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ABSTRACT: Oil foams stabilized by surface-active catalytic
particles bearing fluorinated chains and Pd nanoparticles allowed
fast and efficient aerobic oxidation of a variety of aromatic and
aliphatic alcohols compared to bulk catalytic systems at ambient O,
pressure. High foam stability was achieved at low particle
concentration (<1 wt %) provided that the contact angle locates ..~ .“l‘
in the range 41°~73°. The catalytic performance was strongly [ JLX I
affected by the foaming properties, with 7-10 times activity increase{” () \

Intermediate foam ..*

in pure Oz compared to nonfoam systems.

stability was required to achieve good catalytic activity, combining
large interfacial area and high gas exchange rate. Particles were
conveniently recycled with high foamability and catalytic efficiency

maintained for at least seven consecutive runs.

1. INTRODUCTION

Gas—-liquid-solid (G-L-S) reactions are ubiquitous in
chemical, petrochemical, biochemical, and environmental
catalytic processes. Conventional reactors such as packed
beds (e.g., trickle beds and bubble columns) and stirred
reactors typically suffer from low gas solubility in liquids and
resilient mass/heat transfer limitations, especially when dealing
with fast reactions.! In practice, cosolvents, surfactants, G-L
phase-transfer reagents (e.g., molten salts), and high gas
pressures can be employed to promote the G—L contact and
increase the gas concentration at the expense of the green
footprint of the process. Also, continuous flow microreactors?
and catalytic membrane reactors® have been advocated for
increasing the G-L interfacial area. However, these systems
require complex equipment and still do not guarantee an
efficient L—S contact on the catalyst surface. For a major
improvement in terms of cost efficiency and energy savings,
G-L-S reactors operating at the nanoscale are required.

This approach was demonstrated with Pickering emulsions,
which can be used to engineer catalytic reactions between two
immiscible liquid reagents, affording an intimate contact
between the phases and facile product separation.* Despite
this significant progress, the transposition of Pickering
emulsions to G-L systems based on “armored” bubbles
(e.g., foams) has been seldom explored.® Yuan and co-workers
synthesized particles based on monodisperse Au nanoparticles
embedded in [PV2M01004]°~ assembled to 1,3,5-tris[(3-
methylimidazolium)methyl]-2,4,6-trimethylbenzene  tribro-
mide by electrostatic interactions.® The particles could self-
assemble at the Oj/water interface, stabilizing Oz micro-
bubbles which show high activity in the oxidation of aliphatic/
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aromatic alcohols into aldehydes and ketones. Yang and co-
workers synthesized silica particles modified with octyl and
polyamine groups stabilizing gas microbubbles in water.” By
incorporation of Pd or Au nanoparticles, the particles became
active for aqueous hydrogenation and oxidation reactions in Ha
and O, foams, respectively, under stirring at high particle
concentration (7.5-12.5 wt %). The catalytic foams exhibited
an enhanced activity compared to conventional multiphasic
reactors, where the catalyst is dispersed within the continuous
phase. These studies are limited to aqueous systems only,
whereas catalytic reactions often require organic solvents.
Aqueous foams and “armored bubbles” can be stabilized by a
variety of particles, including hydrophobic silicas,® polymers,’
cellulose,™ and surfactant crystals.** In contrast, only few
reports are available on particle-stabilized nonaqueous foams,
consisting of low-surface-energy fluoropolymers/oligomers,*?
particles bearing fluorocarbon chains,'®and highly hydro-
phobic low-carbon chains.** This limited scope arises from the
low surface tension of organic liquids, restricting particle
adsorption at the G-L interface.™® Besides, particle-stabilized
foams differ from emulsions by a significant difference in
density between the phases, which is similar for L—L systems
but can vary orders of magnitude for G—L systems. As a
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Table 1. Main Properties of Catalytic Particles

catalyst Pd (wt %)2 F (wt %)°
Pd@SiNP_Fi;(1-4) 1.33 33
Pd@SiNP_F;,(1-8) 1.49 25
Pd@SiNP_F;,(1-16) 1.78 15
Pd@SiNP_Cg(1-4) 0.82

contact angle (deg)?

Disilica (NM)© Dpg (NM)°© xylene BnOH
364 3.6 539 95.9
289 6.8 30.3 69.9
304 51 117 53.2
244 29 <10 273

8Measured by ICP-OES.? Measured by TGA.®Measured by HR-TEM (see Figures S1 and S2 for particle size distributions); metal dispersions is

indicated in parentheses.d Measured by a Biolin optical tensiometer.
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Figure 1. () FT-IR spectra of the different particles. (b)?°Si NMR MAS spectra of PdA@SiNP_F17(1-4). (c) HR-TEM micrograph of Pd@
SiNP_Csg(1-4). (d—-f) HR-TEM/EDS micrographs of PA@SiNP_F17(1-4).

consequence, the gas phase needs to be continuously renewed in
catalytic foams to avoid a stoichiometric deficit of gas during the
reaction.

Herein, we report the interfacial catalytic properties of an oil
foam based on the benzyl alcohol (BnOH)-xylene/air (O2)
system stabilized by surface-active oleophobic (fluorinated)
silica particles incorporating Pd nanoparticles. We first
addressed the aerobic oxidation of BnOH to evaluate the
impact of the experimental conditions such as the stirring rate,
particle concentration, surface chemistry of particles, and
BnOH/xylene ratio on the foaming and catalytic performance.
We then performed the same reaction under O, flow, resulting
in an enhanced catalytic activity compared to that of a
conventional G-L-S stirred-tank reactor with dissolved O..
The catalytic system is transversal and can be applied to the
oxidation of a library of alcohols and cosolvents. The catalytic
particles were conveniently recycled after reaction and reused
without loss of catalytic performance and surface activity
(foamability).

2. RESULTS AND DISCUSSION

2.1. Preparation of Surface-Active Particles. Fluori-
nated organosilica particles were synthesized by the Stober
method  using 1H,1H,2H,2H-perfluorodecyltriethoxysilane
(PFDTES), 3-mercaptopropyltriethoxysilane (MPTES), and
tetraethyl orthosilicate (TEOS) precursors, with MPTES/
PFDTES and TEOS/PFDTES molar ratios of 16 and 4-16,
respectively (see the Supporting Information for details).

Three fluorinated samples were prepared, which are hereinafter
termed SiNP_F17(1-4) (33 wt % F), SiNP_F7(1-8) (25 wt
% F), and SiNP_F17(1-16) (15wt % F) (Table 1, entries 1—
3). Besides, a non-fluorinated sample with octyl groups [i.e.,
SiNP_Cg(1-4)] was prepared by using triethoxy(octyl)silane
(C8) as precursor, with MPTES/Cs and TEOS/Cs molar
ratios of 1 and 4, respectively (Table 1, entry 4). The samples
were loaded with Pd nanoparticles by wet impregnation using
an ethanol solution of Pd(OAC),. The final Pd-loaded particles
were denoted as PA@SINP_Fi7(1-4) (1.33 wt % Pd), Pd@
SiNP_ F17(1-8) (1.49 wt % Pd), Pd@SiNP_F17(1-16) (1.78
wt % Pd), and PA@SiNP_Cg(1-4) (0.82 wt % Pd). The mean
particle size (HR-TEM) was found in the range 300—366 nm
for the fluorinated silica particles, whereas it was slightly
smaller for PA@SINP_Cg(1-4) particles (246 nm) (Table 1
and Figure SIA-D). TG analysis was used to explore the
thermal stability of the particles before and after Pd
impregnation (Figures S3 and S4). All the samples exhibit a
small weight loss until 150 °C (~5%), which can be attributed
to water desorption. The parent fluorinated silica particles
exhibit a sharp weight loss (AW) in the range 400—-500 °C,
which spans to a broader temperature range (from 220 to 430
°C) after Pd impregnation (Figure S3). The weight loss
increases from 23% for PA@SiINP_F17(1-16) to 38% and 53%
for Pd@SINP_F17(1-8) and Pd@SiNP_Fi7(1-4), respec-
tively (Table 1). The AW/F ratios (w/w) are about 1.5-1.6
for the different samples, matching the expected ratio in
PFDTES (1.6). For comparison, SiNP_Cg(1-4) also shows
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two weight loss regions in the ranges 25-150 °C (~7.5%) and
400-500 °C (~5%), and both decrease after Pd loading
(Figure S4). This observation can be explained by the presence of
ethoxy groups in SiNP_Cg, which partially hydrolyze during Pd
impregnation.

The surface composition of the particles was first analyzed
by FT-IR spectroscopy (Figure 1a). Typical bands of silica
appear at 1100 and 800 cm™ and can be assigned to
asymmetric stretching and bending vibrations of Si—O-Si
bonds, respectively.’® Two additional bands at 3650 and 1610
cm~tare indicative of symmetric stretching and bending
vibrations of free Si—-OH groups, respectively.'® A broad band
appears in the range 3000-3500 cm™ belonging to Si—-OH
groups interacting with adsorbed water, reflecting a partial
hydrophilic behavior of the particles in line with the mass loss
observed in the TG profiles until 150 °C. Characteristic bands
ascribed to the fluorocarbon chain appear at 1171 and 1237
cm=! which can be assigned to stretching modes of C—F
(CF4/CFs3) bonds.’® Additional bands visible at 710 and 670
cm™ are attributed to symmetric stretching bands of CFs;
groups.t’ These bands become more prominent with the
fluorine content. Furthermore, bands ascribed to the carbon
skeleton appear at 1610 cm=! corresponding to asymmetric
stretching modes of C—C groups, and at 2934 and 1462 cm!
which can be assigned to C—H stretching and bending
vibrations.'” No band corresponding to the stretching
vibration of S—H groups (2560 cm™) is observed,'® which
can be explained by the low loading of mercaptopropyl groups
on the samples.

The fluorinated particles were further characterized by?°Si,
F, and®®C NMR MAS before and after Pd impregnation
(Figure 1b, Figures S5 and S6). The?*Si NMR MAS spectra
exhibit an intense Qs resonance band at —99.3 ppm ascribed to
Si—OH groups (Figure 1b). A small Q2 band is also visible at
-91.0 ppm revealing the presence of geminal HO-Si—-OH
groups. The T-region of the spectra is characterized by a sharp
T3 band at —66.6 ppm and a smaller band at —56.8 ppm that
are indicative of tripopodal and dipodal moieties on silica,
respectively. The’®F NMR MAS spectra display neat signals
belonging to the fluorinated chains (Figures S5a and S6a).'° A
sharp signal is observed at —80.7 ppm that can be ascribed to
CF3 groups. Two additional sharp bands are visible at —120.6
and —121.5 ppm which can be ascribed to internal CF, groups,
as well as a band at —125.3 ppm belonging to the CF, group in
contact to CF3. A small band is also observed at =115 ppm
which can be tentatively attributed to CF, groups in contact to
CH,. The'®C NMR MAS spectra of the particles show
combined features of fluorinated and mercaptopropy! chains
(Figures S5b and S6b). Two broad and complex bands appear
at 109.1 and 115.2 ppm belonging to CF, and CFs groups in
the fluorinated chains.'®® An additional band is visible at —0.17
ppm which can be assigned to CH, groups in fluorinated
chains. A sharp and complex band appears at 22.0 ppm which
can include the contribution of internal CH, groups in
mercaptopropyl chains. The characteristic bands appearing at
15.5 and 57.2 ppm are indicative of the presence of CH3 and
CH, groups, respectively, in ethoxy groups,’® and decrease
drastically upon Pd impregnation. Finally, a small band is
visible at 27.1 ppm which can be ascribed to the C-S groups in
mercaptopropyl chains.?!

Particles were also inspected by HR-TEM (Figure 1c—f and
Figure S7). The fluorinated particles consist of a silica core and
a fluorinated shell with a thickness increasing with the F

loading. Pd nanoparticles, with a mean size in the range 3.6—
6.8 nm for the fluorinated particles and 2.9 nm for Pd@
SiNP_Cg(1-4) (Table 1 and Figure S2), are well dispersed on
the external surface of the particles. XPS analysis reveals similar
Pd 3d core level features for all samples (Figure S8a). The
3ds/2 and 3ds spin—orbit bands after reduction can be
deconvoluted each into two bands centered at 335.1-335.5/
336.7-337.7 eV (Pd 3ds12) and 340.3-340.9/342.0-343.1 eV
(Pd 3ds/,) for PA@SiINP_Cs(1-4), PA@SiNP_F7(1-8), and
Pd@SiNP_F17(1-16). These bands are indicative of the
presence of Pd® and Pd"O species on the particles.?? The Pd
3d XPS spectrum of PA@SIiNP_F17(1-4) is slightly shifted to
higher binding energies with bands centered at 336.3/338.1 eV
(Pd 3dsi2) and 341.5/343.5 eV (Pd 3ds). This suggests a
surface enrichment with Pd"O and Pd'VO, species.? The C 1s
XPS core level region shows several bands in the range 286.5—
293.5 eV for fluorinated particles, which is consistent with the
presence of CFs, CF,, and CF,—CH, groups (Figure S8b).?
Additional bands in the range 283.0—-286.5 eV are indicative of
C-C and CH; bonds,?** and bands at 293.7 and 296.5 eV are
reminiscent of K* cations from KBHa. As expected, all these
bands are also visible for PdA@SiNP_Cg(1-4).

The surface activity of the particles is governed by their
interaction with the gas and liquid phases, which can be
characterized by the interfacial contact angle. Matching the
surface chemistry of the particles to a solvent may be
challenging, as the range of contact angles where particles
are efficient for stabilizing foams is narrow.?® As an alternative,
a mixture of two solvents with different wetting properties may
be used to tune the contact angle. Here we chose benzyl
alcohol (BnOH) as a model substrate and xylene as cosolvent.
Their surface tensions are 39 and 28.9—-30.1 mN/m at 20 °C,
respectively.?® The air-BnOH and air—xylene contact angles
for the different particles are listed in Table 1. In the case of
fluorinated particles, the air—-BnOH contact angle decreases
from 95.9° for Pd@SiNP_Fi7(1-4) to 53.2° for Pd@
SiNP_F17(1-16), whereas the contact angle is much lower
for Pd@SIiNP_Cg(1-4) (27.3°). An analogous trend is
observed for the air—xylene contact angles, but with lower
values. As a matter of fact, the air—xylene contact angle
decreases from 53.9° for or PA@SiINP_F17(1-4) to 11.7° for
Pd@SiNP_F17(1-16), while the contact angle for Pd@
SiNP_Cg(1-4) is lower than 10°. These observations point
out that the PA@SINP_Cg(1-4) particle is completely wetted
by xylene, while fluorinated particles are wetted partially by
both xylene and air, making them good candidates for
stabilizing oil foams, especially PA@SINP_ F17(1-4).

2.2. Aerobic Oxidation of BnOH. The effect of foaming
on the catalytic properties of the different particles was first
investigated at variable stirring rates and particle concen-
trations by using the aerobic oxidation of BnOH as model
reaction. These results were further generalized to a range of
solvents and alcohols.

The effect of stirring rate was studied over PA@SiNP_
Fi7(1-4) and Pd@SiNP_Cg(1-4) particles (1 wt %)
dispersed in a BnOH/xylene (1:1 v/v) mixture (Figure 2a).
Irrespective of the stirring rate, PA@SINP_Cg(1-4) does not
stabilize foams. In contrast, PA@SINP_F17(1-4) can foam, but
only at high stirring rates (1000—1500 rpm). In the absence of
foam, both particles exhibit similar catalytic performance
(Figure 2b). However, in the range 750—1000 rpm, the system
with PA@SINP_F17(1-4) exhibits a sharp increase of the
benzaldehyde (BnAH) yield after 1 h, whereas the yield
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Figure 2. (a) Optical images of the BnOH/xylene (1:1 v/v) system
stabilized by 1 wt % Pd@SiNP_F17(1-4) as a function of stirring rate
at 80 °C and 1 h. (b) Aerobic oxidation of BnOH over Pd@
SiNP_Csg(1-4) and Pd@SiNP_F17(1-4). Reaction conditions: 0.9
mL of BnOH, 0.9 mL of xylene, 1 bar of air, 1 wt % particles, 1500
rpm, 80 °C, 1 h. (c) Zoom-in optical image of BnOH/xylene (1:1 v/
V) system stabilized by 1 wt % Pd@SiNP_F17(1-4) at 1500 rpm, 80
°C, 1 h. (d) Microscopic image of BnOH/xylene (1:1 v/v) system
stabilized by 1 wt % Pd@SiNP_F17(1-4) at 1500 rpm, 80 °C, 1 h.

remains almost unchanged for PA@SiINP_Cg(1—-4). This large
gap in catalytic activity between both particles is attributed to
foam generation in the former case (Figure 2c,d). The BnAH
yield increases monotonously at higher stirring rates (1000-
1500 rpm) for PA@SiNP_F17(1-4), which can be credited to
an increase of foam volume (Figure 2a). We also conducted
additional catalytic tests for PA@SINP_F17(1-4) as a function
of the stirring rate at higher particle loadings. Interestingly, the
above trend obtained at 1 wt % loading is also observed when
increasing the particle concentration to 2 wt % (Figures S9 and

S10). However, at 4 and 6 wt %, the BnAH yield has no break
point and displays a monotonous increase at higher stirring
rates with systematically higher values compared to Pd@
SiNP_Cg(1-4) (Figures S11 and S12).

The catalytic performance was also studied at variable
particle concentrations at a fixed stirring rate of 1500 rpm
(Figure 3a). For Pd@SiNP_Cg(1-4), the BnAH vyield lies
below the detection limit for 0.1 and 0.25 wt % particle
concentration, whereas it rises monotonously from 2.9% to
16% in the particle concentration range from 0.5 to 10 wt %. In
contrast, the BnAH yield exhibits a radically divergent pattern
for PA@SINP_F17(1-4). In the range 0.1-1 wt %, the yield
increases from 5.1% to 25%, which is 5 times higher than that
of PAd@SINP_Cg(1-4). However, the yield remains un-
changed at 2 wt %, decreases drastically at 4 wt %, and finally
shows a sustained increase beyond this value in a similar
fashion to that observed for PA@SINP_Cg(1-4).

To gain insight into the above-described abnormal pattern of
the BnAH vyield for PA@SINP_F17(1-4), the effect of particle
concentration on the foaming properties was explored.
Through vigorous stirring at 1500 rpm, BnOH/xylene foams
were prepared at room temperature (Figure S13) and 80 °C
(Figure S14). In both cases, the foam volume increases with
the particle concentration. However, the foams generated at
room temperature are denser and with larger volumes (Figure
S15). At 8 wt % particle concentration, almost the entire
reactor volume is filled with foam and no free liquid is
observed. Besides, these foams are extremely stable (Figure
S16): there is no obvious foam degeneration after 24 h, and
only slight changes can be devised after 72 h. In contrast, foam
stability is much lower at 80 °C (Figure 3¢ and Figure S17) but
improves drastically with the particle concentration. As a
matter of fact, at 0.5 wt %, the foam vanishes completely
already after 5 min. As the particle concentration increases to 1
wt %, the foam lifetime spreads to 10 min and to 20 and 60
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Figure 3. (a) BnAH yield and TON as a function of the particle concentration for the aerobic oxidation of BnOH over Pd@SiNP_Csg(1-4) and
Pd@SiNP_F17(1-4). Reaction conditions: 0.9 mL of BnOH, 0.9 mL of xylene, 1 bar air, 1500 rpm, 80 °C, 1 h. (b) Schematic representation of
catalysis in particle-stabilized nonaqueous foam system in air. (c) Average bubble size and foam height at variable PA@SINP_F17(1-4) particle
concentration at 80 °C. (d) Time evolution of the foam height for foam produced with Pd@SiNP_F17(1-4) at 80 °C.
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min for foams prepared at 2 and 4 wt %, respectively. This
suggests that a higher particle concentration leads to denser
shells, reducing bubble coalescence and enhancing foam
stability. More information about foam structure was obtained
by observing the foams under an optical microscope (Figures
S18-S21). At higher particle concentration, the number of
bubbles increases at the expense of the bubble size (Figure 3c
and Figure S15). This is apparent in the particle concentration
range from 0.5 to 4 wt %, where the average bubble size
declines from 330 to 250 um. When the concentration exceeds

4 wt %, the average bubble size hardly changes, remaining
around 230 pm. It is worth mentioning that nonspherical
bubbles are visible for foams generated at 80 °C, providing
evidence of a jammed G-L interface; that is, bubbles are
covered by a close-packed layer (or multilayer) of particles.

From the foam analysis above, the following conclusions can
be drawn to rationalize the catalytic performance of Pd@
SiNP_F17(1-4). At very low particle concentrations, the foam
is rather unstable and the foam volume is small (and so the
interface available for the reaction), leading to low BnAH yield
(“unstable foam” regime, Figure 3b). An increase of the
particle concentration up to 2 wt % results in a remarkable
increase of the foam volume with concomitant increase of the
BnAH yield (“stable foam” regime, Figure 3b). The foam
height remains nearly constant at 4 wt % particle
concentration, but the interfacial area increases because of
the formation of smaller bubbles. Most importantly, at this
particle concentration, a majority of the bubbles are covered by
a close-packed layer of particles, resulting in a very stable foam
with a collapse time longer than the reaction time (Figure 3d).
This has a very important consequence: the O, concentration
becomes the limiting factor, as O, in the bubbles cannot be
regenerated by their collapse and restitution (“very stable
foam” regime, Figure 3b). As a result, a similar catalytic
performance is observed for nonfoaming and foaming systems
above 4 wt %. This body of results points out that intermediate
particle concentrations are required for enhancing the catalytic
activity in the presence of foam, boosting the interfacial area
while maintaining the permeability of the particle layer and
allowing fast gas regeneration.

We first compared the catalytic performance of Pd@
SiNP_F17(1-4) particles alone at 0.5 wt % concentration
and in a mixture with noncatalytic SINP_F17(1-4) particles at
0.5 wt % concentration each (Figure 4a—d). Both systems
perform similarly (Figure 4a vs Figure 4b). However, a slight
increase of the foam volume is observed for the mixed system,
suggesting preferential adsorption of noncatalytic (but better
foaming) particles at the G-L interface. In contrast, when 1 wt
% noncatalytic SiNP_F17(1-4) and 1 wt % Pd@SiNP_F17(1-
4) particles are mixed together, the BnAH yield is much lower
than that measured with 1 wt % Pd@SiNP_F7(1-4) particles
only (Figure 4c vs Figure 4d), even if the foam volume is much
larger in the mixed system. These results suggest that the
interface is predominantly populated by noncatalytic particles,
which is in line with the increase in the foam volume. In
contrast, catalytic particles are mainly dispersed in the bulk
solvent, resulting in a lower catalytic activity.

In the examples above, both particles were surface-active and
accordingly the actual composition of the G-L interface
remains unknown. To gain better insight into the effect of the
interface composition, we performed additional catalytic and
foaming tests using a mixture of surface-active but noncatalytic
SiNP_F17(1-4) particles and catalytic but non-surface-active
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Figure 4. Top: aerobic oxidation of BnOH catalyzed by a mixture of
catalytic and noncatalytic particles. Bottom: schematic representation
and optical images of reaction system after 1 h reaction. Reaction
conditions: 0.9 mL of BnOH, 0.9 mL of xylene, 1 bar of air, 1500 rpm,
80 °C, 1h.

PAd@SiNP_Cs(1-4) particles, favoring the location of the
former at the interface and the latter in the bulk solvent. First,
0.5 wt % SiNP_F17(1-4) particles were mixed with 0.5 wt %
PAd@SIiNP_Cg(1-4) particles (Figure 4f). This system
generates a foam similar to that observed with 0.5 wt %
catalytic/foaming Pd@SiNP_F17(1-4) particles (Figure 4a).
At the same time, despite the formation of foam, the system
shows very low yield (<5%). Also, low yield (<5%) is observed
by using 0.5 wt % Pd@SiNP_Cg(1-4) particles only without
foam (Figure 4e). These results confirm that as expected, only
SiNP_F17(1-4) particles adsorb at the G-L interface, while
the catalytic PA@SiNP_Cg(1-4) particles are dispersed in the
bulk solvent where they demonstrate poor catalytic perform-
ance. This phenomenon becomes more prominent when the
Pd@SiNP_Cg(1-4) particle concentration is further increased
to 1 wt % (Figure 4g). The yield in this case is only 5%, which
is 5 times lower than that obtained with 1 wt % of surface-
active catalytic Pd@SiNP_Fi7(1-4) particles (Figure 4c).
Interestingly, the yield obtained in the presence of foam is
slightly lower than in nonfoaming system (Figure 4h vs Figure
49), indicating a negative role of the foam in this case, arising
most likely from a lower gas exchange rate.

2.3. Effect of Liquid Phase Composition on Catalytic
Performance. As pointed out above, the foaming and
catalytic performance of the studied systems are closely
related. We therefore investigated the effect of the BnOH/
xylene volume ratio on the foamability and measured the
contact angles at room temperature as descriptors of the
particle wetting by two phases. Note that the interfacial contact
angle is sensitive to the temperature (the reactions were
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conducted at 80 °C), and accordingly the room-temperature
contact angles should be regarded as indicative.

Two particles with high fluorine content, i.e., Pd@
SiNP_F17(1-4) and Pd@SiNP_Fi7(1-8), can stabilize
foams for most of the mixtures (Figure 5a, left; Figures S22
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Figure 5. (a) Interfacial contact angle and foam height as a function
of the BnOH concentration over Pd@SINP_Csg(1-4), Pd@
SiNP_F17(1-4), Pd@SiNP_F17(1-8), and Pd@SiNP_Fi7(1-16)
particles. (b) BnAH yield and TON after 1 h in the aerobic oxidation
of BnOH over Pd@SiNP_Cs(1-4), Pd@SINP_Fi7(1-4), Pd@
SiNP_F17(1-8), and Pd@SiNP_F17(1-16) particles in BnOH/
xylene mixtures at variable BnOH/xylene volume ratios. Reaction
conditions: 1.8 mL total liquid volume, 1 wt % particles, 1 bar air,
1500 rpm, 80 °C, 1 h.

and S23). PA@SINP_F17(1-4) particles generate stable foams
for BnOH/xylene volume ratios ranging from 1:5 to 4:2
(contact angle from 60° to 73°), with the foam height
increasing with the BnOH content. At 5:1 BnOH/xylene ratio,
the contact angle is 79° and particles are badly wetted by the
liquid, resulting in almost no foam formation. In pure BnOH,
these particles cannot be dispersed at all (contact angle 96°).
As a consequence, no foam is produced. PA@SiNP_F17(1-8)
particles at a 1:5 BnOH/xylene ratio are overwetted by the
liquid and cannot foam (contact angle lower than 40°)Clonly
individual bubbles are visible. Foamability increases with the
BnOH content, reaching a maximum in the range of BnOH/
xylene ratios from 3:3 to 5:1 (contact angles 48° and 58°,
respectively). PA@SINP_Fi7(1-16) particles with the lowest
fluorine content exhibit poor foamability for all compositions
(Figure 5a) due to overwetting by the solvent (contact angles
lower than 50°), and Pd@SiNP_Cg(1-4) particles generate
no foam at all. Overall, good foaming is achieved for systems

with a room-temperature contact angle in the range 50°-80°
(Figure 5a, right; Figures S24-S26).

The catalytic performance of the different particles was also
studied at variable BnOH/xylene volume ratios (Figure 5b).
Non-surface-active PA@SiNP_Cg(1-4) and overwetted Pd@
SiNP_F17(1-16) particles show very low BnAH yield (<5%).
In contrast, more oleophobic PA@SINP_F17(1-4) and Pd@
SiNP_F17(1-8) particles generate a significant amount of
foam which results in much higher yield for these systems. In
both cases, the TON evolves alongside foaming with a
maximum value for 3:3 BnOH/xylene mixtures at 2300 and
3500 mol BnAH/mol Pdsy for PA@SINP_F17(1-4) and Pd@
SiNP_F17(1-8) particles, respectively. The TON decreases at
higher BnOH volume fractions, which is not in line with the
foam evolution. Accordingly, other factors should be at play.
Detailed analysis at this stage appears challenging, as the
BnOH/xylene volume ratio changes not only the substrate
concentration but also the surface tension of the liquid phase
and the interfacial contact angle, affecting the foam volume and
interfacial concentration of particles.

Given the high activity of PA@SINP_F17(1-4) and Pd@
SiNP_F17(1-8) particles, the kinetic profiles were measured
for both catalytic particles at 80 °C and variable BnOH/xylene
volume ratios (Figure 6). In the case of PA@SiINP_Fi7(1-4)
(Figure 6a), the BnAH yield increases faster at lower BnOH/
xylene ratios, reaching almost 100% for 1:5 BnOH/xylene
mixtures after 4 h. At higher BnOH/xylene ratios (i.e., 3:3, 4:2,
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Figure 6. (a) Kinetic profiles for the aerobic oxidation of BnOH over
(a) Pd@SiINP_Fi7(1-4) and (b) Pd@SiNP_Fi7(1-8). Reaction
conditions: 0.9 mL of BnOH, 0.9 mL of xylene, 1 wt % particle, 1 bar
air, 1500 rpm, 80 °C.
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and 5:1), the reaction is slowed after 1 h, most likely due to
foam stabilization and coarsening as more particles are brought
to the surface, reducing O, regeneration. The catalytic activity
at = 0 (turnover frequency, TOFo) increases with the BnOH/
xylene ratio from 1400 h* (1:5) to a maximum value of 3400
h-! (3:3), followed by a decrease until 2100 h~* (5:1). This
trend is consistent with that observed for the TON in Figure
5b. In the case of PU@SiNP_F17(1-8) particles, the reaction is
not slowed after 1 h (Figure 6b), which can be explained by a
lower foam stability compared to PA@SINP_F17(1-4) at equal
reaction conditions, allowing higher permeability and faster O
regeneration in the bubbles. A maximum value of TOF is also
observed for 3:3 BnOH/xylene mixtures (5400 h™1), while a
highest yield is achieved for 2:4 BnOH/xylene mixtures (72%
after 4 h).

2.4. Catalyst Recyclability and Reuse. The recyclability
and reuse of PA@SiINP_Fi7(1-4) particles were studied for
the aerobic oxidation of BnOH over seven consecutive cycles.
After each cycle, the reaction media was centrifuged (4500
rpm, 3 min), and the particles were separated, washed with
acetone for three times, and dried at 80 °C for 4 h before use
in the subsequent cycle. The particles can be conveniently
recycled for at least seven times without appreciable loss of
catalytic activity and foamability (Figure 7). No Pd leaching is
observed during the reaction, as inferred by ICP-OES.
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Figure 7. Recyclability and reuse of Pd@SiNP_Fi7(1-4) for the
aerobic oxidation of BnOH over seven consecutive cycles. Reaction
conditions: 0.9 mL of BnOH, 0.9 mL of xylene, 1 wt % particle, 1 bar
air, 1500 rpm, 80 °C, 1 h.
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2.5. Solvent Scope. PA@SiNP_F17(1-4) particles cannot
be dispersed in pure BnOH (contact angle 96°, surface tension
39 mN/m at 20 °C) and therefore require a cosolvent. In order
to explore if xylene in the reaction mixture may be replaced by
other liquids, we performed the aerobic oxidation of BnOH
with a series of solvents at a fixed BnOH/solvent volume ratio
of 1:5 (Figure S27-S29). All solvents have three common
characteristics: their boiling point exceeds 160 °C, they are
miscible with BnOH at 80 °C, and are inert at this
temperature. Cosolvents with lower surface tension such as
DIBK (23.92 mN/m at 20 °C), dodecane (25.4 mN/m at 20
°C), hexylene glycol (33.1 mN/m at 20 °C) can be used to
prepare foams. The catalytic performance in these systems is
similar or higher than that in BnOH/Xylene mixture. In
contrast, DMSO, with a higher surface tension than BnOH,
cannot be used to stabilize foams, since the mixture cannot wet
the particles. This leads to a poor catalytic performance for this
system.

2.6. Catalytic Tests in Oz Flow. The BnOH oxidation
reaction was further studied in O flow at ambient pressure in a
3:3 BnOH/xylene mixture with 1 wt % Pd@SiNP_F17(1-4) at
1500 rpm stirring rate. The BnAH vyield after 1 h is 48% (Table
S1), which almost doubles that obtained under air (25%) and
is 7 times higher than the yield over PA@SiINP_Cg(1-4)
without foam (6.4%) (Figure 5a). These results are predictable
for a nonzero reaction order of O, as pure O provides higher
reactant concentration compared to air, enhancing the reaction
rate. No apparent effect of the O flow rate [range 10—-100 mL
(STP)/min] on the BnAH vyield is observed.

The reaction was also performed in the presence of O flow
at higher temperature. The yields are 74% and 96% at 100 and
120 °C, respectively (Table S1). In all cases, foams are
generated and show similar appearance (Figure S30).
Replacing xylene by dodecane allows conducting the reaction
at higher temperature. In the presence of dodecane, a similar
yield of 93% is attained at 120 °C, and the reaction can reach
89% at 140 °C after only 30 min.

2.7. Aromatic Alcohol Scope. We also examined the
generality of aromatic alcohol oxidation in foam systems under
O, flow (Table S2, Figures S31 and S32). The results obtained
with xylene as a solvent clearly demonstrate higher activity of
foam systems in the oxidation of aromatic alcohols as
compared to nonfoam systems. For 1-phenylethanol, the
acetophenone yield in the foam system (Pd@SiNP_F17(1-4)
particles) after 1 h reaction is 7.1%, 23%, and 50% at 80, 100,
and 120 °C, respectively. This is 7 times higher than the values
in nonfoam system (Pd@SiNP_Cg(1-4) particles) at the
same temperature. The combination of benzyl alcohol and 1-
phenylethanol (1:1.2 mol/mol) in xylene (1:2 v/v in xylene for
each alcohol) results in a yield of 92% and 28%, respectively,
which are comparable to the values measured on the single
alcohols. The conversion of methylbenzyl alcohol into the
corresponding aldehyde in the presence of foam is 48% at 120
°C after 1 h, while the yield is only 7.1% in nonfoam system.
Vanillyl alcohol is completely converted into vanillin at 110 °C
after 1 h in foam system, while the conversion only reaches
12% in nonfoam system. The oxidation of cinnamyl alcohol
was studied at variable temperatures. The yield of cinnamalde-
hyde at 100 °C after 2 h in the nonfoam system is 25%, which
is lower than the value measured at 80 °C after 1 h in the
presence of foam (31%). The yield increases to 92% at full
cinnamyl alcohol conversion after reaction at 120 °C for 30
min with only minor amounts of benzaldehyde and ethyl-
benzene as byproducts. The yield of coniferyl aldehyde from
coniferyl alcohol, which is directly derived from lignin, is 60%
at 120 °C after 2 h in the presence of foam, while the yield is
only 5.1% in nonfoam system. Additional byproducts are
observed resulting from pathways involving phenoxy radicals.?’

2.8. Extension to Aliphatic Alcohols. In addition to
aromatic alcohols, we developed foam systems for the aerobic
oxidation of aliphatic alcohols stabilized by PA@SiNP_F17(1-
4) particles in O flow using diisobutyl ketone (DIBK) as
solvent (Table S2, Figure S33). In all cases, higher activity of
foam systems is obtained compared to nonfoam systems in the
presence of PA@SiNP_Cg(1-4) particles. The oxidation of 1-
octanol at 160 °C after 4 h results in the formation of octyl
octanoate with 50% vyield. In contrast, only product traces are
observed without foam. Likewise, the oxidation of 2-octanol at
the same reaction conditions results in 58% yield of 2-octanone
in the presence of foam, whereas the nonfoam system shows
only 0.9% yield of product. Finally, 1-octen-3-ol shows higher
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)

reactivity, reaching more than 99% yield of 1-octen-3-one at

120 °C after 1 h in the presence of foam. In contrast, a control
experiment without foam only shows 10% yield of product.
Overall, these results clearly show the versatility of foam
systems for the aerobic oxidation of aliphatic alcohols at
ambient pressure.

3. CONCLUSIONS

In summary, we prepared oil foams stabilized by surface-active
silica particles bearing fluorinated chains and Pd nanoparticles.
Foamability increased with both the particle concentration and
stirring rate. High foam stability was achieved in benzyl
alcohol/xylene mixtures even at very low particle concentration
(<1 wt %) provided that the contact angle locates in the range
41°-73°. However, it declined drastically upon heating from
room temperature to 80 °C. The catalytic performance was
strongly affected by the foaming properties, with 8 times
activity increase in pure O, compared to nonfoam systems.
Intermediate foam stability was required to achieve good
catalytic activity, combining a large interfacial area and high gas
exchange rate. Preferential location of the catalytic particles at
the G-L interface was found even more important for catalytic
performance than foamability. Particles were conveniently
recycled with high foamability and catalytic efficiency
maintained for at least seven consecutive runs. Besides xylene,
other solvents with surface tension lower than that of the
substrate could tune the particle wettability, enhancing the
foamability and catalytic performance in the aerobic oxidation

of a panel of aromatic alcohols. Most interestingly, foam

systems could be developed by using diisobutyl ketone as
solvent for the aerobic oxidation of aliphatic alcohols. This
demonstrates the universality of our approach and allows

performing reactions at higher temperatures. Overall, this study
paves the way to the reengineering of G—L-S reactors for

oxidation reactions at low air/O, pressures.
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