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These technologies often suffer from low 
gas solubility in liquids, and mass/heat 
transfer resistances due to low gas–liquid 
and liquid–solid specific interface areas.[3] 
As a way out, continuous flow micro­
reactors, catalytic membrane reactors and 
microbubble generators can promote the 
gas–liquid interfacial area and enhance 
catalytic reactions,[4] but require complex 
equipment. Therefore, it is highly desir­
able to develop a simple and cheap strategy 
to enhance the catalytic performance.

Liquid foams are multiphase systems 
consisting of disperse gas bubbles in a 
continuous liquid phase.[5] Aqueous foams 
can be readily stabilized by a variety of 
surface­active particles, including par­
tially hydrophobic silicas, polymers and 

surfactant crystals.[6] In contrast, fewer reports are available on 
non­aqueous foams due to the low surface tension of organic 
liquids.[7] Since particles coated by hydrocarbon­containing 
groups can be wetted by many oils, the preparation of particle­
stabilized oil foams is much more challenging than aqueous 
foams.[5b,8] To generate repellence against oil on the particle 
surface, fluorinated particles such as polytetrafluoroethylene, 
oligomeric tetrafluoroethylene and particles bearing fluoro­
carbon chains, have been recently used, allowing the stabiliza­
tion of non­aqueous foams.[9] Owing to the low surface energy 
of fluorinated chains, stable air­in­oil foams can be obtained in 
oils with intermediate surface tension. However, few studies 
have been reported on non­aqueous foams in ethanol with low 
surface tension, and polar solvents with intermediate surface 
tension (e.g., benzyl alcohol and ethylene glycol).[10]

Particle­stabilized foams can be used to engineer gas–liquid­
solid catalytic microreactors with an enhanced triphasic con­
tact at the nanoscale. Yuan and co­workers synthesized parti­
cles based on monodisperse Au nanoparticles embedded in 
polyoxometalate anion [PV2Mo10O40]5− assembled with rigid 
tripodal ligand by electrostatic interactions.[11] The multifunc­
tional catalyst could self­assemble at the O2/water interface, 
stabilizing bubbles. This catalytic system showed high activity 
in the oxidation of aliphatic/aromatic alcohols into aldehydes 
and ketones. Likewise, Yang and co­workers synthesized silica 
particles modified with octyl and triamine groups stabilizing 
gas bubbles in water.[12] By incorporating Pd or Au nanoparti­
cles, the particles were active for aqueous hydrogenation and 
oxidation reactions in H2 and O2 foams, respectively, under stir­
ring at high particle concentration (7.5–12.5 wt%). The catalytic 
foams exhibited an enhanced activity compared to conventional 
multiphasic reactors, which was attributed to a pronounced 
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1. Introduction

Gas–liquid–solid (G–L–S) catalytic reactions are widespread in 
the chemical industry for the synthesis of fine chemicals and 
depollution. Typical examples are the hydrodesulphurization of 
naphtha, the partial oxidation of liquid hydrocarbons with air 
or O2, and the wet air oxidation of pollutants for water reme­
diation.[1] Conventional gas–liquid–solid catalytic reactors com­
prise packed beds (e.g., trickle beds, bubble columns), stirred 
tank and bubble column slurry reactors, and fluidized beds.[2] 

© 2022 The Authors. Advanced Materials Interfaces published by 
Wiley-VCH GmbH. This is an open access article under the terms of the 
Creative Commons Attribution-NonCommercial License, which permits 
use, distribution and reproduction in any medium, provided the original 
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increase of the reaction interface area. Very recently, some of 
us have developed fluorinated silica particles incorporating 
Pd nanoparticles able to generate foams in non­aqueous sol­
vents. The particles exhibited 7–10 times activity increase in 
the aerobic oxidation of aromatic and aliphatic alcohols in O2 at 
ambient pressure compared to non­foam systems.[13]

AquivionTM perfluorosulfonic acid (PFSA) resin is a superacid 
ionomer with an acid strength comparable to that of sulfuric 
acid (Hammett acidity ≈ −12).[14] It is a semi­crystalline thermo­
plastic copolymer of tetrafluoroethylene and sulfonyl fluoride 
vinyl ether produced by Solvay Specialty Polymers. AquivionTM 
PFSA solid acid catalyst, formulated as coarsely grained powder 
(e.g., PW98), has been studied for catalysis in a variety of acid­
catalyzed reactions.[15] Moreover, AquivionTM dispersion (e.g., 
D98) has affinity to both water and hydrophobic substrates.[16] 
AquivionTM PFSA has demonstrated surface activity for stabi­
lizing emulsions, affording biphasic reactions at the oil/water 
and oil/oil interface.[17] We hypothesize that this unique prop­
erty may offer the possibility of generating foams both in water 
and organic solvents.

Herein, we first investigated the foaming behavior of an 
AquivionTM PFSA dispersion in a variety of solvents. The 
key parameters (e.g., concentration, temperature, solvent) 
controlling foamability and foam stability were studied in 
detail. Next, relying on the unique surface­active and acid 
properties of AquivionTM D98­20BS­P, we designed a foam 
system for one­pot cascade deacetalization–hydrogenation 
reactions by synergistically combining AquivionTM PFSA with a 
heterogeneous palladium catalyst.

2. Results and Discussion

2.1. Characterization of AquivionTM D98-20BS-P

To obtain a surface­active material allowing generation of stable 
foams in a variety of solvents, an AquivionTM D98­20BS disper­
sion in water was lyophilized overnight, and the resulting resin was 
characterized in detail. Figure S1 (Supporting Information) shows 
an image of the resulting white powder (denoted as AquivionTM 
D98­20BS­P). The weight­average molecular weight (Mw) of 
AquivionTM D98­20BS­P is 152 kDa with a polydispersity index (PDI) 
of 1.8 as measured by GPC (Figure S2, Supporting Information).

The thermal profile of AquivionTM D98­20BS­P measured by 
TG analysis matches well earlier measurements on AquivionTM 
PW98 (coarsely grained powder) (Figure S3a, Supporting 
Information).[14a,17b–c] Two primary mass loss processes 
are observed: a first weight loss below 160 °C attributed to the 
evaporation of adsorbed water, and a second weight loss in 
the range 280–550 °C ascribed to the decomposition of the side 
chain and perfluorocarbon backbone.

The surface composition of AquivionTM D98­20BS­P was 
inspected by FT­IR spectroscopy (Figure S3b, Supporting Infor­
mation). The IR spectrum shows two intense bands at 1147 and 
1203  cm−1 that are ascribed to the C–F stretching mode.[14a,18] 
The medium intensity band around 1050 cm−1 is attributed to 
the asymmetric stretching mode of S–O groups.[19] Besides, 
a characteristic band attributed to C–O–C species is visible 
at 968  cm−1. Finally, the broad vibrational band in the region 

of 3800–2800  cm−1 belongs to O–H stretching modes, which 
reflects the hydrophilic behavior of the sample ascribed to sul­
fonic acid groups.

XPS measurements were carried out to gain insight into 
the chemical composition of AquivionTM D98­20BS­P. The bands 
in the wide scan of AquivionTM D98­20BS­P confirm the pres­
ence of C, O, S, and F elements (Figure S4, Supporting Infor­
mation). The C 1s spectrum can be deconvoluted into three 
different peaks with binding energies of 284.9, 288.4, and 
291.6  eV, corresponding to skeletal CC bonds, CO bonds 
in side chains, and the perfluorocarbon backbone (CF2­CF2), 
respectively.[17b,20] The peak at ≈169.3  eV can be attributed to 
sulfonic acid groups.[20b,21] Meanwhile, the F 1s spectrum of  
AquivionTM D98­20BS­P exhibits a single and symmetric peak 
at 688.6 eV, which is ascribed to fluorine atoms present in the 
polymer backbone.

The structural features of AquivionTM D98­20BS­P were 
investigated by liquid 19F and 1H NMR (Figure S5, Supporting 
Information). The 19F NMR spectrum is consistent with earlier 
observations on AquivionTM PFSA.[17c,22] The resonance bands 
at −78.8 and −138.1 ppm are signatures of OCF2 groups in side 
chains and CF groups in the backbone of AquivionTM PFSA, 
respectively. A band centered at 123.1 ppm is clearly visible and 
is typically ascribed to CF2­CF2 units in fluoropolymers.[23] In 
addition, the signal at −118.3  ppm corresponds to SCF2 and 
CCF2 groups. The 1H NMR spectrum of AquivionTM D98­20BS­P 
displays a band centered at 5.6 ppm, which is indicative of the 
presence of SO3H groups.

2.2. Foamability of AquivionTM D98-20BS-P

2.2.1. Foaming Studies in Benzyl Alcohol

Previous studies demonstrated that polytetrafluoroethylene and 
fluorinated particles can stabilize foams in solvents of interme­
diate surface tension (30–45 mN m−1) such as toluene, benzene 
and benzyl acetate.[8,9a–c] Nonetheless, very few studies suc­
ceeded the stabilization of foams in aromatic solvents with rela­
tively high polarity (e.g., benzyl alcohol and aniline).[10b]

The foaming properties of AquivionTM D98­20BS­P 
were studied by hand shaking and were compared to those 
attained using other stabilizers. In benzyl alcohol, AquivionTM 
D98­20BS­P can generate decent foam volume with a lifetime 
up to 8 h (Figure 1). In contrast, AquivionTM PW98, formulated 
as a coarse powder, can hardly disperse in benzyl alcohol, and 
thus is unable to generate foam. Likewise, polytetrafluoroeth­
ylene (PTFE), possessing no polar groups, can neither disperse 
in benzyl alcohol nor stabilize any foam. These results under­
line the significance of the polar group in AquivionTM PFSA, 
favoring the interaction with benzyl alcohol and foam formation.

To better understand the effect of AquivionTM D98­20BS­P on 
foamability and foam stabilization in benzyl alcohol, we tested 
a range of commonly used surfactants, including sodium dode­
cylbenzenesulfonate (SDBS), dodecyltrimethylammonium 
bromide (DTAB), polyoxyethylene (10) tridecyl ether (POTE), 
perfluorooctanoic acid (PFOA), and myristic acid (MA). Almost 
no foam is generated with cationic surfactant (DTAB), non­
ionic surfactant (POTE), and fatty acid (MA). In contrast, 
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anionic surfactants (SDBS and PFOA) exhibit good foamability 
in benzyl alcohol, even if foam stability differs: 8  h for SDBS 
versus only 1  min for PFOA. Among all the different agents, 
only AquivionTM D98­20BS­P, SDBS and PFOA exhibit good 
foamability in benzyl alcohol, which is correlated to a decrease 
of surface tension of benzyl alcohol (Table 1, entries 2–4). The 
remaining agents (e.g., AquivionTM PW98, PFTE) exert almost 
no effect on the surface tension (Table  1, entries 5–9), and no 
foams are generated in benzyl alcohol.

Based on these results, we can reasonably assume that 
hydrogen bond interactions between benzyl alcohol molecules 
and AquivionTM D98­20BS­P favor foam generation. By neu­
tralizing AquivionTM D98­20BS­P with 10  µL of a strong base 
(e.g., ethylenediamine, NaOH, NH3), a turbid suspension is 
obtained leading to particle precipitation. Precipitation is driven 
most likely by the formation of bridges between AquivionTM 
D98­20BS­P and the base, resulting in complete lack of foama­
bility in benzyl alcohol (Figure 2).

2.2.2. Effect of AquivionTM D98-20BS-P Concentration

The effect of AquivionTM D98­20BS­P concentration on the 
foaming properties was first investigated by hand shaking. 
The foamability increases progressively with the AquivionTM  

D98­20BS­P concentration in benzyl alcohol (Figure  3a, 
Figure S6, Supporting Information) which can be primarily 
attributed to a higher interfacial area coverage by the AquivionTM 
D98­20BS­P particles. However, catastrophic foam collapse 
occurs after 2 h at the highest concentration (5 wt%), which can 
be attributed to a decrease of Gibbs elasticity of the foam film 
in line with the phenomena observed for surfactant­stabilized 
foams.[24] The half­life time of the foam reaches 6 h at 1 wt% of 
AquivionTM D98­20BS­P. The bubbles are polydisperse in size 
with diameters ranging from 40 to 310 µm (Figure 3b).

Evaluating the foaming properties by hand shaking is some­
times complex due to limited control and low energy input 
along the foaming process.[25] To achieve a high­energy input 
in a controlled manner, a high­speed homogenizer (IKA Ultra­
TurraxT25) was used to produce foams in benzyl alcohol. After 
aeration at 16000 rpm for 3 min, two layers with different foam 
density appear for 0.5 and 1  wt% of AquivionTM D98­20BS­P 
(Figure 4a). The bottom layer with small bubbles (marked as B) 
vanishes within few minutes (Figure 4b), while the upper layer 
(marked as F) contains foams that are stable for at least 4  h 
(Figure 4c). The initial foam volume (Vfoam+bubble/Vliquid = 1.26) 
is much higher than that achieved by hand shaking 
(Vfoam/Vliquid = 0.63) for 5 wt% of AquivionTM D98­20BS­P, but 
a faster foam collapse rate is observed. This can be explained by 
a loosely covered interface in the latter case.

2.2.3. Extension to Other Solvents

To further confirm the role of hydrogen bond interactions 
between sulfonic acid groups and the solvent, we investigated 
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Figure 1. Foamability of different stabilizers in benzyl alcohol (1 wt%) after hand shaking. The foam volume was homogeneous within the flask in all 
the measurements.

Table 1. Surface tension of benzyl alcohol after addition of different 
agents (1 wt%).

Entry Agent Surface tension [mN m−1]

1 Pure benzyl alcohol 38.9

2 AquivionTM D98-20BS-P 33.6

3 PFOA 31.4

4 SDBS 36.4

5 AquivionTM PW98 38.3

6 PTFE 38.7

7 DTAB 38.7

8 POTE 38.6

9 MA 38.7

Nomenclature: DTAB, dodecyltrimethylammonium bromide; MA, myristic acid; 
PFOA, perfluorooctanoic acid; POTE, polyoxyethylene (10) tridecyl ether; PTFE, 
polytetrafluoroethylene; SDBS, sodium dodecylbenzenesulfonate

Figure 2. Foams stabilized in aniline and benzyl alcohol by 1  wt% 
AquivionTM D98-20BS-P before and after addition of ethylenediamine.
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the foaming behavior of AquivionTM D98­20BS­P in a variety of 
solvents ranging from non­polar hydrocarbons to polar organic 
solvents and water (Figure  5, Table  2). Moderately strong bases 
such as ethylenediamine (ED) (Table 2, entry 1) and 1­butylamine 
(BuA) (Table  2, entry 2) disfavor foam formation. In contrast, 
weakly basic aniline (pKb  =  9.3) displays an outstanding per­
formance, with much higher foam volume and lifetime com­
pared to benzyl alcohol (Vfoam/Vliquid  =  0.63; lifetime >  12  h for 
aniline vs Vfoam/Vliquid  =  0.41; lifetime  =  6  h for benzyl alcohol; 
Table  2, entries 3–4). However, as in the case of benzyl alcohol, 
foams in aniline are completely destabilized after the addition of 

ethylenediamine, forming a turbid suspension (Figure  2). These 
results suggest that intermolecular hydrogen bond interactions 
between –SO3H groups in AquivionTM D98­20BS­P and the –NH2 
group in aniline can contribute to foam stabilization. Indeed, the 
–NH2 group can act simultaneously as proton acceptor (N···HB) 
and donor (N–H···B, B stands for an acceptor) in H­bonded com­
plexes.[26] As a matter of fact, NH···O bonds are known to be 
stronger than OH···O hydrogen bonds, which can explain the 
better foaming properties of aniline compared to benzyl alcohol.[27]

In analogy to benzyl alcohol, AquivionTM D98­20BS­
P exhibits good foaming properties in acetophenone (AP) 

Adv. Mater. Interfaces 2022, 2200380

Figure 3. a) Time-evolution of the foam volume and b) optical microscopy image of bubbles in benzyl alcohol stabilized by 1 wt% AquivionTM 
D98-20BS-P.

Figure 4. a) Images of foams produced in benzyl alcohol by Ultra-Turrax at variable AquivionTM D98-20BS-P concentration taken after preparation, 
b) 3 min and c) 4 h, and d) time-evolution of the foam and bubble volume. The foam volume was homogeneous within the flask in all the measurements.
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(Vfoam/Vliquid  =  0.46; lifetime  =  1  h; Table  2, entry 5), which 
has been extensively used as H­bond acceptor.[28] Lower foam 
volume and lifetime is obtained in cyclopentanone (CP) 
(Table  2, entry 6), alcohols such as tetrahydrofurfuryl alcohol 
(THFA) and furfuryl alcohol (FA) (Table  2, entries 7, 8), and 
polar solvents such as dimethyl­formamide (DMF) and water 
(Table 2, entries 9, 10). The foam volume obtained with 1 wt% 
AquivionTM D98­20BS­P in water is relatively low, but can be 
drastically increased when the concentration rises to 10  wt% 
(Figure 5a). Other protic solvents such as 1­octanol and ethanol 
with low surface tension (22.3 and 27.6  mN  m−1, respectively) 
can assist hydrogen bonding,[29] but show poorer foaming 
properties (Vfoam/Vliquid  =  0.10 and 0.18, respectively; lifetime 
≈1 min; entries 12, 13).

Finally, no foaming occurs in solvents with low hydrogen 
bonding capacity (i.e., toluene, iodobenzene, phenyl ace­
tate, Table  2, entries 16, 18, and 19), which cannot behave as 
hydrogen bond donors/acceptors (Figure  5b). Moreover, poor 
dispersion of AquivionTM D98­20BS­P in these solvents (red 
dashed line) is responsible for bad foamability.

Nitrobenzene is an interesting example to explore the role 
of hydrogen bond interactions, as its surface tension is similar 
to that of well­foaming aniline (43.9 and 43.4 mN m−1, respec­
tively). No foam is indeed obtained in nitrobenzene due to the 
poor hydrogen bonding capacity of nitro groups (Table 2, entry 
17),[30] and bad dispersion of AquivionTM D98­20BS­P.

Overall, the results above point out that hydrogen bond 
interactions exert a marked effect on foam formation. Stable 
foams can be generated in solvents with high hydrogen 
bonding capacity. Solvent molecules at the G–L interface 
are expected to interact with the sulfonic acid head groups 
of AquivionTM D98­20BS­P by hydrogen bonding, while 
the oleophobic backbone prefers to stay in air (Figure S7, 
Supporting Information). The stronger hydrogen bonding 
between the solvent and AquivionTM D98­20BS­P is favorable 
for foaming.

2.2.4. Effect of Temperature

The temperature is an important parameter that can affect the 
foaming properties of surface­active particles and the rate of chem­
ical reactions.[31] Exploring the foaming performance of AquivionTM 
D98­20BS­P at different temperatures is of great significance for 
conceiving applications in catalysis. Foams in benzyl alcohol and 
aniline are stable at 25 °C during at least 4 h (Figure 6, Figure S8a, 
Supporting Information). Rising the temperature from 25 to 80 °C 
results in a remarkable decline of the foamability of AquivionTM 
D98­20BS­P in aniline (Figure S8b, Supporting Information). This 
is possibly due to formation of an insoluble aniline/acid salt,[32] 
which is evidenced by the formation of a precipitate on the bottom 
of the glass vial (Figure S8c, Supporting Information). Nonethe­
less, the foam lifetime is still longer than 4 h. In the case of benzyl 
alcohol, the foam volume increases with the temperature, whereas 
the half­life time decreases dramatically. Indeed, higher tempera­
ture can reduce the liquid surface tension, rendering AquivionTM 
D98­20BS­P adsorption at the G–L interface less energetically 
favorable.[33] Besides, the decline of the benzyl alcohol viscosity 
with temperature,[33a] and concomitant liquid film thickness fluc­
tuation can lower foam stability. The viscosity of the liquid film can 
also be reduced, which speeds up the kinetics of destabilization 
and shortens the half­life time.[31c]

2.3. Catalytic Study in Foams Stabilized by AquivionTM 
D98-20BS-P

Owing to its unique structure, AquivionTM D98­20BS can 
behave concomitantly as foaming agent and acid catalyst. 
Taking advantage of these properties, we developed a strategy 
for running one­pot cascade deacetalization–hydrogenation 
reactions in aqueous foams. The reactions involve two sequen­
tial steps: first, benzaldehyde dimethyl acetal is hydrolyzed 
by AquivionTM D98­20BS to generate benzaldehyde; second, 

Adv. Mater. Interfaces 2022, 2200380

Figure 5. Images of vials with different solvents and AquivionTM D98-20BS-P (1 wt%) after hand shaking. The foam volume was homogeneous within 
the flask in all the measurements.
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Table 2. Volume and half-life time of foams in solvents with different surface tensions in the presence of 1 wt% AquivionTM D98-20BS-P.

Entry Solvent Structure Surface tension [mN m−1, 20 °C] Vfoam/Vliquid
a) Foam half-life timeb)

1 Ethylenediamine (ED) 42 0 0

2 1-Butylamine (BuA) 23 0 0

3 Aniline 43.4 0.80 > 12 h

4 Benzyl alcohol (BZA) 39.5 0.41 6 h

5 Acetophenone (AP) 39.04 0.46 1 h

6 Cyclopentanone (CP) 33.1 0.29 1 h

7 Tetrahydrofurfuryl alcohol (THFA) 38.3 0.27 40 min

8 Furfuryl alcohol (FA) 38 0.25 40 min

9 Dimethylformamide (DMF) 37.1 0.49 20 min

10 Water 72.8 0.17 20 min

11 Benzaldehyde (BA) 40 0.18 ≈2 min

12 1-Octanol 27.6 0.10 ≈1 min

13 Ethanol 22.3 0.18 ≈1 min

14 Pyridine 38 0 0

15 Anisole 35 0 0

16 Phenyl acetate (PA) 34.9 0 0

17 Nitrobenzene (NB) 43.9 0 0

18 Iodobenzene (IB) 39.7 0 0

19 Toluene 28.4 0 0

a)Vfoam/Vliquid (“foamability”) = foam volume/initial volume of the solvent; b)The foam half-life time is the time when the foam height decreased to half its original value.
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homemade Pd/SiO2 (4  nm Pd size, Figure S9, Supporting 
Information) to catalyze the hydrogenation of the interme­
diate product to benzyl alcohol (see details in Experimental 
Section). To elucidate the effect of foam (amount of G–L inter­
face) and acidity on the catalytic activity, the hydrogenation of 
benzaldehyde was first carried out. Afterward, we evaluated the 
performance of the cascade reaction starting from benzalde­
hyde dimethyl acetal at optimized reaction/foaming conditions.

2.3.1. Effect of Foam and Acidity on Benzaldehyde Hydrogenation

As shown in the foaming studies above (Table 2), AquivionTM 
D98­20BS­P exhibits excellent foamability in water (at 10  wt% 
loading). Based on these results, we carried out benzaldehyde 
hydrogenation in the presence of foam stabilized by AquivionTM 
D98­20BS­P, and including Pd/SiO2 as hydrogenation catalyst. 

For comparison, we conducted a series of control experiments 
with/without foam using different surfactants and strong acid 
(TFSA) to assess the benefits of the foam system and ration­
alize the influence of the H2–water interface on the catalytic 
properties (Table 3, Figure S10, Supporting Information).

We first carried out the reaction without foam in the pres­
ence of solely Pd/SiO2 (0.5 wt%) as catalyst. The yield of benzyl 
alcohol reaches of 35% within 20 min (Table 3, entry 1). Adding 
POTE or SDBS (10  wt%) favors the generation of foam, but 
the yield of benzyl alcohol exhibits low increase compared to 
no foam system (Table 3, entries 2–3). Meanwhile, lower yield 
(18%) is achieved using a mixture of cationic surfactant DTAB 
and Pd/SiO2 at the same reaction conditions (Table 3, entry 4). 
We then measured the catalytic performance using AquivionTM 
D98­20BS­P (10  wt%) and Pd/SiO2 (0.5  wt%) as catalysts in 
foam, affording 85% yield at the same reaction conditions 
(Table 3, entry 5). This body of results suggests that the simul­
taneous presence of foam and acid can enhance the catalytic 
activity for benzaldehyde hydrogenation.

To rationalize the variable catalytic efficiency of the different 
systems, we measured the zeta potential of Pd/SiO2 particles 
in suspension (Table S1, Supporting Information). The cationic 
surfactant is expected to absorb on the silica surface due to 
the positive charge of the –NH4

+ group in DTAB molecules.[34] 
After adding DTAB, the zeta potential is reversed and the sur­
face charge of Pd/SiO2 particles becomes positive (+34.3 mv vs 
−42.4 mv), suggesting formation of a surfactant double layer on 
their surface (Table S1, entries 1 and 6, Supporting Informa­
tion). Based on this result, we hypothesize that the low catalytic 
activity arises from DTAB molecules restricting access of reac­
tant molecules to the surface of Pd/SiO2. However, this result 
does not explain the poor performance of the systems formu­
lated with anionic and nonionic surfactants, suggesting that an 
additional effect (interface acidification) is responsible for the 
superior performance of the AquivionTM D98­20BS­P­Pd/SiO2 
catalytic system (see below).

Adv. Mater. Interfaces 2022, 2200380

Figure 6. Time-evolution of foam volume at 25  °C and 80  °C in the 
presence of 1 wt% AquivionTM D98-20BS-P after hand shaking.

Table 3. Yield of benzyl alcohol in the hydrogenation of benzaldehyde with/without foam.

Entry Catalyst Yield [%] Foam

1a) Pd/SiO2 (blank) 35 No

2a,b) POTE + Pd/SiO2 42 Yes

3a,b) SDBS + Pd/SiO2 43 Yes

4a,b) DTAB + Pd/SiO2 18 Yes

5a,c) AquivionTM D98-20BS-P + Pd/SiO2 85 Yes

6a,c) TFSA + Pd/SiO2 41 No

7a,c) AquivionTM PW98 + Pd/SiO2 27 No

8a,d) TFSA + POTE + Pd/SiO2 71 Yes

9a,c) PFOA + Pd/SiO2 89 Yes

Reaction conditions. a)benzaldehyde (0.5 mmol), Pd/SiO2 (10 mg), H2O (2 mL), H2 (1.5 bar), 20 min, 25 °C; b)Surfactant (POTE, SDBS or DTAB) (210 mg); c)acid (210 µmol 
H+); d)TFSA (210 µmol H+), POTE (210 mg). Nomenclature: DTAB, dodecyltrimethylammonium bromide; PFOA, perfluorooctanoic acid; POTE, polyoxyethylene (10) tri-
decyl ether; SDBS, sodium dodecylbenzenesulfonate.
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It is known that hydrogenation reactions over Pd can 
be affected by the acidity of the reaction system by altering 
the electronic properties of Pd and activating the carbonyl 
group in benzaldehyde (i.e., by shifting the electron density 
to the O atom in CO).[35] Adding a strong homogeneous 
acid, i.e., trifluoromethanesulfonic acid (TFSA), at the same 
number of H+ equivalents as AquivionTM D98­20BS­P in entry  
5 (210 µmol H+), to a dispersion of Pd/SiO2 (0.5 wt%) results 
in only slight increase of the benzyl alcohol yield from 35% 
(Table 3, entry 1) without TFSA to 41% (Table 3, entry 6) after 
20 min reaction. Likewise, adding AquivionTM PW98 with bad 
dispersion in water and no foaming, affords a yield of only 
27% (Table  3, entry 7). However, adding TFSA to a mixture 
of Pd/SiO2 and non­ionic surfactant POTE enhances the yield 
of benzyl alcohol from 42% (Table 3, entry 2) to 71% (Table 3, 
entry 8). We further carried out the reaction with a perfluori­
nated acid (PFOA) (210  µmol H+), and Pd/SiO2 (0.5  wt%), 
which affords good foaming properties and a yield of benzyl 
alcohol of 89% (Table 3, entry 9).

Overall, this body of results points out that the simultaneous 
presence of foaming and strong acid enhances the catalytic 
activity of Pd/SiO2 for benzaldehyde hydrogenation, which is 
driven most likely by acidification of the H2–water interface and 
its interaction with Pd/SiO2.

2.3.2. Effect of Reaction Time and AquivionTM D98-20BS-P 
Concentration on Cascade Reaction

Encouraged by the catalytic results above, we investigated dif­
ferent foam systems for the one­pot cascade deacetalization–
hydrogenation reaction using benzaldehyde dimethyl acetal 
as reactant. As shown in Figure  7b, the combination of 
AquivionTM D98­20BS­P and Pd/SiO2 catalysts is effective for 
the synthesis of benzyl alcohol (84% yield) via a one­pot cascade 
protocol. Interestingly, a similar yield of benzyl alcohol (85%) 
is achieved from the hydrogenation of benzaldehyde (Table  3, 
entry 5), reflecting that the second step (hydrogenation) is rate 
determining of the overall cascade reaction.

When TFSA and Pd/SiO2 are used as catalysts in non­foam 
conditions, the yield of benzyl alcohol is only 40% within 
20  min. Adding the surfactant POTE to the above catalytic 
system enables the generation of aqueous foams (Figure  7a), 
thereby boosting the yield of benzyl alcohol to 69%. Likewise, 
by combining PFOA with Pd/SiO2 as catalysts, a high yield 
of benzyl alcohol (87%) is obtained in detriment of the unde­
sired by­product (10% yield of toluene). In contrast, only a trace 
amount of toluene is present in the catalytic system consisting 
of AquivionTM D98­20BS­P and Pd/SiO2 catalysts.

Figure S11 (Supporting Information) plots the time­evolution 
of the products under foaming conditions in the presence of 
AquivionTM D98­20BS­P and Pd/SiO2 catalyst. The initial yield 
of benzyl alcohol increases monotonously with the reaction 
time until a maximum value of 84% after 20 min, and decreases 
further after this time in detriment of the toluene yield.

By increasing the AquivionTM D98­20BS­P concentra­
tion from 5 to 10  wt%, the foam volume increases by ≈50% 
(Figure S12b, Supporting Information). Meanwhile, the yield 
of benzyl alcohol increases from 47% to 84% (Figure S12a, 

Supporting Information). Further increase of the AquivionTM 
D98­20BS­P concentration to 15% results in almost no change 
of yield, which is consistent with foam generation. Overall, 
these results point out that the catalytic performance is 
directly related to the volume of foam produced in the reac­
tion system.

3. Conclusion

In this study, we unveiled the surface­active properties of  
AquivionTM D98­20BS­P for stabilizing foams in a variety of 
organic solvents and water. AquivionTM D98­20BS­P is able to 
interact with solvent molecules (e.g., benzyl alcohol, aniline, 
water) through hydrogen bonding, facilitating the generation 
of stable foams. In particular, AquivionTM D98­20BS­P outper­
formed polytetrafluoroethylene, fluorinated particles and other 
common stabilizers, both in terms of foamability and foam 
stability.

Taking advantage of the excellent foaming properties and 
acid nature of AquivionTM D98­20BS­P, we developed a foam 
system for one­pot cascade deacetalization–hydrogenation reac­
tions. The combination of AquivionTM D98­20BS­P and Pd/SiO2  
catalysts achieved remarkable performance compared to a mul­
tiphase system without foam. The enhanced reaction efficiency 
was attributed to a marked increase in interfacial area of the 
foaming system and the preferential location of catalytic acid 
centers at the gas–liquid interface.

Adv. Mater. Interfaces 2022, 2200380

Figure 7. a) Appearance of reaction systems containing different cata-
lysts and b) composition in different systems for the cascade reaction. 
Same reaction condition as those used in benzaldehyde hydrogenation, 
except that benzaldehyde dimethyl acetal was used as substrate.
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Overall, this study broadens the scope of fluorinated mate­
rials as foam stabilizers and interfacial catalysts for multiphase 
reactions. The fundamental insights from this study pave the 
way for engineering novel gas­liquid­solid microreactors.

4. Experimental Section
Materials: Ethanol (95%), ethyl acetate (98%), ammonium 

hydroxide (NH3·H2O, 25–28%), sodium borohydride (NaBH4, 
98%), dodecyltrimethylammonium bromide (DTAB, 99%), sodium 
dodecyl sulfate (99%, SDS), acetophenone (AP, 99%), anisole (99%), 
phenyl acetate (PA, 99%), ethylbenzene (EB, 98%), toluene (99.5%), 
tetrahydrofurfuryl alcohol (THFA, 98%), cyclopentanone (CP, 97%), 
1-octanol (99%), ethylenediamine (ED, 99%), 1-butylamine (BuA, 99%), 
and sodium hydroxide (NaOH, 96%) were purchased from Sinopharm 
Chemical Reagent Co., Ltd. Sodium dodecylbenzenesulfonate (SDBS), 
polyoxyethylene (10) tridecyl ether (POTE), and myristic acid (MA, 99%) 
were purchased from Sigma-Aldrich. Polytetrafluoroethylene (PTFE, 5 µm 
particle size) was procured from Aladdin. Acetone-d6 (99.9 atom%D) was 
obtained from Adamas-beta. Sodium tetrachloropalladate(II) (Na2PdCl4, 
99.9%), benzaldehyde dimethyl acetal (97.5%), benzyl alcohol (BZA, 
99.5%), benzaldehyde (BA, 98%), nitrobenzene (NB, 99%), aniline (99%), 
iodobenzene (IB, 97.5%), pyridine (99%), furfuryl alcohol (FA, 98%), N,N-
dimethylformamide (DMF, 99.8%), perfluorooctanoic acid (PFOA, 98%), 
and trifluoromethanesulfonic acid (TFSA, 99%) and (3-aminopropyl)
triethoxysilane (APTES, 98%) were purchased from J&K.

AquivionTM D98-20BS dispersion in water (solid content: 19.3  wt%; 
density: 1.15  g  mL−1 at 20  °C; acid loading: 1.0  mmol  g−1; equivalent 
weight: 980–1020  g  equiv.−1) and AquivionTM PW98 in powder form 
(equivalent weight: 980–1020  g  equiv.−1, acid loading: 1.0  mmol  g−1), 
were kindly provided by Solvay.

Preparation of Pd/SiO2 Catalyst: The Pd/SiO2 catalyst was synthesized 
in three steps: (1) preparation of silica particles by the Stöber method, 
(2) surface modification of silica particles with amino groups, and (3) 
immobilization of palladium nanoparticles on the silica particles.

Monodisperse silica particles were prepared by a modified Stöber 
method.[36] Briefly, 3  mL of TEOS were added to a mixture of 37  mL of 
ethanol, 5 mL of water and 1.6 mL of ammonia hydroxide solution (28%) 
in a glass flask. After mixing at 40  °C for 2  h, the silica particles were 
collected by centrifugation and washed three times with ethanol and water.

To functionalize the surface of silica particles with amino groups, 
0.6 g of silica particles was dispersed in 50 mL of ethanol by sonication 
in a water bath. Then, 0.3 mL of APTES was added under stirring. After 
stirring continuously for 24  h at room temperature, the product was 
separated by centrifugation and washed with ethanol. After drying at 
80 °C overnight, amino-functionalized silica particles were obtained.

Palladium was further supported over the amino-functionalized silica 
by conventional impregnation and subsequent NaBH4 reduction.[37] 
First, 0.5  g of aminated SiO2 particles were dispersed in a mixture of 
20 mL of ethanol and 15 mL of H2O by ultrasonication. Then a solution 
of Na2PdCl4 (1  mL, 14  mg  mL−1) was added into this suspension and 
stirred at room temperature for 30 min. Afterward, an aqueous NaBH4 
solution (4 mL, 100 × 10−3 m) was slowly added into the mixed solution. 
After 2 h stirring, the solid was separated by centrifugation and washed 
with a mixture of water and ethanol (1:5). Finally, the resulting Pd/SiO2 
catalyst (0.9  wt% Pd as measured by ICP analysis) was obtained after 
drying at 80 °C overnight.

Preparation of Foams: The foams were first prepared by hand shaking 
(low energy method). Typically, 2  mL of solvent and 20  mg of solid 
stabilizer (1 wt%) were added into a 4-mL glass vial. After ultrasonication 
for 10 min, the vial was sealed and vigorously hand shaken for 30 s to 
generate foams.

Foams were also prepared using a high-speed homogenizer (IKA 
Ultra-TurraxT25 equipped with a S25N-8G dispersing tool). In these 
tests, a given amount of solid samples was dispersed in 2 mL of benzyl 
alcohol, and the dispersion was aerated at 16, 000 rpm for 3 min.

The resulting foams were kept static in front of a light board to obtain 
good contrast and measure the foamability or initial foam volume/liquid 
volume (time  =  0), and then monitor the time-evolution of the foam 
volume to assess its stability. The foams generated with AquivionTM 
D98-20BS (1  wt%) were placed on the glass microscope slides, and 
the images were captured with an Olympus IX-51 light transmission 
microscope equipped with 10 × ocular, 4 × and 10 × objectives. Olympus 
cellSens Standard software was used to collect bubble images, while 
ImageJ software was applied to quantify the size of bubbles.

General Procedure for One-Pot Cascade Reaction: The cascade reaction 
of benzaldehyde dimethyl acetal to benzyl alcohol was carried out as 
follows: 10 mg of Pd/SiO2 catalyst, 0.5 mmol of benzaldehyde dimethyl 
acetal, 2 mL of H2O and 210 mg of AquivionTM D98-20BS-P (≈10 wt%) 
were added into a 10 mL glass vial. The glass vial was placed in a batch 
reactor (150 mL). After purging several times with H2, the pressure was 
raised to 1.5 bar, and the reaction was carried out at room temperature 
under a stirring rate of 700 rpm. After the reaction, an aqueous NaOH 
solution (1.25  m) was added until neutral pH, the mixture was then 
extracted with ethyl acetate and analyzed by gas chromatography 
using an Agilent 7890 GC equipped with a HP-5 capillary column 
(30 m × 0.32 mm, 0.25 µm film thickness). Besides, the catalytic activity 
for the second hydrogenation step alone was investigated at the same 
reaction conditions using benzaldehyde as reactant.

Characterization Methods: The morphology of silica particles was 
investigated by transmission electron microscopy (TEM) using a JEOL 
JEM-2100 microscope operating at 200 kV.

Thermogravimetric analysis (TGA) was carried out on a TA SDT 
Q600 Instrument by heating the samples from the room temperature to 
900 °C at a rate of 10 °C min−1 in air.

Fourier-transform infrared (FT-IR) spectra were recorded using a 
Thermo Scientific Nicolet iS50 equipped with an ATR accessory and 
operating in the range of 400–4000 cm−1. All spectra were collected with 
32 scans at 4 cm−1 resolution.

Liquid-state 13C and 29Si NMR spectra were recorded on a Bruker 
600 MHz instrument using acetone d6 as a solvent.

X-ray photoelectron spectroscopy (XPS) was performed on a Thermo 
Scientific K-Alpha+ XPS instrument equipped using a micro-focused 
monochromatic Al Kα X-ray source (1486.6 eV).

The surface charge properties of the particles in suspension were 
determined in terms of the zeta potential using Malvern Ζetasizer Nano 
ZS apparatus.

The number and weight average molecular weight (Mn and Mw) of 
AquivionTM D98-20BS dispersions was measured by gel permeation 
chromatography on a Malvern GPCmax instrument equipped with 
Waters Styragel HT column eluted with N,N-dimethylacetamide (DMAc) 
containing 0.01  m LiBr at a flow rate of 0.8  mL  min−1, which was 
calibrated with standard polystyrene samples.

The surface tension of the particles was measured using a force 
tensiometer with a Pt Wilhelmy plate (Sigma 700, Biolin Scientific) at 
25  °C. The plate was flushed with ethanol before burning with a heat 
gun to ensure proper cleaning. The surface tension was measured three 
times to ensure reproducibility.

The Pd content of Pd/SiO2 catalyst was quantified using inductively 
coupled plasma-optical emission spectroscopy (ICP-OES 5800, Agilent 
Technologies). Before the measurements, the samples were dissolved 
using a HNO3/HF solution.

Statistical Analysis: All the experiments were replicated at least three 
times, and the data points were represented as mean  ±  standard 
deviation. The statistical analysis was carried out using one-way ANOVA 
to determine differences between groups, and differences between the 
conditions were considered significant at p < 0.05.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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