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Pickering emulsions (PEs) i. e. particle stabilized emulsions, are used as reaction environment
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in biphasic catalysis for the hydroformylation of 1-dodecene into tridecanal using the catalyst

rhodium (Rh)-sulfoxantphos (SX). The present study connects knowledge about particle catalyst
interaction and PE structure with reaction results. It quantifies the efficiency of the catalytic per-
formance of the catalyst localized in the voids between the particles (liquid-liquid interface) and
catalyst adsorbed on the particles surface (liquid solid interface) by a new numerical approach.
First, it is demonstrated that the overall packing density and geometry at the droplet interface and
the size of the water droplets of the resulting w/o PEs are predictable by a simple model as con-
firmed by cryogenic scanning electron microscopy (cryo-SEM) imaging. Second, it is shown that
approximately all particles used for emulsification assemble at the droplet surface after emulsion
preparation and neither the packing parameter nor the droplet size change with particle surface
charge or size when the total particle cross section is kept constant. Third, studies on the influ-
ence of the catalyst on the emulsion structure reveal that ir respectively of the particles charge the
surface active and negatively charged catalyst Rh-SX reduces the PEs droplet size significantly
and decreases the particle packing parameter from s = 0.91 (hexagonal packing in 2D) to s =
0.69 (shattered structure). In this latter case, large voids of free w/o interface form and become
covered with catalyst. With this deep knowledge about the PE structure the reaction efficiency
of liquid-liquid vs. solid-liquid interfaces are quantified. By excluding any other influence factors,
it is shown that the activity of the catalyst is the same at the fluid and solid interface and the
performance of the reaction is explained by the geometry of the system. After the reaction, the
product separation via membrane filtration is shown to be successfully applicable without damag-
ing the emulsions. This enables almost complete recovery of the catalyst i. e. the most expensive
compound in PE-based catalytic reactions, being a crucial criterion for industrial applications.

1 Introduction

Pickering emulsions (PEs) are emulsions stabilized by solid or soft
particles 2. The understanding of their physico-chemical proper-
ties and their cost-effective and simple preparation procedure al-
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lows for application in many fields of research. They are success-
fully used in medicine3, cosmetics#, food industry® and material
synthesis®. The PE’s strong resistance against coalescence while
increasing the interface between two immiscible liquids makes
them excellent candidates as reaction environment for catalysis.
The use of PEs is beneficial for various applications in the biphasic
biocatalysis 7~ but also for many other biphasic reactions for ex-
ample hydrogenation1%!!, olefin epoxidation %13, acetalization
of aldehydes 4, and other catalytic reactions 1>-18,

In this study, the influence of the PE structure on the catalysis and
catalyst recovery is investigated on the basis of the hydroformy-
lation of the long chained olefin 1-dodecene into the aldehyde

Journal Name, [year], [vol.], 1-13 |1



tridecanal. This reaction is catalysed via the water soluble cata-
lyst complex rhodium-sulfoxantphos (Rh-SX) in varied PE envi-
ronment. As recovery method membrane filtration for the reten-
tion of catalyst containing water droplets is evaluated. Earlier
studies on this system dealt with the general feasibility of the hy-
droformylation in PEs!9-24, In this context Stehl et al.24 showed
that a positive surface charge on the surface of Halloysite nan-
otubes is more beneficial for the product yield than a negative
one. Zhao et al.22 and Tao et al. 23 used positively charged silica
spheres and compared them to positively charged mesopourous
silica spheres and speculated that the porosity facilitates mass
transport through the particle layer. They found that the adsorp-
tion of the negatively charged catalyst onto the positively charged
particles is beneficial for the reaction. Results from these earlier
works imply that on the one hand the surface occupation by the
particles provides the desired high stability, but on the other hand
it hinders the interfacial contact between oil and water and there-
fore hinders the mass transfer.

Very fundamental studies for different particle systems for PEs in
general were carried out by Binks et al.. The influence of size2>
and hydrophobicity is well understood for different nanoparticle
systems. The hydrophobicity of the particles defines the ability of
the particles to attach to the interface and dictates the resulting
emulsion type26-28, A model for the prediction of the droplet di-
ameter after the initial fast coalescence process finished is called
limited coalescence model. It was first proposed by R. M. Wiley
in 19542° and was refined and proven for different systems30-33
. While a general understanding of the influence of various par-
ticle properties on PE properties was established, the transfer of
this information to the catalytic reaction process in the PE envi-
ronment stays speculative.

In consequence, an often underestimated challenge when com-
paring results by various authors for finding an adequate model
system and also for developing analytical models for the desired
catalytic process is the low comparability between different par-
ticle systems and the lack of quantitative parameters describing
those. So far, the particles of different studies and also within
the same study vary in a whole bunch of parameters. Therefore,
the prediction and identification of dominant properties influenc-
ing the reaction behaviour is very difficult or even impossible and
deducing conceptual conclusions becomes often speculative. Dif-
ferences in particle shape, size and hydrophobicity may lead to a
varied water/oil droplet size, may affect the fraction of particles
being able to adsorb at the interface or may also affect the parti-
cles packing geometry and density at the droplet surface. Both,
the droplet size and the packing condition, may influence the
mass transfer and with that the reaction outcome such as yield
and conversion rate. A deeper physico-chemical understanding
of the system is needed for improving the catalytic performance
in PEs beyond trial and error or fine tuning approaches. There-
fore, for the exact prediction of reaction outcomes for future PE
formulations it is essential to understand the effect of different
particle properties as well as their interaction with the catalyst on
the PE structure and subsequently on the reaction performance in
detail. In summary, this article addresses the following questions:
I) How exactly does the interaction between negatively charged
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catalyst molecules and positively charged particles influence the
catalyst substrate contact?; II) How does the presence of a surface
active and particle adsorbing catalyst influence the PE structure?;
III) How does the catalysts physico-chemical properties of the cat-
alyst influence the reaction and filtration process?; and finally IV)
Is the void area between the particles or the particle surface area
pointing into the oil phase important for the efficiency? - a fun-
damental question for the emulsion design. In order to answer
these questions without leaving open alternative explanations for
the observed effects (particle properties, droplet size etc.) the
present study is conducted in a bottom up approach. First, sil-
ica nanospheres are synthesized that differ only in one feature:
either charge or size. Second, the effect of the tailored particle
properties and catalyst on the resulting PEs structure is deter-
mined. Third, the impact of several parameters on the reaction
are considered. The w/o emulsion type is used because it allows
to retain the water soluble catalyst in the water droplets while
separating the product phase. Finally, the surface coverage and
its impact on the reaction results are determined and discussed in
detail. This includes the discussion on the effect of particle size
and particle surface charge. In addition to this and in order to
find further explanations for the earlier found increase in reaction
performance for positively charged particles the particle/catalyst
interaction was investigated. In view of the envisaged continu-
ous PE reaction process, the influence of particle properties on
membrane filtration is finally studied.

2 Experimental Section

2.1 Material

Water with p = 18.2MQ-cm at 25°C was used from a Milli-
Q purification system (Merck KGaA, Darmstadt, Germany).
Ethanol (>99%), 1-dodecene (>94%), dimethyloctadecyl[3-
(trimethoxysilyl) propyl]Jammonium chloride (60% in methanol),
fluorescein sodium salt and polyethylenimine (PEI) were pur-
chased from Sigma-Aldrich (Merck KGaA, Darmstadt, Ger-
many). Octadecyltrimethoxysilane (97%) was purchased
from ABCR (abcr GmbH, Karlsruhe, Germany) and ammonia
(25% in water) was purchased from Acros Organics (Thermo
Fisher Scientific, Geel, Belgium) . The precursor (acetylace-
tonato)dicarbonylrhodium(I) (Rh-(acac)(CO),) was purchased
from Umicore (Umicore AG & Co. KG, Hanau, Germany) and
the water soluble ligand Sulfoxantphos was obtained by Molisa
(Molisa GmbH, Magdeburg , Germany) where it was synthesized
by the procedure of Goedheijt et al34. Argon 5.0 obtained from
Linde (Linde GmbH, Pullach, Germany) was used for purging the
sample and a syngas mixture of CO(purity 1.6):H, (purity 3.0) =
1:1 was used.

2.2 Synthesis of Silica Spheres and Modification

The silica particles were synthesized using the well-known sol-gel
approach, called Stéber process3>. Different particle sizes were
achieved by increasing the particle size of the core particles ac-
cording to a protocol described by van Blaaderen3°. In this study,
diameters of 50 nm and 100 nm were aimed as different particle
sizes. The particle surface was modified by silanization using the



same silanes as Zhao et al.22 but with a different procedure and
concentration. Negatively charged hydrophobic particles were
obtained using octadecyltrimethoxysilane. The negative charge
results from residual hydroxy groups at the silica surface3”. To
obtain positively charged hydrophobic particles the same amount
of dimethyloctadecyl[3-(trimethoxysilyl) propyl]Jammonium chlo-
ride was used, which represents a silane with a similar hydropho-
bic chain length while simultaneously inducing a positive charge.
For silanization, an amount of silane corresponding to roughly
2 silane molecules per nm? of particle surface was added. The
reaction was then performed in ethanol at 20°C with 200 rpm
for 1 hour and an additional hour at 60°C. After the reaction
the solvent was completely removed by evaporation under vac-
uum and approximately 1.5 g white powder was obtained which
was redispersed in a desired solvent by ultrasonication. The sam-
ple names describe the aimed particle diameters and the silane
used for modification. Three different samples were prepared:
smaller oppositely charged particles with an aimed diameter of
50nm (50C18n+, 50C18n-) and larger positively charged par-
ticles with an aimed diameter of 100 nm (100C18n+). For the
pristine particles the abbreviations 50pristine are used.

2.3 Preparation of Emulsion

The PEs were prepared using the IKA T25 Ultra-Turrax with a
S25N-10G dispersing unit. First, the particles were dispersed by
ultrasonication in the desired volume of oil for 10 min. Then, the
water was added and the system was homogenized for 5 min at
20000 rpm. In case of the PEs containing the ligand Sulfoxant-
phos (SX) or the catalyst complex Rh-SX, the desired compound
was first dissolved in the water phase in the vial. Different batch
sizes were used for different purposes in order to use the limited
amount of particles in one batch efficiently. A small batch with a
total volume of 12.55mL was used for emulsion characterization
and a larger batch with a total volume of 39.58 mL was used
for the reaction for simulating a more application-oriented
approach38. For the reaction, the water phase was fixed to
25wt% with respect to the liquid phase (= 20vol%) using 8 g
water and 24 g 1-dodecene. While preparing the PEs for the
catalysis additional steps were carried out to prevent the contact
between the oxygen sensitive Rh-catalyst and air. First, the vessel
used for the PE preparation was flushed with Ar, then the particle
1-dodecene suspension was added and the vessel was flushed
again with Ar. The catalyst solution was introduced using a
syringe and the emulsion process was started immediately under
constant Ar stream above the vessel. After homogenization, the
vessel was closed, shaken carefully and the emulsion was poured
into the prepared and Ar flushed reactor.

2.4 Preparation of Catalyst Solution

For the hydroformylation catalyst, 38.5 mg (0.15mmol, 1 eq.) of
the precursor Rh(acac)(CO), and 466.9 mg (0.6 mmol, 4 eq.) of
the ligand SX were evacuated three times and flushed with Ar by
using the Schlenk technique. 6 g of degassed water were added
and the catalyst solution was stirred (700 rpm) for at least 12 h

at room temperature.

2.5 Instrumentation

2.5.1 a) Characterization of Particles

Pristine and modified particles were characterized by various
techniques. The particle size was determined via image analy-
sis of transmission electron microscopy (TEM) micrographs. The
density of a single particle was determined by measuring the den-
sity of particle suspensions at different particle concentrations us-
ing a densitometer (DM40, Mettler Toledo). The hydrophobicity
was quantified the contact angle measurements of a water droplet
on a spin coated particle layer (OCA 15, DataPhysics). Atomic
force microscopy (AFM) studies were carried out in order to en-
sure similar roughness of the particle layer. The charge of the
particles was determined by {-potential measurements. Further
information of the methods and the instrumentation are given in
the supporting information.

2.5.2 b) Characterization of PEs

2.5.2.1 Fluorescence Microscopy The PE type (w/o or o/w)
was identified by dying the water phase with the water soluble
but oil insoluble fluoresceine sodium salt (uranine) at a con-
centration of 5.32-1073 %"1 The images obtained were then
coloured green using ImageJ for better readability.

2.5.2.2 Drop Size Distribution Determination The size of
the water droplets was determined from micrographs taken from
the PEs in less then 1 hour after preparation with Zeiss Imager
A1 microscope and a 50x or a 20x objective, respectively. The
PEs were shaken by hand and a droplet of a few microlitre was
spread on a microscope slide. At least 15 images containing a
total of 400 up to 800 different drops were recorded for every
data point. The images were then analysed using an image analy-
sis software (SOPAT GmbH, Germany) which provides the droplet
size distributions and average mean droplet diameters.

2.5.2.3 Cryogenic Scanning Electron Microscopy (cryo-SEM)
The sample was secured into a cryo shuttle by use of a freezing
rivet and submerged into slushed nitrogen. The sample was then
transferred under vacuum into a Quorum PP3010 cryo prepara-
tion chamber which was under high vacuum and pre-cooled to
-140°C. The sample was fractured using a cooled knife. Prior to
imaging, an Iridium coating was sputtered onto the samples and it
was transferred into a Thermo scientific Helios G4 CX DualBeam
(Focused ion beam scanning electron microscope; FIB-SEM) op-
erating at 2kV and 0.1 nA. The FIB-SEM is fitted with a cold stage
(-140°C) and cold finger (-175°C).

2.5.2.4 Batch Reactor Test For the hydroformylation reaction
in the batch reactor the PEs were prepared according to the de-
scription above. After PE preparation the emulsion was trans-
ferred into the batch reactor immediately. Syngas (1:1) with
a pressure of 15bar and a temperature of 100 °C was applied
increasing both simultaneously from atmospheric pressure and
room temperature. During heating and cooling the emulsion was
stirred at 300 rpm while during the reaction over a duration of
20 hours the PE was stirred at 1200 rpm. The composition of the
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product phase was determined by gas chromatography after the
reaction.

2.5.2.5 Gas Chromatography (GC) A sample of 30 - 60 uL
(1-2 drops) was taken from the batch at room temperature af-
ter the reaction. The sample was then diluted in isopropanol
and the internal standard nonan was added. The composition
of the sample was determined via the gas chromatography setup
GC2010plus by Shimadzu from the height of the different max-
ima. For the measurement, the gas chromatography column
Restek RTX5-MS (30 mm x 0.25 mm x 0.25 um) was used.

2.5.3 ¢) Membrane Filtration

Filtration experiments were conducted at room temperature in a
solvent resistant stirring cell (XFUF04701 by Merck KGaA, Darm-
stadt, Germany) with an active membrane area of 13.2 cm?.

An organic solvent nanofiltration membrane with a molecu-
lar weight cut-off (MWCO) of 900 Da was used (oNF-3, BOR-
SIG Membrane Technology GmbH, Gladbeck, Germany). Accord-
ing to the manufacturers instructions, membrane samples were
soaked in pure 1-dodecene for at least 2 hours prior to use for
preconditioning. The membrane samples were then washed with
pure 1-dodecene at a constant pressure of p = 4 bar for t = 90 min
and the mass of permeate was recorded using a LabVIEW pro-
gram. The flux was then calculated from the actual recorded per-
meate mass m, time ¢, solvent density ps and active membrane
area A.ff, according to eq. (1) and normalized with respect to the
pure 1-dodecene flux from membrane pre-treatment:

Am

J=—— 1
PsAetfAt W

Applying 4 bars and stirring the emulsion at 500 rpm half of the
continuous phase was extracted while recording the flux, i. e. the
phase fraction increased from 25 wt% to 40 wt%.

3 Results

Particle Characterization

In this section, the particle properties (size, density, {-potential,
and hydrophobicity) of the unmodified 50pristine and the modi-
fied 50C18n-, 50C18n+, and 100C18n+ silica particles are char-
acterized. The experimentally obtained particle properties are
summarized in Table 1.

The particle size was determined by TEM from a dried parti-

cle layer and at least 350 particles were analysed for each sys-
tem. From the resulting diameter distribution the Sauter mean
diameter was calculated. Figure 1 shows the TEM images of the
nanospheres and their related size distribution histograms. The
shape of the particles can be assumed as approximately spherical
with the systems having Sauter mean diameters of around 50 nm
and 100 nm, respectively.
The particles surface charge was estimated from {-potential mea-
surements. The value of the {-potential of the positively and
negatively charged modified silica particles is similar and about
50 mV having an opposite sign for surface charge (Table 1). The
negative charge of the 50pristine and 50C18n- particles results
from partially deprotonated OH groups at the surface3”.
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Table 1 Summary of the experimental particle parameters: 50C18n- and
100C18n+ only differ in one property from the 50C18n+ sample. In case of
50C18n+ it is the sign of the {-potential and in case of 100C18n+ it is the spe-
cific cross section. d: Sauter mean diameter from TEM; {-potential measured in
ethanol; p,: total suspension density of the particle suspension; CA: contact angle
of a water droplet on a particle layer; apm: specific cross section; 4-apm: spe-
cific surface '50pristine and 50C18n- density presumably similar to the density of
50C18n+. rms: root mean square roughness of particle layer

S50pristine  50C18n-  50C18n+  100C18n+
d / nm 463Lf5 46./+5 457/%5 970£5
CA/° 2443 11343 107+4 10543
{-potential / mV | —63+3 —50+3 +53+4 +53+4
Pr/ s = 1 1.774£0.04  1.93+0.05
aom / T - - 18.2+0.4 8.0+0.2
4-apm / m? - - 727415 320405
rms / nm 1843 13+4 17+4 2948

The hydrophobicity of the particles was determined from the
wettability of a spin coated particle layer. All contact angles (CA)
of a deposited water droplet on the prepared surfaces determined
for the modified particles lay in the small interval between 105°
and 113° (Table 1). The CA of the 50pristine layer lays around
24°, which is significantly lower than for the modified particles.
The particle modification process successfully hydrophobized the
particles (CA >90°) but did not turn them too hydrophobic (CA
<120°). The results match very well with the observations for
the particles dispersability behaviour: the hydrophobized parti-
cles are not dispersible in water (see Figure S1 particles floating
on water) but form highly stable suspensions in ethanol. In ad-
dition to particle chemistry, the wettability of a surface depends
strongly on its roughness3®. Therefore, the surface topography
of the particle layers was studied by atomic force microscopy
(AFM) (Figure S2). From the height distribution in Figure S2 the
root mean square (rms) roughness was determined (Table 1). The
rms is similar for all particle layers composed of the smaller mod-
ified and pristine particles (13-17 nm). The layer consisting of the
larger particles exhibits a roughness approximately twice as high
((29 £+ 8) nm).

For determining the total particle cross section, knowledge of
the particle density pp is essential. For this, the total densities
prot of particle suspensions with defined particle concentrations
in ethanol were measured. The routine is explained in the sup-
porting information (SI). Figure S3 shows the determined density
reciprocal plotted over the particle concentration. In summary,
the smaller particles exhibit a density of (1.7740.04) Ci and the

m3

larger particle a slightly larger density of (1.9340.05) -2;. The

cm?
total particle cross section per mass ag n, is calculated using eq. 2

(derivation in SI):
A@,tot _ 3

= ap,m

= (2)
mp ’ 2ppdsp

In summary, it was found as expected, that the difference between
50C18n+ and 50C18n- lays in the sign of the {-potential while
the difference between 50C18n+ and 100C18n+ is the specific
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Figure 1 TEM-images of the pristine and the modified silica nanospheres. The Sauter mean diameter (d3 ») was determined from the size distribution

from image analysis.

cross section.

3.1 Emulsion Characterization

In the following, the ability of the particles to stabilize PEs is ex-
plored. Figure 2A shows photographs of emulsions with different
particles 12 hours after preparation. The emulsion with untreated
50pristine particles is unstable and breaks within a few hours into
the initial two phase system. The turbidity of the bottom phase
(water) corresponds to the turbidity of the initial particle suspen-
sion and no emulsion droplets were identified under the micro-
scope. The PEs stabilized by the modified particles sediment and
form the white phase at the bottom of the flask. Studies by light
microscopy after 12 hours (Figure 2B) show that the droplets stay
intact. This stability was observed even after months and beyond.
A fluorescein dyed version of each emulsion was investigated ad-
ditionally by fluorescence microscopy, which confirms the water
in oil type (w/0) of the PEs (Figure 2B).

The effect of water and particle fractions on the packing ge-
ometry of the 2D self assembly of the particles at the water/oil
interface was studied for the positively charged particles by mi-
croscopy (Figure S4). The resulting Sauter mean droplet diame-
ters (dpg) are shown in Figure 3. dpg of the droplets increases
linearly with the water fraction. Measurements after approxi-

mately 2 months show that for the 40 mg 100C18n+ sample with
40 vol% water content the Sauter mean diameter increased from
72.4um to 80.6um. For higher particle concentration or lower
water content the differences were negligible. For water contents
above 50 vol% double emulsions formed and the droplet diame-
ter could not be determined (Figure S5).

The solid lines represent linear fits to the data. They are used
to calculate the packing parameter s. The dashed lines result from
a calculation assuming a hexagonal packing using eq. 3:

65VPE rot 65 fwVpE tor 1

dpg = — fw = — — (3)
ap,mMp,tot agp, mMPpE, tot Cp

Eq. 3 allows predicting PE droplet sizes when knowing the spe-
cific particle cross section gy, the input particle weight nip tor,
the total PE mass mpg tor, the total PE volume Vpg tor, the used
water fraction f,, and assuming a 2D hexagonal packing (packing
parameter s = 0.907). The linear fits (solid lines) agree very well
with these completely independent predictions.

The conformation of the particles at the water-oil-interface was
studied by in-situ cryo-SEM of selected samples. The micrographs
in Figure 4 show dense packing of the particles at the w/o in-
terface. The micrographs reveal two kinds of structures on the
droplet surface: a relief-like structure of missing particles in Fig-
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pristine
particles

50C18n- 50C18n+

light
microscopy

fluorescence
microscopy

Figure 2 A: Photographs of water/dodecene PEs formed with three differ-
ent particle (0.5wt%) systems with a water fraction of 25 wt% ( 20 vol%)
after 12 hours. While the hydrophobized particles are able to form sta-
ble PEs the pristine particles are not able to stabilize lasting emulsions.
B: Related microscopy images for fluorescein dyed samples show intact
droplets and fluorescence microscopy images proof the w/o type.

ure 4A and the particles occupying the interface in other regions
in Figure 4B. The structure in panel A results most presumably
from the sample preparation process in which the particles broke
away during freezing and cutting. In both cases, a hexagonal like
structure can be recognized.

3.2 Influence of Catalyst Particle Interaction

In this section, the influence of the catalyst on the emulsion struc-
ture is quantified. Stehl et al.®* determined the surface tension
of a ligand-water-solution (SX) against air and compared it to
the catalyst-ligand-solution (RH-SX). The determined values for
both substances are similar so that it was stated that the physical
interfacial behaviour of the catalyst system is dominated by the
ligand SX. Thus, for investigating the physical properties of the
catalyst system it is sufficient to only use the cheaper SX instead
of the expensive catalyst complex. In this work, the surface ten-
sion of an aqueous SX solution was measured against dodecene
using the Du Noiiy ring method (Figure 5). The curves follow a
typical trend for a classical surfactant. In the interval between
10-4ml and 102 M the surface tension decreases by about
20 %N from slightly above 40 %N to slightly above 20 %N From
this, the required space for one SX molecule was estimated to asx
= 0.96 nm? using the Gibbs equation?.

The catalyst-particle interaction was quantified by the {-
potential measurements in ethanol. The particles are not dis-
persible in water and the ligand is not soluble in oil. Although
these measurements do not represent the reaction environment,
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Figure 3 Sauter mean diameter dpg for water/dodecene PEs at constant
volume of 12.55mL. Every point was calculated from 400 to 800 mea-
sured droplets. The error bars represent the standard deviation of each
droplet size distribution. The Sauter mean diameter scales roughly lin-
early with the water fraction. The solid line represents a linear fit. The
dashed lines were calculated using eq. 3 with the determined particle
properties. The packing parameter was set to s = 0.907 assuming a
hexagonal packing. The completely independent predictions agree well
with the linear fits.

they reveal a general trend of the behavior of the ligands adsorp-
tion onto the particles. Figure 6 shows the measured {-potential
for the particle-SX-complexes as a function of the ligand amount
per particle area k,. The concentration of SX was normalized with
respect to the total surface of the added particles, which was cal-
culated from particle size (TEM) and density data (Table 1). The
potentials of both initially positively charged particles 100C18n+
and 50C18n+ show a decrease with increasing k,, i. e. SX, and
even change sign at about 2-6 molecules per nm?. The curves of
both positively charged particles nearly overlay each other. The
potentials of the negatively charged particles do not change with
the catalyst concentration.

Both, the surface activity of the ligand SX and its ability to ad-
sorb onto the positively charged particles are presumed to affect
the PEs structure. For further investigations, PEs were prepared
with and without SX to compare the droplet sizes. Different PEs
with a constant water fraction of 20 vol %, a constant total vol-
ume and a constant amount of SX were produced (Figure S6).
The particle concentrations were varied and their droplet size dis-
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Figure 4 Cryo-SEM images of water/dodecene PEs with particle concen-
tration cp = 0.5Wt% and water fraction 20 vol% using 50C18n+ particles.
The particles form a structure similar to the 2D hexagonal close packing.
This is well recognizable in the areas where the particles broke away in
the preparation process and left gaps behind (A). The length of the black
bars in (A) and (B) corresponds to 200 nm. The images were taken about
one week after emulsification.

tributions were determined. The results for the measured Sauter
mean diameters are shown in Figure 7. In both cases (with and
without SX), the curves follow a trend reciprocal to the added
particle mass as predicted by eq. 3. The predicted values calcu-
lated from experimental particle properties (Table 1) are shown
as a dashed line. The calculated values are in perfect agreement
with the dpg = % fit. The addition of SX leads to a reduc-
tion of the droplet size and by fitting eq. (3) a decrease of the
packing parameter from s= 0.92 + 0.05 to s = 0.69 £ 0.01 was
determined. The effect of SX reducing the droplet size was seen
irrespectively of size and charge (Figure S7).

-1

Ydodecene/water /' mN-m

15
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Figure 5 Measured surface tension y for a SX solution in water at the wa-
ter/oil interface using Du NoUy ring method. y decreases with increasing
SX concentration until it reaches a plateau (dashed line) at 3- 103 mol/L
To get a value for the occupied space of a single SX molecule the Gibbs
equation was fit to the data (solid line). The required space for a sin-
gle molecule was estimated to agy = 0.96 nm?. During the reaction, the
concentration of the ligand in the water phase of the PE is ~0.075 mol/L.
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Figure 6 {-potential as a function of the concentration of SX per particle
area (kn). The ligand SX decreases the {-potential for both positively
charged particle types while the {-potential of the negatively charged
particles is not influenced by the presence of SX.

These findings raise the question whether the presence of cat-
alyst modifies the particle ordering at the droplet surface. For
answering this, cryo-SEM images were recorded of PEs contain-
ing SX one week after preparation (Figure 8). Comparing these
new images for PEs containing SX with the images of PEs without
SX (Figure 4) a more shattered surface occupation structure of
the particles is observed for both particle systems 50C18n+ and
50C18n-. Voids can be found between the particles in the form
of smooth areas in the particle formed relief in (A) and (C) as
well as in the visible particle layer in (B) and (D) between the
particles.

3.3 Hydroformylation of 1-Dodecene

In the next step, the hydroformylation of 1-dodecene was studied
in PE environment in a batch reactor. The PEs total volume was
increased by a factor of approximately 4 to 24 g oil and 8 g aque-
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Figure 7 Sauter mean diameters for PEs produced with different
100C18n+ particle concentrations with SX (0.015 me ~ 147 mg) and
without SX for a water fraction of 20 vol% and 1-dodecene as continuous
phase. The error bars represent the standard deviation of each droplet
size distribution. The dashed line was calculated using eq. 3 with the
determined particle properties above and setting s = 0.907. The straight
lines represent a non linear fit with the form dpg = % (according to
eq.(3)). The packing parameters were calculated from the fits to s =
0.92 +0.05 (without SX) and s = 0.69 +0.01 (with SX).

ous catalyst solution. Compared to the 50C18n+/- system twice
the mass fraction of 100C18n+ particles was used to achieve a
similar droplet diameter in the reactive system. This minimizes
the influence of the droplet size and curvature on the reaction
yield. The space time yield is shown in Figure 9A. Other related
reaction results are summarized in Table 2.

Table 2 Reaction related parameters. * calculated with eq. (4) using s =
0.69 ** calculated with eq. (5)

50C18n- 50C18n+ 100C18n+
(0.5wt%)  (0.5wt%) (1 wt%)
conversion / % 1.4 7.6 6.3
selectivity / % 64 78 87
TON 13.7 72.4 60.4
conv. rate per total 46.3 - -
void area
/ nrr112h .
conv. rate per total - 45.7 43.1
oil contact area
/ ﬁ Kk

The space time yield for positively charged particles is signifi-
cantly higher than for negatively charged ones. Moreover, it was
found that the particle size has no impact on the space time yield
when the difference in particle size is compensated by the mass
fraction. Nevertheless, the PEs containing the particles were iden-
tified to be less stable. After the reaction, a thin layer of excess
water ( 5vol%) was found denoting that at least some of the
droplets broke during the reaction. This was not the case for
the PEs stabilized with the 50C18n+/- spheres. When knowing
the packing parameter in a catalyst containing system to change
from s = 0.91 to s = 0.69 (Figure 7) the conversion rate per active
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(CRAA) area can be calculated. From the {-potential measure-
ments in the presence of SX, it was assumed that for the nega-
tively charged particles the reaction exclusively takes place in the
voids between the particles at the oil /water interface. Therefore,
the conversion in number of molecules achieved was divided by
the total void area. The total void area can be calculated using
eq. 4:

1—s

€]

Avoid,tot =(l-s )APE,tot = Ag,tot

with Ag tor = $Aw/o,t0t (ApE,or: total droplet surface area), which
is only dependent on the packing parameter s and the input to-
tal particle cross section Ap . In case of the positively charged
50C18n+ and 100C18n+ particles, the reaction takes place at
both the w/o interface and the particle surface. Therefore, the
achieved conversion per active area requires the inclusion of the
particle surface protruding into the oil phase. This total active
area includes the particle-oil contact area and the total void area
and is calculated by eq. 5:

1 l+s
Aol contact = 2 -4 - A tot +Avoid,tot = Ag,tot 5 5)

The difference between the total void area and the total substrate
contact area are illustrated schematically in Figure 10. The deter-
mined values for the conversion per active surface are very simi-
lar for all three samples around 45 ﬁ with only a difference of
about 7 % (Figure 9B or Table 2).

3.4 Membrane filtration

In this section, the potential of catalyst recovery via membrane
filtration of the PEs after reaction is elaborated. For this, the PEs
are transferred into the corresponding equipment. Under con-
stant stirring and applied pressure of 4 bars, the organic phase
(consisting of 1-dodecene and the products from the hydroformy-
lation reaction) was filtered through the membrane while the
particle-stabilized dispersed phase droplets containing the valu-
able catalyst were retained by the organic solvent nanofiltration
membrane. A stable flux was reached after only a few minutes
and stayed constant until the filtration was stopped after 50 wt%
of the organic phase had permeated. Figure 11A shows the mea-
sured flux normalized with respect to the flux of pure 1-dodecene
from the membrane pretreatment. A stable flux was reached af-
ter only a few minutes and stayed constant until the filtration was
stopped. The particles surface charge seem to play a minor role
if any at all. The normalized flux curves are similar to each other
with no significant deviation. The slight deviation for 50C18n+
may be explained by small inherent differences in different mem-
branes used. The droplet size was measured for a freshly pre-
pared emulsion, after the reaction and after filtration of 50 wt%
of the product phase with a microscope (Figure 11B and Figure
S6). The results show that the Sauter mean diameter is preserved
after each filtration step. This stability of the PEs enables con-
tinuous reaction processes with droplet recycling via membrane
filtration. Again, the charge and size are found to have no in-
fluence on the Sauter mean diameters of the recycled emulsion
droplets.
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Figure 8 Cryo-SEM images of PEs produced with 50C18n- (left) and 50C18n+ (right) (water fraction 20 vol%, particle mass fraction 0.5wt%) in presence
of SX (0.015 L”LQ') . In both cases the addition of SX results in numerous voids in the structure. This effect can be seen in the areas where particle
broke away and the relief was scanned (A) and (C) as well as in the particle structure present on the droplets surface (B) and (D). SX has molecular
size and is invisible in the SEM picture. The images were taken roughly one week after emulsification. The black bars in (A) - (D) represent 200 nm.
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Figure 9 (A) Reaction results for the space time yield using a larger batch with 32 g in total for the whole PE. Reaction conditions: catalyst:ligand = 1:4,
amount of catalyst: 146 -10-> mmol , S/C = 960, amount of particle 160 mg 50C18n+/- and 320 mg 100C18n+, water fraction 20 vol% (B) Conversion
rate per active area (CRAA) calculated using eq. 4 for PEs with 50C18n- and eq. 5 for PEs with 50C18n+ and 100C18n+.

4 Discussion

4.1 Structure of PEs

Modified and comparable silica particles varying in size (50 & 100
nm in diameter) and charge (+/-) were successfully produced
and characterized in terms of their particle parameters. The

characterised parameters are particle charge, size, shape, den-
sity, and specific particle cross section. The samples 50C18n- and
50C18n+ have very similar size but an opposing surface charge.
The samples 50C18n+ and 100C18n+ have quite the same sur-
face charge but vary significantly in size.

The particles were used to produce very stable PEs of w/o type.
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Figure 10 lllustration of the two different types of catalytic active interface.
The total void area (left) includes only the water/oil interfacial area, which
is the only active area for the negatively charged particles. The total
substrate contact area (right) includes the voids as well as the particle
surface area protruding into the oil phase. This is the active area for the
positively charged particles because the catalyst is also able to adsorb
on the particle surface.

The droplet size in dependence of the water fraction was shown to
follow eq. 3 proving that the droplet size can be easily predicted
by the given total emulsion volume and the determined particle
cross section under the assumption of a hexagonal packing. The
other way around, the particle density at the droplet interface can
be determined for known droplet sizes. The validity of the model
assumptions is proven by the very good agreement of the pre-
dictions and the experimental data points. The first assumption
states that nearly all particles adsorb at the droplet interface. The
second stating hexagonal packing of the particles at the w/o inter-
face is the most probable ordering at the droplet surface. These
are important observations because insights into the surface or-
dering of the particles in a Pickering emulsion system are gener-
ally difficult to resolve experimentally: light microscopy methods
are limited to the regime beyond the micrometer scale. Scatter-
ing and reflectometry techniques heavily rely on complex models
with many parameters and their interpretation becomes vague
when dealing with multiple interfaces at once. Even rare and
elaborate imaging methods like cryo-SEM only show the frozen
state and neglect the dynamics of the system in-situ. Anyhow,
cryo-SEM is up to now by far the best approach to investigate the
ordering of nm-sized solid particles at liquid interfaces*!. The
images obtained by cryo-SEM for selected emulsions confirm the
results above. In these images (Figure 4), a very dense particle
monolayer is corresponding to a hexagonal packing is observed.
The surface charge of the particles seems not to be strong enough
to separate the particles so that the free space between the parti-
cles is limited to the very small voids caused by hexagonal pack-
ing. It shows that with a simple model and the knowledge of the
necessary parameters a good estimation of the droplet diameter
is valid.

In the following, the influence of the catalyst on the emulsion
structure is discussed. The space for one SX molecule at the wa-
ter/dodecene interface was estimated to agx = 0.96 nm? using
Gibbs law. This corresponds to a density of roughly one molecule
per nm? present at the water/dodecene interface. By using a cat-
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alyst to ligand ratio of 1:4 means that in the reaction in aver-
age one active molecule of catalyst is found every 4nm? in the
void area. While the catalyst is adsorbed to the interface min-
imizing its free energy, it is attracted by the particles positive
surface charge electrostatically. The {-potential measurements
confirm the strong attraction between the negatively charged SX
molecules and the positively charged particles but not with the
negatively charged ones. The charge reversal of the particle-SX-
complex with increasing SX concentration is explained by adsorp-
tion of SX onto the particle surface. This adsorption is solely de-
pendent on the total particle surface: the curves for 50C18n+
and 100C18n+ show strong coincidence after normalizing the SX
concentration with respect to the total particle surface. Since the
diameter of several 10’s of nm is much larger than the molecular
size of a catalyst the curvature seems to have no impact here.
The surface activity of SX was found to modify the structure of
the PEs by introducing large voids into the packing of the parti-
cles (Figure 4) leading to a shattered internal structure (Figure
8 and Figure 12A). This explains the smaller droplet sizes found
for PEs prepared with SX. Additionally, this is why the droplet
diameter cannot be predicted by eq. 3 which assumes a hexago-
nal packing of the particles at the droplet surface. Interestingly,
the droplet size values for PEs with SX remain proportional to the
reciprocal particle concentration (Figure 7).

4.2 Hydroformylation of 1-Dodecene

The interaction between the catalyst and the particles has a
prominent impact on the reaction performance. In all investi-
gated PEs the dense particle layer at the o/w interface hinders
the mass transport to the catalyst, explaining the overall slow re-
action rates. Nevertheless, the data allow some important con-
clusions. While the particle charge has no pronounced impact on
the PE structure, a difference in yield was measured for the oppo-
sitely charged particles 50C18n+ and 50C18n- (Figure 9A). The
yield for 50C18n+ is up to 550% higher than for 50C18n- even
though the determined droplet size for all PEs was very similar
during the whole process (Figure 11B). The only measured dif-
ference between both systems is the ability of 50C18n+ to attract
and immobilize the catalyst molecules. The immobilization of the
catalyst on the particles surface enhances thus the reaction yield
for the positively charged particles (Figure 12A and Table 2).

In summary, in case of 50C18n+ and 100C18n+ the particle oil
interface is catalytically active which is not the case for 50C18n-
. At this point, only the deep knowledge of the interfacial ad-
sorption behaviour of the SX molecules, the packing parameter
and the PEs stability during the process enables more detailed in-
sights, as demonstrated in the following.

The calculation of the conversion rates per active area is only
possible when s and Ay, are known, the PE is stable and nearly
all particles are located at the interface. In this way calculated
conversion rates are normalized with respect to the total area of
individual active interface (taking the convex particle oil interface
into account for 50C18n+ and 100C18n+) and are very similar
to each other (Figure 9B). This leads to the conclusion that any in-
terface where the catalyst is present is equally contributing to the
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Figure 11 (A) Flux during the separation of the product phase via membrane filtration. (B) Droplet size before and after the reaction as well as after the
filtration. It was proven that the PEs stayed intact over the whole process and the droplet size did not change.
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Figure 12 lllustration of the proposed model. (A) The catalyst molecules
are able to decrease the packing parameter of the particles at the
droplet interface. (B) The negatively charged and surfactant-like cata-
lyst molecules adsorb onto the positively charged particles but not on the
negatively charged ones. This results in a strong increase in reaction
yield for the systems containing positively charged particles. Catalyst
molecules on the particle surface seem to dominate the reaction process
in the present system but the reaction takes place similar effective in both
areas the voids and the particle surface.

total conversion. The other way around, this also implies that the
SX concentration at the particle oil interface and in the void area
between the particles is similar (=~ 1 per nm?). The SX to particle
surface ratio in the reaction was 43 molecules per nm?. If only
the particle area in contact with the substrate phase is taken into
account, the value corresponds to 86 molecules per nm?. Sub-
tracting the amount of catalyst at the o/w interface still leads to
the assumption that most of the catalyst molecules rather remain
in the ”bulk” of the droplets than participating in the reaction.

A turn over frequency (TOF;,.) for only the catalyst molecules at
the active interface is calculated using eq 6:

TOFint = CRAA'(JSX ‘fl:c (6)

fi.c is the ligand to catalyst fraction. The resulting value of
around TOFy,, ~ 180h~! is considered as highly speculative
but is also the only number independent from the PE structure
describing the efficiency of the catalyst. For future formulations
the used amount of catalyst needs to be adjusted to its adsorption
properties towards the interface (particle surface and void
interface). Here, 1 SX molecule per nm? is the ideal case,
corresponding to the area per molecule of the catalyst. However,
in reality this is hardly possible because of equilibration of SX
molecules in the bulk and adsorbed at the interface.

Even though the internal sizing parameters differ, the reaction
yield from the PEs stabilized by 50C18n+ and 100C18n+ (only
7 % lower for 100C18n+) is similar as shown in Figure 9B. In the
particle rich areas at the patchy droplet interface the single void
size between the 100C18n+ particles in a 2D hexagonal layer
is approximately 380 nm? while for 50C18n+ it is only 84 nm?2.
This means, that the size of single voids between the particles
does not play a dominant role. Furthermore, the dynamics of the
flux of substrate towards the voids is not a determining factor
either.

4.3 Membrane Filtration

Regarding the results for the filtration process, the dense particle
layer at the w/o seems very beneficial for the droplet and catalyst
retention. After a few minutes a constant flux is achieved and the
PEs droplet size did not change significantly during the filtration
process. At least 50 % of the oil phase could be removed without
difficulties and a clear permeate with no water breakthrough
was obtained. The minimal necessary amount of oil phase
before breakup was not determined. Neither the particle surface
charge nor the particle size has a significant influence on the
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filtration performance. The experience obtained shows, that
using membrane filtration for droplet and catalyst retention in
PEs is very reliable and therefore very promising.

5 Conclusion

The study presents a detailed physico-chemical analysis of w/o
Pickering Emulsions from the nanosized particle level to the
micrometer-sized domains of the emulsion structure. Special at-
tention was drawn to the surface-active catalysts influence on the
PE structure and its location during the reaction process. Parti-
cles with almost identical hydrophobicity, shape and value of the
zeta potential but with targeted opposite charges or difference in
size respectively were successfully synthesized. This approach al-
lowed studying the effect of one separated particle feature while
other influencing factors could be excluded. Reliable quantita-
tive prediction of the droplet size in PEs is possible using a simple
model which requires basic information about the particle proper-
ties such as size and density. The predictions for the droplet diam-
eter agreed even quantitatively perfectly with the independently
measured droplet diameters proving the validity of all assump-
tions made. The packing parameter for the investigated system
corresponds to a hexagonal 2D lattice. Neither the size nor the
charge of the particles had an influence on the packing parame-
ter. The packing parameter was reduced (from s = 0.91 to s =
0.69) after adding the catalyst to the PE. This did not diminish the
PE stability. This stability was proven and utilized when using the
PEs as a reaction environment and the subsequent performance of
a membrane filtration for product separation. The particle surface
charge has a strong effect on the reaction yield while the particle
size itself is not a determining factor. Obviously, the adsorption
of the (negatively charged) catalyst onto the (positively charged)
particles favours the reaction. In addition to previous studies, it
could be shown that this increase in conversion is even quantita-
tively explained by the geometry of the system. In case of a posi-
tive surface charge of the particles the particle-oil interface acts as
an additional active surface and therefore the yield is increased.
The other way around it was shown that the catalytic efficiency of
both the water-oil and the particle-oil interface is roughly equal
with a conversion of around 45 molecules per nm? and hour. This
indicates that the amount of catalyst molecules at the oil-water in-
terface is equal to the adsorbed catalyst molecules at the particles
surface. The amount of ligand at the w/o interface was deter-
mined to be roughly 1 molecule per nm?. So all in all the reaction
takes place at the surface of the particles as well as in the void be-
tween the particles. For future PE designs the active interface can
be effectively increased in both ways, increasing the voids or in-
creasing the particle surface indenting into the oil phase. But still
the most important requirement should stay the verification of a
sufficient PE stability. The successful membrane filtration (using
oNF-3 membranes) of the oil phase from the water droplet phase
without damaging the emulsion proved this sufficient stability for
the present system and demonstrates the possible application of
a continuously driven catalytic process.
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