#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Continuous droplet reactor for the production of

{") Check for updates‘
millimeter sized spherical aerogelst

Cite this: RSC Adv., 2020, 10, 2277

Lukas Thoni, Benjamin Klemmed, Maximilian Georgi, Albrecht Benad, Stefan Klosz
and Alexander Eychmuller (2 *

In order to enable future use of aerogels in heterogeneous solid or fluidized bed catalysis a method of
production of millimeter sized monolithic Au/Al,O3z aerogel spheres by a continuous flow reactor is
developed. Flow velocities and synthesis parameters are optimized to produce aerogel spheres in three
different sizes. The resulting aerogel spheres exhibit a porous aluminium oxide aerogel matrix with

a large specific surface area of 400 m? g% on which gold nanoparticles are evenly distributed. The
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Accepted 27th December 2019 aerogel spheres are compared to xerogels of the same material in contrast to their surface area, pore
size distribution, morphology, crystal structure and thermal properties. The presented method allows

DOI: 10.1039/c9ra09631k a broad access to various mixed aerogel systems of oxidic carrier material and noble metal nanoparticles
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Introduction

Aerogels are disordered networks with high porosity and low
density. Due to their large specific surface area and their
porous structure, they are of interest for a variety of applica-
tions, e.g. as thermal insulators, acoustic dampers or in
heterogeneous catalysis.>” In addition to systems based on
mono- or bimetallic noble metal aerogels which are mainly used
in electrocatalysis,*® mixed systems for gas phase reactions like
MSR or CO oxidation are also utilized.*'* In mixed aerogel
systems one component acts as a carrier material on which the
active phase is immobilized e.g. ZnPd/ZnO or Au/Fe,03.*'
Furthermore, the carrier material also can support the catalytic
reactivity by adding acidity and porosity. Aluminium oxide is
wide-spread in catalysis for example as washcoat for the three-
way catalyst in automotives (Pt or Pd on CeO,/Al,0;) or as
carrier oxide for the methanol steam reforming (Cu on ZnO/
Al,O3)."**> Other combinations such as gold on alumina shows
high potential for the oxidation of carbon monoxide and the
benzyl alcohol oxidation.**** The instability of oxidic or ceramic
aerogels during wetting makes them in general more suitable
candidates for catalysis of gasphase reactions. However the
transition to nanoparticle loaded carbon aerogels shows
a successful use in liquid reaction solutions.'®*”

The loading of the noble metal particles during the sol phase
of the sol-gel process is essential to guarantee a homogeneous
distribution on the gel compared to subsequent impregnation
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and is therefore relevant for the shaping of different aerogel catalyst systems.

of the finished solvogel/aerogel."® Nevertheless, the control of
synthetic conditions during gel formation pose a challenge for
a homogeneous particle distribution. Specifically the produc-
tion of micrometer to millimeter sized spherical aerogels is of
high interest for catalysis due to the similar size of catalysts that
already are broadly used in fluidized or packed bed reactors.*>*
Therefore, targeting manufacturing methods with defined
shape and size control are essential for a broad industrial
application of aerogels in heterogeneous catalysis. The
production of spherical aerogels has been approached by
different groups: spherical silica aerogel microparticles have
been produced in situ in an emulsion of aqueous reaction
solution in oil phase which is vigorously stirred.*® However,
control over particle size and shape is very limited with this
approach and the spherical particles can be destroyed by the
stirrer. A different method producing equimolar silica-
alumina-titania aerogel beads has been introduced by Li et al.
by dropping the sol in a basic solution to start the gelation.*
However, due to the similarity of the two phases, irregular
shapes can occur. This approach has been further modified by
Yu et al. to produce spherical millimeter sized alumina aero-
gels.” Here, an oil phase is added on top of the basic solution to
enhance the formation of spherical gel particles control of the
size is achieved using different syringe nozzles. A similar
method was used by Xu et al., where kerosene as non-polar
phase is used to induce sphere formation.*

A similar method was used by Chriti ez al. in the production of
polyurea gels.”® Here, the gelation agent is present in the oil
phase so that sphere formation and gelation occur at the same
time. The mentioned methods, which work by dropwise addition
of the gelation solution, require short gelation times so spheres
are formed until the drops hit the bottom of the container.
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(a) Au/Al,O3 aerogel spheres (b) size distribution of the aerogel spheres in relation to the oil flow (c) and (d) SEM pictures of the whole

sphere and the surface of the aerogels (e) TEM picture of the gel network, where a homogeneous distribution of gold nanoparticles in the

aluminium oxide matrix is observed.

Injection of the gelation solution into a laminar flow however
yields the advantage of being able to adapt to longer gelation
times by leaving the gels in a laminar flow for a longer time.

Production of micrometer sized particles in a continuous
flow droplet microreactor has already been shown for agarose
microbeads, hollow glass microspheres and ceramic ZrO,
spheres.”*** In the latter, an aqueous sol is injected through
a microfluidic or lab-on-a-chip device into the flow of an oil
phase, in which gelation occurs and spherical microparticles
with a narrow size distribution can be produced.

Here, a continuous flow reactor is used for producing
spherical gels with defined size via a sol-gel-process.” The
investigation focused on a catalytically relevant mixed aerogel
based on Au/Al,O; as representative for the combination of
noble metal nanoparticles and oxidic systems. Furthermore, it
has already been shown that the epoxy method can be extended
to several transition metal salts based on chromium, gallium,
zirconium, iron, rare earth metals and hybrid systems
(resorcinol/formaldehyde metal oxide) and thus covers a wide
range of potential systems.**"*

In particular, the influence of the parameters like gelation time,
injection time, flow velocity and temperature on the production of
spheres with a narrow size distribution is demonstrated.

Results and discussion

The flow reactor (Fig. 3) consists of a heated oil bath which is
pumped continuously by a peristaltic pump through the heat
isolated tubing. A T-joint connects the oil flow with the

2278 | RSC Adv, 2020, 10, 2277-2282

injection needle of the precursor solution which points
parallel to the oil flow (Fig. S31). The 7 m tubing of the reactor
is curled into a coil and heat insulated to avoid heat losses
and to save space. The hardened gel spheres leave the reactor
after 10 min into another beaker which separates them while

Fig. 2 Dried Au/Al,O3 xerogel spheres (a) on millimeter scale graph
paper (b), (c) SEM images with secondary electron detector show
a cracked surface of the xerogels and (d) SEM images by SE (upper) and
BSE detector (lower) show a sponge like structure on which the gold
nanoparticles (bright dots) are distributed evenly.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Sketch of the droplet reactor, the previously mixed sol
precursor is injected into a continuous stream of oil at a temperature
of 39 °C. While the tube distance is travelled, the reaction to the sol-
vogel takes place, hardened solvogel spheres are caught in a beaker
and the oil is reheated and recycled.

the excess oil joins the reservoir to keep a constant tempera-
ture. Hydrogel spheres with different average diameters of
1.18 + 0.22 mm, 1.43 + 0.18 mm and 1.90 + 0.28 mm
respectively can be produced (Fig. 1, Fig. S51). The pump
speed of the oil represents the essential factor for the
production of spheres of different sizes. The targeted adjust-
ment of the pump speed thus allows size control (Fig. 1(a) and
(b)). Linearity of the pump speed has been investigated for the
oil and precursor pump beforehand (Fig. S2t). The injection
of the reaction solution into the oil flow leads to the formation
of small droplets at the tip of the injection canula. Then, the
velocity of the oil flow determines how long the droplets stay
on the tip before they are swept away. Furthermore, the
velocity of the precursor injection has no influence on the size
of the spheres, but on the frequency of the droplet formation.
In order to avoid the merging of two consecutive droplets and
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thus a broader size distribution, the speed was adjusted
accordingly. However, merging of two non gelated droplets
could not be avoided completely due to the pulsation of the oil
pump.

Due to the solubility of propylene oxide in paraffin oil,
gelation times and reactant volumina have been investigated
before testing in the reactor without and with a covering of oil
(Fig. S11). In the presence of oil during the gelation, signifi-
cantly longer gelation times are observed. This is attributed to
a loss of the initial amount of epoxide in the aqueous reaction
solution due to diffusion into the oil phase. Testing of the
miscibility of the epoxide with silicon oil and paraffin oil yielded
a lower miscibility of the latter. Because of these mixing issues
the ratio of propylene oxide and aluminium salt was adjusted to
yield reasonable gelation times. The gelation times for the
aqueous reaction mixture takes 3 hours to gelate at 0 °C and
only 5 min at 40 °C in contact with oil. In this way the reaction
solution can be stored in an ice bath and then be injected into
the to 39 °C heated reactor, where gelation occurs more rapidly.
Remaining epoxide residues in the oil can easily be removed by
heating up the oil bath. To guarantee a flowing of the spheres in
the center of the tubing the reaction solution density was
adjusted to 0.87 g cm ™3, which corresponds to the surrounding
oil at 0.867-0.882 g cm > (specification of the producer).

After the solvent exchange and supercritical CO, drying the
aerogel spheres were obtained. Due to the localized surface
plasmon resonance (LSPR) of the gold nanoparticles these
transparent monolithic aerogel spheres (Fig. S41) exhibit a red
color. A sponge-like network structure of the aerogel spheres is
shown in scanning electron microscope images (Fig. 1(d) and
(e)). An even distribution of the gold nanoparticles inside the
oxide gel matrix can further be observed by transmission elec-
tron microscope imaging (Fig. 1(e)). The same structural prop-
erties can be determined for the xerogels (Fig. 2).

XRD reflections (Fig. 5) show a predominantly amorphous
material by a declining intensity towards larger angles. The
appearing reflections can be attributed to the gold nano-
particles embedded or inside the oxide aerogel matrix. The
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Fig. 4 DSC-TGA measurement of aerogel (a) and xerogel (b). The thermogravimetric analysis results for the aerogel and the xerogel spheres
exhibit similarities in both the mass loss is predominantly completed until 300 °C. In the beginning both samples show a mass loss until 100 °C in
combination with an endothermic signal. This results most likely from an endothermic desorption of solvent from the surface of the gel followed

by exothermic oxidation processes.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Powder XRD diffractogram of Au/ALLOz aerogels and xerogels
each untreated and heated to 300 °C, reflections can be assigned to
gold with an underlying amorphous signal of the aluminium oxide.

small size of the gold particles leads to broadened reflections in
respect to their nano crystalline structure. Temperature treat-
ment of the aerogels up to 300 °C still retains the amorphous
structure of the material.** This temperature has been chosen to
simulate long temperature exposure during catalysis. DSC/TG-
analysis (Fig. 4) from room temperature up to 600 °C yields
the endothermic desorption of water until 110 °C and
exothermic oxidation processes until 400 °C. This results from
oil or solvent residues which remained on the gels’ surface. This
process is accompanied by a significant weight loss of 44% in
the aerogel and up to 53% in the xerogel, which for the latter
can be explained by the higher retention of solvent residue in
the gel network due to the drying method.

A specific surface area of the aerogel and xerogel of 400 m*
g~ and respectively 62 m”> g~ is determined by nitrogen
physisorption experiments (Fig. 6). The drying process of the
xerogels at standard conditions leads to a partial collapse of the
gel network resulting in a smaller specific surface area and
a shift of the main pore diameter of 42 nm to 3.6 nm (Fig. 6).

Experimental section
Setting up the droplet reactor

First, a new glass capillary is produced by cleanly breaking of the
front part of a glass pipet. This thin glass tube is then built in the
T-joint for the injection of the aerogel precursor. Subsequently,
one hour before the experiment the oil is heated up to 47 °C in
a heating bath (IKA C-MAG HS7 with temperature sensor IKA ETS
DS) and pumped continuously through the reactor by a peristaltic
pump (Ismatec Ecoline) to heat up the tubes and also remove all
remaining air bubbles from the tubing. After exiting the reactor,
the oil is recycled into the oil bath, reheated and recycled.
Additionally, after every three experiments, the oil is heated to
60 °C in a fume hood for 2 hours to extract the remaining resi-
dues of epoxide, which mixed with the oil. The temperature is
also monitored externally near the reactor with a temperature
sensor to ensure thorough heating of the tubing.

2280 | RSC Adv, 2020, 10, 2277-2282
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Preparation of aerogel precursor

In a general experiment 4.5 ml propylene oxide is added to 6 ml
of a solution of 0.5 M AICl;-6H,0 in ethanol. The solution is
cooled down to 0 °C to slow down the gelation. Then, 0.6 ml of
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Fig.6 BET measurement of (a) aerogel and (b) xerogel, the adsorption
isotherms of the aerogel and xerogel exhibit characteristics of a type Il
as well type IV isotherm. The inherent hysteresis leads to the
conclusion of the presence of mesopores with resulting capillary
condensation. This phenomenon can be observed more pronounced
in the xerogel, where in comparison to the aerogel smaller pores exist.
(c) Pore size distribution of an aerogel and xerogel of the same
hydrogel spheres, the pore size distribution of the aerogel and the
xerogel sample show a clear shift between bigger mesopores in the
aerogel against to smaller ones in the xerogel. This can be explained by
the shrinkage of the gel structure due to the drying method.

This journal is © The Royal Society of Chemistry 2020
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a gold precursor 0.5 mM solution of HAuCl, in water is added
and reduced by the following addition of 0.6 ml of a 0.5 mM
solution of sodium borohydride in water.

Injection into the reactor

-1 1

Into the continuous oil flow of 7.5 ml min™", 15 ml min™ " and
78 ml min~" the aerogel precursor solution is injected at
a steady speed of 0.36 ml min~" by a peristaltic pump (Ismatec
SA Vario Pump System). The oil used is a paraffin oil from Carl
Roth Art. No. 8904.1 (density = 0.867-0.882 g cm ™2, viscosity =
220-260 mm?” s~ ). Only the oil flow is adjusted to control the
particle size. Droplets of the aqueous reaction solution form
millimeter sized spheres immediately after injection into the
oil. The droplets then travel for around 10 minutes through 7 m
tubing with 1 cm inner diameter in the hot oil. During this time
the temperature rise in the reaction solution leads to comple-
tion of the gelation and the hardened solvogel spheres exit the
reactor. The solvogel spheres are caught in a separate beaker,
while the oil rejoins the cycle in the reactor.

Production of aerogels/xerogels

The solvogel spheres are separated with a sieve from the excess
oil and washed immediately 5 times with acetone to remove
adhesing oil residue. Over the time span of a week, the spheres
are then washed again 5 times with acetone and subsequently 5
times with ethanol to exchange the gel solvent and remove
residue from the reaction and the reactants. To create aerogels,
the spheres are then dried in an autoclave via high pressure
supercritical CO, drying. To produce xerogels, the gels are left to
dry in an open beaker at room temperature.

Conclusions

The continuous production of spherical millimeter sized sol-
vogel spheres has been successfully demonstrated using
a continuous flow droplet reactor. For this, the interacting
parameters of oil flow, gelation time and reactant volumina had
to be fitted as well as optimized to the applied setup. The
gelation solution is injected into the oil stream as a liquid sol,
which then hardens in the hot oil to form solvogels. In
a scenario of continuous production, a total volume of 500 ml
solvogel, respectively, 13.8 g of the final aerogel are capable to
be generated daily. By adjusting the oil flow three different sizes
of gels could be produced and successfully dried. The resulting
spherical aerogels with diameters of 1.18 £+ 0.22 mm, 1.43 +
0.18 mm and 1.90 £ 0.28 mm exhibit a large specific surface
area of 400 m*> g~ ! with a uniform distribution of the gold
nanoparticles into the oxide aerogel network. Furthermore, they
show temperature stability, which in combination with their
macroscopic design possibilities makes them suitable candi-
dates for use in packed or fluidized bed reactors in heteroge-
neous catalysis.
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