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1 Introduction

The oxidation of alcohols to carbonyl compounds has attracted
sustained interest. This is largely due to the stability and
availability of the alcohol precursors. In addition, the resulting
carbonyl products, such as aldehydes, ketones, and carboxylic
acids, are highly valuable." These compounds serve as crucial
intermediates in the synthesis of pharmaceuticals, industrial
feedstocks, and fine chemicals.> However, traditional oxidants
used for this transformation, such as hexavalent chromium
compounds,® hypervalent iodine reagents, and activated
dimethyl sulfoxide reagents,® are typically toxic, expensive, and
hazardous. These oxidants often generate substantial waste and
byproducts, thereby compromising atom economy and raising
serious environmental concerns. In contrast, renewable
oxidants, such as oxygen (from air), hydrogen peroxide, and
sodium hypochlorite, offer advantages including low cost and
minimal byproduct formation.® Nevertheless, practical limita-
tions have hindered the widespread adoption of some of these
oxidants: air is difficult to handle due to its gaseous nature,
while sodium hypochlorite requires strongly alkaline condi-
tions that can degrade sensitive substrates. Among these,
hydrogen peroxide stands out as a particularly attractive option
due to its favorable balance of cost, renewability, and ease of
handling.” Unlike sodium hypochlorite, which typically has
a low concentration (8-15%), generates large quantities of salt
byproduct, and is strongly alkaline (and not compatible with
certain substrates), hydrogen peroxide can be stored and used
as a stable 30% neutral aqueous solution, and its only inorganic
oxidation byproduct is water, reducing both its transportation
costs and waste generation.” Therefore, there is a pressing need
to develop efficient methods for oxidizing alcohols to carbonyl
compounds using hydrogen peroxide.
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peroxide as a green and renewable oxidant, the system operates continuously under mild conditions,
achieves high conversion rates in a short time, and produces minimal, environmentally benign byproducts.

However, under ambient conditions, hydrogen peroxide, like
many renewable oxidants, reacts slowly with most alcohols,
necessitating the use of a redox-active catalyst to enhance the
reaction rate. Ideally, such a catalyst should combine high
activity with environmental sustainability: it should be easily
separated and recycled, and toxic or hazardous precursors used
in its synthesis should be separated before use in order to
minimize waste and environmental impact.® This presents
significant challenges for the development of alternative catalytic
systems.’ Heterogeneous catalysts offer distinct advantages over
their homogeneous counterparts, as they remain insoluble in the
reaction medium and can be readily recovered by filtration or
centrifugation. When used in bulk form, however, their catalytic
activity is limited by the low interfacial surface area. To overcome
this limitation, active catalytic components can be dispersed onto
inert supports, such as silica, alumina, or activated carbon,
significantly enhancing the effective surface area and catalytic
performance. This approach forms the basis of many industrial
heterogeneous catalysts.'®" Transition metals such as palladium,
silver, and gold are well-established redox catalysts that facilitate
both oxidation and reduction reactions and are thus widely
applied in industrial catalysis.”*** Therefore, it is reasonable to
deduce that these transition metals could also catalyze the
oxidation of primary alcohols to carbonyl compounds.

A further challenge lies in the biphasic nature of the reaction
system: alcohol substrates typically exhibit poor solubility in
water, whereas hydrogen peroxide is aqueous, which reduces
the interfacial contact and thereby slows the reaction. One
effective strategy to address this issue involves modifying the
surface properties of the inert support material, adjusting, for
example, its hydrophilicity or hydrophobicity, to promote the
formation of stable oil-water emulsions. These so-called Pick-
ering emulsions significantly increase the contact area between
phases, thereby enhancing mass transfer and reaction rates.™
Furthermore, such systems allow the aqueous phase (contain-
ing the oxidant) to be encapsulated within droplets suspended
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in the organic phase (containing the alcohol substrate),
enabling the continuous flow of the organic phase and simul-
taneous product extraction. This continuous-flow design offers
considerable advantages over traditional batch processes by
improving scalability, reducing the number of purification
steps, and increasing reaction efficiency.*

To address the limitations described above, this work pres-
ents a novel two-phase oxidation system based on Pickering
emulsions stabilized by silica-supported metal nanoparticles.
These emulsions can be conveniently packed into a glass
column to enable efficient oxidation of primary benzylic alco-
hols to aldehydes.™ Specifically, a stable water-in-oil Pickering
emulsion is formed by mixing an aqueous hydrogen peroxide
solution with an organic solvent and the silica-supported
nanoparticles, which act as both catalysts and emulsifiers.
The emulsion is then loaded into a column reactor. By contin-
uously introducing the alcohol-containing organic phase into
the column, the system enables steady production of aldehydes
as the reaction proceeds along the flow path. This approach
combines several advantages, including low cost, mild reaction
conditions, and full catalyst recyclability.

A key innovation of this system is the use of a chromatog-
raphy-type glass column as the reactor, which facilitates the
simultaneous introduction of substrates and collection of prod-
ucts, realizing a truly continuous-flow process.'> Furthermore,
the unique Pickering emulsion structure ensures uniform cata-
lyst distribution at the oil-water interface, which significantly
enhances both the rate and efficiency of the oxidation reaction.

2 Materials and methods
2.1 Materials

The materials used are displayed in Table 1.

2.2 Preparation of dendritic mesoporous silica nanoparticle
(DMSN) catalysts

2.2.1 Preparation of unmodified DMSNs (DMSNs-raw). A
mixture of 19.2 g of cetyl trimethyl ammonium tosylate

Table 1 Materials used in the experiments
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(CTATos), 3.47 g of triethanolamine (TEAH3 > 78 wt%), and
1000 mL of deionized water was stirred at 80 °C for 1 h. Next,
145.8 g of tetraethyl orthosilicate (TEOS) was quickly added to
the surfactant solution. The mixture was then stirred at 80 °C
with a stirring speed of 1200 rpm for another 2 h. Following
this, the mixture was centrifuged at 11000 rpm for 5 min,
washed once with ethanol (1000 mL), and dried in an oven at
100 °C. Then, the DMSNs-raw was calcined in air at a heating
rate of 2 °C min~* and kept at 550 °C for 6 h to remove the
surfactants.

2.2.2  Acid washing of DMSNs-raw. 18 g of DMSNs-raw was
suspended in 720 mL of ethanol. 30.24 mL of 1 M HCI was
added, and the mixture was refluxed at 60 °C for 2 h. After
refluxing, the mixture was centrifuged at 8000 rpm for 2 min
and washed with 480 mL of ethanol. The acid-washed DMSNs-
raw (DMSNs-acid) was dried at 80 °C.

2.2.3 Hydrophobic surface modification of DMSNs
(DMSNs-methyl). 13.5 g DMSNs-acid was dispersed in toluene
(72 mL). A mixture of 5.45 g of methyltrimethoxysilane and
4.05 g of triethylamine was then added to the suspension. The
resulting mixture was refluxed under an N, atmosphere for 4 h,
after which it was centrifuged at 8000 rpm for 2 min. The solid
was washed four times with 80 mL of toluene per wash and then
dried at 110 °C to yield DMSNs-methyl.

2.2.4 Metal loading of hydrophobic DMSNs

2.2.4.1 Silver-modified DMSNs-methyl (DMSNs-Ag). 5 g of
DMSNs-methyl was dispersed in 150 mL of ethanol, followed by
the addition of 0.1575 g of silver nitrate. The mixture was stirred
in the dark for 2 h, after which 0.481 g of sodium borohydride
was added in one portion. Stirring was continued for another
30 min under dark conditions. The product was then centri-
fuged at 8000 rpm for 2 min and washed with 150 mL of
acetone. The resulting DMSNs-Ag was dried at 80 °C.

2.2.4.2 Palladium-modified DMSNs-methyl (DMSNs-Pd). In
a similar procedure, 0.1656 g of palladium(u) chloride was used
in place of silver nitrate. All other experimental conditions
remained the same.

2.2.5 Characterization of DMSN catalysts. At each step, the
DMSN catalysts were characterized by several techniques.

Reagent Molecular formula Purity Supplier
Tetraethyl orthosilicate CgH,,0,Si 98% Macklin
Cetyltrimethylammonium p-toluenesulfonate C,6H49NO3S AR Macklin
Ethanol C,HsO 99.9% Titan
Triethanolamine CgH15NO; AR Aladdin
Hydrochloric acid HCl 36-38% Sinopharm
Toluene C,Hg AR Sinopharm
Triethylamine CgH15N 99% Titan
Methyltrimethoxysilane C4H;,05Si 98% Macklin
Sodium borohydride NaBH, 98% Adamas
Silver nitrate AgNO; 99.95-100.05% Sinopharm
Palladium(u) chloride PdCl, 98% Macklin
Acetone C3HO AR Sinopharm
Nile red CsoH1sN,O, 98% Macklin
Hydrogen peroxide H,0, 30% Sinopharm
Benzyl alcohol C,HgO 99% Adamas

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Transmission electron microscopy (TEM, Hitachi HT7700
operating at 100 kV) was used to examine the particle
morphology and diameter. Energy-dispersive X-ray spectros-
copy (EDS), integrated with the TEM, confirmed the elemental
composition. XPS analysis was performed with a Thermo
Scientific K-Alpha. Nitrogen adsorption-desorption isotherms
were recorded using a Micromeritics ASAP 2460 Version 3.01 to
determine the surface area to volume ratio. Finally, the hydro-
philicity or hydrophobicity of the nanoparticles was assessed by
contact angle measurements using a Ding Sheng JY-82C auto-
matic video contact angle instrument. For these measurements,
the DMSN powder was compressed into a disc using a mold.
Palladium loading levels of DMSNs-Pd were determined by di-
gesting a certain mass of DMSNs-Pd with 0.2 mL reverse aqua
regia (68% HNO; : 37% HCI = 3:1 v/v), sonicating for 10 min,
adding deionized water to 10 mL volume, filtering through
a 0.22 um filter membrane, and measuring the Pd concentra-
tion of the resulting solution by ICP-MS.

2.3 Preparation and characterization of the Pickering
emulsion system

2.3.1 General preparation of Pickering emulsions. A
mixture of 2 mL of toluene (or a solution of benzyl alcohol in
toluene), a defined mass of a type of DMSNs (1-5% w/v of oil
and water phases), and 3 mL of water (or hydrogen peroxide
aqueous solution) in a 15 mL centrifuge tube was mixed on
a VORTEX-6 Vortex Mixer (Haimen Kylin-Bell Lab Instruments
Co., Ltd) at room temperature and 2800 rpm until the mixture
became macroscopically uniform and opaque (around 2 min).

2.3.2 Characterization of the Pickering emulsions. To
visualize the oil phase, a small amount of Nile red was dissolved
in toluene. A mixture of dyed toluene (2 mL), DMSNs-methyl
(0.05, 0.15, or 0.25 g), and water (3 mL) was shaken by hand
until the mixture became macroscopically uniform and opaque.
Fluorescence confocal microscopy images of the resulting
Pickering emulsions were taken using an Olympus FV3000
confocal laser scanning microscope. The stability of the emul-
sion was tested by taking fluorescence confocal microscopy
images after allowing the mixture with 0.05 g DMSNs-methyl to
stand for 3, 6, 9 and 12 hours.

2.3.3 Comparison of batch and Pickering emulsion reac-
tions. 6 mL of 6% hydrogen peroxide aqueous solution
(prepared by mixing 30% hydrogen peroxide and deionized
water in 1:4 v/v ratio) and 4 mL of 25% benzyl alcohol solution
in toluene (prepared by mixing benzyl alcohol and toluene in 1:
3 v/v ratio) were added into four 20 mL glass vials labeled as vial
1, 2, 3, and 4, with each equipped with a magnetic stir bar. Then
0.16 g (1.33% w/v) of DMSNs-methyl was added to vial 2, 0.16 g
of DMSNs-Pd was added to vial 3, and 0.16 g of DMSNs-Ag was
added to vial 4, while no DMSNs were added to vial 1. The three
vials containing DMSNs were shaken by hand until the mixture
became macroscopically uniform and opaque. After emulsifi-
cation, the four vials were stirred at 2000 rpm at room
temperature. Samples were taken at intervals and analyzed by
HPLC (Thermo Fisher Scientific UltiMate 3000) to determine
the conversion.
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2.3.3.1 Sampling method. 20 pL of organic phase was taken
from a vial and diluted with 1980 pL of acetonitrile in a 2 mL
centrifuge tube to create a solution of the sample (100 times
dilution) in acetonitrile. The sample was analyzed by HPLC
(Thermo Fisher Scientific UltiMate 3000).

2.3.4 Investigation of catalyst load in the oxidation reac-
tion. After adding 6 mL of 6% hydrogen peroxide aqueous solution
and 4 mL of 25% benzyl alcohol solution in toluene into three
20 mL glass vials labeled vials 1, 2, and 3, each of which was
equipped with a magnetic stir bar, and adding 0.1 g (1% w/v) of
DMSNs-Pd to vial 1, 0.3 g (3% w/v) of DMSNs-Pd to vial 2, and 0.5 g
(5% w/v) of DMSNs Pd to vial 3, the three vials were shaken by hand
until the mixture became macroscopically uniform and opaque.
After emulsification, the vials were stirred at 2000 rpm at room
temperature. Samples were taken at intervals (15 min, 30 min,
45min, 1 h,2h,3 h,4h, 6 h, 12 h) and analyzed by HPLC (Thermo
Fisher Scientific UltiMate 3000) to determine the conversion.

2.3.4.1 Sampling method. 20 pL of organic phase was taken
from a vial and diluted with 380 puL of toluene in a 1 mL
centrifuge tube. The tube was centrifuged at 8000 rpm for
2 min. 200 pL of the supernatant was taken from the tube and
diluted with 800 pL of acetonitrile in another centrifuge tube to
create a solution of the sample (100 times dilution) in acetoni-
trile. The sample was analyzed by HPLC (Thermo Fisher
Scientific UltiMate 3000).

2.4 Assembly and tests of the column reactor

2.4.1 General assembly of the column reactor. A glass
column fitted with a glass frit at its base (8 mm in diameter and
a sand filter with a pore diameter of 10 um) was used as the
reactor. A given volume of Pickering emulsion was poured into
this column, forming a packed bed. The continuous oil phase
(toluene/benzyl alcohol) was added at once from the top of the
column, and the eluent was collected from the outlet of the
column. The flow rate was determined based on the volume of
the collected liquid per unit of time.

2.4.2 Alcohol oxidation reaction using the column reactor.
A Pickering emulsion formulated with 10 mL of 6% aqueous
hydrogen peroxide, 6 mL of toluene, 0.16 g of DMSNs-Pd (1% w/
v), and 0.32 g of DMSNs-methyl (2% w/v) was used to assemble
a column reactor. Then, 5 mL of 25% benzyl alcohol solution in
toluene was added at once from the top of the column. Samples
of the eluent were taken at intervals and analyzed by HPLC to
determine the conversion.

2.4.2.1 Sampling method. A 2 mL centrifuge tube was used to
collect the eluent of the column in a certain timeframe. The
volume of the eluent was measured using a pipette. The eluent
was diluted with acetonitrile to create a solution of the sample
(100 times dilution). The sample was analyzed by HPLC
(Thermo Fisher Scientific UltiMate 3000).

3 Results and discussion
3.1 Synthesis and characterization of DMSNs

Dendritic silica mesoporous nanoparticles (DMSNs) were
synthesized via a sol-gel process described in the literature.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Briefly, tetraethyl orthosilicate (TEOS) was hydrolyzed in the
presence of a cationic surfactant and an organic base. Following
hydrolysis, the particles were separated by centrifugation and
calcined to remove the surfactant.™ The as-synthesized DMSNs
were then washed with acid to further remove the remaining
traces of the organic base, preparing the silica surface for
subsequent modification with methyltrimethoxysilane. This
modification introduced methyl groups into the silica frame-
work, imparting hydrophobic properties to the nanoparticles.
Finally, transition-metal nanoparticles were deposited on the
hydrophobic modified DMSNs by reducing the corresponding
metal salts with sodium borohydride in alcoholic solution.

Post-synthesis, the DMSNs catalysts were characterized
using TEM, EDS, and contact angle measurements. As shown in
Fig. 1, the average diameter of all five types of DMSNs was
consistent at around 210 nm, roughly twice the size reported in
previous studies, which may be attributed to insufficient stir-
ring and heat supply during synthesis.'® The particles generally
exhibited a distinctive dendritic morphology consistent with
literature reports, confirming the successful synthesis of the
DMSNSs. Notably, some particles displayed relatively smooth
surfaces with no visible dendritic features, which is likely due to
local variations in concentration and temperature during the
reaction.

After confirming the presence of palladium in DMSNs-Pd by
EDX, further analysis with XPS revealed the valence state of Pd
in the nanoparticles. As seen in Fig. 2, peaks corresponding to
oxygen, carbon and palladium are present. A magnified view of
the Pd 3d peak is shown in Fig. 2(d), and the two peaks shown in
red at 335 and 340 eV match with the known XPS spectrum of
palladium metal, while the two (smaller) peaks shown in green
at 337 and 343 eV match that of palladium(u) oxide, indicating
that palladium exists in DMSNs-Pd as both Pd(0) and, to a less
extent, Pd(u). The palladium loading of DMSNs-Pd was deter-
mined to be 1.410 wt% via ICP-MS.

To verify the successful loading of transition metals onto the
DMSNS, energy-dispersive spectra (EDS) were collected for all
five types of DMSNs. All EDS scans consistently revealed
a homogeneous distribution of silicon and oxygen throughout
the samples, as illustrated in Fig. 3 and 4. Importantly, the
weight percentages of silicon and oxygen remained essentially
unchanged between DMSNs-raw and DMSNs-methyl, indicating
that the hydrophobic surface modification did not alter the
elemental composition of the silica substrate. In the two
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Fig.1 (al—el) TEM images and (a2—e?2) size distribution histograms of
(@) DMSNs-raw, (b) DMSNs-acid, (c) DMSNs-methyl, (d) DMSNs-Ag,
and (e) DMSNs-Pd.
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Fig.2 (a) Full XPS spectrum and (b) C 1s, (c) O 1s, and (d) Pd 3d spectra
of DMSNs-Pd.

samples of DMSNs loaded with metals shown in Fig. 4, the
metal signals were found to be located on the silica nano-
spheres, indicating that the metal loading step was successful.

The BET surface areas of the DMSNSs, as well as their pore
size distribution, were obtained from nitrogen absorption-
desorption isotherms. As shown in Fig. 5(a)—(e), the large BET
surface area of all the DMSNs highlights their potential use as
catalyst supports. The BET surface area of the DMSNs decreases
after both acid wash and hydrophobic modification, but only
changes slightly with metal loading. The pore diameter of the
DMSNss is fairly consistent during the steps, as displayed by the
cumulative curves, and the pore diameter distribution peaks at
20 nm, reflecting the mesoporous nature of the DMSNs.

Fig. 3 (al-cl) TEM images of nanoparticles; (a2—c2) EDS scans of Si
Kay; (@3—c3) EDS scans of O Ka, for (a) DMSNs-raw, (b) DMSNs-acid,
and (c) DMSNs-methyl.
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Fig. 4 (aland bl) TEM images of nanoparticles; (a2 and b2) EDS scans
of Si Kay; (@3 and b3) EDS scans of O Kay; and (a4 and b4) EDS scans of
Ag (or Pd) Loy for (a) DMSNs-Ag and (b) DMSNs-Pd.
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Fig. 5 (a—e) Nitrogen absorption—desorption isotherm curves of (a)
DMSNs-raw, (b) DMSNs-acid, (c) DMSNs-methyl, (d) DMSNs-Pd and
(e) DMSNs-Ag, with their respective BET surface area.

After preparing all the DMSNs, their amphiphilicity was
determined via contact angle measurements to establish
whether they could be used as emulsifiers in the preparation of
water-in-oil Pickering emulsions. As shown in Fig. 6(a), the
DMSNs-acid exhibited a low contact angle of 21.4°, reflecting
the high density of hydrophilic hydroxyl groups. The contact
angle increased significantly to 81.3° with DMSNs-methyl
(Fig. 6(b)). Further incorporation of metals enhanced the
hydrophobicity of the nanoparticles, with contact angles of
85.4° and 98.3° recorded for DMSNs-Ag and DMSNs-Pd,
respectively (Fig. 6(c) and (d)). The relatively hydrophobic
nature of DMSNs-methyl, DMSNs-Ag, and DMSNs-Pd renders
them effective emulsifiers for stabilizing water-in-oil interfaces
in Pickering emulsions.

3.2 Preparation and characterization of the Pickering
emulsion system

Having prepared these hydrophobically modified nano-
particles, their ability to form water-in-oil Pickering emulsions
was evaluated. In one example, DMSNs-methyl was employed to
prepare the emulsion. A mixture comprising 3.33 mL of water,
1.66 mL of toluene dyed with Nile red (0.014 g L"), and 0.05 g of
DMSNs-methyl (corresponding to 1% w/v of the emulsion) was
shaken by hand until a macroscopically uniform, opaque
emulsion was achieved. Fluorescence confocal microscopy
analysis (Fig. 7(a)) revealed colorless droplets dispersed within

(@) (b) (©) ()]

Fig. 6 (a—d) Contact angle measurement results of (a) DMSNs-acid,
(b) DMSNs-methyl, (c) DMSNs-Ag, and (d) DMSNs-Pd.
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a red continuous phase, thereby confirming that nanoparticles
assembled at droplet interfaces to form micron-sized emul-
sions, where the oil phase is continuous and the water phase is
dispersed in oil. When the concentration of DMSNs-methyl was
increased to 3% and 5% w/v, the water droplet size decreased, as
more nanoparticles were available to stabilize the increased
interfacial area (Fig. 7(b) and (c)).

This variation in droplet size facilitated the investigation of
the influence of both catalyst concentration and droplet size on
the catalytic efficiency. The long-term stability of the emulsion
(up to 12 hours) was confirmed by the consistent size of the
water droplets after standing (Fig. 8(a)—(e)).

Following the successful formation of water-in-oil Pickering
emulsions, the catalytic activity of the DMSNs in these systems
was examined for the oxidation of benzyl alcohol. Benzyl
alcohol was chosen as the model substrate due to its accessi-
bility and ease of analysis. Four types of batch reaction systems
(Fig. 9) were designed to compare the catalytic efficiency of the
Pickering emulsions stabilized with different nanoparticle
catalysts:

System 1: a batch reaction without any DMSNs, where benzyl
alcohol was dissolved in a water-immiscible solvent (toluene)
and mixed with an aqueous solution of hydrogen peroxide.

System 2: a batch reaction with Pickering emulsions stabi-
lized by 1.33% w/v DMSNs-methyl.

System 3: a batch reaction using Pickering emulsions stabi-
lized by 1.33% w/v DMSNs-Pd.

System 4: a batch reaction using Pickering emulsions stabi-
lized by 1.33% w/v DMSNs-Ag.

Each system was magnetically stirred at room temperature,
and aliquots were periodically withdrawn for analysis via HPLC
(Thermo Fisher Scientific UltiMate 3000).

Fig. 7

(@-c)
micron-sized Pickering emulsions formulated with different amounts
of DMSNs-methyl nanoparticles: (a) 1%, (b) 3%, and (c) 5%. These
images were taken in different fields: (1) bright, (2) Nile red, and (3)
merge.

Fluorescence confocal microscopy images of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a—e) Fluorescence confocal microscope images of the Pick-
ering emulsions formed from DMSNs-methyl (a) O, (b) 3, (c) 6, (d) 9, and
(e) 12 hours after preparation.

(a) )

Fig. 9 Schematic of the design of system 1 (a) and systems 2, 3, and 4
(b). In the systems with Pickering emulsions, the water layer (blue) is
compartmentalized into droplets within the oil phase (yellow).

A typical HPLC chromatogram (Fig. 10) exhibits sharp peaks
at 4.75, 7.03, and 8.07 min, corresponding to benzyl alcohol,
benzaldehyde, and benzoic acid, respectively. A broad peak
centered at 12.63 min, attributable to an unidentified substance
under investigation, was not considered in the conversion
calculations. The relative concentration of each component was
determined based on the area under its corresponding peak.
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Fig. 10 A typical HPLC analysis curve shows four distinctive peaks:
benzyl alcohol (1), benzoic acid (2), benzaldehyde (3), and an unknown
substance (4).
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Given that the oxidation of benzyl alcohol to benzaldehyde
by hydrogen peroxide is a heterogeneous (biphasic) reaction,
efficient conversion was not expected in system 1 due to the
absence of a catalyst and insufficient contact between the
phases (Fig. 11(a)). As shown in Fig. 11(a), the percentage of
unreacted benzyl alcohol ranged from 77% after 0.5 h to 92%
after 23 h. The conversion of alcohol into the aldehyde and acid
did not exceed 22%, consistent with expectations. Similarly,
system 2, which contained only DMSNs-methyl, exhibited
negligible benzaldehyde formation, although the concentra-
tions of benzoic acid and unreacted benzyl alcohol varied
significantly: benzoic acid initially reached 45% conversion and
then decreased over time, while the percentage of residual
benzyl alcohol increased from 55% to 95% (Fig. 11(b)).

In contrast, system 3, employing DMSNs-Pd, demonstrated
remarkable performance. Benzaldehyde conversion rapidly
increased to 94% within 1 h and remained above 80%
throughout the experiment, while the levels of benzyl alcohol
and benzoic acid stayed below 15% (Fig. 11(c)). Conversely,
system 4, containing DMSNs-Ag, exhibited trends similar to that
of system 2: the concentrations of benzyl alcohol and benzoic
acid were initially comparable (58% vs. 41%), with benzoic acid
decreasing to 0% by 23 h and benzaldehyde remaining nearly
undetectable (Fig. 11(d)).

Overall, DMSNs-Pd proved to be the superior catalyst for the
selective oxidation of benzyl alcohol to benzaldehyde, achieving
rapid conversion with minimal formation of side products such
as benzoic acid, whereas the other catalysts failed to produce
high conversions (Fig. 12). The catalytic effect of DMSNs-Pd was
substantiated by repeating the procedure in triplicate (Fig. 13).
The activity of DMSNs-Pd based on Pd content was calculated as
10.2 mol gpq~* h ™", from the previously obtained 1.410 wt% Pd
loading and the 74.8% area of benzaldehyde after 0.5 h of
reaction.

With the standard conditions established, experiments
using higher hydrogen peroxide concentrations were performed
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Fig. 11 Percentage of the products (aldehyde and acid) or percentage
of the remaining substrate (alcohol) of (a) system 1, (b) system 2, (c)
system 3, and (d) system 4.
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to optimize the conversion. However, as seen in Fig. 14,
increasing the concentration of hydrogen peroxide from 6% to
12% did not increase the conversion or the selectivity of benz-
aldehyde. During the experiment, it was observed that large
amounts of oxygen gas evolved when the mixture was emulsi-
fied, suggesting that the higher concentration of hydrogen
peroxide is susceptible to catalytic decomposition by DMSNs-Pd
before it can participate in the oxidation reaction. Hence, 1
molar equivalent of 6% hydrogen peroxide appears to be a well-
rounded choice to lower cost and minimize unwanted
decomposition.

The choice of oxidant was then switched to 12% sodium
hypochlorite, another common reagent in green oxidation of
alcohols, to determine which is superior and to elucidate the
reaction mechanism. From Fig. 15, it is seen that the conversion
of benzyl alcohol into benzaldehyde was only around 70%,
considerably lower than that with hydrogen peroxide, while the
amount of benzoic acid produced was much higher. Thus,
DMSNs-Pd is better used with hydrogen peroxide instead of
sodium hypochlorite in this catalytic oxidation procedure. The
decomposition of sodium hypochlorite is catalyzed by
numerous transition-metal ions, but not palladium,"” while
hydrogen peroxide evolves significant quantities of oxygen gas
when in contact with DMSNs-Pd. Oxygen thus seems to be
essential for the oxidation of benzyl alcohol to benzaldehyde,
and may be a critical step in the mechanism, as discussed
below.

The heterogeneous catalytic effect of DMSNs-Pd was further
confirmed by centrifuging the reaction mixture (same compo-
sition as system 3) after 15 min to remove the catalyst and
monitoring the reaction for 24 h. As seen in Fig. 16, no
substantial changes in the reactant or product concentration
are seen when the catalyst is removed, proving true heteroge-
neous catalysis.

Following the demonstration of high catalytic activity for
DMSNs-Pd in the selective oxidation of benzyl alcohol, the effect
of its concentration on oxidation efficiency was further inves-
tigated. Parallel experiments were conducted in three 20 mL
vials, each containing identical amounts of benzyl alcohol,
toluene, and hydrogen peroxide solution, with the DMSNs-Pd
catalyst added at 1%, 3%, and 5% w/v, respectively. After
emulsification by sonication, aliquot samples were periodically
withdrawn and analyzed by HPLC using an improved sampling
method, involving dilution with toluene, centrifugation, and
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Fig. 12 Comparison of the percentage of (a) aldehyde and (b) acid in
different systems.
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Fig. 13 Results of the triplicate repetition of the standard batch Pd
reaction (system 3).

subsequent dilution of the supernatant with acetonitrile, to
prevent further catalysis during the sampling process. All three
systems showed decently high conversion and selectivity
towards benzaldehyde, with conversion reaching as high as
88% at 12 h for 5% w/v DMSNs-Pd and no obvious formation of
benzoic acid over the entire reaction span of 12 h (Fig. 17). For
each system, a slight improvement in percentage conversion
was observed when the catalyst load was increased from 1% to
5% w/v, e.g., from 79% at 15 min to 88% at 12 h for 5% w/v
DMSNs-Pd. Also, notably, the percentage conversion increased
only slightly as the catalyst load increased; for example, from
79% for 1% w/v DMSNs-Pd to 84% for 3% w/v and 88% for 5%
w/v DMSNs-Pd at 12 h. As the decreasing activity (8.05, 3.55 and
2.05 mol gpq " h™* for 1%, 3% and 5% w/v, respectively) shows,
the efficiency-limiting variable is not the number of palladium
sites. Instead, the only slight decrease in droplet size of the
emulsion (and thus the increase in interfacial area) when the
catalyst load is increased, as observed above in the emulsion
characterization, may explain why the increase in conversion is
small when catalyst loading is increased. Therefore, 1% w/v
DMSNs-Pd was selected as the optimal catalyst load in terms
of better economy and fewer other side reactions (e.g., the
degradation of hydrogen peroxide under the catalysis of Pd
nanoparticles).
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Fig. 14 Percentage of the products and substrate with 12% hydrogen
peroxide.
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Fig. 17 Comparison of the percentage conversion of aldehyde in the
systems with different amounts of DMSNs-Pd.

A brief discussion of the postulated reaction mechanism is
presented here. The selective alcohol oxidation reaction is most
likely to be achieved via a catalyst/reagent with an intermediate
oxidation potential that is able to oxidize alcohol to aldehyde
but not further. Interestingly, previously reported catalysts/
reagents of alcohol oxidation with hydrogen peroxide, such as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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magnetite and nitric acid,"®?° have standard electrode poten-
tials similar to that of palladium (Fe;O,~Fe(u) = 0.98 V, HNO;-
HNO, = 0.94 V, Pd(u)-Pd = 0.915 V), so a redox pair with
standard electrode potential in this margin of 0.9-1.0 V has the
potential to catalyze this reaction. To explain the microscopic
steps of the reaction, mechanisms in previous literature were
investigated. Based on previous work on the oxidation of benzyl
alcohol with gold catalysts,* the adsorption of hydrogen
peroxide and benzyl alcohol molecules was followed by the
surface reaction between them and the desorption of the
benzaldehyde product. A more detailed view of the possible
surface reactions is seen in another work discussing the
oxidation of benzyl alcohol with molecular oxygen, where
oxygen atoms adsorbed on palladium abstract hydrogen atoms
from benzyl alcohol, forming benzaldehyde and two hydroxyl
radicals that recombine to form hydrogen peroxide.”” As
hydrogen peroxide is catalytically decomposed to oxygen, as
seen in the experiments, it is postulated that the primary
oxidant in the reaction is molecular oxygen adsorbed on the Pd
surface, formed by the decomposition of hydrogen peroxide in
the water phase. As the solubility of nonpolar molecular oxygen
is higher in toluene than in water, it immediately dissolves in
the oil phase and is consumed in the oxidation of benzyl
alcohol. This in situ production and immediate consumption of
oxygen may explain the superior selectivity of benzaldehyde and
minimal production of benzoic acid in the oxidation system.
The unique catalytic activity of palladium in comparison to
other noble metals with similar chemical and catalytic proper-
ties (gold, silver, and especially platinum) could also be
explained by its propensity to adsorb large amounts of small
molecules on its surface. Of course, this proposed mechanism
still needs to be supported by more observations and evidence.

3.3 Construction of a column reactor for continuous-flow
oxidation

Based on the promising performance of 1% w/v DMSNs-Pd in
the batch reactions, a continuous-flow reactor was subsequently
constructed. The reactor consists of a glass column of around
1 cm in diameter with a fritted sand filter at the bottom. As
illustrated by the schematics in Fig. 18(a), the -catalyst-
containing Pickering emulsion is loaded into the column, and
the benzyl alcohol substrate is added from the top. Due to the
configuration, i.e., the water droplet diameters of 15-20 pm
exceed the bore diameter of the frit, the droplets are retained
within the column while the oil phase flows through.

The alcohol oxidation reaction was performed using this setup
with an emulsion prepared with 10 mL of 6% hydrogen peroxide,
6 mL of toluene, and defined amounts of emulsifier. According to
the procedure in Section 2.3.1, 1% w/v DMSNs-Pd was employed
as the active catalyst, while 2% w/v DMSNs-methyl was used as an
additional emulsifier to strengthen the emulsion, making it
sufficiently stable for use in the column reactor. Around 5 mL of
25% benzyl alcohol solution in toluene was then added from the
top of the column, and the oil phase was allowed to elute off the
column without applied pressure. Eluted samples were collected
at various time points and analyzed by HPLC.
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Fig. 18 (a) Schematic of the continuous-flow column reactor con-
taining compartmentalized water spheres (blue) surrounded by
nanoparticles (green) suspended in the oil phase (yellow). (b)
Percentage of the produced aldehyde and percentage of the
remaining alcohol in the column reaction.

As shown in Fig. 18(b), during the first 3 h, benzaldehyde was
undetectable, and only a small amount of benzyl alcohol was
present, which can be attributed to the exchange of the initial
loading solvent. Beginning at the fourth hour, a substantial
concentration of benzaldehyde appeared in the eluent, and its
concentration remained above 90% for the remainder of the 24
hour run, with no detectable benzoic acid formed. Therefore,
the column reactor continuously converted benzyl alcohol into
benzaldehyde in near-quantitative yield over reasonable
periods, which makes the system applicable in actual laboratory
preparation of aldehydes from alcohols.

4 Conclusion

In this study, a novel silica-supported transition-metal nano-
particle catalyst was prepared, characterized, and evaluated as
an efficient and selective system for the oxidation of benzylic
alcohols to aldehydes using hydrogen peroxide. The meso-
porous silica substrate was synthesized via a modified sol-gel
method, subsequently surface-modified with hydrophobic
groups, and finally loaded with transition-metal nanoparticles,
yielding a DMSNs-metal composite catalyst. This catalyst was
employed in the preparation of Pickering emulsions, and its
catalytic performance was assessed in both batch and column
reactor systems. Notably, the DMSNs-Pd catalyst exhibited the
most outstanding performance toward the model substrate
benzyl alcohol, consistently achieving near-quantitative
conversion to the corresponding aldehyde under all tested
reaction conditions. To the best of our knowledge, this is the
first report on the use of Pickering emulsion systems for the
oxidation of alcohols. Importantly, the reaction system achieves
a selectivity towards benzyl alcohol of over 90% and generates
no byproducts other than water and minimal (<10%) amounts
of benzoic acid, thereby aligning with the principles of green
chemistry. This environmentally benign approach demon-
strates significant potential for further scale-up in industrial
applications.
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