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ABSTRACT 
 

This report briefly summarizes the achievements of the NanoHybrids project (2015 – 2019). With the 
focus on making aerogels available to interested industrial sectors, we have demonstrated for the first 
time that aerogel particles of various sizes can be produced at pilot and industrial levels. New 
chemical routes and engineering solutions for particle generation and solvent exchange were 
developed aiming to a continuous production in the future. Large scale processing achieved in the 
NanoHybrids project allowed the preparation of aerogel batches that were tested in different 
industrial environments. 
 
 
 
 

 
INTEGRATION 

 

This deliverable corresponds to the work achieved in the following tasks: 
• The deliverable uses the results of all tasks in WPs 1 - 6 and in WP 8 
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1. Context prior to the project start 

Aerogels are low-density (typically < 0.2 g/cm3), highly porous (> 90% v/v) nanostructured solids 
and were invented in the 1930s by S. Kistler as an aid to study the structure of wet gels [Kistler, S.S. 
(1931). Coherent Expanded Aerogels and Jellies. Nature 127, 741].  
Nowadays aerogels are routinely prepared at lab scale using so called low temperature supercritical 
drying (sc-drying). For this, the solvent filling the gel pores is extracted by supercritical carbon 
dioxide (sc-CO2) eliminating the capillary forces that would collapse the nanostructure if dried at 
ambient conditions. Subsequently, sc-CO2 is vented out leaving behind the solid material, called 
aerogel. In the cases when the pore filling liquid is not miscible with sc-CO2 (for example water in 
biopolymer hydrogels) this has to be exchanged with another, less polar solvent, e.g., ethanol. This 
step is unavoidable and contributes considerably to the processing time and costs.  
Aerogels have been seen as a curious material existing mainly in the lab for a long time. Significant 
progress in the supercritical drying and advances in sol-gel chemistry over the last decades have now 
been achieved, and nowadays silica aerogels as well as few organic and carbon aerogels are already 
commercially available and are no longer limited to small charges for academic purposes. 
For existing applications in thermal insulation, Cherenkov radiation detectors and as supercapacitors, 
monolithic aerogels are often required. Although aerogels can potentially be produced in different 
shapes since the starting liquid mixture can be shaped before the gel formation, only irregular 
(crushed) aerogel particles and powders are currently available in the market [Smirnova, I., and 
Gurikov, P. (2018). Aerogel production: Current status, research directions, and future opportunities. 
The Journal of Supercritical Fluids 134, 228–233]. 
For numerous emerging applications such as carrier for pharmaceuticals and cosmetics, in food and 
nutrition industry as well as for filters and adsorption, spherical aerogel particles with defined size 
should be produced. Furthermore, a significant amount (tens to hundreds of liters) of aerogel 
particles is often required for prototyping of potential aerogel-based products in the industrial 
environment. Aerogel particles were not available in such amounts prior to the project start in 2015. 
Summarizing the state of the art prior to 2015, it can be stated that there was no pilot scale 
production of aerogel particles from bio-based or synthetic polymers and hybrids thereof, for 
potential prototyping of aerogel-based industrial solutions and products. The main difficulties 
identified were: 

1. Generation of gel particles has been mainly limited to batch processes: there was no examples 
of a continuous pilot-scale production of spherical gel microparticles from various polymers; 

2. solvent exchange has been implemented as a batch and time consuming process: there was no 
method for continuous solvent exchange of gel microparticles; 

3. supercritical drying of gel particles has been demonstrated at the scale of < 1 L: there was no 
successful demonstration of supercritical drying of aerogel particles at pilot scale (30 – 50 L) 
and industrial scales (> 500 L). 

2. Goals of the Project 

In March 2015, BASF Polyurethanes GmbH (Lemfoerde, Germany), the industrial leader of the 
NanoHybrids project, started the first pilot scale production of organic polyurethane-based aerogels 
panels and later marketed them under the brand name SLENTITE® (www.slentite.com). The facility 
in Lemfoerde was the first example of supercritical drying of organic aerogels at pilot scale 
(> 500 L), encouraging us to initiate the NanoHybrids project. We set the main goals of the project as 
follows: 

1) To extend the existing technology of organic aerogel monoliths (panels) to the production of 
organic and hybrid aerogels in form of (micro)particles with targeted particle and pore size 
distribution at the pilot scale; and 
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2) to enable the use of the organic and hybrid aerogels for the emerging applications in 
adsorption (gas and humidity filters), personal care and food additives by specifically 
adjusting their matrix based on the results with the corresponding prototypes in industrial 
environment. 

From the very start, we aimed at covering the broadest possible range of starting materials and widest 
possible range of particle sizes, focusing both on engineering and chemical aspects of the aerogel 
processing. The above-formulated objectives determined the partnership composition of 
Nanohybrids. 
 
 

3. The project team 

To reach the goals a consortium of seven academic partners and five industrial partners with multiple 
expertise areas have been built, Table 1. 
 
Table 1: Partners of the NanoHybrids project 

Academic and research partners Industrial partners 
Hamburg University of Technology 

(TUHH, Germany) 
BASF Polyurethanes GmbH (Germany) 

Institute of Materials Research German 
Aerospace Center (DLR, Germany) 

Nestlé Product Technology Centre York (UK) 

Koç University (KU, Turkey) Dräger Safety AG & Co. KGaA (Germany) 
ARMINES/Mines ParisTech (France) Arçelik A.S. (Turkey) 

Mendeleev University of Chemical 
Technology (MUCTR, Russia) 

RISE Innventia AB (Sweden) 

National and Kapodistrian University of 
Athens (UoA, Greece)  

University of Patras (UPAT, Greece) 
 
Thanks to a large industrial presence, the interest of the consortium was built to be mainly driven by 
industrial applications of aerogels. BASF Polyurethanes GmbH with a profound expertise in 
isocyanate-derived materials and several years of aerogel experience acted as the leading industrial 
partner in the NanoHybrids project. Dräger and Arçelik have a long tradition in commercial 
adsorption applications and were already working with aerogels for adsorption with TUHH and KU 
on a bilateral base. These companies have facilities for building corresponding prototypes. Nestlé is a 
world leader in food industry with a strong interest to broaden the product portfolio with aerogel-
based products. RISE Innventia has a unique competence in research, development and 
commercialization of forest raw materials including cellulose pulps. 
All academic partners have a profound experience in the aerogel field. ARMINES, DLR and TUHH 
have a long-standing expertise in polysaccharide aerogels. UoA and UPAT brought in the expertise 
in the synthesis and characterization of isocyanate-derived aerogels and ring-opening metathesis 
polymerization (ROMP).  
Furthermore, TUHH and BASF have together acquired a significant body of knowledge in 
supercritical drying on larger scale and worked together on this topic for more than seven years. KU 
and MUCTR made significant progress in modelling the supercritical drying on engineering and 
molecular level since 2012. This expertise was required to allow for optimization of the aerogel 
production. 
Before starting the NanoHybrids project, all industrial and academic partners acquired expertise in 
successful bi- and trilateral projects in the aerogel area and had profound experience in participating 
and managing of European projects.  
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4. Principle achievements in the project 

4.1 Development of novel hybrid aerogels (lab scale) 

Two major lines of research were followed in the project: novel aerogels from (i) synthetic polymers 
and (ii) polysaccharides. Gelation processes and their chemistry have been detailed in Section 2.1 of 
our public “Report on the possible production processes of organic and hybrid aerogels and 
comparison with the state of the art (2016)” [http://nanohybrids.eu/wp-
content/uploads/2017/04/D1_3_Report-on-the-possible-production-processes-of-organic-and-hybrid-
aerogels-and-comparison-with-the-state-of-the-art_TUHH_Final.pdf] and for alginate system in the 
work [11]. 
Properties of aerogels from synthetic polymers can directly be tailored by a proper choice of 
precursors and gelation conditions, whereas functionalization methods were mainly applied to the 
biopolymers. Such functionalization methods can generally be performed at any production step as 
well as at post-processing. In the Nanohybrids project two methods were mainly utilized: (i) co-
gelation and (ii) functionalization in wet state. 
In the co-gelation process, a soluble or insoluble component is introduced into a biopolymer solution 
or into a system with reacting monomers. Other biopolymers can act as soluble components forming 
interpenetrating gel networks. Insoluble components such as other porous materials (e.g. activated 
carbon, silica) can be dispersed in the biopolymer solution for an extra-functionality. 
Before solvent exchange and supercritical drying, wet gels can be immersed in a solution of 
functional components. This functionalization in wet state may result in the formation of a second 
gel in the original gel or chemical modification of the gel backbone.  
The following aspects, among others, were advanced in the project (for synthetic aerogels see also 
[9,13]): 

� Biopolymers from cellulose, chitosan and alginate were prepared, predominantly using 
industrial sources of the biopolymers to allow for subsequent scale-up. When required by the 
industrial partners, the aerogels were further functionalized employing both co-gelation and 
wet functionalization, pyrolyzed or coated. 

� Poly(urethane acrylate) aerogels from dendritic-type urethane-acrylate monomers with 
aliphatic/flexible, aliphatic/rigid, or aromatic/rigid cores were produced in the project via free 
radical polymerization [1,4]. The cores come from the parent triisocyanates. High thermal 
stability (up to 300 °C) was achieved for all aerogels. Aerogels based on rigid cores had 
approximately the same particle sizes and BET surface areas, while aerogels based on 
flexible cores had larger particles and lower surface areas. Those results support that smaller 
primary particles and higher surface areas are determined decisively by the degree of 
crosslinking (i.e., the monomer multifunctionality), while the molecular rigidity vs. flexibility 
of the core plays only a secondary role. By comparison to similar aerogels derived from 
analogous monomers with less functional groups, it was shown that higher functionality of 
the monomers led to aerogels with significantly higher specific surface area and smaller 
primary particles. 

� Carbonization of poly(urethane acrylate) aerogels with aromatic/rigid cores yielded mostly 
microporous materials (currently testing for adsorption applications). Poly(urethane acrylate) 
aerogels with aliphatic/rigid cores were tested for their ability to absorb moisture and liquid 
water. In order to increase their hydrophilicity ethylene glycol dimethacrylate was used as a 
chain extender. The uptake of moisture did not increase with the addition of chain extender. 
The water uptake corresponded approximately to the available porosity, and in some cases 
exceeded the amount expected from the available porosity, most probably due to swelling. 
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4.2 Aerogel (micro)particles at pilot scale 

With insights from the industrial partners, a set of requirements for acceptable particle sizes for each 
particular application was formulated (Figure 01). The smallest particles, below the organoleptic 
perception threshold and up to 200 µm, were requested by Nestlé for incorporation into foodstuffs. 
Oppositely, much larger particles (1 – 5 mm) were required to reduce a pressure drop in the 
adsorption of toxic industrial gases (Dräger) and vapor adsorption in dishwashers (Arçelik). 
 

 
 

Figure 01: Requirements for the particle diameter from industrial partners of the project 
 
Being driven by the requirements from the industrial partners, the academic partners of the project’s 
consortium prepared a comprehensive review (almost 400 references) on techniques for gel particle 
generation. The knowledge gained with the above-described aerogel processing of organic aerogels 
in form of monoliths at lab scale (see Section 4.1) was taken into account. 
The results of the review [5] for four most promising particle generation techniques are summarized 
in Table 2. For details see Section 2.2 in the publically available “Report on the possible production 
processes of organic and hybrid aerogels and comparison with the state of the art (2016)” 
[http://nanohybrids.eu/wp-content/uploads/2017/04/D1_3_Report-on-the-possible-production-
processes-of-organic-and-hybrid-aerogels-and-comparison-with-the-state-of-the-
art_TUHH_Final.pdf]. 
 
Table 2: Comparison of four techniques for particle generation that fulfil requirements of the 
industrial partners 

 
Emulsion 

gelation 
JetCutter Dripping Spraying 

Particle 

diameter 
10 – 500 µm 0.2 – 5 mm 1 – 500 µm 

Process scale 

(productivity) 

technical scale 
possible 

technical scale 
(several kg/h) 

lab and technical 
lab and bench 

scale 

Needs of 

additives 
surfactants, oil no 

Advantages 
particle size can 
be modulated, 

simple apparatus 

monodispersed 
particles, 

commercially 
available 

monodispersed 
particles,  

commercially 
available, simple 

equipment 

particle size can 
be modulated 

depending on the 
nozzle 

Drawbacks 
removing of oil; 
polydispersed 

particles 

not suitable for 
particles 
<0.2 mm 

particles with 
diameters 

between 50 µm 
and 5 mm 

clogging, 
untimely drying, 

limited 
productivity 

 
Emulsion gelation was identified as the only method that can ensure the smallest required particle 
sizes (30 – 200 µm) and potentially allows for a scale-up. The fundamental idea behind the emulsion 
gelation is that a polymer solution (dispersed phase) is turned into spherical particles when mixed 
with an immiscible solvent (continuous phase) and then each droplet of the resulting emulsion is 
gelled. A continuous energy input and the presence of surfactants help keeping the polymer solution 
dispersed in the continuous phase. Since project-relevant biopolymers are soluble in aqueous systems 
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and in few ionic liquids, a non-polar phase, i.e. paraffin or vegetable oil shall be employed as 
continuous phase. On the contrary, for synthetic-polymer aerogels such as those derived from various 
polyisocyanates, polar aprotic solvents (e.g., propylene carbonate) would be preferable. 
After a stable emulsion is formed (water-in-oil, w/o, for biopolymers and o/w for synthetic systems), 
chemical and/or physical impact triggers the gelation reaction. We identified three implementations 
of triggering the gelation process: 

(1) the dispersed phase contains all chemical components for the gelation reaction, the reaction 
takes places after emulsification (“all-premixed” approach); 

(2) gelation in the dispersed phase is triggered by adding another emulsion with a crosslinker or 
a coagulant; 

(3) crosslinker or coagulant are (partially) soluble in the continuous phase and diffuses into the 
dispersed phase causing gelation. 

Once gelation is completed, the gel particles suspended in the oil phase should be separated 
(recovery process). While for biopolymers (i.e., gelation in w/o emulsions), the aqueous phase must 
be replaced with an organic solvent (the solvent exchange step, in most such cases ethanol is used) 
prior to supercritical carbon dioxide, gel particles from synthetic polymers can be immediately dried 
with sc-CO2.  
Based on the literature review, the following conclusions and recommendations for the emulsion 
gelation were formulated: 

a) The smallest gel size for the emulsion gelation is 1 – 5 µm, the largest reported diameter is up 
to 1500 µm. Spherical particles can be obtained in most cases. 

b) All three above-described implementations principally allow the preparation of project-
relevant bio-based and synthetic polymers microparticles. 

c) The outcome of the emulsion gelation is highly influenced by the process parameters: w/o 
ratio, surfactant concentration, kind of energy supply and geometry of the apparatus. 

d) Necessary physico-chemical data (densities, viscosities, partition coefficients, gelation rates 
and their temperature dependence) should be acquired prior to process design. 

Aerogel particles for food applications can thus be generated by the emulsion gelation (Figure 01). 
As for adsorption applications, particle sizes are too small to be used as humidity adsorbents in 
dishwashers. Although the maximum particle diameter for the emulsion gelation has been reported to 
be as large as 1500 µm, we found that it is challenging to prepare gel particles in emulsions with 
such large sizes reproducibly. Thus, the emulsion gelation technique was exclusively used for 
producing microparticles for food applications from alginate and cellulose. Below we summarize the 
most important findings for emulsion gelation of alginate and cellulose. 
Aiming at high throughput that is required for industrial prototyping, we decided to build upon 
already known continuous emulsification methods and develop a fully continuous emulsion gelation 
module (Figure 02). We exemplified this approach with a solution of industrial sodium alginate. To 
this end, an in-line colloid mill was used for emulsion generation. The colloid mill was fed with a 
two-phase mixture of oil and alginate solution from two 20 L vessels using a progressive cavity 
pump with a flow rate of up to 250 L/h (the vessels served as buffer tanks and could be refilled 
during the process). The phase ratio was controlled with the two valves up-stream of the pump. As 
we classified above, there are three implementations of triggering the gelation process. All three 
were carefully tested in the continuous emulsion gelation module (Figure 02). 
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Figure 02: Fully continuous emulsion gelation module developed in the project 
 
It turned out that only the “all-premixed” approach is not suitable for a continuous operation due to 
clogging. Contrary, both coalescence gelation and diffusion gelation demonstrated very good and 
comparable results. In this case, gelation in a freshly prepared alginate/oil emulsion was triggered by 
adding a gelation trigger, dosed with a peristaltic pump followed by gentle stirring to avoid 
sedimentation. 
The effects of process parameters (such as surfactant concentration and viscosity) were 
systematically analyzed and published [3], see a representative example in Figure 03. Furthermore, a 
theoretical framework based on the critical capillary number was formulated. It allows the prediction 
of the particle size as a function of: (1) apparent viscosities of the dispersed and continuous phases; 
(2) shear rate in the colloid mill; (3) instantaneous value of the interfacial tension [3]. 
 

 
 

Figure 03: Alginate gel microparticles produced with the continuous emulsion gelation 
module. Diffusion gelation with 50 wt.% aqueous acetic acid (A) and coalescence gelation 

with CaCl2 solution [3]. 
 
Similar to alginate, the “all-premixed” approach cannot be implemented for NaOH-based cellulose 
solutions due to instantaneous coagulation upon contacting with a non-solvent. Coagulation emulsion 
also did not result in the formation of spherical gel particles. Diffusion emulsion with an oil-soluble 
acid was found to be the only robust and reliable method for processing cellulose microparticles with 
an average size of ca. 20 µm.  
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Jet cutting process was identified as the second suitable technique for gel particle production, 
especially in the range >200 µm. This process generates particles by cutting a fluid jet with rotating 
cutting wires into cylindrical segments forming spherical beads on the way to the 
gelation/coagulation bath (Figure 04). The jet cutting process is associated with high monodispersity 
of the gel particles and high productivity. The productivity in the range of hundreds of kg per hour is 
adequate to the NanoHybrids project goals. A large-scale production has been demonstrated by the 
supplier of the technology, geniaLab®. With particle diameters between 200 and 3000 µm, the jet 
cutting technique is most suitable for aerogel particles for adsorption applications (Dräger, Arçelik). 
Even though the JetCutter is an appropriate choice for biopolymer solutions with high viscosity, 
productivity is reduced for solutions of viscosities lower than 200 – 300 Pa�s (below 1 – 2 wt% 
biopolymer) due to increasing spray loss. Furthermore, the jet cutting is a very high throughput 
process with the short time between the droplet formation and droplet collection. Therefore, the 
duration of the gelation process has to be in the same order of magnitude as the settling time of the 
drops in the receiving container, otherwise particles would collide in the gelation bath resulting in 
undesired agglomeration. Among the systems studied in the project the gelation rate for polyureas, 
polyamides and polyurethanes could not be accelerated enough for the jet cutting to become a viable 
particle generation method. Instead, the dripping method was adapted for such systems (see below). 
Appropriate gelation conditions were elucidated in the project for cellulose, alginate and chitosan. 
The principal results are presented in the following. 
 
 

 
 

Figure 04: (a) General arrangement of the table-top JetCutter; (b) preparation of cellulose 
solution in ionic liquid; (c) particle formation upon jet cutting; (d) harvesting and recovery 

of gel particles from a gelation/coagulation batch. Copyright holder for figures (a) and (c) is 
geniaLab® company (www.genialab.com). 

 
Prior to the project start in 2015, only very few reports have exemplified the overall process of 
making cellulose aerogel beads, from cellulose dissolution to bead shaping and to resulting aerogel 
properties. The majority of publications used a simple “syringe-dropping” method to obtain beads, 
i.e., the scale up possibilities were not clearly demonstrated. 
To demonstrate the feasibility of making cellulose aerogel beads from cellulose solutions with a 
method which can be easily up-scaled, we have performed an extensive rheological study of 
cellulose solutions in ionic liquid ([DBNH][CO2Et]). The results allowed simultaneously fitting: 
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i) the processing window of the JetCutter technology which requires rather low solution 
viscosity at high shear rates and 

ii) cellulose concentration being high enough above the overlap to make intact aerogel 
beads. 

The resulting beads were prepared from 2 and 3 wt% cellulose-[DBNH][CO2Et] solutions and 
coagulated in water, ethanol and isopropanol. Bead sizes were from 0.5 to 0.7 mm when made from 
2% solutions and up to 1.7 mm when prepared from 3% solution (one representative example in 
Figure 05). We demonstrated that the aerogel beads prepared by jet cutting possess main 
characteristics similar to those of monolithic cellulose aerogels (see Section 4.1): the specific surface 
area was 240 – 340 m2/g at densities of 0.04 – 0.07 g/cm3 [6]. 
 

 
 

Figure 05: Representative example of cellulose aerogel produced by jet cutting with 
coagulation in water (left) and corresponding particle size distribution (right) [6] 

 
The JetCutter technology was also successfully utilized to produce spherical gel particles from 
sodium alginate, amidated pectin and chitosan aqueous solutions [7]. For alginate and pectin we 
demonstrated that, analogously to emulsion gelation of alginate, the jet cutting method can be 
combined with both the internal setting and the diffusion gelation methods. A pH-triggered gelation 
(coagulation) of chitosan was achieved in a bath with 5 wt% sodium hydroxide solution. 
One important parameter of the cutting process was identified to be the cylinder ratio, defined as the 
ratio between cylinder height and diameter. Cylinder ratios close to one resulted in spherical aerogel 
particles, whereas much higher cylinder ratios tended to result in deformed or broken particles. 
Structural analysis of the obtained aerogel particles revealed high specific surface areas, which were 
comparable to those of monolithic aerogels (Section 4.1). Therefore, no negative effect of the jet 
cutting method on the aerogel properties was observed.  
 

   
 

Figure 06: Alginate alcogels produced by jet cutting and solvent exchange are transferred into 
permeable bags for sc-drying (left); dried alginate aerogels ready for packing (middle and 

right) 
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Once all process parameters were identified, pilot scale batches (tens of liters) of gel particles were 
prepared for the continuous solvent exchange and batch supercritical drying at the large scale 
(Section 4.3), see Figure 06. This allowed for prototyping and testing on the industrial side. 
 
Dripping method was identified as a viable supportive technique for preparation of aerogels from 
synthetic polymers (polyurethane, polyurea, polyamide and ROMP-derived), Figure 07. In the 
dripping process, a polymer solution is introduced dropwise, with a syringe or pipette, into a bath in 
which the polymer either gels or coagulates. Being applied to synthetic polymer aerogels, the 
gelation process in the droplet has to be slower than for the jet cutting but nevertheless fast enough to 
be completed within the short time between of droplet formation and collection in the receiving bath. 
The jet cutting technology cannot be applied, because of technical limitations (i.e., low viscosity of 
the solution). 
 

 
 

Figure 07: Spherical polyurea aerogel beads during solvent exchange with acetone (left) 
and after dried with supercritical CO2 (middle and right) [12]. 

 
The dripping method offers an easy way to study and understand the influence of various parameters 
(polymer concentration, solvent, solution viscosity, parameters of the bath) on the formation of beads 
– their size, shape and morphology. Because there is a significant number of “chemical” variables 
when preparing synthetic polymer gels (concentrations of precursors and catalysts, solvents used) the 
dripping method was identified to be an inevitable step when a new synthetic polymer system was 
studied. This knowledge could potentially be transferred to particle generation methods with a high 
throughput, for example, to existing industrial drip casting units (Brace GmbH, Germany) with a 
throughput up to 10 000 L/h. Therefore, the results described below can principally be scaled up. 
This aspect was however beyond the scope of the NanoHybrids project. 
In the NanoHybrids project we reported for the first time the synthesis of spherical millimeter-sized 
polyurea aerogel beads [12]. These beads were prepared by the reaction of an aliphatic triisocyanate 
(Desmodur N3300) and ethylenediamine according to equation (1). The two reagents were 
introduced in two immiscible phases, propylene carbonate and mineral oil, respectively. 

 

(1) 

 
Therefore, the dripping method has also been proved viable for other types of synthetic aerogels. 
Such materials are currently under testing and further evaluation by BASF and other industrial 
partners. Additionally, we developed a new isocyanate-based approach towards reinforcement of 
biopolymer gels both in form of particles and monoliths (patent pending). Gel beads produced by the 
dripping methods from other industrial sources were also tested for industrial applications (Figure 
08). 
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Figure 08: Initial silica hydrogel beads (left) and resulting pilot batch of aerogel beads 
(> 20 L) ready for testing in the industrial environment (right) 

 
Conclusions to generation of aerogel (micro)particles at pilot scale: 

1. Two principal techniques have been identified, developed and exploited for particle 
generation: emulsion gelation for microparticles (10 – 500 µm) and jet cutting (0.2 – 3 mm). 
Dripping was used a supportive technique with scale-up potential. 

2. Continuous emulsion gelation module with a productivity of 40 L/h (wet particles) was 
developed; the module is compatible with different gelation mechanisms (coalescence 
gelation and diffusion gelation). 

3. Jet-cut gel particles do not require separation and can directly be transferred to the solvent 
exchange and sc-drying (see Section 4.3), separation strategies for emulsion gelation particles 
have been elaborated (partitioning in ethanol/water mixture). 

4. High throughput methods were developed for all biopolymers what allowed for testing and 
prototyping of aerogel-based products in the industrial environment. 

 
4.3 Continuous solvent exchange and supercritical drying 

Prior to the start of the project, the solvent exchange step was exclusively implemented as a batch 
process. Furthermore, publicly available information was only limited to lab-scale realizations. With 
the overall goal to enable prototyping of aerogel-based products, we set the aim to design a 
continuous solvent exchange set-up that can be further integrated with supercritical drying. 
A continuous counter current moving bed liquid-liquid extraction was utilized. In this scheme, a gel 
slurry supplied into an extraction column forms a fixed bed which balance is kept with two solvent 
inlets, both at the top and at the bottom of the column. Particles with water exchanged to ethanol are 
withdrawn from the bottom, while the ethanol/water mixture is filtered and subsequently distilled 
(Figure 09). We demonstrated that the overall ethanol consumption can be lowered by a factor of 
three compared to the batch implementation. Our approach is able to cover a range of particle sizes 
from 50 µm to 3 mm and is therefore suitable for hydrogel particles produced by the JetCutter as 
well as by the continuous emulsion gelation process (Section 4.2). Gel particles after the solvent 
exchange can be directed to a high-pressure autoclave for supercritical drying without being exposed 
to the atmosphere. Such an integration is expected to relax safety requirements. 
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Figure 09: Continuous solvent exchange set-up developed in the project (maximum outflow of 
9 L/h) and distillation column for ethanol recovery (5 L/h) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Prior to the start of the NanoHybrids project, two supercritical drying facilities were available to the 
partners: 30 L autoclave at Koç University and 25 L at Hamburg University of Technology. So all 
pilot-scale batches have been dried either in Turkey or in Hamburg.  A new 50 L reactor for 
supercritical drying was constructed at TUHH during the project (Figure 10) to have a clean 
environment, for example for drying food-related aerogels. Special attention was given to the safety 
issues associated with the use of the large amount of organic solvents after the solvent exchange 
(ATEX explosion proof environment and continuous ventilation). A fast closure system and systems 
for recovery of carbon dioxide and solvent allows to operate very similar to a real industrial 
environment. 
In the NanoHybrids project we demonstrated, for the first time, that sc-drying of biopolymer aerogel 
particles can be achieved at industrial scale (200 L). Alginate gel microparticles were selected as a 
model system. They were produced at DLR, solvent exchanged at TUHH and finally dried in the 
industrial supercritical equipment of BASF. 

 
 

Figure 10: New 50 L supercritical drying facility at TUHH 
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To support penetration of existing and developed aerogels into industry, investment and production 
costs have been estimated in the project. We found that a decisive part (~86%) of the investment 
costs is attributed to the setups for supercritical drying and for ethanol recovery (~10%). As for the 
production costs, contrary to popular belief, educts, particle generation and solvent exchange 
contribute 75 – 85 % to the overall costs, not the supercritical drying. A realistic production rate of 6 
kg/h (hydrogel basis) was assumed for the estimations. Since operating costs (e.g., energy and labor) 
as well as storage costs are very place-specific, they were not taken into account. 
 
 

 
 
 

Figure 11: Hybrid multiscale approach developed in the Nanohybrids project. Textural 
properties of aerogels are used to create a cellular automata (CA) representation of the 

structure and to calculate structure-sensitive properties (e.g., diffusion coefficients), and 
linked to the macroscale simulated by computational fluid dynamics (CFD). 

 
 
Scale-up of supercritical drying of gel (micro)particles demands a predictive mass transfer model. 
Such models are not adequately studied in the literature. This motivated us to experimentally 
investigate supercritical drying of packed bed of alcogels. A new online technique for measurements 
of ethanol concentration using microcantilever frequency response was developed by the team of 
Koç University [8, 13]. Mass transfer experiments were conducted with different values of 
temperature, pressure, flow rate, particle size and vessel size to elucidate scalable mass transfer 
correlations. A new Sherwood number correlation was developed by regressing the model results to 
experimental data. A good agreement between the experimental data and model results was observed 
using the proposed correlation [2,10].  
To facilitate engineering of custom-made equipment for supercritical drying a comprehensive 
computational fluid dynamics (CFD) model describing hydrodynamics, heat and mass transfer of 
supercritical drying and considering mass transfer at micro scale inside wet gels was performed 
(Figure 11). Microscale processes are simulated using a cellular automata (CA) approach taking into 
account microscopic features of the gel structure [15]. The combination of CFD and CA approaches 
is elaborated and the hybrid multiscale model developed was validated with data from the lab scale. 
Numerical simulations for several possible arrangements of pilot-scale equipment were performed. 
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For details refer to the publically available Deliverable 5.3 “CA model of CO2 diffusion through the 
pores of the gel and modelling of aerogel structure” [https://nanohybrids.eu/wp-
content/uploads/2019/02/D5.3-V1.0_Final.pdf] and Deliverable 5.5 “CFD modelling of mass transfer 
during sc-drying process, and concept for drying optimization on the pilot and production scale” 
[https://nanohybrids.eu/wp-content/uploads/2019/03/NanoHybrids_KU_MUCTR_Deliverable-
5.5_final.pdf]. 
 
Conclusions to solvent exchange and supercritical drying: 

1. Innovative approach towards continuous solvent exchange was developed for a wide range of 
particle sizes. 

2. For the first time, a large-scale 200 L batch of biopolymer aerogels in form of particles was 
produced and supercritically dried in the industrial equipment. 

3. Pilot-scale supercritical drying facilities are now available at academic partners (Koç 
University and TUHH). 

4. Extensive modeling of mass transfer at micro and macroscales resulted in a framework for 
equipment design and optimization. 

5. Supercritical drying contributes to the overall production costs only to a small extent (15 – 
25 %), motivating newcomers to rethink production strategies and accessibility of the 
aerogels at a large scale. 

 
4.4 Testing aerogel-based prototypes in industrial environment 

The above presented results on the process optimization and scale up allowed for testing aerogels in 
different industrial environments: adsorption of industrial gases, in particular harmful ones (Dräger), 
adsorption of water vapour in dishwashers (Arçelik) and as a functional additive in foodstuffs 
(Nestlé). Below we present few selected results. 

  
 

Figure 12: Prototypes of hard candies (left) and gummi candies (right) with incorporated 
aerogel particles 

 
A broad range of potential food applications were explored in the project. Key features of 
biopolymer aerogels that make them attractive materials for food industry are: (i) light-weight 
aerogels can be used as bulking agent for food matrices; (ii) as carrier of functional components e.g., 
vitamins and nutraceuticals; (iii) aerogels as such, including low-calorie food. Two examples are 
shown in Figure 12 where aerogels loaded with an essential oil and incorporated into candies. 
Further opportunities are currently under investigation. 
It was shown that obtained chitosan [7] and hybrid cellulose aerogel particles showed a high 
humidity uptake capacity when applied in an industrial prototype of a dishwasher (Figure 13). 
Spherical shape of particles was required due to easier handling and application in the prototypes. 
Therefore, aerogel particles produced via the jet cutting method are promising for the industrial 
application in this field. 
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Figure 13: Over 1 kg batch of cellulose/alginate particles (left) and its performance in a 
simulated washing adsorption cycle (right) 

 
 

5. Innovations made in the project 

Overall the following innovations with respect to the processing of aerogels have been made in the 
project: 

� Process of supercritical drying of aerogel particles in industrial scale; 
� Production of aerogel particles with emulsion and JetCutter technology at > 50 L scale; 
� Continuous processes for emulsion gelation; 
� Continuous processes for solvent exchange (moving bed); 
� Online monitoring of solvent concentration during supercritical drying; 
� New software for modelling of aerogel production processes (physical models with new 

general correlations, CFD and CA); 
� Process for coating of the aerogel particles and coated particles; 
� Production of aerogels  particles  in food grade quality; 
� Production of polyurea (etc.) aerogels in form of beads. 

The following innovations with respect to the aerogel materials have been made in the project: 
� Mechanically strong alginate aerogels (patent pending); 
� Ambient dried low-density porous cellulose with high specific surface area (different forms 

possible e.g. beads/particles and monoliths); 
� Pyrolyzed polyamide aerogel pellets for gas adsorption; 
� High-cis polydicyclopentadiene in sensors/indicators by selective adsorption of specific 

solvents; 
� Synthesis of silica-based ambient-dried aerogels for water sorption in severe relative 

humidity conditions; 
� Carbon aerogels from organic-inorganic ambient dried hybrids for adsorption of organic 

volatile compounds. 

 
6. Conclusions 

Aerogels can be obtained by drying almost any kind of wet gels under conditions that preserve their 
volume. In this project we demonstrated for the first time that production of both synthetic and 
biopolymer aerogels in form of particles of various sizes is possible at pilot and industrial levels. 
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New engineering solutions for particle generation and solvent exchange were developed aiming at 
continuous production in the future. Large scale processing allowed for preparation of aerogel 
batches that can be tested in industrial prototypes. 
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