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ARTICLE INFO ABSTRACT
Keywords: The global demand for aerogels is constantly growing, thus, optimizing and scaling up the production processes
Aerogel have become increasingly important in the last decade. The utilization of millimeter-sized aerogel particles for

Mechanical charaterization
DEM-BPM simulation
Optimized simulation

such purposes is typically preferred due to inherent advantages in handling and production compared to other
geometries. The production of these particles is most commonly accomplished using a particle packed bed
(autoclave). This process presents, however, several challenges, including the impact of mechanical loads on the
quality of the product. Therefore, this work focuses on deepening the understanding of mechanical properties
and deformation mechanisms of aerogel particles in packed beds under uniaxial compaction. The investigated
alginate aerogel particles are characterized by a spherical shape (circularity of 0.96), a specific surface area of
~352m?/g, an average diameter of ~3.3 mm, and a bulk density of ~0.05 g/cm®. In addition, this study extends
a DEM-BPM model to capture the mechanical deformation of biopolymer aerogels, both as individual particles
and within packed beds. The simulations were calibrated and validated using experimental data from uniaxial
compaction tests. An optimization methodology was implemented to reduce reliance on traditional trial-and-
error methods and improve the model’s accuracy. The results demonstrate that the proposed DEM-BPM model
effectively replicates the mechanical behavior of alginate aerogels, showing strong agreement between experi-
mental data and minimal deviations for both single particles and packed beds (R%> 0.93). This model serves as a
promising tool for gaining deeper insights into the mechanical properties of aerogels and improving production
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efficiency. Additionally, the DEM-BPM model can be expanded to incorporate intermediate products, such as
hydrogels and alcogels, enabling process optimization at every stage of aerogel manufacturing.

1. Introduction

Aerogels are highly porous solid materials characterized by their
predominantly mesoporous architecture (pore diameter in the range of
2-50 nm). These unique materials exhibit extremely low densities
(0.003 to 0.15 kg/m°>), high porosities (up to 99 %), and specific surface
areas reaching up to 1000 m?/g. These attributes can contribute to low
thermal conductivities [1,2]. Consequently, aerogels have attracted
significant research interest over the past decade, being used in a wide
array of applications, including catalysts [3], thermal and acoustic
insulation [4], pharmaceutical carriers [5], adsorption and absorption
matrices, and medical applications [6]. Due to their innovative poten-
tial, aerogels were recognized by the IUPAC as one of the top 10
emerging technologies in 2022 [7].

Aerogel synthesis typically involves a three-step process: 1) gel for-
mation in an aqueous solution, involving either a chemical reaction or
physical crosslinking; 2) solvent exchange, wherein water is replaced by
an organic solvent such as ethanol; 3) supercritical drying and 4)
depressurization. Fig. 1 Shows the schematic production of gel particles
in packed beds.

During the drying phase, the extraction of the organic solvent using
supercritical CO, takes place at pressures of 120 to 140 bar and tem-
peratures exceeding 40 °C [8]. This process is fundamentally akin to the
well-known supercritical fluid extraction (SFE) of valuable substances
from solid materials, such as natural oils and aromatic compounds
[9,10]. In aerogel production, supercritical CO5 is employed to extract
residual ethanol from the pore structure of the alcogel. The supercritical
state of the COz-ethanol mixture prevents the formation of phase
boundaries, thereby eliminating capillary forces that could otherwise
damage the mesoporous structure [2,11]. Upon depressurization and
opening of the autoclave, the CO2 within the pores is replaced by air,
yielding the final aerogel product.

Aerogels can be fabricated in various forms, including monoliths,
plates, and particles. Spherical particles exhibit several advantages over
other geometries, including improved handling, enhanced trans-
portability, and reduced processing times due to diminished diffusion
limitations. While the drying of millimeter-sized individual particles
occurs within minutes, monoliths or plates require several hours
[12,13]. This is one of the reasons why current industrial practices
usually favor batch-wise supercritical drying of particle packed beds
using COz. Due to the substantial growth of possible applications over
the last decade [11,14,15], there is a growing global demand for aero-
gels, particularly in particle and powder forms.

Aerogel production of gel-particles in packed beds:

Solvent
exchange

Sol Hydrogel

Alcogel

To scale up the process in particle packed beds, it is crucial to in-
crease the volume of the solvent exchange vessel and autoclave. This
adjustment aims to achieve a higher yield per batch while simulta-
neously reducing production costs. A critical aspect of this optimization
is the implementation of a higher length-to-diameter (L/D) ratio in the
autoclave design, which minimizes both the spatial footprint and pro-
duction/equipment costs. However, this design introduces several
challenges, particularly concerning the (mechanical) forces acting on
packed beds, which can lead to deformation and densification of the
particles within the bed, creating significant operational issues. The
forces contributing to these challenges arise predominantly during the
solvent exchange and supercritical drying and can be categorized as
follows: a) hydrodynamic forces, induced by fluid flow and the corre-
sponding pressure drop within the bed; b) gravitational forces, the
weight of the particles, particularly pronounced in the lower section of
the packed bed; c) wall friction. The resulting mechanical load often
leads to the partial destruction of the macroscopic particle shape. At the
same time, changes in the microstructure can occur, as indicated by a
shift of the pore size distribution to smaller pores [16,17]. These changes
can influence the mass and heat transport properties of the gels. Under
controlled conditions, this can offer advantages such as reduced thermal
conductivity or increased transparency [17,18]. However, the correla-
tion between particle deformation and microstructure has not yet been
investigated in the context of aerogels in particle beds.

To address a part of this gap, the present study focuses on the
deformation mechanisms occurring during the batchwise production of
particle packed beds for aerogels — a topic that has not been explored in
depth. For simplification, this study concentrates exclusively on the
behavior of aerogels under static conditions (without the influence of
liquids such as ethanol or water). To replicate the external forces acting
on aerogel particles, uniaxial compaction tests are performed. Although
there are already several studies on the mechanical properties of
biopolymer aerogels, these have so far focused exclusively on aerogel
monoliths, for example, those based on cellulose or alginate [19-21].
Therefore, this work aims to investigate and model the mechanical
response of biopolymer aerogel particles under load via DEM-BPM
simulations to gain a deeper understanding of the underlying mecha-
nisms. This study focuses exclusively on biopolymer aerogels, which
offer several advantages compared to conventional silica aerogels. These
include the production from renewable, biodegradable raw materials (e.
g., cellulose, chitosan, alginate), as well as non-toxicity and biocom-
patibility, enabling their use in medical and food applications. In addi-
tion, biopolymer aerogels exhibit enhanced mechanical stability, a
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Fig. 1. Production process of aerogels, the different colors represent the variation of solvents: 1) water (blue), 2) ethanol (purple), 3) CO, (green), and 4) air (white).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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critical factor for scaling up the production processes [14]. The frame-
work of the work is illustrated in Fig. 2. A video showing the process of a
packed bed compression at the Texture Analyzer is provided in the
Supporting Information: (See Fig. S1.)

The initial phase of this study focuses on analyzing the compaction
behavior of individual alginate aerogel particles, serving as a calibration
step for DEM-BPM simulations. Subsequently, the study examines the
behavior of these particles within packed beds containing 100 to 150
particles, a scale that is computationally feasible for the simulations.

A DEM-BPM-based model used for examining the mechanical
behavior of aerogels has been proposed by Dosta et al. [21]. The Bonded-
Particle Method (BPM) has been formulated as an extension of the
discrete element method (DEM) for the modeling of granular materials
[22]. A material modeled by the BPM is depicted as a collection of
discrete primary particles interconnected by solid or liquid bonds. Each
bond links two primary particles, and depending on the relative motion
of the connected particles, forces and moments arise within the bond.
These forces and moments ultimately act on primary particles, resulting
in their translational and rotational motion. At each time step, supple-
mentary breakage criteria are evaluated. Upon fulfilling any criterion,
the bond is destroyed and eliminated from the simulation domain. In
recent years, BPM has been extensively utilized for modeling various
materials, including glass agglomerates, concrete [23,24], sandstone
[25], and porcelain [26]. The proposed model includes three primary
components: the structural model to depict the internal material archi-
tecture, the functional model to elucidate the mechanical behavior of
individual components, and the model parameters that must be cali-
brated to the experimental data.

The elasto-plastic Bonded Particle Model (BPM) from Dosta et al.
[21] successfully replicated the macro-scale mechanical behavior of the
studied aerogel monoliths with varying crosslinking degrees, demon-
strating only moderate deviations. This highlights the potential of the
developed DEM-BPM model to effectively simulate aerogel particles
with high efficiency, providing valuable insights into the underlying
mechanisms. Our work is grounded in this research. In our study, we
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refine the model by incorporating experimental observations and
applying it to single particles and particle beds, enabling a more accu-
rate representation of their mechanical behavior and providing deeper
insights into the deformation mechanisms that arise during the batch-
wise production of particle-packed aerogel beds—a topic that remains
underexplored in the literature.

2. Materials and method
2.1. Experiments

2.1.1. Sample preparation

The production of aerogels begins with the preparation of an
aqueous biopolymer solution using alginate (IFF Division Pharma So-
lutions) with a G/M ratio of 0.57 and a concentration of 2 wt%. The
gelation of this solution was carried out by using the dripping method to
achieve particles of approximately 3 mm [27]. The dripping process
involved extruding the biopolymer solution through a syringe (referred
to as a “spider”) equipped with blunt needles at the outlet with an inner
diameter of 0.26 mm. The aqueous alginate solution was dropwise
added into a 2 wt% CaClz aqueous solution (Carl Roth GmbH & Co. KG)
under continuous stirring at a distance of 12 cm. As a result, spherical
hydrogel particles were obtained and subjected overnight in the CaCly
solution to ensure complete gelation. The particles are then counted
manually 3 times in the hydrogel state for the packed bed analyses and
the average weight is determined. The corresponding weights for 100,
125 and 150 particles are used as reference weights for the remaining 17
samples. Subsequently, the hydrogels undergo a direct solvent exchange
with 99.9 wt% anhydrous ethanol (EtOH, Carl Roth GmbH & Co. KG) at
room temperature. This procedure was repeated until the ethanol con-
centration reached at least 97 wt% for the resulting alcogels, as
confirmed by density measurements (Anton Paar, DMA 4500 M). To
prevent any deformation prior to analysis in the Texture Analyzer, the
direct solvent exchange was carried out in filter paper bags containing
the particles. The process of supercritical drying (extraction of ethanol

Uniaxial Compaction Tests

Fast analysis Slow analysis

100 particles

125 and 150 particles

Material Parameters Bond Model Interaction & Bond Mechanical behavior
Calibration Validation Parameters Calibration Characterisation
| Nl L | |
1 DEM-BPM Simulations 1
Time [s]: 0.2 Time [s]: 0.6 Time [s] 1.0 Time [s]: 3.5
Bond compressive stress [MPa] Bond compressive stress [MPa] Bond compressive stress [MPa] Bond compressive stress [MPa]
0.1 0.1 0.1 0.1
0.075 0.075 0.075 0075
0.05 0.05 0.05 0.05
0.025 0.025 0.025 0.025
0 0 0 0

L
X

| A
X

Fig. 2. Framework of the developed study.
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with supercritical CO,) was conducted in a 4 L autoclave under the
operating conditions of 120 bar and 60 °C for a total duration of 120
min. The autoclave was filled with alcogel particles sealed in filter bags
to prevent initial deformation. Supercritical CO was continuously
added to the autoclave with a constant flow rate of 350 g/min. After the
depressurization (2 bar min™!), all aerogel particles were collected and
stored in sealed cups in a desiccator prior to analysis.

2.1.2. Characterization of aerogels

The diameter and circularity of the aerogel particles were established
through image analysis of five distinct photos containing 10 aerogels
and a ruler, using ImageJ for the process.

The solid bulk density was determined using sample volumes of 11.5
cm?®. The mass of each sample was measured with high precision using
an analytical scale (Excellence Plus XP, Mettler Toledo), ensuring ac-
curate and reliable density evaluation.

Scanning electron microscopy (SEM, Zeiss Supra VP55, Jena, Ger-
many) was used to characterize the inner pore structure of aerogel
particles. In order to analyze the interior of the particles, the sample was
first cut in half, after which small pieces were taken from the center. All
samples were sputtered with a 6 mm thin layer of gold (Sputter Coater
SCD 050, BAL-TEC). The SEM picture was taken under a high vacuum
using an Inlens detector (accelerating voltage = 3 kV, magnification =
50,000, and working distance = 5.8 mm).

The mass specific surface area (Sy,), mesopore size distribution, mean
pore diameter (dp mean), and mesopore volume (Vieso) of aerogel par-
ticles were determined via low-temperature N2 adsorption-desorption
analysis (Nova 3000e Surface Area Analyzer, Quantachrome In-
struments). A sample weight of approx. 20 mg was used in each case and
degassed under vacuum (60 °C and 6 h) prior to the measurement. All
determinations were carried out in triplicate. While the BJH (Barrett-
Joyner-Halenda) method was used to determine Vipeso and dp mean, the
specific surface area Sy, was calculated based on the BET (Brunauer-
Emmett-Teller) method. The corresponding BET-plots, isotherms with
Type IV hysteresis according to the IUPAC classification [30], and pore
size distributions of all three measurements are displayed in Fig. S1.

PowerPoint 2016 was used to optimize the brightness and contrast of
the SEM images and photographs.

All mechanical experiments were performed as uniaxial compactions
using a Texture Analyzer device (Stable Micro Systems Ltd., Surrey,
United Kingdom). A video illustrating the compaction measurements is
provided in S2. The device offers a force resolution of 0.1 g and a
displacement resolution of 0.001 mm. The experiments included both
individual particles and particle beds containing 100, 125, and 150
particles. For single-particle investigations, the probe velocity was set to
0.3 mm/s and 3 mm/s to evaluate the model’s ability to replicate the
mechanical behavior of aerogels under varying compaction velocities.
Particle bed experiments were conducted at a probe velocity of 3 mm/s.
The stopping conditions were defined as reaching a force of 100 N for
single particles and 500 N for packed beds. A trigger value of 0 N was
defined to indicate the initiation of the measurement. To precisely
identify the actual starting point of the compression measurement, a
Python script was used to calculate the running average of the recorded
force values. The script detected the moment at which a continuous
increase in force occurred, and all data points recorded prior to this
point were excluded from further analysis. Each compaction analysis
setting was repeated 20 times to ensure statistically significant results.
While the analysis of the individual particles is limited to the force-
displacement curve due to the geometric conditions (constantly chang-
ing contact surface of probe and gel sphere), the strain-stress curves
were calculated for the packed beds.

2.2. Numerical background

In the BPM, aerogels are represented as agglomerates formed by
small, ideally spherical primary particles interconnected by solid bonds.
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The bonds are modeled as massless cylindrical entities capable of
transmitting forces and moments. In the general formulation of BPM,
particles may interact when in direct contact and through the bonds that
connect them. Both interactions are evaluated independently and may
occur simultaneously between the same pair of particles. However, in
this work, the interaction scheme is modified so that particle-particle
contact forces are not calculated between primary particles directly
connected by a bond. This modification is intended to provide a more
realistic representation of the nonlinear elasto-plastic mechanical
behavior of the aerogel bodies. After the bond breakage, the corre-
sponding particles can reengage into direct contact, and the associated
contact forces are calculated as usual. All interactions between particles
not directly connected by bonds are treated according to the selected
contact force models.

The BPM serves as a mathematical framework designed to depict
real-world entities and simulate their behaviors. The model can be
divided into three main components:

- structural model: encompassing spatial material distribution, po-
sitions and radii of primary particles, and the connections between
them, including bond radii;

- functional model: detailing the functional dependencies that
describe the forces and moments acting within the bonds and among
primary particles;

- model parameters: including calibrated parameters that charac-
terize plasticity, softening, and related aspects.

All simulations have been performed in the DEM modeling frame-
work MUSEN [39].

2.2.1. Structural model

The structural model is generated in two consequent stages,
including the creation of primary particles and solid bonds. In the first
stage, a packing of primary particles is created using a force-biased al-
gorithm. A generation domain is a sphere whose size is determined
through image analysis of the aerogels. First, particles are placed
randomly within the domain, and then, according to the calculated
repelling forces, they are iteratively moved to avoid interparticle over-
laps. The radius of all primary particles is 152.5 pm. In the second stage,
bonds are generated between all pairs of particles whose surface dis-
tances range from —0.1 (overlapping) to 50 pm. All bonds have the same
radius of 122.5 pm.

Before the primary analysis, the particle and bond radii and the
maximum bond lengths were systematically varied by 0.1 pm within the
agglomerate to evaluate their influence on the mechanical properties of
the aerogels. These analyses showed that while the bond distribution
affects the overall mechanical response, the differences in the uniaxial
compression test results between different bond configurations were
relatively small at the strain levels considered in our study. The values
that exhibited the highest agreement with the experiments for the in-
dividual aerogels were used for the subsequent analysis of the aerogels
packed beds.

The structural model for the BPM simulations was constructed based
on pCT measurements obtained from previous work carried out by Dosta
et al. [21] that also analyzed biopolymer aerogels containing 2 wt%
alginate concentration. The authors demonstrated that cylindrical aer-
ogel samples exhibit a slightly heterogeneous radial porosity distribu-
tion, as revealed by pCT imaging. However, we assumed a homogeneous
porosity distribution for our simulations to simplify the model and
obtain feasible simulation times. It is important to emphasize that aer-
ogels’ real microstructure, consisting of a fibrillar network with fibers in
the order of magnitude of 10 nm (as also observed in Section 3.2),
cannot be directly replicated using the BPM due to its inherent limita-
tions. To address this, we represented the aerogel’s foamed-like struc-
ture as an assembly of small primary particles interconnected by bonds.
This approach maximizes the number of bonds while maintaining
computational feasibility for the simulation analysis of packed beds.
Although this simplified representation does not fully capture the fine-
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scale microstructure, it is supported by experimental observations and
offers a reasonable approximation of the aerogel’s mechanical behavior
under uniaxial compression. Additionally, it should be noted that the
objective of this study is not to simulate the mechanical response of
biopolymer gels at the microstructural level, which has already been
comprehensively addressed in previous works [20,28,29]. Rather, the
focus lies on investigating the macroscale mechanical behavior and
characteristics in aerogel particle packed beds. The generated insights
are intended to provide a basis for the systematic scale-up of the process
to application-relevant production scales in future studies.

For the bed simulation, 100, 125, and 150 agglomerates were
randomly placed in a steel mold with a 5 cm diameter and 2.5 cm height,
ensuring no overlaps between agglomerates. After that, the generated
agglomerates were set to fall, forming different compacted beds. To
simplify the consequent fitting procedure, the bond model for these
generation and settling stages was adjusted so that no breakage or
plastic deformation could occur in bonds, making the agglomerates
almost incompressible during these simulation stages. To assess the in-
fluence of agglomerate positioning during compaction, 10 distinct bed
configurations were generated for each bed size, resulting in 10 unique
beds for 100 agglomerates, 10 for 125 agglomerates, and 10 for 150
agglomerates.

2.2.2. Functional model

The contacts between particles, as well as between the particles and
the rigid walls, were described by the Hertz-Mindlin model, a method
extensively referenced in the literature and also applied by Dosta et al.
[21,24,26]. The model considers the normal F , pp and tangential ?t,pp
components of the force (Eq. (1)). The normal component (Eq. (2)) is
represented by the Hertz model (Eq. (3)) [31] supplemented by an
additional damping force proposed by Tsuji et al. (Eq. (4)) [32]:

— — —
Fpp = Fn.pp + Ft,pp-, (l)
— — —

Fn.pp = Fn.spring + Fn,damping- (2)
— 2

Fn.spring = _gknén?nv (3)
Fn.damping = -2 ga Y reln knm Tn. (4)

Here, k, is the particle stiffness in the normal direction (Eq. (5)); &, is
the overlap of particles in a normal direction; 7, is the normalized
contact vector between the centers of the particles ?1 and ?2 (Eq. (6));
V el is the relative velocity of particles in a normal direction; m” is the
equivalent particle mass. The restitution coefficient between two par-
ticles is given by C,, resulting in an « coefficient calculated as shown in
Eq. (7):

k, = 2E"\/E,1", 5)

— F)l _?2

=175 =S (6)

7, =)
In(C,)

= %)
72+ In*(C,)

where E" is the equivalent Young’s modulus of particles, and r" is the
equivalent particle radius.

Similarly, the total force in the tangential direction F, pp is calculated
by Eq. (8) [33], considering the slipping condition:
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— — — —
FLspn'ng + Ft.damp'mg ) F[,Spn'ng S .Msliding Fn.pp
—
F tpp = - ; (8)
— Fn,pp — —
F ¢ springMsiiging—=——+ | F t,spring| > ﬂsliding‘ Fopp
tspring
— —
Ft‘spring = kt é‘: ty (9)
= S s
Ft,damping =-2 gavrel,t ktm (10)

where pg;4n, 18 the sliding friction coefficient; k. is the particle stiffness in

the tangential direction (Eq. (11)); V,el‘t is the relative velocity of the
particles in the tangential direction:

k. =8G V&, an

Here, G is the equivalent shear modulus. The tangential overlap ?t
in the current step is calculated iteratively considering its previous value
?[ prev (E@s. (12) and (13)). The tangential overlap to be applied in the

A
following iteration ?:m;v, is transformed depending on the slipping
condition (Eq. (14)):

—
- ¢ tprev
f [ Vrel‘tAt"F ? ‘?| 5 (12)
— —
7 = § tprev — 7>n <?n L4 5 t.prev) ; (13)
— — —
f t b Ft.spring S ”sliding Fn‘pp
—t+At
tprev — ? 14)
— -
% 3| F eopring| > P‘sliding' Fopp

Here, At is the simulation time step.
For the calculation of rotational moments, the rotational velocity of
particles @ and the coefficient of the rolling friction Hroliing 18 considered:

— — —

My, = T X Foppr+1, 15)
- 7]

T = — Prolting’| F n spring ﬁv (16

where r is the particle radius, and 7 is the rolling torque.

The bond model proposed by Dosta et al. [21] was applied. The
model was derived using a linear elastic beam model to calculate the
tangential forces and moments. In contrast, the normal force was
determined by accounting for the elasto-plastic behavior of the material.
Separate methods were applied to handle tension and compaction dur-
ing the calculations. Fig. 3 illustrates the schematic stress-strain curves
for a single bond under various loading conditions according to the
model by Dosta et al. [21]:

The model starts as a classical linear elastic beam with stiffness
defined as follows:

EA
s
b

17)
Ep

ko = 20,(1 — )

18

Here, [, is the initial length of the bond, A, is its cross-sectional area
and v, is the Poisson’s ratio of the bonds. When the bond breaks at the
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compressive yield strain ¢, the normal force gradually decreases by
Pk, p, until it reaches zero. The bond remains in the simulation but is
regarded as quasi-broken after this point. The plastic deformation of the
bond occurs with additional compaction. However, according to the
particle-particle interaction model, the bonded particles can still trans-
mit forces if they come into contact.

Tensile stress acts on the bond when it undergoes tensile loading
once more, implying interlocking within the structure. The stiffness of
the bond in this tensile regime is aky,;, meaning that unloading instantly
produces a tensile force.

In the simulation analysis, the preliminary investigation focused on
the uniaxial compaction of a single aerogel at a piston speed of 3 mm/s.
As a starting point, the values proposed by Dosta et al. [21] for the model
parameters and functional model for primary particles were applied
according to Table 1. To find suitable Young’s moduli for the primary
particles and bonds, their values were incrementally modified by 50 kPa,
starting from 100 kPa. The results between experiments and simulations
were compared using the R? value. The obtained values for the material
properties were then used in the analysis with slower piston velocity for
validation.

The obtained values of the Young’s moduli were then applied to
simulate the packed beds. In order to find the suitable particle and bond
model parameters while minimizing the simulation time, automatic
optimization of the simulation values was applied using the developed
coupling between MATLAB [34] and the MUSEN framework. The force-
displacement curves generated from the simulations were compared to
the experiments, and the resulting R? value was used as an input for the
nonlinear programming solver fminsearch, which is based on a simple
search method proposed by Lagarias et al. [35] that presented reduced
simulation times in previous investigations [36].

The packed beds consisting of 100, 125, and 150 particles exhibited
average heights of 13.77 mm, 15.87 mm, and 17.97 mm, respectively,
reflecting the differing particle counts. To achieve a consistent strain
deformation of 90 % across all beds, the required model times were 4.8 s,
5.4 s, and 6.0 s, respectively. The simulation time step varied according
to Young’s modulus rather than fixed at the smallest acceptable value to
improve the efficiency of the simulations. Once the best agreement was
achieved, a convergence analysis was performed to determine the
appropriate time step.

The average computational time for a single uniaxial compaction
simulation of the alginate aerogels particle packed bed samples con-
sisting of 100 particles (69,000 primary particles and 265,000 bonds)
was approximately 1 h on a computer with Intel Xeon Gold 5118 CPU
and NVIDIA Quadro GV100 GPU. For the beds of 125 particles (86,250

£
5l
g
= failure
= (bond breakage)
akyp Ey Kn,p
B kn,b kn,b
breakage plastic elastic range
failure

Fig. 3. Schematic stress-strain curve for a solid bond subjected to normal
loading according to the bond model by Dosta et al. [21].
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primary particles and 331,875 bonds) and 150 particles (102,120 pri-
mary particles and 392,940 bonds), the simulation times increased to
6.1 h and 8.5 h, accordingly, with the same applied computer.

3. Results and discussion

To investigate the mechanical properties of alginate aerogels both as
individual particles and within packed beds, uniaxial compaction ex-
periments were conducted, complemented by DEM-BPM simulations
(schematics shown in Fig. 2). In the first part of this study, the textural
and physical properties of the alginate aerogel particles were analyzed
(section 3.1), while in the second part, these samples were utilized for
the calibration and validation of the DEM-BPM simulations (section
3.2).

3.1. Properties of the alginate aerogel particles

The alginate-based aerogel particles investigated in this study are
shown in Fig. 4a. They are colorless, have a circularity of 0.96 + 0.02
and an average particle diameter of 3.28 & 0.01 mm. The corresponding
cumulative (Qg) and narrow density distributions (qg) of 50 aerogel
particles show that particles are highly uniform (Fig. 3b). The corre-
sponding median particle size (Dso) is 3.26 mm, and overall sizes vary
only slightly within a 3.13 to 3.44 mm range. The bulk density of the
particle beds was determined to be 0.047 + 0.005 g/cm?>.

Microstructural characterization via nitrogen physisorption yielded
typical type IV isotherms (H3 shape, see Fig. S1 b), which verify the
mesoporous nature of the produced aerogels and point toward the
additional presence of macropores [30]. The specific surface area of 352
+ 16 m?/g (estimated on linear BET plot, see Fig. S1 a) was within the
typical range for alginate aerogels (~ 350 to 570 m2/g) [37-40]. This
also accounts for the mesopore volume (1.67 + 0.49 cms/g) and mean
pore diameter (14.14 + 6.18 nm) (derived from pore size distributions,
see Fig. S1 c), which were in the expected range, even though the mean
pore diameter is on the lower end [38,39].

Fig. 4c shows the obtained SEM image of the corresponding inner
aerogel microstructure (magnification = 50,000x). Results from nitro-
gen physisorption are confirmed by SEM images of the inner pore
structure, which show an open meso- to macroporous fibrillar structure,
which is typical for biopolymer aerogels.

The mechanical behavior of aerogel particles was investigated via
uniaxial compaction tests (20 repetitions for each experiment). The
averaged data is displayed in Fig. 4d, the individual measurements can
be seen in Fig. S2. The experiments were performed with two distinct
compaction velocities of the probe and a stopping condition of 100 N.
The lines in Fig. 4 b and d are drawn to guide the eye, and the hatched
areas represent the standard deviation of the average data.

Strain-stress curves of biopolymer aerogels are typically divided into
three main regions: I) a linear range, II) a plateau characterized by pore
collapse, and III) a range of further densification [19,20]. However, due
to the changing contact area between the gel particle and the probe
during compaction, only force-displacement curves, rather than stress-

Table 1
Model and material parameters for single aerogel simulations applied as starting
point, based on Dosta et al. [21].

Bond model parameters

Compressive yield strain (g,) [%] 3.52
Plastic failure (5) [—] -0.3
Interlocking stiffness factor (a)[—] 30

Material parameters

Poisson ratio [—] 0.2
Friction coefficient [—] 0.1
Rolling friction [—] 0.05
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strain curves, can be obtained for individual particle experiments.
Despite this limitation, distinct phases were identified in the case of
alginate aerogel particles investigated in this study. However, the
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compared to monolithic samples, as noted in the study by Dosta et al.
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up to 5-8 % strain for biopolymer aerogel monolith, while for the par-
ticles investigated in this study, no precise distinction can be made be-
tween the linear phase and the plateau [20 — 22]. Nevertheless, the third
phase is categorized based on a linear fit through the first two phases,
and a decreasing R? below 0.999 is defined as the criterion for identi-
fication. At this point, the phase of network densification begins (R? =
0.9977 for 0.3 mm/s and R? = 0.9982 for 3 mm/s).

It is evident that increasing the compaction velocity from 0.3 mm/s
by a factor of 10 results in an increase in the compressive strength of the
aerogel particles. This behavior is likely due to the reduced relaxation
time of the biopolymer network at higher velocities, limiting its ability
to respond to applied forces from the probe.

3.2. Simulation characterization and aerogel packed bed compaction

The first part of the simulation analysis investigates the compaction
behavior of individual alginate aerogel particles, serving as a calibration
step for DEM-BPM simulations. Following this, the study explores the
behavior of these particles in packed beds of 100 to 150 aerogel
particles.

3.2.1. Simulation of single aerogel compaction

In the subsequent part of this study, the single-particle compaction
tests serve as the calibration foundation for the DEM-BPM simulations.
Fig. 5a and Fig. 5b show the comparison of experiments and simulations
with the best agreement for the uniaxial compaction of single aerogels at
3 mm/s and 0.3 mm/s, respectively.

The uniaxial compaction experiments at 3 mm/s showed the highest
agreement with the simulations, with an R? value of 0.95. The error bars
in the simulations represent the standard deviation calculated from the
results of the 10 independently generated packed bed configurations for
each particle count. This accounts for the variability in initial packing
structures and their influence on the compaction behavior. The material
and simulation parameters used to achieve this agreement are listed in
Table 2.

Applying these parameters for simulating uniaxial compaction at 0.3
mm/s resulted in an R? value of 0.93. The strong agreement observed in
both simulation cases confirms the validity of the proposed bond model
for describing the mechanical behavior of aerogels, both as monoliths
(observed by Dosta et al. [21]) and as particles. The simulation time step
was set to 5e~% s based on a previous analysis of convergence and a
recommended time step provided by MUSEN [41].

When comparing the compaction force levels achieved at varying
piston velocities, it was observed that faster compaction of aerogel
particles resulted in higher force levels. This behavior can be attributed
to the shorter relaxation time of the gel structures at higher velocities.
The rapid application of force allows the gel structure to absorb more
energy before plastic deformation or failure occurs, resulting in a stiffer
response. Regarding the simulation, the absence of particle-particle in-
teractions for pairs of particles directly connected by bonds in single-
particle compaction ensures that the observed behavior reflects the
material’s inherent strain rate sensitivity rather than being influenced

Table 2
Bond model parameters and material parameters for single particle compaction.

Bond model parameters

Compressive yield strain (g,) [%] 3.52
Plastic failure (5) [—] -0.9
Interlocking stiffness factor (a) [—] 30

Material parameters

Poisson ratio [—] 0.2
Friction coefficient [—] 0.4
Rolling friction [—] 0.2
Bond Young’s Modulus [MPa] 4.00
Particle Young’s Modulus [MPa] 5.00
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by inter-particle forces. Consequently, the model parameters for the
simulation, particularly the interlocking stiffness factor, play a crucial
role in capturing this strain rate sensitivity and accurately simulating the
mechanical response.

The greatest discrepancies between experiments and simulations
occur at higher deformation levels, which can be attributed to the lim-
itations inherent in the simulation assumptions. Key assumptions
include the lack of deformability of the primary particles. Additionally,
aerogels often exhibit nonlinear mechanical behaviors at higher defor-
mation levels, such as plastic deformation or structural collapse, which
are challenging to fully replicate in simulations, particularly when the
model assumes simplified material properties like a constant Young’s
modulus [21,42]. The calibrated Young’s modulus values of the bonds
and particles obtained in this initial analysis were used to simulate the
aerogel beds.

Fig. 6 illustrates the stress distribution within the bonds of a single
aerogel particle and how it evolves with piston displacement.

The data presented in the matrices represents the evolution of bond
counts over time under different applied stress levels. At time t = 0,
bonds are first only present at the lowest stress level at both compaction
velocities; bonds are absent at all other stress levels. As time passes,
bonds progressively move to higher stress levels during the compaction
with slower prove velocity, suggesting a regulated deformation and
stress redistribution process. For a probe velocity of 0.3 mm/s, the bond
count gradually declines as tension rises, indicating a steady yet slow
bond breaking under increased stress. The nonlinear mechanical
response of this process is probably caused by differences in material
behavior or local stress concentrations. The bond counts gradually level
off at lower numbers, indicating a shift. As plastic deformation ad-
vances, the bond counts gradually settle at lower levels, indicating a
shift toward structural breakdown or a steady-state situation. A small
portion of the material can sustain tremendous loads before failing
completely, as seen by the occurrence of distributed low bond counts at
high stresses.

In comparison, a very distinct pattern can be observed during
compaction at a probe velocity of 3 mm/s. The bond count declines
dramatically within the first fraction of piston displacement, with bonds
breaking down quickly at all stress levels. By 0.06 mm piston displace-
ments, the bond count has already dropped significantly, and by 2.5
mm, it has reached zero, indicating that the material has experienced
quick and severe bond breakage. This implies that quick compaction
uses a considerably larger energy or force in a shorter time period,
resulting in an accelerated deformation process. The quick decrease in
bond count indicates that the material encounters broad stress concen-
trations and bond failure practically immediately, providing little op-
portunity for stress redistribution or structural adjustment. The absence
of bonds at later time periods suggests that the material experienced
total structural breakdown significantly earlier than in the compaction
with slower probe velocity. As a result, whereas both compaction ana-
lyses begin with an identical starting bond distribution, their reactions
to stress and deformation are significantly different.

Slow compaction exhibits a gradual, controlled process with a
nonlinear mechanical response, leading to a more stable but eventual
structural failure. On the other hand, fast compaction results in rapid
and widespread bond breakage, leading to almost immediate structural
failure. These distinctions highlight the trade-off between stability and
speed in compaction processes, with slow compaction promoting
controlled deformation and quick compaction prioritizing rapid mate-
rial consolidation at the expense of structural integrity. This analysis is
also evident in the maximum agglomerate deformability for both probe
velocities compaction (Fig. 7a and Fig. 7b). These findings are also
consistent with experimental results where higher particle strength was
observed at higher compression rates.

3.2.2. Simulation of packed aerogel bed compaction
Fig. 8 shows the comparison between experiments and optimized
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simulations for the compaction of alginate aerogels bed of 100, 125, and
150 particles, respectively:

A strong correlation was observed for all particle beds, with R?
values of 0.97, 0.94, and 0.93 for the beds containing 100, 125, and 150
particles, respectively. The optimized values utilized for the simulations
can be seen in Table 3:

A higher interlocking stiffness factor is observed, which can be
attributed to the more complex and diverse interactions of aerogels with
multiple neighboring particles. These interactions create greater resis-
tance to deformation, reflected as increased interlocking stiffness in the
model. In packed beds, the applied load is shared among multiple ag-
glomerates and their bonds, enhancing the system’s overall stiffness as
bonds work collectively to resist deformation more effectively than in
single-particle systems [43]. Furthermore, the packed configuration
introduces constraints due to the surrounding particles, limiting the
ability of individual particles to deform freely and resulting in an
apparent increase in stiffness. Higher friction values are also noted,
which aligns with expectations since packed beds exhibit additional
contact forces and friction between agglomerates that are not present in
single-agglomerate simulations [44,45]. These additional forces further

resist movement, contributing to the elevated interlocking stiffness
factor.

The simulation typically converged after an average of 40 iterations.
As a result, the optimization analysis for the 100-particle bed required
approximately 52.6 h on average. The optimized parameters shown in
Table 3 were then utilized to simulate beds of different sizes to reduce
computational time. This proposed optimization methodology for DEM
model parameters proves to be more efficient than the traditional trial-
and-error approach commonly used for calibration, which is often time-
intensive, sometimes reaching months [46]. In this context, MUSEN
[41] stands out as an appealing tool for DEM simulation due to its high
computational efficiency, which is achieved through GPU support,
parallel computing capabilities, and the ability to integrate with external
software packages, thereby streamlining the optimization process.

Comparatively, the deviations observed between different experi-
mental trials for each bed size are significantly smaller than those among
the various simulated agglomerate configurations. In the experimental
setup, the packed bed height for 100 aerogels ranged from 9.2 mm to
11.8 mm, with a standard deviation of 0.6 mm, highlighting consider-
able variability in the initial packing structure. For the 125-particle bed,
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Table 3
Optimized values of bond model parameters and material parameters for the
simulation of aerogel beds.

Bond model parameters

Compressive yield strain (e,) [%] 3.52
Plastic failure (5) [—] -1
Interlocking stiffness factor (a) [—] 35
Material parameters

Poisson ratio [—] 0.2
Friction coefficient [—] 0.5
Rolling friction [—] 0.045
Bond Young’s Modulus [MPa] 4.00
Particle Young’s Modulus [MPa] 5.00

these values are from 13.0 mm to 15.4 mm, with a similar standard
deviation of 0.6 mm. The 150-particle bed exhibited a range of 14.4 mm
to 16.8 mm, with a slightly higher standard deviation of 0.9 mm. This
variability results from natural differences in particle arrangements and
procedural inconsistencies during bed preparation. Therefore, the initial
height of the packings were used to calculate the strain from the raw
displacement data (Fig. 8c). The varying packing height therefore has
only a minor influence on the presented experimental data (force-dis-
tance curve for 150 particles is given in Fig. S4). Given that the aerogel
particles under analysis are biopolymer-based, the variability of the
biopolymer composition and the variations during production such as
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the particle size also affect the batch-to-batch reproducibility of the
experimental results. These variations lead to higher deviations
compared to single batch replicates as shown in Fig. 8. To emphasize
these deviations, two distinct batches of 150 particles in a packed bed
under uniaxial compression (with 20 repetitions) are compared and
shown in Fig. S5.

In contrast, the numerical simulations assumed incompressible ag-
glomerates during the generation and settling phases with no breakage
or plastic deformation allowed. This assumption was made to reduce
computational complexity, avoid introducing plastic deformation ef-
fects, and ensure structural stability, allowing the focus to remain on
tracking the deformability of the agglomerates during uniaxial
compaction. As a result, the simulated packed beds exhibited greater
uniformity compared to the experimental results. The simulated 100-
particle beds ranged from 13.2 mm to 13.7 mm, with a standard devi-
ation of 0.4 mm. Similarly, the 125-particle beds ranged from 18.4 mm
to 18.8 mm, with a standard deviation of 0.3 mm, and the 150-particle
beds ranged from 23.1 mm to 23.4 mm, with a standard deviation of 0.2
mm. This assumption of relative incompressibility of the agglomerates
may explain the underestimation of stresses in simulations at lower
strains since the modeled particles might have slightly lower internal
stresses during the initial compression stages than the experimental
samples.

On the other hand, at higher strains, the overestimation of stresses
can be explained by a combination of several mechanisms. One factor is
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the assumption that direct particle-particle contact forces are disabled
for particles directly connected by bonds. As the deformation progresses,
more initially distant particles come into contact. The breakage of the
bonds additionally contributes to this increase in the number of particle-
particle contacts. This increases the number of additional force trans-
mission paths, thereby amplifying the overall stress response. In parallel,
the incompressibility of the primary particles prevents local deformation
and energy dissipation, leading to an unrealistically stiff behavior at
large strains. Furthermore, as the strain increases, aerogels typically
undergo a collapse of their internal pore network, which is currently not
captured by the model. Microstructural deformations (e.g., slight plas-
ticity) and interparticle friction in real aerogels mitigate sharp force
fluctuations, stabilize force chains, and reduce abrupt variations in stress
transmission, acting as damping and energy dissipation mechanisms
[43,44,47].

Moreover, accounting for the initial deformability of aerogel parti-
cles during bed construction in experiments could explain why larger
particle counts result in greater deformation and, consequently, higher
discrepancies with the idealized simulations. In contrast, the numerical
model lacks these dissipation effects, making it more prone to oscilla-
tions and force fluctuations. This absence can amplify deviations in force
measurements between simulation runs, even under similar initial
conditions. As the number of aerogels in the packed bed increases, small
variations in local contact forces accumulate, leading to larger discrep-
ancies between simulations and experiments. In experiments, external
boundary conditions, interparticle adhesion, and friction naturally
regulate these variations, whereas in simulations, numerical discrep-
ancies propagate more freely as system size grows.

The most effective approach for simulating the scale-up process
would involve utilizing mesoscale simulations, such as FEM, to capture
the macroscopic behavior of the system. FEM is particularly well-suited
for modeling aerogels at the micro level, including the biopolymer
network and micromechanics. This macroscopic information could then
be transferred to the microscale to assess its influence on individual gel
particles, providing a comprehensive understanding of the interactions
and effects across scales. The highest discrepancy can be observed after
70 % strain deformation. Similarly, there is a higher variability among
the simulations of the beds with the same particle counts. These
observed variabilities can be attributed to many different factors.
Because of random initialization, every simulated packed bed has a
distinct particle arrangement, which causes changes in the distribution
of stress and the patterns of deformation as strain increases. Differences
between simulations become more noticeable at higher strain levels
because even slight variations in initial configurations or particle in-
teractions are amplified. Furthermore, increased deformation exacer-
bates localized effects that differ between beds and increase variability,
such as particle collapse or uneven load distribution [26].

The simulation framework may not adequately represent the more
intricate particle interactions that result from higher strain, such as
friction, rearrangement, or crushing. Similar to single particle analysis,
the aerogel particles may experience nonlinear mechanical behavior at
greater strains, including plastic deformation, densification, and struc-
tural collapse, all of which are challenging to simulate using simplistic
simulation models. The assumption of non-compressible primary parti-
cles is directly linked to the overestimation of the compaction stress of
the simulations compared to the experiments.

Considering the inherent heterogeneity in the alginate composition
and aerogels structure that results from their manufacture, a greater
deviation was anticipated when comparing the experiment runs. How-
ever, as evidenced by the average deviations of 14.7 %, 8.7 %, and 19.9
% for the 100, 125, and 150 particle beds, respectively, the large number
of aerogel particles in the bed statistically covers this compositional
variation. Notably, this variability is also effectively captured by the
simulations, demonstrating their ability to replicate the experimental
behavior.

Considering that even minor differences in single-particle properties
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can significantly impact the results, a greater deviation might have been
anticipated when comparing the experimental runs for packed beds.
However, as evidenced by the average deviations of 14.7 %, 8.7 %, and
19.9 % for the 100, 125, and 150 particle beds, respectively, the
experimental results demonstrate good homogeneity and reproduc-
ibility of the samples, likely due to the consistent production procedure
and uniform starting materials (see standard deviation in Fig. 4). While
the simulations capture this variability to some extent, the observed
deviations are influenced by model simplifications, such as the absence
of stickiness in the contact models and friction areas, which highlight
areas for potential optimization.

4. Conclusion

This study presents the first mechanical analysis of aerogel particles
in a packed bed. The alginate aerogel investigated is a highly open-
porous solid material with a specific surface area of 352 m?/g. The
particles (circularity of 0.96) exhibit a narrow size distribution with an
average diameter of 3.28 mm.

Given the growing demand for (bio)polymer aerogels, attributed to
their unique properties and diverse applications, it is necessary to scale
up the current state-of-the-art production processes in packed bed sys-
tems. However, such scaling introduces higher mechanical stress on the
particle bed. In order to replicate these forces, uniaxial compaction tests
were performed on individual particles as well as packed beds con-
taining 100, 125, and 150 particles, providing insights into the under-
lying deformation mechanisms.

The proposed DEM-BPM accurately reproduced and predicted the
mechanical behavior of alginate aerogels, demonstrating strong agree-
ment between simulations and experiments, with minor deviations (R?
> 0.93 for all cases). The discrepancies observed in packed bed simu-
lations at high compressive strengths can be attributed to the random
initial packing structure, localized stress redistributions, progressive
failure of bonds, incompressibility of the primary particles, and
increased influence of the particle-particle contacts, leading to varia-
tions in the compaction response. Moreover, the pre-deformation of the
agglomerates during the filling process—an aspect not explicitly
considered in this simulation—could further influence the compaction
behavior, particularly at lower strains. Future studies should incorporate
a more detailed characterization of agglomerate deformation prior to
compaction and introduce consideration of microstructural de-
formations and collapses, which may provide additional insights into
stress redistribution and mechanical stability during large-scale
processing.

Overall, this study highlights the potential of the DEM-BPM model
approach not only for the mechanical characterization of aerogels in
packed beds but also as a valuable tool to support the scale-up process of
aerogel production by predicting the deformation processes. Future
model enhancements could include particle-fluid interactions, enabling
the characterization of intermediate products such as hydrogels and
alcogels during aerogel manufacturing.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.powtec.2025.121048.
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