The material sample
(20 mg) was placed inside the temperature-controlled catalytic
chamber. The catalyst was pretreated at 673 K for 1 h in flowing
20 vol% H,/He (500 cm3.g~'-min~!) while analyzing the bifunc-
tional materials, or in He flow (500 cm3.g¢~'-min~!) with the TiO,,
before performing the experiment. The gas stream (500 cm>.g~!-
-min~"! of He or 20 vol% H,/He for inert or reducing atmosphere
experiments, respectively) was saturated with acetone by passing
through a bubbler at constant temperature (external cooling at
ca. 273 K), before entering into the catalytic chamber. Signals were
acquired in the 650-4000 cm™~! wavenumber range, subtracting
the KBr standard background. The Kubelka-Munk theory was used
to convert the signals and to obtain the spectra, allowing semi-
quantitative analyses and the comparison between different
spectra.

3. Results and discussion
3.1. Catalytic activity experiments in inert conditions

The presence of the metals causes slight changes on the mor-
phological properties of the original surface of TiO,, observing a
small decrease on specific surface area (Sger), pore size (dp), and
pore volume (Vp), as it is summarized in Table 1. These low differ-
ences are justified by the low metal loading. Accordingly, the

Table 1

results obtained by the X-ray diffraction (XRD) analyses show a
clear anatase crystalline structure for both Pt/TiO, and Ni/TiO,
(JCPDS 21-1272), without any peak related to either platinum or
nickel metallic phases. The diffractograms are included in the
SM, Fig. S2. However, the expected effect of supporting metal
nanoparticles is related to the surface chemistry, which was ana-
lyzed by temperature programmed desorption of probe molecules
(CO,-TPD and NHs3-TPD). It must be pointed out that these TPD
were carried out immediately after the reduction, preventing any
contact with the atmosphere that could alter the reduced metal
surface. These results are summarized in Table 1, being the corre-
sponding profiles included in the SM (Figs. S3 and S4). In general,
the concentrations of both basic and acid sites, especially medium
and strong ones, are reduced in the bifunctional materials, being
this effect more relevant for the basic sites. Nevertheless, the most
remarkable effect is related to the strength of these sites, with
lower characteristic temperatures. This effect is mainly observed
in the Ni/TiO,, with a notably decrease of medium and strong basic
sites, shifting to weaker strength.

Preliminary catalytic studies were carried out in the acetone
self-condensation without H, supplying to ascertain the catalytic
behavior of each material. The aldol condensation is catalyzed by
acid-basic pairs sites [13], hence the own presence of the metallic
phase, in terms of catalytic activity, should not be of key signifi-
cance. The evolution of the acetone aldol-condensation rate (r)
with the time-on-stream (TOS) for the three catalysts in the ace-
tone self-condensation in absence of H, is shown in Fig. 1. At this
point, it is worth to mention that these values are apparent rates
in which not only consider the intrinsic kinetic but also the equilib-
rium, since they combine the effect of forward reactions (from
ketones to o,B-unsaturated ketones) and the reverse ones. The
complexity of this mechanism prevents the easy estimation of each
equilibrium constant independently. Acetone conversion values (x)
obtained at initial times, included in Table 2, are relatively low
(highest conversion ~11% with Ni/TiO,). Thus, differential reaction
conditions can be considered, allowing kinetic analysis and com-
parison among catalysts in terms of reaction rates. The reaction
rates experimentally obtained at initial times are 2.9, 2.7, and
4.1 mmol-g~.ks™! with parent TiO,, Pt/TiO, and Ni/TiO,, respec-
tively. According to the proposed model (detailed in Section 3.3),
the initial reaction rates at zero time on stream (line-fitting equa-
tion extrapolation, blue symbols in the Fig. 3) are 3.7, 2.7, and
6.3 mmol.g"-ks~! with parent TiO,, Pt/TiO, and Ni/TiO,, respec-
tively. The catalytic activity of parent TiO, and Pt/TiO, materials
are very similar (rpyrio2/Trio2 = 0.93), whereas Ni/TiO, is more
active (Inirio2/Trioz = 1.41). This result may be justified by the
higher concentration of weak basic sites of Ni/TiO,, comparing to
the rest of the catalysts. These weak sites seem to be strong enough
to promote the acetone self-condensation but their weak character
enhances the desorption rate of compounds obtained (C6 and C9),
reducing subsequent undesired oligomerizations and increasing
the relative amount of free active sites to continue consuming ace-
tone. A higher acetone conversion, then, is obtained at initial times.
In good agreement with this hypothesis, Pt/TiO, and TiO, have
similar concentration of weak basic sites, and lower than the Ni
material. The slightly lower activity of Pt/TiO, regarding parent

Morphological properties and active site distribution and strength of the parent anatase TiO, and anatase TiO,-based bifunctional catalysts (Pt/TiO, and Ni/TiO5).

Catalyst Sger (Mm2-g™1) V, (cm?.g™) dp (nm) CO,-TPD basic sites (umol-g~'), [Temperature (K)] NHs-TPD acid sites (umol-g=?), [Temperature (K)]
Weak Medium Strong Weak Medium Strong
TiO, 50.7 057 428 145, [369] 0.96,[439]  3.55,[657,760]  1.37,[335375]  1.86,[484522] 021, [690]
Pt/TiO, 4638 0.49 37.0 125,[333363]  046,[571]  0.64,[755787]  1.11,[337,379] 093, [450,509]  0.32, [645]
Ni/TiO, 444 0.46 37.4 228,[334,379]  0.04,[624]  0.04,[76] 127,[338379]  1.62,[472,529]  0.33, [670]
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Fig. 1. Rate of aldol self-condensation of acetone at 573 K in absence of H,
(WHSV = 7.9). Dashed lines are meant to guide the eye.

TiO, might be also explained by its lower concentration of acid
sites, mainly the medium strength ones. The role of this sort of
active sites in accomplishing both the dehydration step of the aldol
condensation and stabilizing reaction intermediates has been pre-
viously pointed out in the literature [24].

Selectivities to the unsaturated C6 (mesityl and isomesityl oxi-
des) and unsaturated C9 families (phorones, isophorones, and
mesitylene) are included in Fig. 2, (being the values of initial and
final measurements summarized in Table 2). The disaggregation
of each family of compounds into the different components is
detailed in the SM (Table S1). No other reaction product is identi-
fied apart from those mentioned above, hence the selectivities to
C6 and C9 species are supplementary. Although the selectivity to
C6 and C9 are similar at initial times with the three catalysts
(~70 and ~30% for C6 and C9, respectively), their evolution with
the TOS were slightly different. Thus, the selectivity to C9
decreases more slowly when using TiO, than with the bifunctional
materials, achieving values of zero around 29 ks of reaction time in
contrast with 23 and 16 ks with the Pt/TiO, and Ni/TiO,, respec-
tively. This different evolution of the selectivities suggests a detri-
mental effect of the presence of metals on the catalytic stability
when operating in inert environment.

The parent TiO, is the most stable catalyst, but showing an
activity drop of 93.5% after 35 ks (Fig. 1 and Table 2). Concerning
both bifunctional materials, the activity decreases reached after
the same TOS were 95.8 and 99.1% with Pt/TiO, and Ni/TiO»,
respectively. This higher activity drop with the bifunctional cata-
lysts might be linked to their lower concentration of active sites,
therefore the saturation of them by adsorbed intermediates occurs
faster than in the case of the parent TiO,.

3.2. Catalyst performance in presence of H

The same set of experiments as in the previous section were
performed in presence of H, (20 vol% H,/He). The evolution of
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Fig. 2. Selectivity evolution to unsaturated C6 and C9 species with the time-on-
stream in the gas-phase self-condensation of acetone at 573 K in absence of H,
(WHSV = 7.9). Dashed lines are meant to guide the eye.

the conversion with the TOS is shown in Fig. 3 (initial and final val-
ues are included in Table 2), being the results obtained in absence
of Hy also included to make easier the comparison. As it was
expected, the presence of hydrogen has a negligible effect on the
activity of the parent TiO, (conversion decrease close to 6% when
H, was fed), since this material lacks metallic phase to activate
the hydrogen molecule, not being able to perform other reactions
different from the main one (aldol condensation). According to
this, the gas-effluent analysis indicates the formation of the same
chemical species as in inert conditions, without identifying new
ones linked to hydrogenation reactions. The slightly lower conver-
sion achieved when H, is supplied comparing with inert conditions
could be linked to the non-dissociative adsorption of molecular
hydrogen on the strong acid sites of TiO, (OH groups) [24,25], what
would be in agreement with previous works which dealt with sim-
ilar oxides (ZrO, and ZnO) [26]. This hypothesis has been checked
by NH;5-TPD of the catalytic surface once it was saturated with H,.
Results are shown in the SM (Fig. S5). The original signal of the des-
orbed NH3 detected at 690 K disappears when introducing the Ho,
suggesting the competitive adsorption of H, on these sites. In good
agreement, the signal of H, shows a complex desorption pattern,
suggesting different kinds of interactions with the catalyst surface.
The blockage of part of the acid sites of the TiO, implies lower abil-
ity of this material to stabilize intermediates on its surface and to
perform the dehydration step of the aldol condensation reaction,
hence achieving lower acetone conversion rates. Nevertheless, dif-
ferences in selectivity towards unsaturated C6 and C9 species
working with the parent TiO, in presence of H, are very low
(Fig. 4 and Table 2), regarding those reached in inert conditions.
Variations are noticed at initial times, at which the selectivity to
unsaturated C9 was a bit higher in absence of H,, due to the
slightly higher acetone conversion in comparison to the corre-
sponding values obtained in presence of H, Furthermore, the

Acetone conversion and selectivities to main compounds obtained for the first and last measurements (~2 and ~35 ks, respectively) in the acetone self-condensation at 573 K in
absence and presence of H, (WHSV = 7.9) using anatase TiO, and anatase TiO,-based bifunctional catalysts (Pt/TiO, and Ni/TiO,). u-C6 and u-C9 mean unsaturated C6 and

unsaturated C9 species, respectively.

Catalyst Without H,, 2 ks/35 ks With H,, 2 ks/35 ks

X (%) Pu-ce (%) Pu-co (%) X (%) Pu-ce (%) Pu-co (%) omisk (%) opisk (%) Qothers (%)
TiO, 7.7/0.5 69.9/100 30.1/0 8.0/1.0 73.9/98.2 26.1/1.8 0/0 0/0 0/0
Pt/TiO, 7.1/0.3 70.3/100 29.7/0 46.2/40.8 0.9/1.0 3.1/2.4 55.3/60.8 36.3/34.0 4.4/1.8
Ni/TiO, 10.9/0.1 68.9/100 31.1/0 14.2/10.9 59.2/59.1 39.5/39.4 1.0/1.3 0/0 0.3/0.2
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Fig. 3. Acetone conversion evolution with the time-on-stream in the gas-phase
acetone self-condensation at 573 K in absence and presence of H, (WHSV =7.9).
Blue symbols correspond to adjusted values to zero time. The k, values are included
inside the graphics. Dashed lines correspond to exponential fits as defined in Eq. (4).

selectivity to unsaturated C9 never reaches zero values for the TOS-
range tested, unlike the results achieved in absence of H,, being in
agreement with the lower deactivation observed in this
experiment.

On the other hand, the presence of H, favors the improvement
of the acetone conversion when working with both bifunctional
catalysts, being worth to mention the high enhancement reached
with the Pt/TiO, catalyst (improvements of 49 and 17% with the
Pt/TiO, and Ni/TiO,, respectively). In contrast with the results in
inert conditions, the acetone conversion achieved with the bifunc-
tional catalysts in presence of H, is kept almost constant (~42 and
12% for Pt/TiO, and Ni/TiO,, respectively) for the whole experi-
ment, as it can be noticed in Fig. 3.

The role of H, supplying not only affects the acetone conversion
but also the selectivity distribution when working with Pt/TiO,
(Figs. 4 and 5). Saturated C6 and C9 ketones (MIBK and DIBK,
respectively) highlight as the main products, reaching selectivity
values higher than 95% (at ~42% of acetone conversion), being bet-
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Fig. 4. Selectivity evolution to: (a) unsaturated C6, and (b) unsaturated C9 species
with the time-on-stream in the gas-phase acetone self-condensation at 573 K in
presence of H, (WHSV = 7.9). Dashed lines are meant to guide the eye.

ter results than those reported in the literature [27-30]. Further-
more, the selectivity towards MIBK is kept almost constant for all
the reaction time (63.7%), with only a little drop of 6.5% of the ini-
tial value after 36 ks. This decrease was directly linked to an
increase of the selectivity to DIBK, which is kept around values of
31.5%. Further hydrogenation, C=0 functional group, is almost dis-
carded since only traces of methyl isobutyl carbinol (MIBC) are
identified, confirming the selective C=C bond hydrogenation by
platinum.

Additionally, traces of 2-propanol (obtained by acetone hydro-
genation) are also detected, which is in agreement with the fast
acetone aldolization step observed on alike acid-basic materials
at similar temperatures [13]. Low amounts of unsaturated C6 and
C9 compounds (those detected in inert conditions) are determined,
achieving selectivities of only 1.0 and 2.6%, respectively. The
remaining compounds produced are acetic acid, and a mix of iso-
butene and isobutane (obtained by isobutene hydrogenation)
formed from C6 by radical-mediated pathways [31]. These species
are not detected in absence of H, due to the lower conversion
achieved. In this light, taking into account that the acetone aldol
condensation is a reversible reaction [13], and subsequent aldol
condensations and hydrogenations are closely interrelated, the
high promotion of hydrogenations (i.e., formation of saturated
higher-ketones) pushes previous steps, justifying the enhancement
of the acetone conversion rate noticed with this catalytic system in
presence of H,.

Concerning the Ni/TiO, catalyst in presence of H, almost no
saturated products are formed during reaction, with only small
selectivities to MIBK (1.2%), although no deactivation is observed
(constant conversion ~12%). Therefore, the formation of saturated
higher-ketones is not favored with this catalyst, implying a bit
higher acetone conversion as that reached in inert conditions, in
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time-on-stream in the gas-phase acetone self-condensation at 573 K in presence of
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contrast with the Pt/TiO,. On the other hand, it is suggested that
the H, supplying in presence of nickel nanoparticles hinders the
oH abstraction of higher-ketones (>C9) to form their respective
enolates, reducing the aldol condensation capacity of this catalytic
system (minimizing or eliminating the oligomerization and coke
formation). This hypothesis is based on the disturbance effect of
dissociated hydrogen atoms adsorbed on the support (moved by
spillover) that prevents subsequent aldolizations of C9 compounds.
This discussion is illustrated in Fig. S6. This fact also entails keeping
the conversion almost constant; and obtaining significant unsatu-
rated C9 selectivities during the experiment, whereas in absence of
H,, the formation of this fraction is suppressed after 16 ks on
stream. Thus, the mean values of the selectivity to unsaturated
C6 and C9 are 62.6 and 35.9%, respectively. In good agreement with
the low hydrogenation capacity and low conversion, only traces of
2-propanol were detected, and neither acetic acid nor isobutene
formation is noticed.

The results obtained using the bifunctional catalysts are rather
different between them when operating in reducing conditions.
Considering that the spillover phenomenon must occur in a similar
extent with both bifunctional materials, the significantly higher
reducing activity observed with Pt/TiO, is assumed to be due to a
higher activity of this metal for the selective C=C hydrogenation
than nickel [23]. This hypothesis implies a hydrogenation strongly
conditioned by the metal activity, and an almost null effect of spil-
lover. According to the literature [28,32,33], it is presumed that the
Ni/TiO, should accomplish satisfactory results in terms of both
MIBK and DIBK selectivities. However, experimental results reject
this hypothesis. In order to gain knowledge about this unforeseen
behavior of the Ni/TiO, and to explain the discrepancies noticed

when comparing it with the Pt/TiO,, both catalysts were analyzed
in depth by different characterization techniques.

The metal dispersion (D) seems to be the key parameter, since
the dissociative adsorption of H, is produced by the metal atoms
of the nanoparticles that are exposed to the reaction environment.
Thus, the principal hypothesis of the low hydrogenation capacity of
the Ni/TiO, could be associated with a very low metal surface area.
Based on this, the bifunctional catalysts and the bare TiO, were
analyzed by high-resolution transmission electron microscopy
(HRTEM). As expected, the parent TiO, consists of anatase
(Fig. S7), confirmed by the d-spacing of the (01 1) plane of this
crystalline phase (i.e., 3.52 A). Platinum nanoparticles of 1.6 nm
of mean particle size (d,,), corresponding to D = 70%, are supported
on the TiO,, as shown in Fig. 6a. Nevertheless, the presence of
nanoparticles concerning the Ni/TiO, is not as clear as in the case
of the Pt/TiO,, since no other crystalline phase different from ana-
tase is easily noticeable (Fig. 6b). Some nickel nanoparticles were
found when increase the magnification and comparing the d-
spacing values determined with those of the nickel metallic crys-
talline phase (JCPDS 45-1027). One of the nickel nanoparticles is
shown in Fig. 7a, the d-spacing measured (2.03 A) is resembling
to that corresponding to the (011) plane of metallic nickel
(2.01 A). According to the TPR results (Fig. S1), a broad particle size
distribution can be assumed in the case of Ni/TiO,, in contrast to
Pt/TiO,, whose narrow peak denote a very controlled particle size.
It can be noted that the contrast is much poorer than that observed
in the Pt/TiO, micrographs due to closer atomic number between
titanium and nickel with regard to titanium and platinum. Based
on this, only the biggest particles can be easily identified. Taking
into account that the metal loading is the same for both materials
(1.5 wt%) but the nanoparticles of the Ni/TiO, are much larger
(higher than 10 nm according to micrograph shown in Fig. 7a),
the amount of nickel particles per unity of surface area of the
TiO, support is lower. This fact might condition its activity since
the average distance between the metal nanoparticles and the
acid-basic active sites of the TiO, support could be too high to favor
the cascade reactions needed. Furthermore, a different crystalline
phase (d-spacing of 2.81 A) is formed as a thin layer on part of
the anatase structure, as it can be observed in Fig. 7b. This crys-
talline phase does not correspond to any of the NiO (alpha and
beta; JCPDS 44-1159 and 4-835, respectively). Therefore, this sug-
gests that: (i) crystallites of a new structure are created by inser-
tion of nickel atoms into the original anatase TiO, phase during
the thermal treatment at high temperature (see catalyst synthesis,
Section 2.1); and (ii) nickel nanoparticles are in metallic state, in
good agreement with TPR results (Fig. S1), hence ruling out their
incomplete reduction as the low hydrogenation-activity cause.

The hypothesis of the formation of nickel-inserted crystallites
during the thermal treatment suggests an interfacial phenomenon
for which the nickel atoms would not be introduced into the sup-
port bulk but into its surface. Due to this, X-ray photoelectron
spectroscopy (XPS) experiments were performed to check whether
nickel was partially coordinated by the analysis of its oxidation
state. Fig. 8a shows the nickel 2p region obtained through XPS
analysis. Although the signal has a lot of noise, interesting events
can be noticed. The binding energy signal splits into two areas cor-
responding to the 2p doublets (2p3/,: 851-859 eV; and 2py,: 869-
876 eV). The main peak, 2ps;, doublet, is associated with Ni**
(854-857 eV). Moreover, peak broadening towards lower binding
energy related to Ni° is also noted (852-854 eV) [34]. Within the
region concerning the 2p,, doublet, the main peak linked to Ni%*
arises at 873 eV, whereas a lower one at 870 eV corresponding to
Ni° is also observed (slight increase of the spectrum at this binding
energy in Fig. 8a) [35]. Furthermore, another peak appears at
861.8 eV, being a shake-up satellite of the Ni?* 2psj, peak [36].
As a result, it can be concluded that the nickel is mainly in its
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Fig. 6. Representative HRTEM micrographs of: (a) Pt/TiO, (including inside the particle size distribution and the mean size), and (b) Ni/TiO,.

(b)

Fig. 7. Ni/TiO, HRTEM images of: (a) a nickel particle, and (b) hybrid crystalline phase of titanium and nickel.

Ni%* oxidation state while a lower amount is in the Ni° one (Ni°/
Ni?* XPS 2p3); area ratio of 0.5). Concerning the titanium 2p region,
two peaks corresponding to binding energies of 459.7 and 465.4 eV
linked to the 2ps, and 2p;j; doublets, respectively [37], can be
observed for the parent TiO, (Fig. 9a). However, the spectrum
obtained for this region in the case of the Ni/TiO, is partially differ-
ent (Fig. 9b). Despite the fact that the same peaks as for the original
TiO, are present (459.2 and 464.8 eV), a new pair of peaks at bind-
ing energies of 457.3 and 462.9 eV arise. The former peak could
match with the titanium 2p;p, signal of titanium-nickel mixed
oxide [38], and therefore it is suggested that the latter one might
correspond to its respective 2p;, doublet. Consequently, this sup-
ports the hypothesis of the formation of crystallites of titanium-
nickel mixed oxides on the anatase TiO, surface. In addition, in
spite of the nickel loading, the negligible shift of the binding ener-
gies of the TiO, peaks (what would be produced by interaction of
TiO, with nickel) confirms the low amount and poor distribution
of the nickel nanoparticles on the TiO, surface.

The insertion of nickel atoms in the anatase TiO, structure to
form a new crystalline phase might be related to the high decrease
of the medium and strong basic sites of the resulting Ni/TiO, mate-
rial (vide supra; see Section 3.1). Indeed, this sort of active sites cor-

responds to low coordinated oxygen atoms (isolated 0%~) [24].
These electron-rich atoms could interact during the thermal treat-
ment with the Ni2* cations deposited on them, leading to coordina-
tion between Ni?* and that 0%~ species of the anatase lattice which
ultimately creates the new crystalline structure observed. This
assumption also justifies the shift of the medium and strong basic
active sites to weak strength ones when increasing the coordina-
tion of the isolated oxygen atoms.

To sum up, it is proposed that both the unsuitable surface dis-
tribution of nickel nanoparticles to accomplish hydrogenation
reactions and the almost negligible concentration of mainly strong
basic active sites (which implies low capacity of oligomerization by
subsequent aldol condensation reactions) may lead to synergistic
effects on the acetone self-condensation in presence of H,, inhibit-
ing the catalyst deactivation but keeping almost the same activity
as working in inert conditions (in terms of both acetone conversion
and product selectivities). In this light, Ni/TiO, and reducing condi-
tions are proposed for the stable formation of unsaturated ketones
(mainly mesityl oxide and isophorones).

XPS analyses were also performed for the Pt/TiO, catalyst
(Fig. 8b). Due to the presence of aluminum in the original TiO,
(0.01 wt¥% as defined in the certificate of analysis provided by the
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manufacturer), the analysis was focused on the platinum 4d
region, instead of the common utilized 4f one, to avoid the interfer-
ence with the aluminum 2p region characterized by similar bind-
ing energies of approximately 74 eV [39,40]. The binding energy
signal consists of two differentiated areas corresponding to the
4d doublet pairs (4ds; and 4dsp,). Both peaks observed at 313.9
and 330.9 eV are related to the 4ds; and 4ds;; doublets of pt°
[41]. In addition, an almost negligible peak associated to Pt** arises
at 317.8 eV [42]. As a consequence, it is confirmed that the plat-
inum is present as Pt° oxidation state as nanoparticles (Pt°/Pt*
XPS 4ds,, area ratio of 16.4), in agreement with its easy reducibility
after thermal treatment even at low temperature [43]. Further-
more, no mixed-oxides crystallites of titanium and platinum are
formed comparing the nickel material. This fact could be explained
by two reasons: (i) as a noble metal, platinum is hardly involved in
mixed structures with other metals; and (ii) platinum atoms are
much larger than the titanium ones, hence hindering their inser-
tion into the TiO, to generate a new hybrid phase.

Regarding the titanium 2p region of the Pt/TiO, XPS analysis
(Fig. 9¢), in contrast to the Ni/TiO,, the same peaks as for the parent
TiO, are noticed, otherwise they arise at lower binding energies
(457.7 and 463.4 eV). This last fact is proposed to be directly
related to the presence of the well-distributed platinum nanopar-
ticles on the TiO,. However, it can be assumed that the peak at
lower binding energy (i.e., 2p3)> doublet) is formed by the contribu-
tion of two overlapping peaks (456.9 and 458.2 eV), suggesting
that unlike titanium species in terms of coordination exist on the
surface. This would be caused by the dissimilar degree of interac-
tion of the titanium atoms with the platinum nanoparticles (inter-
face and non-interface titanium atoms).

Hydrogen chemisorption analyses of both Pt/TiO, and Ni/TiO,
are in line with the results previously observed by other techniques.
The H, uptake per metal atom is two orders of magnitude lower in
the case of the Ni/TiO, (7.41 - 10~2° and 7.83 - 10727 m> Hy-atom ™/,
for Ni/TiO, and Pt/TiO,, respectively), therefore confirming its
lower active metallic surface (1.33 and 51.96 m?-gnka;, for Ni/TiO,
and Pt/TiO,, respectively). Accordingly, the calculations obtained
in terms of mean particle size and metal dispersion cannot be con-
sidered since, as it was observed, not all the nickel atoms are taking
part in metallic nanoparticles. However, the mean particle size and
metal dispersion determined for the Pt/TiO, (1.5 nm and 75%,
respectively) are very similar to those ascertained by HRTEM
(1.6 nm and 70%, respectively). Furthermore, another interesting
difference between both bifunctional catalysts is noticed by doing
a second hydrogen chemisorption cycle. Whereas the capacity of
Pt/TiO, to chemisorb hydrogen seems to be kept in the second cycle
with only 3% of loss (7.58 - 10727 Nm? H,-atom ™), the chemisorbed
hydrogen is reduced in 20% in the case of the Ni/TiO, (5.91 - 1072°
Nm® Hy-atom™!). This drop of the capacity to chemisorb hydrogen
at room temperature (308 K in this case) in subsequent analysis
cycles is closely associated with a phenomenon known as Strong
Metal-Support Interaction (SMSI) [44]. As it was reported [44],
the SMSI is quite common for metal-supported titania catalysts
and, mainly, considered as simple site blocking when nickel as
metal, but being able to contribute to lower catalytic activity.

3.3. Analysis of the catalytic stability

In order to model and evaluate the catalyst deactivation operat-
ing in both presence and absence of H;, a power-law deactivation
kinetics was considered (Eq. (1)) [45]:

ra = —dajdt = kg - C% - a® (1)

where 1, is the deactivation rate, a is the catalyst activity, t is the
time-on-stream (TOS), d is the deactivation rate order, ky is the

deactivation rate constant, and « is the exponent that specifies
the dependence of the deactivation rate on the acetone concentra-
tion (C,) affecting deactivation. Considering: (i) first-order deactiva-
tion kinetics (d = 1); (ii) the independence of the deactivation rate
on the C (o = 0) because of the differential conditions of operation
(C4 almost constant with the reaction time); and (iii) the relation
between the acetone reaction rate (r) and the catalyst activity (Eq.
(2)), the acetone reaction rate can be described as follows (Eq. (3)):

r=ro-a (2)

r=ro-exp(—ksA-t) 3)

being r, the acetone reaction rate at zero time. Furthermore, the
evolution of the acetone conversion can be depicted in terms of
the deactivation rate constant (Eq. (4)), taking into account the rela-
tion between the reaction rate and conversion through the space
velocity (SV) (Eq. (5)):

X =Xo-exp(—kq-t) 4)

r=SV.x ®)

where X, is the acetone conversion at zero time.

The calculated k, values are included in Fig. 3. Regarding the
catalytic stability of the parent TiO, in presence of H,, the kq4
(0.058 ks~!) decreases in 32% comparing to the value obtained in
absence of H, (0.086 ks™!). This improvement might be related
to the worse molecule-stabilization capacity of this material
because of the H, presence, as explained above, which hinders
the strong adsorption of oligomers and coke formation on the cat-
alytic surface resulting in softer deactivation. Although differential
reaction conditions cannot be considered in this case when using
Pt/TiO, (high acetone conversion), the k; are determined in inert
conditions (0.096 ks~') and in the reducing ones (2.5 - 1074 ks~ ).
In the last case, value obtained is lower than the threshold deemed
by Herrmann and Iglesia (no deactivation when k4 <0.05 ks 1)
[11].

The analysis in the case of Ni/TiO, is more complex, because of
the co-presence of more than one deactivation causes. Concerning
the faster deactivation observed with the Ni/TiO, comparing with
parent TiO, in inert conditions, it would be due to the Ni?* sites
(resulting from Ni insertion on the TiO, surface) that act as Lewis
acid sites but with lower strength that the corresponding Ti sites
that they are replacing. Following this line, the acid-basic pairs in
which Ni?* takes part show lower ability to favor the dehydration
of the aldol by the E; mechanism (Fig. S8; step (iii) and (iv)), pro-
moting the stable adsorption of aldol intermediates. This phe-
nomenon must be added to the common deactivation process of
the acid-basic surfaces (TiO,, in this case) in this type of reaction
because of subsequent aldol condensation and oligomerization.
Due to the low proportion of Ni?* sites, the former contribution
only affects deactivation at low TOS. In fact, the assumption of
these two deactivation mechanisms in the case of the Ni/TiO, in
absence of H, is confirmed by the lines of fit for the acetone reac-
tion rate with the time-on-stream (Fig. 3). It can be noticed that
below 20 ks the overall deactivation would be due to the combina-
tion of the two mechanisms proposed. However, over 20 ks, it
seems that all the Ni?* sites are deactivated, and therefore only
the stable adsorption on TiO, support is the responsible of the
deactivation. In fact, the deactivation rate constant (k;) above 20
ks can be considered the same than that corresponding to parent
TiO, in inert conditions (0.085 and 0.086 ks~!, respectively). The
experimental confirmation of these hypotheses requires a deep
analysis of the evolution of solid surface at reaction conditions.

TPO and DRIFTS experiments were realized with the aim of
completing the gas-phase assessment by analyzing the solid-
phase (i.e., the chemical species adsorbed on the catalyst surface
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and the nature of that interaction). The TPO analyses were carried
out with the catalyst used-samples recovered after 36 ks of TOS in
absence and presence of H; (Fig. 10). The allocation of the combus-
tion temperature frames of the different species (i.e., C6, C9, and
heavier compounds) is explained in the SM. The TPO profiles
obtained with the parent TiO, show the presence of heavy com-
pounds, mainly C9 species, on the catalytic surface regardless of
the reaction conditions. These results are in agreement with the
gas-phase analysis. Moreover, the hypothesis suggested of selec-
tive acid-site blockage by molecular hydrogen is confirmed, since
the saturation degree of the surface is lower when Hs is fed, in spite
of observing the same adsorbed species. The TPO analyses with
both bifunctional materials show, not only much lower degree of
saturation of the surface when H, is supplied (like working with
the parent TiO;), but also the characteristic combustion-
temperature of the species adsorbed are quite different (unlike
the results obtained with the parent TiO,). Thus, the presence of
C9 species on the surface of both materials disappear when work-
ing with H, and, particularly, there are almost no compounds
adsorbed on the Pt/TiO,. This fact confirms that the presence of
H, together with metallic phase have a significant role in the reac-
tion. On this basis, it is considered that the catalytic surface hold
the hydrogen atoms produced on the metallic nanoparticles as
adatoms, which can move on the surface by spillover [44]. As intro-
duced above (see catalytic activity experiments, Section 3.2), these
hydrogen adatoms stabilize different intermediates from those
favored working in inert conditions, which may imply: (i) the for-
mation of saturated compounds by hydrogenation reactions
(ketones and alcohols, by C=C and C=0 hydrogenation, respec-
tively) in the case of the Pt/TiO,; and/or (ii) the decrease of the
aldol condensation capacity by hindering enolates formation (key
step of the aldol condensation reaction). The second effect, with
a significant lower weight in the product distribution, is the only
one observed in the case of the Ni/TiO, because of the negligibility
of the first one. As a result, subsequent oligomerization, strong
adsorption of intermediates and, ultimately, coke formation are
extensively hampered, or even suppressed, inhibiting deactivation.

DRIFTS experiments were carried out at different reaction time
in presence and absence of H,. The main interesting regions of
spectra obtained with the three catalysts in reducing conditions
are shown in Fig. 11 (the complete spectra recorded with Pt/TiO,
and Ni/TiO,, are included in the SM, Figs. S9 and S10). Analogous

—— without H,
—— with H, =%
\553/(
Ni/TiO, A

Pt/TiO,

CO, produced

Tio,

c6 c9

Heavier

200 300 400 500 600 700 800
Temperature (K)
Fig. 10. Results obtained by TPO analyses of spent catalysts recovered after 36 ks of

time-on-stream in the gas-phase acetone self-condensation at 573 K in absence and
presence of H, (WHSV =7.9).

spectra in inert conditions are included in the SM (Fig. S11). These
results are not included in the main manuscript since the most
interesting information is analyzed as function of the evolution
of spectra in reducing conditions. Taking into account the semi-
quantitative character of Kubelka-Munk analysis, key conclusions
are related to the comparison between different spectra. This pre-
mise allows multiplying each of the three main interesting regions
by a different factor, with the only aim of make easier the
comparison.

In general terms, same bands are identified in all the spectra,
both in inert or reducing environment. This is due to the presence
of identical functional groups in almost each adsorbed molecule
(ie., reactant, intermediates, and products) irrespective of the
operating conditions. Although this fact makes the spectra analysis
difficult in terms of distinguishing between unlike adsorbed spe-
cies, some interesting differences can be pinpointed especially
with reference to the saturation degree of the infrared bands
observed. The band at 1740 cm™!, related to the C=0 stretching
vibration mode of ketones [46,47], is the most significant regard-
less the material used. Other important bands are observed at
1220 and 1350 cm™!, associated with stretching vibration modes
of C—C and bending C—(CHj3),, respectively [46,48]. Another com-
mon band between all materials is noticed around 3000 cm™!, due
to stretching vibration modes of C—H, C—H,, and C—H3 [49]. Con-
sequently, this band is strongly related to long carbon-chain spe-
cies. Two additional bands at 1440 and 1580 cm™' are almost
only observed with the parent TiO, catalyst, linked to the C—
(CH3), stretching vibration mode of mesitylene and stretching of
the C=C bond [46,49].

Concerning the spectra in inert conditions, no relevant differ-
ences are observed, being not only the peaks but also the intensi-
ties almost constant, despite the material or the TOS. This fact
suggests that deposition phenomena occur in almost the same
extent in all the cases, in good agreement with the similar concen-
tration of strong acid sites (active sites typically related to the
strong deposition of unsaturated carbon molecules [49-51]). Con-
sidering the proximity of the entire base and acid sites (acid-base
pairs), this deposition can block part of the basic sites, active for
the main reaction. The lower concentration of these sites, the
higher relevance of this effect, being more noticeable in the case
of Ni/TiO,. Furthermore, in the specific case of Ni/TiO,, the deacti-
vation of Ni?* acid sites previously proposed by the deactivation
model is confirmed by the presence of the band at 3400 cm™!
linked to the O-H stretching mode [52]. This vibration mode could
correspond to adsorbed water or the alcohol group of aldol inter-
mediates (Fig. S12).

The main conclusion of comparing spectra in inert and reducing
atmosphere is the lower intensity of all the signals detected with
bifunctional catalysts (even observing the same bands) in the
experiments performed in reducing conditions. This expected
behavior is in good agreement with the lower concentration of
unsaturated molecules and the lower affinity between the satu-
rated ones and the catalytic surface (observed in the TPO experi-
ments). This lower adsorption, clearly observed in the evolution
of the gas phase, is directly related to the observed improved sta-
bility. Thus, the spectra of Pt/TiO, and Ni/TiO, kept constant the
intensities during the reaction, whereas they slightly increased
with the parent TiO, below 28.8 ks and highly raised over this reac-
tion time, suggesting higher strong adsorption of the intermediates
formed (Fig. 11a). This fact is in agreement with the results
obtained from the catalytic stability and TPO experiments, since
no stability loss were observed in presence of H, with the bifunc-
tional materials in contrast with the parent TiO,. Comparing the Pt/
TiO, and the Ni/TiO, spectra (Figs. S9 and S10), no differences can
be observed except for the band related to stretching C—H, C—H,,
and C—Hj that is slightly high in intensity with the Ni/TiO,
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Fig. 11. DRIFT spectra recorded during the gas-phase acetone self-condensation at 573 K in presence of H, using: (a) TiO,, and (b) Pt/TiO, and Ni/TiO,. Spectra in part (a) are
divided in three differentiated regions multiplied by particular factors, included between brackets, to facilitate the analysis of the absorption bands.

(Fig. 11Db). This event would be due to the formation of C6 species
in a greater extent with this material, as it was previously noticed
by the TPO analyses.

4. Conclusions

The hypothesis of improving the catalytic stability in the gas-
phase acetone self-condensation by operating in presence of H,
has been successfully checked by combining continuous-flow reac-
tions and deep characterization of fresh and spent catalysts. The
stability of the parent TiO, is enhanced due to the blockage of
the strong acid sites by non-dissociative adsorption of H, (drop
of 32% in the deactivation kinetic constant). However, this effect
is much more remarkable with the bifunctional materials (Pt/
TiO, and Ni/TiO,), without catalytic deactivation during all the
TOS tested (10 h), since they own metal nanoparticles that activate
the H, supplied. Changes because of the H, feeding also affect the
product distribution and initial conversion, observing two different
situations. On one hand, the activity of Pt/TiO, is clearly improved
(~42% of acetone conversion; from a 7.1% in inert conditions) being
this enhancement justified by the almost complete C=C hydro-
genation of the acetone aldol condensation intermediates, obtain-
ing saturated C6 and C9 ketones as main products (lumped
selectivity to MIBK and DIBK > 95%).

On the other hand, the Ni/TiO, catalyst does not show any sig-
nificant hydrogenation capacity, yielding unsaturated C6 and C9
compounds (lumped selectivity > 98%; ~12% of acetone conver-
sion). This unprecedented behavior is explained as a consequence
of two synergistic effects: (i) the poor distribution of Ni nanoparti-
cles in the support; and (ii) the modification of the surface chem-
istry in terms of basicity by the insertion of nickel atoms into the
TiO, structure (decrease of strong basic sites). Thus, the results
obtained in this work can be considered as a starting point for
the development of high-performing stable catalysts for the pro-
duction of o,B-unsaturated ketones from acetone.
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