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HIGHLIGHTS

o Continuous scCOz drying of freely
settling aerogel beads in a countercur-
rent column.

e Non-invasive optical residence time
distribution measurement in situ under
high-pressure operation.

o Statistical model links P, T, COz and
suspension flow to residence time and
drying efficiency.

e ~400 pm alginate beads dried to resid-
ual ethanol level of 0.0053-0.0341 g/g.

o Aerogel quality preserved: 363 m?/g
surface area and 3.2 cm® /g pore
volume.
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ABSTRACT

This study advances continuous supercritical carbon dioxide (scCO2) drying of aerogel particles by introducing a
non-invasive optical method to determine particle residence time in a countercurrent extraction column. In
countercurrent operation, scCO:z flows upward while the particle suspension in ethanol enters from the top. The
method enables precise, real-time residence time measurement under high pressure conditions without dis-
turbing the process. The effects of pressure (100-150 bar), temperature (40-80 °C), CO: flow rate (30-80 g/min),
and suspension flow rate (10-45 g/min) on residence time and drying efficiency were accordingly analyzed.
Experiments were performed in a 1.25 m high extraction column, with an internal diameter of 20.5 mm, using
highly spherical alginate beads with a diameter of ~ 400 pym as a model system. Evidence of effective solvent
removal throughout the whole operation range was provided by determination of the residual ethanol content in
the intact aerogel beads after the drying process (0.0053-0.0341 gethanol/8aerogel)- The dried products featured a
specific surface area of 363 + 27 m?/g, a mesopore volume of 3.2 & 0.7 cm® /g, consistent with the typical range
of alginate aerogels. The combined insights provide a comprehensive picture of the countercurrent column’s
operational response and allow the definition of practical operating windows. Elevated temperature and high
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pressure provide the most favorable trade-off between short residence time and minimized residual ethanol,
maximizing the time-specific yield. Overall, the approach establishes a robust, transferable framework for
optimizing continuous scCO: drying of aerogel particles and supports extension to other particle sizes and

formulations.
List of symbols and abbreviations ethanol-
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1. Introduction

In current scientific and industrial research, there is an increasing
emphasis on enhancing the environmental performance, resource effi-
ciency, and overall sustainability of industrial processes [1-3]. Contin-
uous processing methods are progressively replacing traditional batch
processes across various industries to achieve these objectives. Although
batch processes offer operational flexibility, they often encounter sub-
stantial limitations regarding scalability, energy efficiency, and resource
management [4].

In contrast, continuous processes offer multiple advantages,
including reduced capital investment, smaller plant footprints,
enhanced safety, particularly for exothermic reactions and high-
pressure conditions and improved mass and heat transfer, all of which
contribute to greater overall efficiency. Continuous operations also
allow higher automation levels, improved responsiveness to feedstock
variability, and more consistent product quality [5-7]. This shift is
particularly evident in industries historically reliant on batch process-
ing, such as pharmaceuticals and biopharmaceuticals, where economic
pressures necessitate reduced production costs and enhanced efficiency
[4,6,8,9].

A particularly compelling application for continuous processing lies
in the drying of wet particles to produce aerogels using scCOz [10-12].
Aerogels, characterized by their exceptional high porosity, lightweight
structure, and large inner surface area, have immense application po-
tential across diverse fields, including insulation [13], catalysis [14],
pharmaceuticals [15], and aerospace engineering [16]. Despite their

extraordinary attributes, aerogels remain limited in commercial adop-
tion [16], largely due to the high costs and complexities associated with
their manufacturing processes, particularly the drying stage, which is
conventionally performed through batch scCO2 drying. This drying step,
typically executed in high-pressure autoclaves, is notably
resource-intensive and expensive, representing a significant barrier to
wider market acceptance compared to more economically viable insu-
lation materials, such as polyurethane foam or expanded polystyrene
[17].

The complete removal of ethanol during aerogel drying is essential,
as residual ethanol can compromise the material’s mesoporous structure
and its resulting thermal and mechanical properties. However, extract-
ing the final traces of ethanol in batch processes is inherently inefficient,
demanding disproportionate amounts of energy and prolonged extrac-
tion times, further exacerbating production costs [18]. Consequently,
life cycle analyses consistently highlight the drying phase, including the
use of high-pressure equipment, as the primary contributor to both
economic and environmental impacts in aerogel production [19,20].

Recent work underscores clear advantages of continuous scCO:
drying over conventional batch methods for aerogel production. As early
as 1953, Sargent and Davis [21] described a continuous flow-through
route for silica aerogels in which a silica sol is conveyed through a
heated high-pressure tube and dried above the critical conditions of the
pore liquid, a hot let-down prevents rewetting at discharge. Drying thus
occurs in transit under very high temperature (~425 °C) and pressure (=
250 bar), with associated drawbacks: high energy demand, stringent
safety requirements, risk of thermal sintering, reliance on solvent sys-
tems compatible with such temperatures, and limited applicability
beyond inorganic silica. In a more recent concept, Ruiz and Clavier [22],
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implement a continuous line for granular silica aerogels using fluidized
or moving beds in which scCO: serves simultaneously as the fluidizing
gas and the drying medium, continuously percolating the bed to extract
the pore solvent. While this ensures strong mass transfer, it entails high
scCO:2 throughput. Steinhagen and Herber [23] adopt a countercurrent
architecture in which wet gel bulk solids are conveyed by a screw
through a fixed high-pressure vessel while scCO: flows countercurrently
to remove solvent; this offers compactness and a tunable residence time
(via screw speed) but introduces mechanical complexity, moving parts
and seals in high-pressure service, susceptibility to wear/bridging, and
potential shear on fragile wet gels. Complementing these engineered
approaches, MiBfeldt et al. [24] demonstrated a countercurrent column
in which individual wet-gel beads sediment freely against an upward
scCO: stream. In this configuration, residence time is governed directly
by operating conditions (pressure, temperature, and flow rates) through
their effect on buoyancy and drag, rather than by mechanical convey-
ance or bed hydrodynamics. By avoiding fixed-bed operation, the
concept circumvents bed-scale maldistribution and convective compli-
cations, enabling faster solvent removal for discrete particles. Collec-
tively, these approaches delineate the state of the art and reinforce that
continuous scCO: drying is a promising pathway to reduce production
costs and improve scalability, thereby addressing key barriers to broader
commercial adoption of aerogels [24].

Effective characterization and optimization of these continuous
processes depend on accurately quantifying and controlling the particle
residence time in the drying system. The residence time distribution
(RTD) analysis is a critical tool for identifying phenomena such as
dispersion, backmixing, and bypass flows, thereby directly guiding
process design and operational strategies to improve performance [25,
26]. However, measuring RTD under high-pressure conditions presents
notable challenges due to complex particle interactions, variable parti-
cle properties, and demanding operational conditions [27,28].

To tackle these challenges, we employed an optical technique using
dayglow color pigments as tracers incorporated directly into the aerogel
particle matrix. Real-time fluorescence measurements captured through
optical techniques provide precise and instantaneous RTD data, allow-
ing comprehensive analysis without interrupting operations or altering
process conditions. Optical methods offer inherent advantages,
including safety, non-invasiveness, and real-time monitoring capabil-
ities, significantly surpassing the limitations of conventional chemical or
radiometric tracer methods [28].

Based on this method, we investigated how key operating parameters
such as pressure, temperature, CO: flow rate, and the flow rate of the
particle suspension in ethanol influenced particle residence time and
drying efficiency in a continuous scCO2 drying column. Our aim was to
quantify the effects and interactions of these parameters, establish a
statistical description linking operating settings to residence time and
drying outcomes (e.g., residual ethanol), and delineate practical oper-
ating windows for stable, efficient operation. Ultimately, this provides
guidance that can be transferred to other particle systems and sizes.

2. Materials and methods
2.1. Materials

Carbon dioxide (>99.9 %) was purchased from Linde AG, Pullach,
Germany. Anhydrous ethanol (99.9 %) and calcium chloride dihydrate
(> 98 %) were obtained from Carl Roth GmbH & CO.KF, Karlsruhe,
Germany. The sodium alginate used in this study was kindly provided by
IFF Nutrition & Health Germany GmbH & Co KG, Walsrode - Bomlitz
(IFF Division Pharma Solutions), Germany. The alginate had a
guluronic-to-mannuronic acid ratio (G/M) of 0.57 and a weight-average
molar mass of 280 kDa. Fluorescent dayglow pigment “Tages-Leucht-
Farbe Goldorange” (Kremer Pigmente GmbH & Co. KG, Aichstetten,
Germany) was used as optical tracer. The pigment is a polymer-bound
fluorescent dye mixture containing talc (1-5 %), organic xanthen-
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based dye components (<0.5 %), and trace amounts of stabilisers
(<1 %). The powder is water-insoluble and has an average particle size
of approx. 5 um. All chemicals were used without further purification,
and deionized water from the Hamburg University of Technology utility
system was used throughout the study.

2.2. Particle preparation

The gel particles were prepared according to previous works using a
continuous JetCutter technique [29,30] (the used JetCutter parameters
can be found in the Supplementary Material, table S1). A 0.5 wt% cal-
cium chloride dihydrate solution served as the gelling bath. A 2 wt%
sodium alginate solution prepared at room temperature was used as the
precursor. For the tracer particles, 0.4 g of fluorescent pigment was
added per liter of alginate solution (0.04 wt%), ensuring homogeneous
distribution without altering the rheological properties of the polymer.
After complete gelation, the beads were thoroughly washed with
deionized water to remove excess calcium ions. Subsequently, solvent
exchange was performed in repeated steps using 99.9 wt% anhydrous
ethanol. After each exchange, the particles were allowed to equilibrate
for 24 h. With each step, the internal solvent composition shifted
gradually toward higher ethanol contents. The exchange procedure was
repeated until the surrounding liquid phase reached at least 98 wt%
ethanol, as determined with a density meter (Anton Paar DMA 4500 M,
Graz, Austria).

2.3. ScCO: drying column and particle detection system

Drying of the alcogel particles was carried out in a continuous
countercurrent scCO2z drying column. The experimental setup builds on
the continuous drying concept introduced by Miffeldt et al. [24], in
which initial experiments demonstrated the practical feasibility of such
a process. In contrast to that earlier study, the present work provides a
quantitative experimental validation of the underlying theoretical con-
cepts, including particle residence-times, residual ethanol contents and
the dependence on key process parameters.

The drying experiments were conducted in a 1.25 m high continuous
scCO2 column constructed from a high-pressure tube with an internal
diameter of 20.5 mm. ScCO: entered the column at the bottom and
exited at the top. Alginate alcogel particles suspended in ethanol were
introduced at the top of the column. Due to their higher density in
comparison to scCO, the particles sedimented downward against the
upward flow of scCO.. During their descent, ethanol was extracted from
the pores of the gel matrix by the scCO2. The extracted ethanol, along
with the scCO-, exited the system at the top (see Fig. 1).

To enable a quantitative, non-invasive determination of the particle
residence time under these countercurrent high-pressure conditions, an
optical tracer-based detection approach was implemented. Fluorescent
color pigments which absorb blue and UV light while emitting photons
in the yellow-orange spectrum were used as tracers. Due to their average
size of 5 um, the fluorescent pigments could be incorporated into the
alginate matrix without affecting the physical properties of the polymer,
particularly its density. For 1 L of alginate solution, 0.4 g of pigment was
added. A blue LED from Osram, (LE B P1MR, Osram, Munich, Germany)
was used to excite the pigments. A long-pass filter at 500 nm (long-pass
filter OD 4, Edmunds, Mainz, Germany) was used, so that only the
emitted color spectrum of the tracer was recorded and not the LED. All
wavelengths shorter than 500 nm were filtered out by the long-pass
filter and only light with a higher wavelength was allowed to pass
through (see Fig. 2).

To ensure that the emitted photons of the tracer’s pigments can be
detected, two view cells made of sapphire glass were integrated into the
high-pressure column, which can withstand pressures of up to 200 bar.
An APS-C EXMOR® CMOS sensor from Sony (Sony Corporation,Tokio,
Japan), served as the detector. The complete setup for detecting the
tracer particles is shown in Fig. 3.
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Fig. 1. schematic drawing of continuous countercurrent supercritical drying
column (left) and visualization of ethanol rich and lean zones inside of the
column (right).

The alcogel particles (alginate gels filled with ethanol) containing
the tracer were added to the column as a pulse input. Since the addition
of particles in a high-pressure process is particularly challenging, only a
pulse input is suitable for measuring the residence time. Ideally, the
tracer would be injected as a Dirac pulse at the column inlet, because an
instantaneous input yields the RTD directly, reduces tracer demand, and
accelerates a precise evaluation. In our setup, a true Dirac pulse could
not be realized; instead, the tracer was injected as rapidly as practicable
to approximate a short impulse, as commonly reported in the literature
[31,32]. However, even the very short transfer section between the in-
jection point and the column already caused substantial dispersion of
the particle suspension. To ensure that we quantify dispersion origi-
nating from the column rather than from the feed line, a second sapphire
viewing window was integrated at the top of the column. This config-
uration allowed us to record the effective inlet signal immediately upon
entry into the column and in parallel, the outlet signal at the column
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bottom. Measuring both signals with identical sampling conditions en-
ables normalization and subsequent convolution/deconvolution, so that
the residence time distribution of the column was obtained, despite an
imperfect pulse and the unavoidable pre-dispersion in the feed.

2.4. Supercritical drying procedure

Initially, the column was pressurized and heated to the desired set-
points using pure scCO. Once stable operating conditions were achieved
(constant temperature, pressure, and flow rates), ethanol was intro-
duced into the column to establish the ethanol-rich phase. After steady-
state was reached, the particle suspension was fed into the system. Due
to the shift in ethanol concentration caused by particle introduction, a
second stabilization phase was required. Once steady-state conditions
were re-established, tracer particles were added to initiate the residence
time distribution (RTD) experiment. The experiment continued until no
tracer particles were visible in the bottom sight glass. The particle feed
was then stopped, and the ethanol feed was kept running only until any
particles still present in the feed line or the upper section of the column
had sedimented to the bottom and been collected. Afterwards, the sys-
tem was purged with fresh scCO:z until no further ethanol could be
recovered downstream in the separator. Finally, the column was dep-
ressurized at a controlled rate of 2 bar/min, and the dried samples were
collected. Table 1 summarises all operating ranges and particle char-
acteristics used in the continuous drying experiments. The maximum

Fig. 3. Schematic drawing of particle detection system. 1) APS-C EXMOR®
CMOS-Sensor from Sony, 2) 500 nm Longpassfilter OD 4 from Edmunds, 3)
high-pressure view cell, 4) Blue Light LED LE B P1MR from Osram.
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Fig. 2. Schematic representation of the LED light spectrum, the transmission profile of the longpass filter, and the emitted light of the tracer particles.
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operating pressure of the experimental setup was limited to 150 bar; this
technical constraint therefore defined the upper pressure level investi-
gated in the present study. A complete overview of all experimental
conditions and corresponding results for all experimental runs is pro-
vided in the Supplementary Material (Table S2)

2.5. Aerogel characterisation

Thermogravimetric analysis was used to determine the residual
ethanol content. Approximately 100 mg of sample was used in each run.
Thermogravimetric analysis was performed using a Linseis STA Series
instrument (Linseis Messgerate GmbH, Selb, Germany) The heating
protocol included an isothermal step at 60 °C to quantify ethanol, fol-
lowed by heating to 110 °C at 5 K/min to differentiate between ethanol
and water. Specific surface area (BET) and pore size distribution (BJH)
measurements were carried out using a Quantachrome NOVA 3000e
analyzer after 12 h degassing at 60 °C under vacuum (Quantachrome
Instruments, Boynton Beach, FL, USA). The particle residence time and
resulting RTD functions E(t) were quantified following the ADE-based
signal processing methods described in Section 2.6 (fitting, normaliza-
tion, FFT convolution, inverse FFT).

2.6. Data processing

A key innovation of our method is that the tracer signal is quantified
by explicitly counting individual fluorescent particles rather than inte-
grating image intensity. For this purpose, the recorded image material
was analyzed using a Python-based image-processing workflow. The
particles were detected through a binary segmentation approach: the
grayscale video frames were thresholded to produce black-and-white
(binary) images, in which connected component analysis was applied
to identify individual particle regions. Only regions exceeding a mini-
mum area threshold were classified as valid particles, effectively
filtering out noise and small artifacts. Tracking was performed using a
frame-by-frame nearest-neighbor association, where particles are
matched across consecutive frames based on minimal Euclidean dis-
tance within a defined search radius. By tracking the particles, both the
trajectory and the speed of the individual particles can be determined
and, especially for larger particles, it would also be possible to measure
the particle size distribution. This also makes it possible to potentially
analyze any shrinkage or swelling of the particles during the process.

To determine the residence time distribution (RTD) from experi-
mental data, a structured signal-processing approach based on the
advection-dispersion equation (ADE) was applied. This equation effec-
tively describes the transport and dispersion of solutes in flow systems
[33]. Experimental measurements yielded two time-resolved concen-
tration signals: the inlet concentration Cj,(t) and the outlet concentra-
tion Coy(t). Initially, both signals were individually fitted using an ADE
to minimize experimental noise and obtain smooth representations
suitable for subsequent analysis. The theoretical ADE for an open-open
boundary condition in terms of the Peclet number (Pe) is described as
follows [34]:

2
- o] 225

Table 1
Range of process parameters evaluated in this study. Particle parameters were
adopted from [24].

Process parameter Range Particle Properties Average
Pressure [bar] 100 — Dmean [pm] 421

150 + 46
Temperature [°C] 40 - 80 Porosity [-] 0.94
CO, flow rate [g/min] 30-80 Tortuosity [-] 2.5
Suspension - flow rate [g/ 10-45 Skeletal density [kg/ 1600

min] m?]
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09— (2)

~I e+

Where ¢ is the mean residence time. Following the fitting, both signals
were normalized to ensure equal integrals (areas under the curves). This
normalization is crucial, as it allows accurate convolution, which relates
the inlet to the outlet signals through the system-specific RTD. The
normalized RTD (E-function) can be expressed discretely as:

C(t)
Gt AL

The convolution integral relates the normalized inlet concentration
Ein(t) to the normalized outlet concentration Ey(t):

E(t) = @3

Eou(t) = /0 En(t) o E(t—t)edt (€)]

In this equation, E(t) acts as a weighting function, representing the
fraction of solute exiting the system at time t, having entered at time t'.

2.7. Statistical analysis

Statistical analysis of the experimental data was performed using
Design-Expert software (Version 22.0.6, Statcon, Germany). The
experimental campaign was structured based on a Box-Behnken-type
response surface design to investigate the influence of pressure, tem-
perature, CO: flow rate, and suspension flow rate on process perfor-
mance. The response variables considered were the mean particle
residence time and the residual ethanol content of the dried aerogels.
Due to thermodynamic constraints, not all factor combinations of a
classical Box-Behnken design were experimentally accessible, resulting
in a constrained design space. In particular, combinations of low pres-
sure and high temperature would shift the system out of the single-phase
supercritical region and were therefore not feasible. Consequently, the
Box-Behnken design was employed as a structured framework for
parameter variation rather than as a full, unconstrained design. A
representative operating condition located close to the practical center
of the feasible design space was repeated three times to assess experi-
mental reproducibility and estimate experimental variability. The
replicated experiments exhibited a relative standard deviation of 5.1 %
for the mean residence time and 27 % for the residual ethanol content.
One-way analysis of variance (ANOVA) was applied to evaluate the
statistical significance of the model terms, with a significance level of
p < 0.05.

3. Theoretical background

As a result of the counter-current configuration, an ethanol-rich zone
formed in the upper section of the column and an ethanol-lean zone at
the bottom. Since ethanol has a higher density than scCO: under the
applied conditions, an inverse density gradient was established, with
higher density in the upper part and lower density in the lower part of
the column. Maintaining this gradient was essential for efficient and
complete drying. The density profile is influenced by four key process
parameters: temperature, pressure, and the flow rates of both the
incoming scCO: and the particle suspension. These parameters not only
affect the solvent concentration and density profiles within the column
but also, in combination with three critical particle parameters, the bulk
density, porosity, and particle diameter, influence the residence time of
the particles.

Three forces act on each particle during its descent through the
column. The interplay of these forces determines the terminal velocity of
the particles and, consequently, their residence time within the column.

Gravitational force: This force depends solely on the particle prop-
erties, such as density and volume.
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Fe=m eg=V, o p,  oeg (5)
Where m is the particle mass, V,, is the particle volume, p,, is the particle
density, and g is the gravitational acceleration.

Buoyancy force: This force opposes gravity and depends both on the
particle diameter and on process conditions. Pressure and temperature
influence the fluid density, while the flow rates determine the solvent
concentration gradient along the column height.

Fa=Ve o p; g ®)

Where p; is the density of the surrounding fluid.

Drag force: This resistance force acts opposite to the direction of
motion and is influenced by fluid viscosity and relative velocity. It is
affected by all four process parameters as well as by the particle size and
shape.

Fpb=Cp e Py oAe ug @)

Where Cp is the drag coefficient, A is the projected particle cross-
sectional area, and u is the relative velocity of the particle. The inter-
action of the three dominant forces acting on falling particles, gravita-
tional, buoyant, and drag forces, can be described in a dimensionless
form using the Archimedes number (Ar) and the Reynolds number (Re).
The Archimedes number quantifies the ratio of gravitational driving
forces to the viscous resistance of the surrounding fluid and is defined as:

_8ed)(p, py)

Ar
prev?

(€))

Where v is the kinematic viscosity of the fluid. Ar thus expresses the
influence of density difference on particle settling relative to the fluid’s
viscous damping. The Reynolds number characterizes the ratio of iner-
tial to viscous forces during the motion of the particle relative to the
fluid and is given by:

Re:upodp
14

(€C)]
Together, the Archimedes and Reynolds numbers provide a dimen-
sionless framework for describing particle motion in fluids. They form
the basis for numerous empirical and semi-empirical correlations used to
predict the terminal settling velocity and to classify the flow regime
around the particle as laminar, transitional, or turbulent. Like the model
proposed by Turton and Clark [35], which was also applied in the
proof-of-concept study of the continuous drying column [24].

1.214

1

0.824 0412
18 0,321
(Ar2/3> + <Ar”3>

This correlation provides a useful estimation of particle terminal
velocity, but only under the simplifying assumption that the particles are
completely dry and surrounded by pure scCOs-. In reality, this assump-
tion introduces significant limitations. Under actual process conditions,
the fluid density surrounding the particles changes continuously, due to
both the ethanol concentration gradient and the falling motion of the
particles through the drying column. Simultaneously, the density of the
particles themselves changes over time as drying progresses. The drying
rate of the particles is thus strongly influenced by the operating pa-
rameters of the process. The drying process can be described by a
combination of two mass transport mechanisms: internal and external.
Inside the particle, solvent removal proceeds as a superposition of
diffusion and advection in the pore liquid. In addition to molecular
diffusion, a convective contribution referred to as solvent spillage can
occur. When scCO: enters the ethanol-filled pores, it mixes with the
ethanol and forms a CO2-ethanol solution with a larger specific volume

Re = Ar'/® (10)
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than pure ethanol. Because the pore volume remains essentially con-
stant, this expansion creates a temporary pressure increase inside the
pores. The resulting pressure gradient drives a short pore-scale outward
flow that pushes the COz—ethanol mixture from the interior toward the
particle surface and into the surrounding fluid. [36]. The internal con-
centration field c(r,t) is then described by a spherically averaged
advection—diffusion balance (superposition of diffusion and advection)
[371.

d 9 [ 9\ D d 10 T D (&) [dc\?
a—t—a—r(Dﬂ +7';—;a—r<“"/0 — (%) <E) dr) an

Here, c; denotes the concentration of component i in the pore liquid; t is
time; r is the radial coordinate; D is the mutual (binary) diffusion co-
efficient of the ethanol-CO» mixture; vj is the partial molar volume of
compound j in the binary mixture. At the particle surface, ethanol is
transferred into the surrounding scCO: phase. The external mass transfer
coefficient is typically expressed in dimensionless form via the Sher-
wood number (Sh), which relates convective mass transfer to molecular
diffusion. It depends on key dimensionless groups such as the Reynolds
number (Re) and the Schmidt number (Sc), and includes contributions
from both forced and natural convection. In mixed convection scenarios,
such as the drying of aerogel particles in an upward scCO: flow, the
Sherwood number can be decomposed into a forced component (Shy)
and a natural component (Shy). The relative contribution of these
mechanisms varies with particle size, while natural convection domi-
nates for small particles due to low sedimentation velocities, forced
convection becomes increasingly significant for larger particles. The
overall Sherwood number, and thus the mass transfer coefficient, is also
sensitive to process parameters such as temperature, pressure, and fluid
composition. For instance, increasing the temperature generally en-
hances molecular diffusion and lowers fluid viscosity, thereby promot-
ing both diffusion and convection. Crucially, pressure and temperature
must be selected so that operation remains above the ethanol-CO,
mixture’s critical locus. Only under single-phase supercritical conditions
are ethanol and CO, fully miscible, eliminating liquid-gas interfaces and
associated capillary forces; this ensures uninterrupted extraction and
maximizes the effectiveness of the combined diffusive-convective
transport.

All process parameters that promote short drying times, such as
elevated temperatures or reduced pressures, inevitably also affect the
residence time of the particles in the column. This is due to the strong
interdependence between drying kinetics and particle motion. A change
in any operating condition alters not only the bulk fluid properties (e.g.,
density and viscosity) but also the mass transfer rate, which in turn in-
fluences the drying rate and therefore the particle density. This strong
coupling makes it challenging to predict residence times or drying du-
rations accurately using purely theoretical or steady-state models. It
therefore becomes essential to support process design with experimental
data, particularly under dynamic, real-process conditions where simul-
taneous changes in mass transfer, particle density, and fluid properties
must be captured realistically.

4. Results and discussion

In this study, the influence of the critical process parameters, pres-
sure, temperature, CO2 flow rate, and the suspension flow rate, on the
continuous scCO>-drying of alginate alcogels was systematically inves-
tigated. For each experiment, the particle residence time within the
drying column was measured using the specially designed experimental
setup. The drying efficiency was assessed by the residual volatile content
(ethanol + water; determined by TGA), with the residual ethanol con-
tent used for the evaluation. Subsequently, the physical properties of the
dried particles were thoroughly characterized.
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4.1. Influence of process parameters on residence time distribution

The process parameters for pressure and temperature were selected
within ranges typically used for batch drying processes [10,18]. COz and
suspension flow rates were selected based on column dimensions and
practical operational considerations, ensuring that the CO2 flow rate was
not excessively high to maintain an efficient drying process. To sys-
tematically evaluate the influence of all four process parameters, a
structured multivariate experimental approach was employed, and the
resulting data were analyzed using statistical modeling. The outcomes of
this analysis are presented in Fig. 4.

It is clearly evident that temperature and pressure exert the most
significant influence on the mean residence time, as particle settling
velocity strongly depends on the fluid density (Fig. 4(a)). The data
indicate an almost proportional relationship between mean residence
time and fluid density. Particularly at low pressures and temperatures,
even minor changes in pressure or temperature lead to substantial var-
iations in density and consequently in residence time. At pressures
around 150 bar, however, the increase in fluid density becomes very
small due to the asymptotic compressibility of scCO2. As a result, a
further increase in fluid density with pressure would be expected to lead
to arise in mean residence time, but only to a very limited extent. In this
regime, the incremental gain in residence time no longer justifies the
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additional energy required to compress the CO-—ethanol mixture to
higher pressures. The quality of the statistical model for the mean resi-
dence time was assessed using the ANOVA results (Table S3) and pre-
dicted versus actual plots (Figure S1(a)), provided in the Supplementary
Material.

In Fig. 4(b), it can be observed that the CO: flow rate has only a
minor influence on the mean residence time of the particles. Changes in
residence time closely correspond to variations in the superficial ve-
locity of the flowing scCO2, directly affecting the net settling velocity of
the particles. From this observation, it can also be concluded that the
relatively low suspension feed rate does not lead to the formation of a
pronounced ethanol concentration gradient within the drying column. If
such a gradient were present, an increase in CO: flow rate would
significantly alter the concentration profile along the column height.
Consequently, this would result in a nonlinear relationship between CO-
flow and particle residence time. This conclusion is further supported by
Fig. 4(c), where it is demonstrated that varying the suspension flow
within the investigated range has a negligible influence on the mean
residence time of the particles. The slight increase can be attributed to
the minor elevation in bulk fluid density resulting from the higher
ethanol addition, which slightly extends the particle residence time. If
an increase in suspension flow significantly altered the ethanol con-
centration profile within the column, a corresponding substantial
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Fig. 4. Influence of process parameters on mean residence time: a) Influence of temperature and pressure at constant CO: flow rate (50 g/min) and constant sus-
pension flow rate (20 g/min) on mean residence time (solid points) and their influence on the density of pure scCO2 (open points). b) Influence of the CO: flow rate on
mean residence time at constant temperature (50 °C) and constant suspension flow rate (20 g/min). ¢) Influence of suspension flow rate on mean residence time at
constant temperature (50 °C) and constant CO2 flow rate (20 g/min). d) Comparison between the purely theoretically calculated Archimedes and Reynolds numbers
[35], the Archimedes and Reynolds numbers derived using the mean settling velocities obtained from the RTD through the statistical model, and those calculated

from experimental data.
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change in residence time would also be evident.

Fig. 4(d) shows the Reynolds number plotted against the Archimedes
number. The plot includes a purely theoretical correlation (Turton &
Clark [35]), values calculated from a statistical model based on the
measured residence time distributions, and values obtained directly
from experimental data. It can be seen that the theoretical correlation
agrees well with both the statistical model and experimental data at
lower Reynolds numbers. However, deviations become more pro-
nounced at higher Reynolds numbers. Both the correlation and the
model were calculated using average particle settling velocities, under
the simplifying assumption of dry particles in pure scCOz, neglecting the
presence of ethanol. The observed deviations at higher Reynolds
numbers are likely due to this assumption. In particular, when particle
velocities increase and the dynamic viscosity of the surrounding fluid
decreases, the correct estimation of the density difference (Ap) between
the particle and fluid becomes increasingly important. Under real pro-
cess conditions, the presence of ethanol alters the local fluid density and
viscosity along the particle’s trajectory, leading to deviations from the
idealized model. Nevertheless, the theoretical correlation proves to be a
useful tool for estimating average particle velocities and thus mean
residence times, especially in the low Reynolds number regime, where
the agreement with measured data is remarkably good.

4.2. Influence of process parameters on residual ethanol content

Since the successful production of aerogels in a continuous drying
process depends not only on the residence time of the particles within
the column but also on how effectively they are dried during this time,
the residual volatile content of the aerogels was determined for all
experimental runs. The results were subsequently evaluated using a
statistical model. Across the investigated parameter range, the obtained
aerogels consistently exhibited low residual ethanol content, with only
minor variations observed. Representative TGA curves for all experi-
mental runs are provided in the Supplementary Material (Figure S2). As
a result, the statistical model applied to the residual ethanol data does
not achieve the same predictive accuracy as the model developed for
residence time. Nevertheless, it provides a reasonable basis for esti-
mating the expected residual ethanol content under different sets of
process parameters and thus contributes valuable insights for process
optimization. Predicted versus actual plots for the residual ethanol
model are shown in the Supplementary Material (Figure S1(b)), as well
as the detailed ANOVA (Table S4).

Fig. 5 illustrates the residual ethanol content in the aerogels as a
function of pressure (Fig. 5(a)) and residence time (Fig. 5(b)) for
different drying temperatures.
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In Fig. 5(a), the residual ethanol content is plotted against pressure at
various temperatures. With increasing pressure, the residual ethanol
content initially decreases, indicating improved drying efficiency. This
is expected, since a higher pressure increases the fluid density and
therefore reduces the settling velocity of the particles, which results in a
longer residence time. At higher pressures, however, a slight increase in
residual ethanol becomes evident. This effect arises from the interplay of
two opposing mechanisms. On the one hand, increasing pressure in-
creases the residence time and thus supports drying. On the other hand,
higher pressures also reduce the diffusion coefficient of ethanol in scCOz,
which slows down the molecular transport from the pore network into
the surrounding fluid. While residence time strongly increases at lower
pressures, its increase becomes only marginal at pressures approaching
150 bar due to the asymptotic density characteristics of scCO2. As a
result, the positive effect of longer residence times becomes weaker,
while the negative effect of reduced diffusivity becomes increasingly
dominant. This combination leads to the characteristic minimum
observed in all curves between 40 and 70 °C. With increasing temper-
ature, this minimum shifts towards higher pressures. Higher tempera-
tures enhance molecular diffusivity and partially counteract the
pressure-induced reduction in diffusion, which allows efficient drying
to be maintained at higher pressures. Thus, the curve at 80 °C is shifted
to the right, and although a minimum is expected there as well, it lies
outside the investigated pressure window. Temperatures above 80 °C
were not investigated, as alginate begins to show thermal degradation
around 100 °C. To ensure a safe operating margin and to avoid structural
damage to the gel network, the upper temperature limit was therefore
set to 80 °C. As seen in Fig. 5(a), lower residual ethanol levels are
achieved at 40 °C under low-pressure conditions compared to higher
temperatures. Only at elevated pressures does the temperature-induced
increase in diffusion outweigh the shorter residence time, leading to
improved drying. This suggests that residence time plays a dominant
role at low pressure, whereas diffusion becomes more critical at high
pressure. Fig. 5(b) supports this interpretation: at comparable residence
times, samples dried at higher temperatures show substantially lower
residual ethanol contents. This highlights that when residence time is
held constant, increasing temperature leads to better drying results.
Aerogels dried at 80 °C reach the lowest residual ethanol levels despite
having one of the shortest residence times in the dataset.

Fig. 6 illustrates two different approaches to characterizing drying
performance during continuous scCO: drying. Fig. 6(a) presents the ratio
¢, defined as the length-specific residence time 7.5 divided by the
theoretically calculated minimum drying time 74y min using the
approach of Selmer et al. [30]. This ratio was already introduced in
previous works [24] and can be regarded as a measure of space-time
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Fig. 5. Influence of process parameters on residual ethanol of dried Aerogels: a) Influence of temperature and pressure at constant CO: flow rate (50 g/min)
and constant suspension flow rate (20 g/min) on the residual ethanol, b) Influence of temperature and specific residence time at constant CO: flow rate (50 g/min)

and constant ethanol flow rate (20 g/min) on the residual ethanol.
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Fig. 6. Influence of operating pressure and temperature on (a) the ratio { between the length-specific residence time and the theoretically estimated minimum drying
time, and (b) the normalized efficiency score © (Eq.12). All experiments were conducted at a constant CO: flow rate (50 g/min) and constant suspension flow rate

(20 g/min).

yield. It expresses how effectively the available residence time in the
column is utilized relative to the minimum theoretical drying demand. A
¢ value of 1 corresponds to the ideal case in which the actual residence
time exactly equals the theoretical drying time, indicating that particles
remain in the column just long enough to achieve solvent removal
without overdrying. Lower { values are thus generally associated with
more favorable operation. However, since the drying times used here are
purely theoretical estimates, and the actual drying times under real
operating conditions are expected to be longer, ¢ alone does not allow a
conclusive assessment of true drying performance. This becomes evident
at 100 bar and 50 °C, where { reaches its minimum value. While this
might suggest an optimal operation regarding the space-time yield, it
coincides with the highest measured residual ethanol contents in the
aerogels, demonstrating that { alone cannot be used to assess optimal
process parameters.

To better represent practical performance, an alternative metric ©
was introduced (Fig. 6(b)). © is defined in Egs. (12) — (14) as the
arithmetic mean of the min-max normalized and inversely scaled resi-
dence time and residual ethanol content, thereby weighting both short
residence times and low residual ethanol contents equally as desirable
outcomes. Unlike {, ® does not quantify space-time yield, but rather
indicates drying effectiveness by identifying the operating points at
which both fast processing and sufficient solvent removal are achieved
simultaneously. As shown in Fig. 6(b), ® increases with rising temper-
ature: at lower temperatures, moderate pressures yield better perfor-
mance, whereas at elevated temperatures, higher pressures are required
to reach optimal drying conditions. The most favorable operating point
was observed at high temperatures and high pressures, where the lowest
residual ethanol content was achieved in combination with a compar-
atively short residence time, indicating particularly effective drying.
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The efficiency metric ® allows the identification of an optimal
pressure for each investigated temperature, representing the operating
point at which drying is both most effective and achieved within the
shortest residence time (green rectangle). These optima are displayed as
the ®-optimum line (black dashed curve). Connecting these individual
optima across the temperature range reveals an exponential trend. From

this trend, it can be deduced that the maximum @ at 70 °C is expected to
occur at around 150 bar, even though pressures beyond this value were
not experimentally investigated. The progression of the optima from 40
°C to 60 °C already demonstrates that higher pressures yield no further
improvement, as the density of scCO: increases only marginally at high
pressures and thus no longer leads to a meaningful extension of resi-
dence time. Therefore, even if pressures above 150 bar were tested, no
additional gain in ® would be anticipated, and any marginal benefit
would not justify the substantially higher energy demand associated
with CO2 compression. While © is of limited relevance for the studied
small particles, since their residual ethanol contents were already suf-
ficiently low to avoid any impact on the aerogel microstructure, the
metric becomes significant for larger particles. In these cases, higher
residual ethanol contents are expected, and identifying the optimal
combination of pressure and temperature is therefore critical to ensure
effective drying.

In addition to evaluating process efficiency and drying performance,
the structural characteristics of the dried particles were analyzed. To
assess the impact of the continuous scCO: drying on particle integrity
and microstructure, key physical parameters were determined,
including specific surface area, pore size distribution, and total porosity.
Furthermore, particle size distributions before and after drying were
measured to evaluate potential shrinkage or agglomeration effects
during the continuous process. These properties provide further insight
into the material quality and structural preservation achieved under the
applied drying conditions.

Fig. 7 shows the particle size distributions before and after drying.
The particle size distributions demonstrate that the overall morphology
of the beads is largely preserved during the transformation from
hydrogel to aerogel. The mean particle diameter decreased by about
15 % (from 420 um to 358 pm), which represents a comparatively low
shrinkage, and the sphericity of the aerogels was maintained at 0.89
+ 0.01. This indicates that structural collapse was minimal and the gel
network almost maintained its integrity [38-40], as expected for a
successful aerogel drying. This is further supported by nitrogen phys-
isorption measurements, which reveal a mean specific surface area of
363 + 27 m?/g and a mean total pore volume of 3.2 4+ 0.7 cm® /g. The
median pore diameter was 44.2 + 1.6 nm, confirming mesoporosity.
Full adsorption—desorption isotherms and corresponding BET fits are
shown in Figure S3 of the Supplementary Material. Both values fall
within literature ranges for alginate aerogels, with reported surface
areas of 271-600 m?/g and pore volumes of 3-10 cm® /g [38,40-42]. In
our case, the surface area lies around the middle of this range, whereas
the pore volume is closer to the lower end. Together, these results
indicate that small differences in residual ethanol content did not
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Fig. 7. (a) Particle size distribution of hydrogel beads and aerogel beads. (b) Overview of aerogel particle distribution and representative single aerogel particles.

measurably affect the microstructure and confirm that the developed
continuous drying process yields structurally intact, highly porous aer-
ogel particles.

5. Conclusions

In this study, the continuous countercurrent scCO: drying of aerogel
particles was systematically analysed to understand how operating pa-
rameters influence residence time and drying performance. The exper-
imental results also clarify how residence time and drying performance
interact in a continuous countercurrent scCOz column. Residence time is
primarily driven by fluid density, with strong sensitivity at low pressures
and only minor increases once the density approaches its upper range
within the range of parameters investigated. Drying performance is
shaped by two opposing effects: longer residence times support solvent
removal, while increasing pressure reduces the diffusion coefficient of
ethanol in scCO.. The combination of these effects explains the presence
of temperature-dependent optima and why theoretical minimum-
drying-time concepts underestimate real drying profiles. The newly
introduced efficiency metric captures this interplay more accurately
than simplified theoretical correlations.

This study provides an experimentally validated understanding of
how residence time and mass transfer jointly determine drying in a
continuous countercurrent scCO2 column. The developed model enables
targeted adjustment of residence times and residual solvent contents and
is transferable to other particle sizes and materials, even though the
absolute values will differ. These insights allow the identification of
operating conditions that achieve reliable drying while keeping resi-
dence times and energy demands within an economically meaningful
range. With this work, the second major step after the initial theoretical
framework has been completed, moving the process closer to practical
application. Future studies should define the operational limits of the
system, including maximum particle loading, upper particle size
boundaries and the minimum CO: flow rate required to achieve com-
plete drying under steady-state ethanol profiles.
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