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Abstract: The processing and preparation of particulate products is an important process
in modern industry and science. The enormous potential for innovation in research and
development is due to the complex interactions of solids with their environment. The aim of
advanced particle production is to achieve high yields of narrowly distributed particle sizes,
shapes or material compositions that provide advantageous product specifications. The
integration of solid-liquid separation into these processes expands the process engineering
scope in terms of product quality and efficiency. Designing these processes to accommodate
a wide range of separation characteristics at small-particle-size scales is a major challenge.
Taking these aspects into account, the present work aims to improve a dynamic simulation
tool for tubular centrifuges that models the time- and space-dependent mass transport and
thus, for the first time, can predict separation outcomes when processing both single- and
multi-component systems. Utilizing an optical measurement technique, nanosuspension
properties can be measured in real time during separation to support model validation.
The simulation results align closely with experimental findings and offer plausible insights
when addressing multi-dimensional property distributions of non-spherical particles. This
study contributes to advanced modeling of separation experiments in tubular centrifuges
in real time, taking into account multiple particle properties such as material density and
particle form.

Keywords: solid-liquid separation; centrifugation; fractionation; multi-dimensional
particle properties; tubular centrifuge; process monitoring; UV /vis spectroscopy; surrogate
model; real-time simulation

1. Introduction

The processing and preparation of particulate products is an important process in mod-
ern industry and science. Nanotechnology in particular investigates physico-chemical and
biological systems from atomic to sub-micron size [1,2]. Through elaborate syntheses [3,4]
and mechanical formulations [5,6] in the liquid phase, it is possible to produce a wide range
of nanoparticles (NPs) in a controlled environment. Examples of potential applications
range from biomedical diagnostics and disease control [7], to organic semiconductors [8],
to the design of new materials [9,10]. The enormous potential for innovation in research and
development is due to the manifold interactions of nanoparticles with their environment.
In this regard, a large number of studies specifically characterize the relationships between
particle properties and the enhancement of desired product properties [11-16]. Therefore,
manufacturing processes are ideally designed to achieve high yields of desired, narrowly
distributed particle properties such as size, morphology, and material composition. Down-
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stream solid-liquid separation processes can be used to further optimize the properties of
the particles produced, increasing the flexibility to improve product quality.

However, the current state of separation technology often neglects this multi-
dimensional nature of real particle systems. Commonly, the separation process of a particle
collective is designed on the basis of a single feature (one-dimensional (1D)), e.g., an
equivalent particle diameter, and referred to as classification. Fractionation according to
multiple (multi-dimensional (2D, 3D, ...)) particle properties, on the other hand, occurs less
frequently and considers anisotropies in their geometric, interfacial or compositional fea-
tures. The main difficulty is the necessary understanding of the complex physical processes
that occur during separation. Concurrently, there is an increased demand for advanced
quantification methods and quality assurance. Extensions of existing processes to multiple
dimensions have not yet been comprehensively described and are therefore the subject of
topical research [17,18].

This work deals with the multi-dimensional fractionation of nanosuspensions by
applying a centrifugal force. The most common laboratory-scale apparatuses are batch
centrifuges, which accelerate containers and small cuvettes with volumes of a few milliliters.
Remarkable separation qualities in the nanometer range are achieved by the density gradi-
ent centrifugation method, which is extensively documented in the literature [19-21]. The
findings of these studies confirm that effective fractionation by size, density and shape is
feasible for a variety of materials. Drawbacks of such single-batch processes include small
yields, low throughput, challenging scalability, and the neglect of cost efficiency in favor of
high product quality and purity.

On larger scales and for semi-continuous processing, tubular centrifuges can be used.
Their typical design features a slim, cylindrical rotor mounted on at least one side. With this
design, high centrifugal accelerations of up to 80,000 g can be achieved with commercially
available machines. An incoming feed suspension is separated into a coarse fraction (sedi-
ment) and a fine fraction (centrate). A large number of studies document the advantages
of the generated centrifugal force in the classification and separation of very fine particles
(<1m) [22-25]. For this work, the term density fractionation defines a simultaneous sepa-
ration by particle size and density. Similarly, form fractionation evaluates the outcome of a
separation experiment based on additional geometric factors.

The major disadvantage of the apparatus is the semi-continuous mode of operation,
which requires a periodic removal of the formed sediment. During separation, the accu-
mulating solids reduce the cross-sectional area of the liquid, causing the suspension to
move at an increased velocity through a steadily decreasing pond volume. The altered
conditions directly affect separation efficiency over longer process times, preventing con-
sistent product qualities. In a preliminary work, Konrath et al. [26] present an online
measurement technique that monitors the centrate flow during the experiment via a scat-
tered light measurement. A regression model simultaneously translates the optical signals
into a solid concentration of the centrate, which in turn is used to evaluate the separation
efficiency in real time. The authors show that an adjustment of the rotor speed based on the
measurable real-time information leads to a consistent product quality. However, further
considerations indicate that the shown detection methods do not meet the requirements
of multi-dimensional fractionation. Recorded measurement data must necessarily contain
the information of several properties, so that a multivariate evaluation is possible. This
work explores the use of data-driven software sensors which are quantitative modules
that perform a fast extraction of multiple target variables from easy-to-measure process
variables. Due to a variety of applicable regression models, soft sensors are considered
versatile. They can be trained using historical process data or offline measurements of
defined calibration samples for various applications [27,28]. In this regard, the article by
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Butler et al. [29] highlights both established machine learning methods and their potential
in particle engineering and materials science. One common type of easy-to-measure process
data is optical multi-wavelength signals measured, e.g., online during a separation process.
In direct comparison to a simple scattered light measurement, UV /vis spectroscopy gen-
erates a larger amount of data, on the basis of which a data-driven regression model can
be developed. Haiss et al. determine both the diameter and concentration of dispersed
gold NPs in this way, demonstrating that multivariate information can be extracted from
the measured spectra [30]. Another example of an offline soft sensor is presented by Stone
et al. [31]. The authors use a multivariate regression model and a UV /vis spectrum to
predict the concentrations of two microorganisms in a mixture. The literature also pro-
vides examples of online measurements that can be used to monitor multiple suspension
properties over a given process time period. However, the focus is often on the evaluation
of particle syntheses on small scales [32,33]. A more recent study presents advances in
online monitoring of multi-dimensional fractionation processes by functionalising particles
with fluorescent markers [34]. The authors use an inverted microscope and a camera to
quantify the effective entrapment and sorting of particles according to their shape, size
and surface properties by an insulator-based dielectrophoresis device. Building on this
state of development, this work includes a concept for integrating UV /vis spectroscopy
into a separation process monitoring system. There are two immediate objectives. The first
is to achieve real-time, multi-component, online analysis of the composition of a centrate
suspension. The second goal is to use the soft sensor data to validate a novel process model
for tubular centrifuges, which is the main focus of this work.

For a deeper understanding of the physical processes within the tubular centrifuge and
the efficient acquisition of important process knowledge, mathematical modeling of the sep-
aration process is crucial. Following the concept of dynamic flow sheet simulation, which
has been extended to particle technology [35,36], research approaches in recent years have
produced numerical models that allow real-time evaluation of separation efficiency and
sediment build-up in solid bowl centrifuges [37,38]. In this context, physics-based dynamic
simulations describe fundamental particle physics during the separation process based on
empirical material functions, the geometry of the apparatus, and some simplifying assump-
tions. Regardless of the type of process and how it is managed, numerical calculations
can help optimize the operation and identify the most advantageous process parameters.
Furthermore, the exclusion of inappropriate operating conditions supports the design of
experiments, reducing the total number of experiments required. Furthermore, unlike
high-resolution computational fluid dynamics (CFD) and discrete particle simulations,
the dynamic process models provide results in real time and are therefore applicable in the
context of model predictive control [39]. Finally, it should be emphasized that the theoreti-
cal consideration of fractionation in tubular centrifuges has so far been limited to only one
dimension [40]. The multi-dimensional description of established separation processes in
particle technology requires the simultaneous consideration of several geometric and mate-
rial properties [41,42]. In the context of technical applications, these are to be considered as
continuous or discrete variables that can be narrowly to broadly distributed. This challenge
motivates the search for a generalized definition of multi-dimensional particle trait distribu-
tions (PTDs) [43-45]. Compared to the classical 1D particle size distribution (PSD), the PTD
contains two-dimensional (2D), three-dimensional (3D) or even n-dimensional descriptors,
depending on its definition. These concepts are not yet included in the experimental and
theoretical consideration of tubular centrifuge fractionation.

Therefore, the aim of this study is to investigate the applicability of a tubular centrifuge
as a multi-dimensional separation apparatus both experimentally and by means of process
simulation. In addition, an online quantification of the separation efficiency integrated into
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the fractionation setup supports both the presented experimental studies and the validation
of the enhanced process model.

2. Materials and Methods
2.1. Mathematical Description of the Sedimentation Coefficient for Ellipsoids

During its movement along the radial coordinate r, a smooth nanoparticle is accel-
erated due to its mass and decelerated due to its interactions with the surrounding fluid
and particles. For uncharged single particles in highly diluted suspensions and excluding
any particle—particle interactions, the equilibrium of forces between drag, buoyancy and
centrifugal force results in the expression

d Vi rw? A
ug = o = [ (1)
cw Az pi

for the change in distance from the axis of rotation over time. This approximation is known
as the terminal sedimentation velocity ug. Increasing particle volumes Vs, a high angular
velocity w and a large density difference between solid and fluid Ap = (ps — p;) increase the
settling rate. The dynamic pressure on the projection surface A in the direction of the radial
coordinate and frictional effects slow down the particle. The hydrodynamic resistance
is quantified by the drag coefficient cyy. Due to the small size scales of submicrons and
nanoparticles, very small Reynolds numbers (Re < 1) are to be expected. Stokes [46] defines
an analytical solution for the terminal settling velocity for this laminar flow regime with
the well-known expression

A2 Aprw?

Upst = T’ﬂ . )

Here, Stokes applies Equation (1) and the geometric projection surface Ax = %dz of
a sphere, its volume, the viscosity of the fluid 7 and the drag coefficient cy g =24 Re L.
According to Equation (2), u( s depends on only one geometric parameter, the equivalent

diameter d = i/% . To extend this one-dimensional definition with more geometric
particle traits, numerous approaches can be found in the literature that are based on the
principle of correcting the Stokes drag coefficient [47]. A comprehensive study by Trunk
et al. presents correlations for the description of cy as a function of several macro- and
mesoscopic descriptors of non-spherical particles [48]. For further considerations and
an extension of the correlations beyond the Stokes regime, the reader is referred to this
publication. This work utilizes the expression

CWE = cwst kst 3)

presented in [49,50], with kg; introduced as the Stokes drag correction parameter. For scalene
ellipsoids, analytical solutions for ks; were derived by Oberbeck [51]. A comprehensive
study on the modeling of cwE in gaseous and liquid media is described by the authors
Bagheri et al. [52]. Their model equation covers a large range of sub-critical Reynolds
numbers (Re <3 x 10°). In the Stokes domain, they implement the analytical solutions of
Oberbeck and argue that the introduction of easily derivable form factors is advantageous
from a technical perspective. In this context, two general shape factors are highlighted:
the particle elongation e and the flatness f. These metrics can be easily calculated from
the longitudinal dimensions at each major axis. Combining Equations (1) and (3) with the
authors’ definition of kg g for ellipsoids in creeping motion and with random orientation,
a multi-dimensional expression for the terminal settling velocity
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can be derived [53]. Going forward, the highlighted sedimentation coefficient (SC)

Uo,E
SOE = 2 5)
in Equation (4) is used as a characteristic parameter to quantify the radial movement
of a particle based on all introduced physical and material traits [54]. The explanation
of the model particle under consideration is supported by the illustration in Figure 1.
The upper path shows the approximation of the particle as a mass equivalent sphere.
The bottom path illustrates the construction of the above-mentioned inertia ellipsoid.
Originating in mechanics, this convex body shares the same moments of inertia and the
same center of mass as the original particle [55]. A combination of the equivalent mass of a
volume-equivalent sphere and the form of an inertia ellipsoid results in the chosen model

particle morphology.
original _.% — o model
particle particle

mass eqlvalent

Figure 1. Schematic of an arbitrarily shaped particle (left) and its corresponding model particle (right)
defined by a mass-equivalent inertia ellipsoid.

The definition of the SC used in Equation (5) applies to individual particles in an
infinitely diluted suspension. This assumption is not applicable for technical applications
and is only relevant in the scope of theoretical investigations. Processes on an industrial
scale typically process more concentrated suspensions, which leads to other observable
effects. Both the density and viscosity of a suspension increase with the solid volume
fraction ¢. At the same time, the directed particle movement during centrifugation results
in an inverse flow of the liquid. If the momentum exchange between the solid and liquid
phase increases further, so-called zone sedimentation takes place. During this phenomenon,
all particles of a collective sediment at a uniform speed and a sharp phase boundary
between the clarified liquid and the suspension emerge. Other influential physico-chemical
factors are based on inter-particle interactions, such as those due to surface charges or steric
hindrance. For this study, the special case of sedimentation in highly diluted suspensions
is examined in more detail. Batchelor [56] derives the first-order dependence

sg=soE (1+we) ", 6)

for the concentration-dependent SC of monodisperse particles. Here, the concentration
coefficient w is an empirical constant. For highly diluted suspensions, second- or higher-
order influences are approximately negligible [54]. Based on the measuring principle
of analytical ultracentrifugation, Méchtle et al. [57] describe a method that derives an
empirical solution for w from experimental data of the SC and Equation (6). A detailed
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description of the methodological application to quantify w for each nanosuspension used
in this work can be found here [53].

2.2. Tubular Centrifuge Separation Theory

Fractionation of nanoparticles in tubular centrifuges is semi-continuous. A motor
drives a cylindrical rotor which generates the centrifugal field. The rotor is filled with
suspension, forming a pond with a phase boundary to a central gaseous core. The height
of the pond is determined by the weir radius r., at the end of the rotor, which is a direct
property of the machine type. Ideally, a rigid body rotation of the liquid pond should be
assumed. This means that the angular velocity w generated by the rotor and that of the
liquid w) are the same. An important operation parameter and characteristic, dimensionless

measure is the centrifugal number

w?rn,

8

that expresses the ratio between centrifugal acceleration and gravitational acceleration g.

C= )

Due to the low height of the liquid pond of only a few centimeters (laboratory scale), it
is a valid simplification that C is not a function of the radial coordinate r. With this in
mind, calculations based on the rotor radius r}, produce the approximated solution seen
in Equation (7). The second operating parameter is the volumetric flow rate Vj. As the
suspension is fed into the separation zone at a constant rate, separated particles accumulate
in the form of a saturated sediment on the rotor wall. Retained solids are discharged as
centrate over the rotor weir. Whether an incoming particle with defined physical properties
reaches the centrifuge downstream at fixed operating parameters depends on the ratio of the
radial sedimentation time to the axial residence time when passing through a pond volume
V of length L. Its movement happens normal to the cross-sectional area A = 71(rZ — 13,) of
the pond which is set by the geometry of the rotor. Here, ry, is the weir radius, the distance
between the rotor axis and the pond surface. In the context of this work, the critical radius

L, 7(rs — r%v)L>

7 (8)

re(SoE) = b €Xp (—SO,E w

is a key parameter in modeling separation behavior and defines the radial position within
the liquid pond where a given particle trajectory begins that ends exactly at the axial bound-
ary Xax = L. The calculation is performed by equating the residence and sedimentation
time of a particle along a predefined axial distance [58,59]. Note that Equation (8) assumes
an ideal plug flow in the separation zone. In Figure 2, this radius is visualized based on
two model particles. Both settle with different rates, e.g., due to their unique solid density,
size or form. This approximation enables a quick process evaluation, but greatly simplifies
the particle movement. Fluid backflow and turbulence in the pond can lead to deviations
with real-world observations. Here, the suspension inlet and the geometry of the weir,
i.e., limitations introduced by the centrifuge design, are important as well.

Particularly in the case of prolonged separation experiments, the sediment build-
up influences the flow conditions in the pond and, as a result, the particle movement.
In Equation (8), this effect is taken into account by substituting 7, with the radius of the
sediment surface. The transition between suspension and sediment is characterized by
an erratic change in material behavior. Particles within the sediment form a network that
can absorb forces and can be characterized by porosity. For a compressible sediment, its
solid volume fraction is a function of the so-called solid yield pressure, for which empirical
models exist [60]. In this case, the sediment height is directly dependent on the acting
centrifugal force. When dealing with a homogeneous, incompressible cake, however,
the solid concentration is defined as constant and can be derived from sedimentation
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experiments in analytical or bucket centrifuges. For this work, the sediment built by
nanoscale particles in a tubular centrifuge is assumed to be incompressible. The solid
volume fraction ¢ppq Of a saturated sediment at maximum packing density determines
the porosity [61]. Thus, the sediment height is empirically related to a concentration of
particles in the sediment at a constant solid density.

2 == :g———g:g:;—o—o—o—o—o— V L
_<\_ .................................. & N .;‘.V_l._.__ ............... 177(;(2)7 —
! L ! T, b 0\ ’f’c(O)
Feed Sedimentation path Centrate O N
(indez: ) [Suspension| [Sediment| (indez: w) < s
N

Figure 2. Schematic cross-section of a tubular centrifuge rotor highlighting the separation of two
particles with different sedimentation coefficients (SCs). The illustration on the right-hand side shows
the radius of the pond surface, the wall radius and both critical radii calculated using Equation (8).

2.3. Multi-Dimensional Grade Efficiency Definition

In the field of particle technology, it is common practice to deal with particle collec-
tives characterized by multivariate and polydisperse geometric and material properties.
An accurate determination of the probability distribution of all important particle traits is
essential to elucidate a particle system both before and after a separation step. In addition,
a comparative analysis of these distributions serves as a prerequisite for evaluating the effec-
tiveness of the separation apparatus performance. The following principles from the field
of statistics can be found here [62,63]. Probability density functions, or PDFs, are generally
used both to characterize a particulate product and to quantify the result of a separation
experiment. In most technical cases, a one-dimensional particle size distribution (PSD) is
derived either from indirect analysis of a dispersed physical property or by direct image
processing. The random variable Z = {dy, dy, ...,dp} is commonly used to represent the
equivalent diameter d of each discrete particle size class within a predefined sample space.
This work focuses on the development of a multi-dimensional process model for separation
in tubular centrifuges when processing scalene particles and their corresponding inertia
ellipsoids. Therefore, it becomes necessary to introduce two additional random variables
for a proper description of a multi-dimensional particle trait distribution (PTD). Let Y be the
second discrete random variable with values denoted by {ej, ey, ...,e1 }, and X be the third
discrete random variable with values designated by { f1, f2, ..., fx }, representing the shape
parameters of elongation and flatness. This leads to the definition of g3(f,e,d) : R> — R for
the volume-weighted, joint probability density function of the continuous random vector
(Z,Y,X). In discrete notation, the expression

- m 1
%(szel,dm) = K Lykl]\/f Afk Ael Adm (9)
Y Y X Hkm
k=11=1m=1

gives the probability density within the intervals
(fk <X < fk-‘rl/ e <Y <ey, dw < Z < dm+l)

with iy, representing the partial particle volume in that trait class. The quantities f, ¢
and d,, are the arithmetic means of each included particle property.
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As a consequence, the determination of property-specific separation probabilities is
essential for the separation process evaluation. The parameter used for this purpose is
called global grade efficiency

r = 7 q3w(]?kre_l/d_m)
T; k,ez,d)=1—<1—A’-_- (10)
wlfio €1 ( ) 3,5 (fx @1, dm)

Additionally, both PTDs defined by Equation (9) at the centrifuge inlet and out-
let are used in the calculation. It follows that the numerical dimensions of the discrete
grade efficiency correspond to those of the density function. In Equation (10), the global
separation efficiency

Ag=1-w _q_w (11)
F CF
is defined as a function of the solid volume fraction ¢ or particle concentration c in the
centrate (index w) and in the feed (index F).

2.4. Experimental Setup and Procedure

The procedure for the separation experiments is similar to that described in [59,64].
The experimental setup is divided into three sections and their interconnection is shown in
Figure 3. The fractionation upstream includes modules for feed suspension supply and pre-
treatment. All studies in this work on fractionation based on various particle properties
assume the ideal case of primary particle sedimentation, which is why additional pre-
treatment steps are necessary to prevent agglomeration. An in situ sonifier, permanently
installed prior to the feed sampling, is used for this purpose.

Centrifuge Soft -Sensor ———=> 900
| MLR = UV /vis| Sampling

Bubble
trap

Feed -
vessel

Feed pump E @ Centrate

pump Centrate {j

Figure 3. Schematic of the upstream of fractionation with a sonifier circuit for deagglomeration
(left) and the downstream of fractionation (right). The modules on the downstream side are a
soft sensor combining a spectrometer and multiple linear regression (MLR) as well as an optional
centrate dilution station. The tubular centrifuge with a centrate pump is shown in the middle of the
flow diagram.

The downstream part of the process begins after the rotor outlet with a centrate
collection tray. A pump system in combination with a gas-liquid separation unit (bubble
trap) feeds the centrate to an online UV /vis analysis. In the following, this combination of
spectroscopic hardware and a data-driven evaluation is referred to as a software sensor
or soft sensor. The system is designed to determine the mass-specific composition of the
centrate in real time based on a readily accessible extinction signal. An optional dilution
unit upstream of the UV /vis flow cell can be used to dilute the centrate with deionized
water. This is necessary when the extinction induced by the dispersed nanoparticles exceeds
the upper detection limit of the spectrometer. Finally, both described stages are connected
by a tubular centrifuge. Two process centrifuges are used for this study. The design
of the first centrifuge, a prototype with a horizontal rotor layout, is described in detail
here [64,65]. In comparison with commercially available tubular centrifuges, the prototype
uses a horizontal rotor design as well as an alternative motor technology. Permanent
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magnets are attached to the rotor in the inner section. The outer construction houses the
stator including conductive coils that generate a time-variant magnetic field. With this
innovative design, rotor speeds up to 64,000 m~! were achieved, assisting research projects
on nanoparticle separation below 100 nm. The second apparatus is a commercially available
tubular centrifuge with the designation Z11 manufactured by Carl Padberg Zentrifugenbau
GmbH (CEPA, Lahr, Germany). The geometric dimensions of both rotors and separation
zones are listed in Table Al.

This segment describes the general execution of a separation experiment in the setup
described above, valid for both centrifuge models. Each run starts with the specification
of a target angular velocity w. The pump in the upstream then starts pumping deionized
water into the separation zone. After reaching a maximum pond filling height, the deion-
ized water enters the downstream of the separation process. During operation, the rotor
contains approximately 240 mL (Z11) or 270 mL (prototype) of suspension. The particle
residence time ranges between 40 and 160 s, depending on the constant volumetric flow
rate. If the online extinction is to be recorded via the UV /vis spectrometer, pump P1
then starts pumping the demineralized water from the gas-liquid separator into the flow
cell. At this point, it is possible to record a background spectrum via the software of the
UV /vis spectrometer. This procedure ensures that only the dispersed nanoparticles in
the centrate contribute to the measured extinction signal during the analysis. Now, the
actual separation step begins by pumping the feed suspension from the feed vessel into
the rotor. During quasi-stationary operation, the centrate flows from the collection tray to
the downstream. Reference sampling is possible via a tube at the UV /vis crossflow cell
outlet. Each separation test is repeated at least once in order to make a statement about
the reproducibility of the experiment. The post-processing of a separation test includes the
disassembly of the centrifuge and the removal of the accumulated sediment from inside the
rotor. Finally, the two main experimental protocols used in this work are named. Short-term
tests investigate the initial stationary separation conditions and, in their evaluation, the
sediment height is assumed to be negligibly small. Long-term tests, on the other hand, aim
to observe the separation behavior under constantly changing process conditions.

2.5. Particle Systems

The selection of particle systems for this study was based on the following two cri-
teria. First, a substantial amount of the solid mass is distributed among particle size
classes below 500nm. The second important aspect is that the density of the different
solids must deviate significantly for all particle systems; i.e., a broad density spectrum
(~1000 kgm 3 < ps <~6000 kg m~3) is covered. The reason for this decision is to ensure
that the specified operating parameters of the tubular centrifuge favor fractionation rather
than total separation of the systems. For example, when separating by density and particle
size, the goal is to extract two material systems with detectable quantities of mass in the
centrate. In addition, it is always assumed that the volume of a particle is homogeneously
composed of a single substance of constant density with no hetero-agglomeration. Ag-
glomeration reduces the primary particle number and the particles settle in clusters with
increased volume. According to Equation (1), this means that the sedimentation velocity
increases. Consequently, an isolated evaluation of a separation experiment, e.g., regarding
a constant size distribution or material composition in the nanosuspension, would be diffi-
cult. To inhibit occurring (hetero-)agglomeration processes, every prepared nanosuspen-
sion was stabilized with 0.1 mM sodium hexametaphosphate (NagPsO1g) (Sigma-Aldrich,
St. Louis, MO, USA). The mechanism of stabilization is based on the so-called ion size effect.
For a more comprehensive explanation, the reader is encouraged to examine the literature
related to this topic [66-69].
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For a more detailed description of the systems used, the volume-weighted PSDs are
shown in Figure 4. The data were recorded using an analytical disk centrifuge (ADC)
called CPS 24,000 (CPS Instruments Inc., Prairieville, LA, USA) with pure feed suspension
samples. A qualitative description of the particle morphology is provided by scanning
electron microscope (SEM) images depicted in Figure 5a.
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Figure 4. Cumulative particle size distributions (PSDs) of the used particle systems measured by an
ADC (DC2400, CPS Instruments).

—
300 nm

100 nm

Figure 5. (a) SEM images of PMMA (partially highlighted in blue) and ZnO (partially highlighted in
green). (b) SEM images of SiO; aggregates and agglomerates. (c) Two-dimensional (2D) representa-
tion of four nanoparticles as part of the virtual particle system (VP-SiO»).

For long-term classification experiments, the material polymethylmethacrylate
(PMMA) with a density of 1193kgm~3 is used. The SEM image reveals that the poly-
mer particles are ellipsoids with a predominantly spherical form. Due to its low density,
the system is also utilized as a lightweight component of a mixed suspension including
a second system of nanoparticles with a significantly higher density. Whenever a mixed
suspension is processed, this paper refers to the separation process as density fractionation.
In short-term fractionation experiments, a comparison between the separation efficiencies
of PMMA and the higher-density zinc oxide (ZnO) are evaluated. Both the PSD analysis
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and the microscopic images confirm a maximum particle size below 500 nm. The nanopar-
ticles have a density of 5600 kg m~ and are present as aggregates with a primary particle
size of approx. 40 nm after the sonifier pre-treatment.

Fumed silicon dioxide (SiO) is used as a reference system in form fractionation
modeling. The solid density is 2200 kg m 3 and the particles have a mean aggregate size
of 64.7nm. These aggregates, as well as unwanted agglomerates due to the preparation
of the SEM sample, can be seen in Figure 5b. Experimentally determined separation
efficiencies provide a valuable data source from which to verify the plausibility of the
real-time process simulation during form fractionation. However, the separation behavior
simulated in Section 3.3 is based on a virtual SiO; particle system, which has the designation
VP-5i0;. This is due to the fact that a complete characterization of the PTD based on d,
e and f was not possible by the available measurement techniques. The creation of a
virtual particle collective is a workaround that nevertheless allows the application and
evaluation of the novel dynamic simulation approach based on 3D distribution data.
In light of this, both nanoparticle collectives share the same material density. Moreover,
their equivalent diameter range lies within the same scope. The underlying generative
algoritm is thoroughly discussed in [53]. A graphical representation of a small selection of
the implemented particles included in VP-5iO; is depicted in Figure 5c.

2.6. Dynamic Separation Model Description

The following part explains the approach for the dynamic simulation of a multi-
dimensional separation process in tubular centrifuges. The underlying algorithm first
appeared in the work of Gleiss et al. [40,70] involving decanter centrifuges and was later
adapted to tubular centrifuges as well.

This study replaces various elements of the core algorithm to simulate both classi-
fication and fractionation of nanoparticles. The basic scheme of the parametric tubular
centrifuge model (TCM) is visualized in Figure 6. To account for separation experiments in
higher dimensions, three segments are highlighted: classification (1D, p = 1), fractionation
based on particle form (3D, p =1) and density fractionation (1D, p =2). The index variable
p indicates the number of components in a suspension. Required inputs to the model
include at least one PSD or PTD, the feed concentration, and various physical parameters
of the fluid and the dispersed nanoparticles. Additionally, material functions can be imple-
mented that characterize physical sub-processes such as sedimentation hindrance based
on empirical correlations. Finally, the chosen operating parameters, the process time and
the rotor geometry, i.e., all important process conditions, must be known and included.
A temporal and spatial discretization approximates the process dynamics. The scale of
this discretization must ensure plausible particle movement in the separation zone as
well as a real-time acquisition of the simulation result. The succeeding sections offer a
concise description of the TCM algorithm, accompanied by a display of all mass balance
equations and their numerical solution approach. For a revision of all model assumptions
and a more thorough explanation of the underlying methods, the reader is referred to this
publication by Winkler et al. [53] and similar studies based on this methodology found in
the literature [37,40].

Spatial discretization is accomplished by dividing the separation zone shown in
Figure 2 with the length L into | compartments of equal volume and length AL. The con-
nection between these segments is based on mass balances that include both suspended
solids in the suspension zone (I)

d(grj Vij) -
— 4 = Vi (1= €jsep) = Vi (12)
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d(¢u,; Vi) -

—dr =G Vit (13)
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Figure 6. Schematic of the parametric tubular centrifuge model (TCM). Pictograms visualize essential
input and calculated output variables of the dynamic simulation. The adaptive structure of the
algorithms allows the processing of 1D, 2D and 3D particle trait distributions (PTDs).

Here, the assumption of a constant material density of each particle system applies,
whereby a substitution of the particle mass by the product of the volume of the suspension
zone Vj; and the solid volume fraction ¢ is feasible. The volumetric flow rate V, is set as
a constant operating parameter. With both Equations (12) and (13) for | compartments,
the necessary set of balance equations for real-time modeling of the transient separation
process is complete. Note the assumption that the dispersed particles are homogeneously
mixed after entering the suspension zone (I) of any given compartment j. The local
separation efficiency

Ti(fr @, dm) 43, (frr @, dm))

e, f’e’dm - —
( ](_krzl )‘73,j(fkr€_lrdm)> (14)
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is defined as the product of the local grade efficiency T] (fk &, dm) in Equation (10) [37,71]
and the PTD 43 (fx &, dm) written out in Equation (9) for the whole collective. This
means that for any given dimension of a separation process simulation, the algorithm
performs a numerical integration to calculate €jsp. For example, a one-dimensional
classification is computed with a PSD in which the discrete size variables are K > 0 and
L, M = 0. The definition in Equation (14) shows that the grade efﬁciency of an individual
particle depends directly on the calculated critical radius r ( fk, e, d ) for the respective
combination of the chosen distribution characteristics f, el, dm Referring to Section 2.2
and the derivation of the critical radius in Equation (8), it is important to restate that the
implemented calculation of the local grade efficiency is only valid under the assumption of
an ideal plug flow in the liquid pond. This leads to the implementation of the sedimentation
coefficient sg ( fx, &, dyn) with Equations (5) and (6) as a function of the elongation, flatness,
equivalent diameter and density of the particle as well as their particle—particle interactions
as a function of ¢. The PTD of the suspension emerging from compartment j—1
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(1—Ti(fr @, dm))
(1= €jsep)

is normalized by the difference (1—€j,sep)- Note that the particle trait distribution of the

33, (frr 2 dm) = G3j-1(frr @1, dm) (15)

centrate §,; (f,e,d) is assumed to be equal to the one leaving the last compartment.

All established dependencies yield a system of ordinary differential equations for |
compartments. The temporal discretization (process dynamics) is determined by an explicit
Euler method. The volumes of the suspension and sediment zones are redefined using the
sediment radius ry; ;. This couples the two domains I and I by a boundary condition and
reduces the number of unknowns in each compartment to two. Finally, the linear system is
solved numerically as an initial value problem. Before each new time step, the simulation
updates the results of Equations (14) and (15), resulting in new initial values for the solution
of the discretized mass balances. For the results presented in this article, preliminary
investigations [53] have shown that a time step width of At = 0.5 and a compartment
number of | = 20 are optimal.

In summary, all of the equations listed, and the fact that the geometric properties of the
particles are represented by those of an inertial ellipsoid, provide a description of how TCM
handles particle systems whose properties are distributed in more than one dimension.

3. Results

The presented results provide an overview of the outcome of several experimen-
tal studies on the classification and fractionation of nanoparticles in tubular centrifuges.
In addition, the numerical solution calculated by the TCM is evaluated and documented.
A comparison of the two sources facilitates a validation of the simulation tool and gives in-
sight into the underlying separation processes and its mechanisms. Additionally, the results
address the question of backwards compatibility of the TCM with respect to all distribu-
tion variables under consideration. In other words, the model should be flexible; i.e., it
should be possible to include only one (1D) or up to three (3D) particle properties in the
calculation. The presentation of all results is standardized. Variables calculated by the TCM
are highlighted with the accent &. Reference values have the accent # if they come from
the UV /vis soft sensor, or no accent if they are measured by offline analysis. Additionally,
results based on the particle systems used are highlighted in a consistent color and with a
definitive marker style.

3.1. Long-Term Classification

In order to verify the applicability of the adapted TCM for process simulation in
the standard 1D case, reference data of a PMMA classification experiment are used. All
noteworthy boundary conditions for the constructed simulation cases are extracted from
the experimental parameters and listed in Table 1. A compilation of the remaining geo-
metric and material parameters defined in the simulation tool models can be reviewed in
Table Al. The prototype apparatus mentioned in Section 2.4 is used as the process cen-
trifuge. The PMMA nanosuspension is processed with three different centrifugal numbers
and in a time interval between 130 and 160 min. Due to the long process time, influ-
ences of the sediment build-up on the separation result are to be expected. Consequently,
a physics-based assignment of the concentration coefficient wppma (Equation (6)) and the
solid volume fraction at the maximum packing density ¢npq is needed. Both factors were
determined empirically using analytical centrifugation (AC) during preliminary studies.
For more information on the applied methods involving AC experiments, see [53]. A plot
of centrate concentration over process time in Figure 7 is used to discuss the observed
process dynamics and their prediction by the TCM.
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Table 1. Overview of the feed material parameters and operating conditions for each presented
simulation case.

Material ps/kgm3 cp/mgmL~! Cl- Vi/mLmin~!
Long-term classification (1D, p = 1)

6.11 35,000
PMMA 1193 6.17 40,000 100

5.87 45,000

Short-term density fractionation (1D, p = 2)

PMMA 1193 1.663 30,000 100
ZnO 5610 0.619 10,000 100

Short-term form fractionation (3D, p = 1)

510, 2200 18.37 47,000 300

HH  Reference C' = 45,000

o] i HH  Reference C = 40,000
e_é o e l@ Reference C = 35,000
5 ]
peEE  EEEEEmEE —— w =124+ 1.8 | ¢ypa = 0.505

—==-w =0 | ppa = 0.505

—— w =124 | ¢ppa = 1.0

------- w =124 | ¢yupa = 0.33
w =124 | ¢upa = 0.505
w=12.4 | ¢upa = 0.505

o
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Process time ¢ /min

Figure 7. Course of the centrate concentration of PMMA determined by the tubular centrifuge
model (TCM) at three different centrifugal numbers and different values for the concentration
coefficient w and maximum packing density ¢4 of the sediment. Different shades of blue show
the corresponding gravimetric measurements and simultaneously map the displayed simulation
parameters to the simulated data. A gray shaded area at C=45,000 shows the influence of the
standard deviation of w on the simulated result.

Gravimetric offline measurements of the PMMA concentration (scattered points) in
the centrate show a linear relationship for all three centrifuge numbers. The TCM output
(lines) indicates a comparable trend for all three process conditions. The mean deviation
for all depicted sampling points is less than 1.4%. However, this is only the case if the
material parameters ¢4 and wpmma are set to the same values determined by the AC
analysis. To emphasize this observation, further simulation results for C =45,000 are shown
in the diagram. The dashed line is based on a solution of the mass balance that assumes no
sedimentation hindrance (wpnmvia = 0). This results in a more effective separation of the
polymer NPs because no particle—particle interactions reduce their sedimentation rate in
the suspension zone. As a result, the TCM calculates higher separation efficiencies and
thus a lower centrate concentration.

The dash-dotted and dotted lines in Figure 7 give insight into the influence of sedi-
ment height as a function of ¢r,pq. The dash-dotted line corresponds to the assumption of
zero porosity in the sediment. For the dynamic calculation, this means that the sediment
accumulates at a slower pace for the exact same solid mass transfer. As a result, the particles
move at a lower average velocity in the liquid pond and the separation efficiency is greater.
Setting the material constant to a model value of ¢,,q = 0.33 causes the opposite behavior.
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This case is represented by a dotted line in Figure 7. The sediment takes up more volume
in each compartment, which reduces the separation efficiency both locally and globally,
resulting in elevated centrate concentrations with a steeper increase over the course of the
separation experiment. Overall, the results indicate that the TCM output is consistent with
the experimental references provided. Furthermore, the results are comparable to those
presented in other publications that use a similar experimental setup and model structure
but investigate different material systems [26,40]. Notably, the centrate concentration in-
creases with process time, and an increase in C yields an improved nanoparticle separation.
This can be seen in both offline and online analysis, as well as in the output of comparable
dynamic process models.

3.2. Short-Term Density Fractionation

To validate the TCM for the case of density fractionation (1D, p = 2), a mixed sus-
pension of the PMMA and ZnO nanoparticles is used. The experimental data have been
published here [59] and serve as a reference. More specifically, an inductively coupled
plasma optical emission spectroscopy (ICP-OES) analysis evaluated the material composi-
tion of the centrate. The grade efficiencies for both systems were measured using an ADC.
As before, the boundary conditions of the experimental study and the material parameters
and constants embedded in the simulation are listed in Tables 1 and A1. The C-value ramp
from 10,000 to 30,000 after 12 min and from 30,000 to 50,000 after 22 min is taken into
account. Sedimentation hindrance is implemented for both particle systems. The concen-
tration coefficients are set to wpyva = 12.4 and wz,o = 1004.31. Again, these material
parameters are determined by AC measurements with the same method described in [53].
Furthermore, since this study is based on short-term tests with very low feed concentrations,
the influence of sediment formation is neglected in the simulation.

In Figure 8, the calculated separation efficiencies A, are shown. Large markers
represent the sampling times and analysis by ICP-OES measurement. The small dots
identify the output of a UV /vis soft sensor. It applies a pre-trained regression model that
translates a raw extinction spectrum of the centrate into a suspension composition in real
time. A detailed flow chart and explanation of the soft sensor design and execution can be
found here [59]. Lastly, the TCM model output is depicted as a solid line for ZnO and a
dashed line for PMMA. The simulated data correspond well with the online measurement
of the sensor A, which implies a plausible mathematical description of the residence
time by the TCM. The simulated separation efficiencies for ZnO nanoparticles show a
mean deviation of below 1.5% compared to the sample references measured by ICP-OES.
With a mean deviation of roughly 25%, the discrepancy is greater for the material system
PMMA. The TCM output underestimates the separation efficiency significantly. A possible
explanation for this discrepancy is provided by a model assumption made for the TCM.
Particle-particle interactions are only accounted for using two one-dimensional concen-
tration coefficients w,. However, it cannot be ruled out that material-specific interactions
between particles may occur in a mixed suspension during centrifugation. An entrainment
of the lighter PMMA particles by the heavier and significantly faster ZnO-NPs would speak
for the observed increase in Apypva during density fractionation. In other words, due to
higher sedimentation speeds of the ZnO-NPs, the lighter PMMA particles are separated
more effectively. This is a phenomenon that cannot be represented by the idealized TCM
model in its current state. The ability of the model to calculate a precise prediction of the
separation efficiency is shown by the results presented in Figure 7. This reinforces the
hypothesis that a change in sedimentation behavior due to additional components can
influence the outcome of a density fractionation. By empirically deriving the concentration
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coefficient for mixed suspensions, this effect could be investigated in more detail in the
future and incorporated into the model structure of the TCM.

Simulation | Reference |  Soft-Sensor (MLR)
—Apo - Apa T A A Azmo ¢ Apnma A Az

0 250 500 750 1000 1250 1500 1750 2000
Process time t /s
Figure 8. Separation efficiency plotted against separation process time for the density fractionation of
PMMA and ZnO. The output of the tubular centrifuge model (TCM), a gravimetric reference at three
sampling times and the output of a data-driven soft sensor are compared.
Figure 9 shows model Ty (d) and reference data Ty, (d) for the grade efficiency. As ex-
pected, the cut size d(Tp,w = 0.5) shifts towards smaller particle sizes for increasing C
values. The ZnO nanoparticles are separated more effectively due to their 4.6-times-higher
density compared to PMMA. Curves for ZnO, which can no longer be determined precisely
with the ADC due to too-low concentrations in the centrate, are defined qualitatively by
the TCM.
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Figure 9. Grade efficiency measured by an analytical disk centrifuge (ADC) compared to the tubular
centrifuge model (TCM) calculation for PMMA and ZnO. Three different process conditions, defined
by the centrifuge number C, are displayed.

In summary, the results emphasize that both particle size and material density, as pri-
mary particle properties, comprehensively determine the separation outcome in density
fractionation. With respect to the development of the TCM, it is now possible for the first
time to numerically quantify the separation of two components in a mixed suspension in
parallel. However, it has been shown that the accuracy of the model needs to be further
improved when dealing with mixed suspensions. A promising approach is to analyze an
array of possible interactions between multiple components as a function of their respective
solid concentrations and other physical properties such as, e.g., their morphology or surface
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functionalization. For this, specific methods involving commercial analytical centrifuges
and highly sophisticated devices [54] are needed to evaluate these multi-dimensional
material functions and to enhance a purely physics-based modeling approach.

3.3. Short-Term Form Fractionation

The data shown in this chapter were already published and discussed in [53]. In order
to emphasize the advancement of the TCM and all its novel capabilities with respect to
multi-dimensional fractionation modeling in tubular centrifuges, all findings are discussed
again in the context of this work.

A developed generative algorithm produces a total of N = 3771 individual aggregates,
four of which are shown in Figure 5c. A subsequent algorithm then carries out a volumetric
analysis of the VP-5iO; collection and stores the density distribution for a defined dis-
cretization range as a matrix. If f =e =1, the described routine would produce a standard
PSD with (M—1) classes and g3 € R*1*M=1_ This distribution type is well known and
common in particle technology and its presentation is trivial. However, the discussion of
three-dimensional PTDs represents a new and major challenge in modern separation tech-
nology research. In this work, a new method is proposed based on the probability theory
for discrete multi-dimensional distribution data described by Equation (9). In Figure 10,
the calculated 3D PTD of VP-5iO; based on the total particle count N distributed over

(K=1) (L—1) (M—1) = 29° = 24389

property classes is shown. This results in g3 € RK-1¥L=1xM~1 displayed as a data cloud in
the set 3D domain. Darker shades of gray indicate a higher density of particles. In other
words, the probability of encountering a particle with this combination of properties in
the collective is higher. Empty classes are not colored and are completely transparent.
An advantage of this visualization is the quick identification of elongated, flat or bladed NP
populations. The graphical visualization is thus closely related to the classification method
of Zingg [72]. However, a major drawback is that a large portion of the data points are
hidden, depending on the orientation of the 3D graph. In addition, values within the cloud
are not visible at any viewing angle. Marginal distributions can overcome this problem.
Their definition in the context of this work is highlighted in Equations (A1) and (A2). The
calculation and depiction of each marginal distribution assists the discussion and inter-
pretability of 3D PTDs from a technical standpoint. Winkler et al. [53] demonstrates this
fact with a holistic depiction of VP-SiO, and all its marginal distributions. An additional
example is shown in Figure 11 with the marginalized distribution g3(d) derived from
q3(f, ¢ d) obtained after numerical integration twice along the variables e and f.

A major advantage of this data preparation pipeline is that it is independent of the
source of the particle volumetric data. In other words, the model system VP-SiO; is
a virtual particle system, but the described procedure can be used with real data, too.
Specifically, this could be experimental data from a nano-CT or p-CT measurement [73,74]
or transmission electron microscopy (TEM) image analysis [75]. Consequently, the TCM
may be further validated based on additional separation experiments in future research.

To validate the TCM for the case of form fractionation (3D, p = 2), the VP-5iO, model
system and its 3D PTD data depicted in Figure 10 are used. Additionally, 1D PSD data of a
separation experiment with 5iO; are used to evaluate the plausibility of the TCM output.
One last time, the boundary conditions of the experimental study, the material parameters
and defined constants are listed in Tables1 and Al. The simulation time is ty =360s.
The visualization drawn in Figure 12 quantifies the output of the fractionation modeling
via a 3D representation of the grade efficiency, calculated according to Equation (10).
The data clearly demonstrate that the separation efficiency is higher for particles with a



Powders 2025, 4, 4

18 of 27

larger equivalent diameter. This conclusion can be explained by the Stokes settling velocity
defined in Equation (2). It implies that the change in sedimentation speed is proportional
to the square of the corresponding change in d. One of the questions to be addressed is
whether a dependency of the additional form parameters e and f can also be derived from
the model data of the TCM. For this purpose, Figure 13 focuses on the primary separation
criterion d, which represents the total particle volume, in combination with the secondary
criterion ¢, i.e., the particle elongation. The image draws a heat-map of Ty (2, dy,). Similar
to Figure 10, darker shades of gray indicate a higher separation efficiency. The calculation is
based on both 2D marginal distributions g3 ¢ (¢, ;) and §3w (2, d ). Black dots mark the
classes for which the 3D TCM calculated a separation efficiency close to Ty, (250, d50) = 0.5.
This partial highlighting shows more clearly that for smaller values of ¢, i.e., particles
that increasingly deviate from a spherical shape, a reduced separation efficiency is to be
expected for the same equivalent diameters. In other words, the final cut size shifts toward
larger equivalent diameters for smaller e values.
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Figure 10. Three-dimensional (3D) illustration of the particle trait distribution (PTD) derived for the
virtual model system VP-5iO5.
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Figure 11. One-dimensional (1D) marginal particle size distribution (PSD) for the virtual model
system VP-5iO;.
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Figure 12. Three-dimensional (3D) illustration of the grade efficiency calculated by the tubular
centrifuge model (TCM).
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Figure 13. Two-dimensional (2D) grade efficiency calculated from the associated marginal distribu-
tions of feed and centrate distribution data obtained during form fractionation modeling.

This outcome is intended by the TCM in accordance with the expression of the form-
dependent SC introduced in Section 2.1. Therefore, these observations can be marked
as valid.

A detailed comparison between the 1D and 3D TCM output is shown in Figure 14.
Here, the separation efficiencies are plotted for the real reference system SiO; as well as for
VP-Si0;. In addition, bar charts with M =29 classes are plotted showing the 1D marginal
distribution of the VP-S5iO> NPs. The PSD of the inlet g3 p is normalized, while the PEV of
the centrate 43, is weighted with the factor (1 — Ay ). For the qualitative validation of the
3D TCM, a direct comparison of the two results is carried out. Both the VP-S5iO; and the
reference system consist of a collective of nanoparticles that are in a similar size range in
terms of volume. Furthermore, the boundary conditions of the simulation are identical to
the 1D case. Therefore, it is expected that for short process times and the chosen low con-
centration of the feed suspension, the separation probabilities of the particles will be close
to each other. This is exactly the case for both simulations. Differences in the data are only
found at larger equivalent diameters. A possible explanation is given in Figure 10. The 3D
PTD shows that a large fraction of the generated particles with e < 0.25 have an equivalent
diameter of d > 75nm. This means that noticeable deviations from a spherical shape are
mainly present in the classes filled by large particles of the collective. Note that the 1D TCM
uses a conventional 1D particle size distribution determined by an ADC measurement.
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The instrument records the equivalent diameter of the aggregates d as the exclusive particle
feature. According to the implemented model equations, the sedimentation velocity of a
sphere is always greater than that of a non-spherical particle. It is therefore plausible that
the 3D TCM calculates a lower separation efficiency for an aggregate with this combination
of properties.
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Figure 14. Comparison of the separation results for the virtual particle system (VP-S5iO2) and the
reference particle system (SiO;) for matching boundary conditions of the simulation.

Compared to the previously investigated separation characteristics of volume and
density as primary separation criteria, the results of this section indicate that the influence
of the form parameters is negligible. Hence, elongation and flatness are to be defined as
secondary separation characteristics for the majority of process engineering applications
involving tubular centrifuges for nanoparticle fractionation. According to the current state
of knowledge, it is difficult to achieve a sharp technical separation in tubular centrifuges
when focusing exclusively on these shape parameters. However, assuming different pro-
cess and boundary conditions, a possible increase in the influence of ¢ and f on the global
grade efficiency cannot be excluded. An example of this is the theoretical consideration
of particles with extreme spatial dimensions that diverge from a compact particle form
(e<1, f < 1). This is supported by studies investigating an increase in the drag coefficient
with the increasingly non-spherical form of colloidal particles. As an example, He et al. [76]
studied the superimposed effects of concentration and shape on the sedimentation of
colloidal platelets in an analytical centrifuge. The study found that at higher concentra-
tions, additional factors such as the orientation of the platelets in the collective play an
important role.

3.4. Notes on Efficient Monitoring of Fractionation in Tubular Centrifuges

When dealing with arbitrary multi-component systems and their separation, multi-
dimensional quantification methods are essential for a trustworthy process evaluation.
In this context, the results of Section 3.3 show that these analytical methods are either not
available for the desired PTD type and resolution or are extremely time-consuming and
costly to perform. However, Section 3.2 shows that new solutions can be developed for
global evaluation criteria applied to nanosuspensions with multiple components. In the
presented findings, the real-time process monitoring of the separation efficiency was
highlighted. This is a very important feature in, e.g., density fractionation in tubular
centrifuges since the process runs semi-continuously. The monitoring system allows an
immediate response to changing product characteristics caused by sediment build-up.
The strategy involves the implementation of the centrate signal to a process control loop
similar to [26] by adjusting the centrifugal number live during an experiment. The results
of Section 3.2 are based on a preliminary study [64] that investigates the offline monitoring
of density fractionation by means of UV /vis spectroscopy. Here, the working principle is
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tested based on separation experiments involving two common pigment nanosuspensions
and their mixture. The preliminary results of this study indicate that changes in the
PSD relative to the feed suspensions resulted in wavelength-dependent alterations in the
UV /vis spectra of both material systems. This leads to reduced accuracy in determining
nanoparticle concentration using regression methods based on extinction data derived from
feed suspensions. This challenge can be addressed by integrating historical process data
into the quantitative model. The study and the subsequent development of the soft sensor
show that the indirect and time-efficient evaluation of essential process variables in the
fractionation of nanoparticles in tubular centrifuges is feasible. However, as the complexity
of nanosuspensions increases, future research will be faced with the task of advancing
established methods, e.g., to enable online measurement of additional separation metrics
such as multi-dimensional PTDs.

4. Conclusions

The evaluation of separation efficiency in tubular bowl centrifuges is typically based
on particle size, represented by the radius of a volume-equivalent sphere. However, recent
research has highlighted the importance of beneficial product properties associated with
the distribution of, e.g., particle form or other geometric and material properties within a
nanoparticle collection. This study addresses this issue by developing a simulation tool
for modeling the fractionation of multi-dimensional nanosuspensions in tubular bowl
centrifuges. To obtain numerical calculations for both one- and multi-dimensional grade
efficiencies in nanoparticle fractionation, an existing model is restructured, modified and
enhanced. At its core, the dynamic model solves mass balance equations for a finite number
of compartments that spatially discretize the sedimentation zone and define the residence
time of the solids.

The functionality of the fundamental TCM is preserved. Results from a 1D case study
of long-term classification confirm that accurate prediction of the separation outcome is
possible even over longer process times. TCM calculations are physics-based but contain
multiple assumptions to ensure real-time calculations. Non-physical behavior is addressed
by empirically determined material functions for sedimentation hindrance and sediment
build-up. In addition to the separation based on the equivalent diameter as a single
continuously distributed variable, this work also presents the density fractionation of
a mixed suspension of two components. The PSD of both materials and their different
material densities are simultaneously considered and used in conjunction to solve the mass
balance of the TCM. Experimental results validate the simulation results based on the
concentration and size distribution of several centrate samples. As a result, the developed
model, combined with the output of the data-driven sensor described earlier, allows a
deeper understanding of multi-component separation processes. With the established
tools, future research can be supported when optimizing a multi-dimensional separation
process with, e.g., other materials or a different tubular centrifuge design. This is mainly
because multiple separation metrics can be approximated by the TCM, which reduces the
experimental effort.

Finally, the theoretical results of 3D TCM reveal the feasibility of modeling three-
dimensional fractionation. The particle volume and its form, characterized by the elon-
gation and flatness of an associated inertial ellipsoid, are included in the mass balance
of the model. The investigated material system consists of virtual SiO, aggregates that
emulate a real product with similar specifications. Direct validation of the simulation is not
possible due to the lack of quantitative information on the particle form. Nano-CT analysis
or comparable high-resolution methods for image-based and discrete characterization of
particle collectives represent a possible solution strategy. However, the limitations of the
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measurement methods mentioned in the literature suggest that validation in the nanoscale
particle size range is not feasible with the current state of the art. Nevertheless, computer-
generated nanoparticles and their volumetric analysis provide an interim solution that will
ultimately allow for the testing of 3D TCM. The findings herein support the assertion that
volume and density are primary and particle form is a secondary separation characteristic.
In conclusion, with the separation apparatus used in this work and in the parameter range
investigated, an isolated and efficient separation by particle form in the nanometer range
is not possible. That being said, however, the novel approach discussed in this work is
now able to handle multi-dimensional input data for the first time ever. This opens up new
possibilities in future research devoted to separation tasks involving more than just one
targeted criterion.
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Abbreviations

The following symbols are used in this manuscript:
Os solid density kg m—3
01 liquid density kgm™3
w angular velocity rads~!
m dynamic viscosity kgm~1s~!
¢ solid volume fraction -

U partial particle volume m3

€ local separation efficiency -

A separation efficiency -

A particle projection surface m?

C centrifugal number -

Cw drag coefficient -

c particle concentration kgm™3
d equivalent diameter m

elongation -
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The following abbreviations are used in this manuscript:

1D
2D
3D

I

I
AC
ADC
CFD
CT
EXP
MLP
NP
PDF
PSD
PTD
SC
SEM
TEM
TCM
UV/vis

flatness -
gravitational force ms~
drag correction parameter -
liquid pond length m
probability density function m
radius m
sedimentation coefficient s
grade efficiency -
time s
terminal sedimentation velocity ms
solid volume

concentration coefficient -

counter variables (subscripts) -

One-dimensional
Two-dimensional
Three-dimensional
Sedimentation zone

Sediment zone

Analytical centrifugation
Analytical disk centrifuge
Computational fluid dynamics
Computer tomography
Experiment

Multiple linear regression
Nanoparticle

Probability density function
Particle size distribution
Particle trait distribution
Sedimentation coefficient
Scanning electron microscopy
Transmission electron microscopy
Tubular centrifuge model
Ultraviolet/visible

Appendix A. Additional Simulation Parameters and Geometric Constants

Table Al. Geometric, material and simulation parameters used in the tubular centrifuge model (TCM).

Parameter Symbol Value SI Einheit
Weir radius (MGZ) T'w 0.0155 m
Weir radius (Z11) T'w 0.0073 m
Wall radius 1y = r11,j (o) 0.0215 m
Pond length (MGZ) L 0.359 m
Pond length (Z11) L 0.175 m
Density liquid 01 998.207 kg m?
Viscosity m 1.0027 x 1073 kgm~1s~!
Compartment count J 20 -
Simulation time tN case dependent

Time step size At

0.5
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Appendix B. Marginalization of Higher Dimensional Particle
Trait Distributions

A major difficulty in the practical handling of three-dimensional distributions is that their
visualization in planar space (paper, screen) is limited. A possible solution is offered by so-called
marginal distributions, which allow a reduction in complexity and thus a better readability of
the data [43]. In practice, the method known as marginalization performs an integration along a
dispersion variable. In continuous notation, the expression

dmax
q3(f,e) = /%(f,e,d) dd , (A1)

dmin
combined with a standard normalization, reduces the data within a tensor to a 2D matrix that

describes the first marginal distribution. To eliminate the form-defining variables e and f, the equation

fmax emax
()= [ [ as(fied) deds (A2)

fmin €min

can be used. Here, a 3D particle trait distribution (PTD) is transformed into a traditional PSD by
means of marginalization. Now, this PSD can be plotted using conventional methods.
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