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ARTICLE INFO ABSTRACT
Keywords: Continuous manufacturing offers substantial potential for process intensification in pharmaceutical production,
Continuous manufacturing including improved product quality, reduced waste, and enhanced flexibility. While continuous crystallization

Small-scale production

ono technologies are well established, continuous particle isolation remains a bottleneck for realizing end-to-end
Continuous particle isolation

. . continuous crystal process chains. To address this gap, the modular continuous vacuum screw filter was

Continuous vacuum screw filter A . . ) . . .

Washing efficiency developed integrating continuous filtration, washing, and drying.

Wash curve In this study, the two-stage washing process within this apparatus was systematically optimized for particles in
the size range of 355-560 pm with the objective of minimizing washing liquid consumption while fulfilling the
requirements for continuous particle isolation, including high purification performance to residual impurity
loading of less than 5 ppm, residual moisture below 1%, and maintenance of the particle size distribution. Based
on wash curve analysis, various washing liquid dosing units were evaluated with respect to washing efficiency.
The results demonstrate that capillary-based dosing units provide significantly higher washing efficiency than
nozzle-based dosing units due to gentler application of the washing liquid to the filter cake surface. Using a
capillary with circular outlet, the washing liquid consumption in each washing step was reduced by 80%, cor-
responding to a wash ratio of 4, while achieving the product quality specifications.

Overall, optimization of the two-stage washing process enabled a substantial reduction in washing liquid
consumption, improved product quality in terms of product purity and residual moisture, as well as elimination

Abbreviations: API, Active pharmaceutical ingredient; BB, Brilliant blue; CC, Capillary with circular outlet geometry; CH, Chromotrope; CM, Continuous
manufacturing; CO, Capillary with oval outlet geometry; CPC, Crystal process chain; CQA, Critical quality attribute; CVSF, Continuous Vacuum Screw Filter; F,
Filtration; FW, Filtration and single-stage washing; FWW, Filtration and two-stage washing; HC 0.54, Hollow cone nozzle 0.54; HC 0.85, Hollow cone nozzle 0.85;
PSD, Particle size distribution; PTFE, Polytetrafluoroethylene; a, Filling degree / %; Ag;, Volume-based agglomeration degree / %; Ags;,, Volume-based agglom-
eration degree of particles entering the CVSF / %; Ags ,,,, Volume-based agglomeration degree of particles leaving the CVSF / %; c,,,, Saturation concentration of L-
alanine / g g'; Ap, Pressure drop / mbar; AT, Temperature increase preheater / K; dso 3, Volume-based median particle diameter of particles entering the CVSF /
pm; dsg 30u, Volume-based median particle diameter of particles leaving the CVSF / pm; dgo_10,3,n, Volume-based particle size distribution width of particles entering
the CVSF / pm; dgo-1030u» Volume-based particle size distribution width of particles leaving the CVSF / pm; d;, Inner shaft diameter / mm; d; module, Inner module
diameter / mm; d,, Outer screw diameter / mm; d,y, Outlet diameter dosing unit / mm; d,, Equivalent particle diameter / pm; ¢, Porosity of filter cake / %; fyp,
Vacuum pump frequency / Hz; Lycrew, Screw length / mm; mpg;, Mass of brilliant blue after process step I / mg; myquiq, Mass of liquid / g; myq, Mass of solid / g;
Miolid ala,i> Mass of solid r-alanine after process step I/ g; fscrew, Rotational screw speed / rpm; Ny, Number of flights / -; P, Pitch distance / mm; PSD;,, Particle size
distribution of particles entering the CVSF; PSD,,, Particle size distribution of particles leaving the CVSF; ¢,,, Residual moisture of particles/ %; Qs, Volume-based
cumulative distribution function / -; Qpore, Volume flow rate of pores / mL min’}; Qsusp, Volume flow rate of suspension / mL min™; Quz, Volume flow rate of washing
liquid / mL min™; Qu;1, Volume flow rate of washing liquid in the first washing step / mL min™; Qu; 2, Volume flow rate of washing liquid in the second washing
step / mL min™'; 9, Spray angle / °; 9, Temperature / °C; p,,;;, Density of solid / kg m™; Vion—single particles» Volume of non-single particles / cm?; Vpore; Volume of pores /
cm?; Vsingle particles; Volume of single particles / cm?; Vi, Volume of washing liquid / cm?; vwi1, Washing liquid velocity in the first washing step / m s’l; WR, Wash
ratio / -; WRy, Wash ratio in the first washing step / -; WR,, Wash ratio in the second washing step / -; WR, Critical wash ratio / -; Wpiqqe, Blade width / mm; wyyiq,
Solid weight fraction / wt.-%; Xpg o, Initial brilliant blue mass loading in suspension / ppm; Xgg;, Brilliant blue mass loading after process step i / ppm; Xz ;, Mass
loading ratio regarding brilliant blue after process step i / %; X,
* Corresponding author.
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of an additional drying step, highlighting the ecological and economic potential of the continuous vacuum screw
filter for continuous particle isolation.

1. Introduction

Continuous manufacturing (CM) has gained increasing attention in
the pharmaceutical industry due to its potential for process intensifica-
tion, including the elimination of batch-to-batch variability [1,2],
enhanced space-time yield [3,4], and improved process safety [4,5].
Moreover, CM enables reductions in plant volume [6] and process
footprint [3,4,6], as well as in investment and production costs
[3,7-10], and time-to-market [1,2], while consistently ensuring high
product quality [3,7-10]. Furthermore, CM is characterized by the
ability to adjust production capacity via operating time, resulting in a
smaller equipment footprint compared to conventional batch technol-
ogies. Consequently, higher production capacities can be achieved by
numbering-up rather than scale-up, thereby avoiding typical scale-up
challenges. This flexibility enables the use of CM equipment for both
research and development and commercial manufacturing [1,10-13] for
production scales ranging from 250 to 1000 kg a~1. As a result, there is a
growing demand for compact, flexible, and efficient CM equipment for
small-scale production [12].

The crystal process chain (CPC) is involved in more than 90% of
active pharmaceutical ingredient (API) primary manufacturing pro-
cesses. The CPC is downstream of the API synthesis and any required
purification steps and starts with the crystallization step. More details
concerning the CPC and the state of the art of continuous small-scale
crystallization as well as particle isolation technologies can be found
in our previous publication [14].

We addressed the lack of technology in the field of continuous small-
scale particle isolation with the modular continuous vacuum screw filter
(CVSF). The CVSF is patented by TU Dortmund University and combines
the process steps filtration, washing, and drying in a flexible, modular
setup [15]. The modular design allows flexible adaptation of the appa-
ratus or process to varying input conditions such as suspension prop-
erties and substance systems [16,17]. The CVSF must fulfill the
requirements for continuous particle isolation, including product purity
specifications, the production of dry, free-flowing particles, the main-
tenance of particle properties or the particle size distribution (PSD)
throughout the particle isolation process, and traceability of the solid
phase within the apparatus. More information on the concept, working
principle, and tested operating windows of the CVSF are provided in our
previous publications [14,16].

Within a CPC, a two-stage washing process as part of the particle
isolation step is essential to ensure that all critical quality attributes
(CQAs) of the final solid product are achieved. The first displacement
washing step aims to remove residual mother liquor from the pore sys-
tem of the filter cake following the preceding crystallization and filtra-
tion steps, thereby purifying the product particles to the desired purity.
Consequently, the selected washing liquid must satisfy several re-
quirements: it must be miscible with the pore liquid, exhibit a high
solubility for the impurities, and must not act as a pure antisolvent in
order to avoid inducing supersaturation of the remaining mother liquor,
which could otherwise alter the PSD. In addition, the washing liquid
should not dissolve the product crystals, as this would result in product
loss and may promote agglomeration during the washing process. The
subsequent second washing step focuses on the removal of residual
washing liquid retained within the pore system of the filter cake
following the first washing step. Since the mother liquor has already
been effectively displaced, a pure antisolvent can be employed in this
step. Moreover, volatile antisolvents are preferred, as their efficient
evaporation enables a significant reduction in the residual moisture
content of the product particles already at the end of the second washing
step.

This study aims to systematically optimize the two-stage washing
process with respect to washing liquid consumption and washing effi-
ciency. The objective is to reduce washing liquid consumption and waste
generation while maintaining or improving product quality. Moreover,
optimizing the two-stage washing process seeks to minimize residual
moisture to an extent that may eliminate the need for an additional
energy-intensive drying step, while ensuring compliance with all CQAs.

In the context of filter cake washing, washing efficiency is evaluated
based on wash curves, which relate particle purification to the specific
washing liquid consumption. Here, the specific washing liquid con-
sumption is described by the wash ratio WR according to Eq. (1).

VWL _ QWL
Vpure onre

In Eq. (1), Vi or Qyy, denote the volume (batch) or volume flow rate
(continuous) of the applied washing liquid, respectively. And V. or
Quore describe the pore volume (batch) and the pore volume flow rate
(continuous) of the filter cake to be washed.

In the established two-stage washing process, hollow cone nozzles
are used as dosing units for the application of the washing liquids in each
step at a set washing liquid volume flow rate of 15 mL min~ . This re-
sults in a wash ratio of approximately 20 in each washing step, being
significantly higher compared to common wash ratios in industrial
washing processes of 1.5-4 [18]. However, the wash ratio required for
the washing process depends specifically on the purity requirements of
the product. Accordingly, optimization of the two-stage washing process
within the CVSF offers significant potential for reducing washing liquid
consumption and, consequently, lowering both operational costs and the
ecological footprint.

Hence, we postulate the following hypotheses:

WR =

@

1. Gentle application of the washing liquid to the filter cake surface
using capillaries as dosing units results in higher washing efficiency
than nozzle-based units.

2. The usage of an efficient dosing unit with the minimal wash ratio
during washing can eliminate the need for an additional drying step,
while achieving the targeted residual solid content and PSD
maintenance.

To verify these hypotheses, we investigated various dosage units for
the application of washing liquid systematically with respect to their
washing efficiency for particles in a size range of 355-560 pm in the first
washing step based on wash curve analysis. In addition, the influence of
the wash ratio in the second washing step on CQAs including residual
moisture and PSD maintenance was evaluated utilizing the most effec-
tive dosage unit in the first washing step.

2. Materials and methods
2.1. System investigated

In this study, the L-alanine/water substance system was employed as
a cost-effective model substance system exhibiting physicochemical
properties comparable to those of APIs. Data regarding solubility, crystal
morphology, filterability, agglomeration tendency, and cooling crys-
tallization behavior have been widely reported in literature [19-22].
Most previous studies on CVSF characterization are based on the 1-
alanine/water substance system, thereby ensuring consistency and
comparability of the results [14,16,17,23,24]. Beyond its suitability as a
model compound, r-alanine is considered biologically safe, as it is an
endogenously produced amino acid and an essential constituent of
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protein structures [25]. Amino acids play a key role in pharmaceutical
and nutritional industries and are therefore produced in large quantities,
with worldwide demand continuing to grow [25-27]. For the experi-
mental work, 1-alanine (Evonik Industries AG, 99.7% purity, pgq =
1420 kg m~3) was recrystallized from aqueous solution and classified by
sieving to obtain the desired particle size fraction of 355-560 pm
(bipyramidal, ¢ = 45.1%). Ultrapure water (Merck KgaA, Milli-Q
Advantage A10, 0.05 pS cm 1) was utilized as solvent for the prepara-
tion of r-alanine solutions at 20 °C in accordance with the solubility
curve of the r-alanine/water system described by Eq. (2) [28].

Chta [8a1a 0 €5)] = 0.11238 0 exp(9.0849 ¢ 102 0 9 [ C] ) )

Absolute ethanol (VWR Chemicals) was used as the antisolvent for
the r-alanine/water substance system. Accordingly, an ethanol/water
mixture (4,1, v/v) was employed as washing liquid in the first washing
step, whereas pure ethanol was used in the second washing step.

2.2. Experimental setup and procedures

The experimental setup of the CVSF including the periphery used in
this study is depicted in Fig. 1. A detailed description of the experimental
setup can be found in our previous publication [29]. Additionally, the
screw, including its characteristic design parameters, is presented in
Fig. 2.

The experimental investigation of the two-stage washing process was
based on the CVSF configuration providing filtration and two-stage
washing (FWW). The design, input, and operating parameters are
given in Table 1. The traceability of the solid phase in the CVSF for the
operating point established screw design used in this work has been
proven in a previous study [14].

In this work, the washing liquid volume flow rates in both washing
steps were varied in order to evaluate the washing efficiency and
product quality depending on the respective wash ratio. The washing
liquid was applied via four different stainless steel dosing units shown in
Fig. 3.

All tested wash ratios in the respective washing steps were evaluated
based on duplicate experiments with triplicate sampling. To assess PSD

i Thermostat
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Fig. 2. Schematic picture of the screw made of polytetrafluoroethylene (PTFE),
including the characteristic screw design parameters as given in Table 1.

Table 1
Overview of constant design, input, and process parameters for the experiments
conducted.

Parameters Value
Module inner diameter d; modute 25.2 mm
Screw length Lgcrey 240 mm
Inner screw diameter d; 16 mm

Design Outer screw diameter d, 25 mm
Pitch distance P 12 mm
Screw blade width wyjag, 1 mm
Flight number Npgn 1
Pore size of filter medium 40-100 pm
Suspension volume flow rate Qg 20 mL min !
Solid loading wyojig 6 wt.-%

Input Particle shape Bipyramidal
Particle size fraction 355-560 pm
Suspension temperature dg,s, 20°C
Rotational screw speed Mycrew 1 rpm
Washing liquid 1 Ethanol/water mixture (4:1 v/v)
Washing liquid 2 Absolute ethanol

Process Filling degree a 50%

Temperature increase preheater AT 3K
Maximum pressure drop Ap 400 mbar
Vacuum pump frequency fyp 26 Hz

maintenance during continuous particle isolation within the CVSF, the

Fig. 1. Experimental setup of the CVSF with one filtration and two washing modules with its periphery and control strategy. (Left) schematic representation, (Right)
picture with (1) feed vessel, (2)/(3) vessel for washing liquid 1 and 2, (4) feed pump, (5)/(6) coriolis flow meter for washing liquids 1 and 2, (7)/(8) washing pumps 1
and 2, (9) preheater, (10)/(11) three-way valves VOO1 and V002, (12)/(13) pressure sensors 1 and 2, (14) CVSF itself, (15)—-(17) vacuum pumps 1-3, (18)-(20)

filtrates 1-3, (21)-(24) scales 1-4.
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HC 0.54
doye =0.20 mm
6 =60°

dout =2.0x 0.4 mm

cc

doye = 1.82 mm

Fig. 3. Dosing units tested in this study for washing liquid application with their geometries and qualitatively characteristic liquid flow pattern at an exemplary
washing volume liquid flow rate in the first washing step of 15 mL min~". (a) hollow cone nozzle with an outlet diameter dy,; of 0.20 mm and a spray angle 6 of 60°
(Lechler GmbH, 220.054, HC 0.54), used as standard dosing unit for washing liquid application in our previous publications [14,24] (b) hollow cone nozzle with a
larger outlet diameter d,,, of 0.25 mm and spray angle 6 of 80° (Lechler GmbH, 220.085, HC 0.85) (c) capillary with an oval outlet geometry (dy, = 2.0 x 0.4 mm,

CO) (d) capillary with a circular outlet geometry (doye = 1.82 mm, CC).

PSD of the feed particles was measured twice prior to entering the CVSF,
assuming that all feed particles originated from the same statistical
population. The PSD of the particles leaving the apparatus at the outlet
was determined twice at each operating point of the respective washing
process in each experiment. The underlying data of this study are
available via the TUDOdata research repository in our data publication
[30]. The optimization of the two-stage washing procedure within the
CVSEF is structured as follows:

1) Identifying most efficient dosing unit and optimal operating point of
the first washing step based on wash curves.

2) Optimizing the second washing step based on the optimized first
washing step regarding residual moisture and PSD maintenance.

2.2.1. Optimization of the first washing step

For the optimization of the first washing step, the evaluation of the
purification performance of the product particles is fundamental.
Therefore, coloring experiments were conducted in order to assess the
purification performance of the two-stage washing process within the
CVSF qualitatively and quantitatively. Hence, the dye brilliant blue (BB,
Carl Roth GmbH & Co. KG) was added to the mother liquor of the par-
ticle suspension at a concentration of 1 mg mL™' and the red dye
chromotrope (CH, Carl Roth GmbH & Co. KG) was added to the first
washing liquid at a concentration of 0.04 mg mL™! to assess the two-
stage washing process qualitatively based on visible color transitions.

In addition, brilliant blue BB acts as an artificial impurity for a
quantitative evaluation. A detailed description of the experimental
procedure for the determination of the BB mass loading ratio after each
process step can be found in our previous study [14] and is summarized
here briefly. The BB mass loading ratio X;B.’i with respect to the product
particles is used as a quantitative measure. It is defined as the ratio of BB
mass loading after a specific process step i Xgp; normalized by the initial
BB mass loading in the feed suspension Xpgo (Eq. (3)). The BB mass
loading after process step i Xpg; is given by the ratio of the BB mass mgg;
to solid mass myyq; in a sample taken after process step i (Eq. (4)).

Xpp.i
XBB,i = X
BB,0

3

Xppi = _TeB) C)]
Miolid Ala,i

In the pharmaceutical industry, the threshold at which impurities
must be reported is at 300 ppm for API dosages over 2 g d~! [31].
Nevertheless, in this study, an ambitious final BB mass loading after the
first washing step of about 5 ppm was targeted for final product purity.
Based on a X o of approximately 18,000 ppm, a final BB mass loading of
5 ppm corresponds to a BB mass loading ratio of 0.03% to be ensured
already after the first washing step in order to guarantee sufficiently
high product purity.

In the context of optimizing the first washing step, wash curves were
generated for each dosing unit (Fig. 3) by determining the BB mass
loading ratio after the first washing step for multiple wash ratios, as
schematically depicted in Fig. 4.

Therefore, a wash curve was determined in each experiment by

kA

crit °

1
:o
°

1

i ® 0000000
|

1

|

i

Impurity mass loading ratio X* / -
[ ]

WR_.i Wash ratio WR / -
Fig. 4. Schematic wash curve, which relates the impurity mass loading ratio X"
to the wash ratio WR. The targeted critical impurity mass loading ratio is
denoted by X, and the minimum required wash ratio in order to guarantee
sufficiently high product purification by WR;. The operating window for the
washing process is defined by X, and WR and indicated by the orange area
in the diagram.
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successive reduction of washing liquid volume flow rate or the wash
ratio, respectively. In order to ensure valid sampling of filter cake
washed at a specific wash ratio at the CVSF outlet, the 1.5-fold measured
mean particle residence time until particle discharge at CVSF outlet was
awaited after setting a new wash ratio in the first washing step [14]. For
the generation of the wash curves for the first washing step, the FWW
configuration was realized, while the second washing module was
deactivated to guarantee representative fluid dynamics in the first
washing module for integrated CVSF operation. Based on the defined
critical BB mass loading ratio X ;, of 0.03%, the minimum wash ratio
WR.y or washing liquid consumption was determined from the
respective washing curve for each tested dosing unit. Ultimately, the
most efficient dosing unit was identified by comparing the minimum
required wash ratios in the first washing step of the respective dosing
units.

2.2.2. Optimization of the second washing step

The second washing step focuses on the CQAs residual moisture of
the particles and PSD maintenance. The residual moisture ¢g,, is
calculated according to Eq. (5) and is defined as the relative ratio of the
liquid mass mygq to the total mass, consisting of liquid and solid myiq
masses.

Miiquid

——— ¢ 100% 5)
Miiquid + Myolid

Prm =

The PSD maintenance as essential requirement for continuous par-
ticle isolation is evaluated by the comparison of the characteristic values
of the PSD (ds 3, dgo,lo_s) and the agglomeration degree (Eq. (6)) of the
feed particles prior to entering the CVSF (Ag,;,) with the respective
values leaving the apparatus at CVSF outlet (Ag; ). Here, the objective
is to ensure that the agglomeration degree of the particles after being
processed within the CVSF was less than or equal to that of the feed
particles. The PSD measurements were conducted via offline dynamic
image analysis using a QICPIC sensor (Sympatec GmbH) equipped with
a LIXELL wet dispersion module with a 2 mm flow cell gap width at
ambient conditions. The procedures for the experimental determination
of the residual moisture and PSD can be found in our previous work
[14].

Vnon—single particles

¢ 100% (6)

Ag3 B Vnon—single particles + Vsingle particles

After successful displacement washing of the impurity in the first
washing step, the washing liquid from the first washing step (ethanol/
water 4:1 v/v) remains in the pore system of the filter cake. During the
transport of the filter cake to the second washing step, the ethanol
preferentially evaporates from the pore liquid, resulting in an increased
water content in the pore liquid. The remaining water in the filter cake
can subsequently cause partial redissolution of the particles. If a drying
step is added directly after the first washing step, 1-alanine redissolved in
the pore liquid will recrystallize during water evaporation. This
recrystallization may lead to changes in the PSD by increasing the
agglomeration degree. This phenomenon is demonstrated in our previ-
ous publication [14]. Consequently, a second washing step is essential to
displace the residual water from the pore system of the filter cake using
pure ethanol, thereby minimizing the influence of the two-stage washing
process on the PSD and providing the potential to achieve a low residual
moisture of less than 1% without the need for an additional drying step.

However, the achievable residual moisture after the second washing
step depends on the particle and filter cake properties [32], the resi-
dence time between application of the second washing liquid and par-
ticle discharge at the CVSF outlet [29], as well as the applied washing
liquid amount. Optimizing the amount of washing liquid in the second
washing step avoids unnecessary excess of washing liquid, which would
otherwise lead to an undesired increase in residual moisture at the CVSF
outlet. By determining the minimum required wash ratio to ensure

Separation and Purification Technology 407 (2026) 139106

complete displacement of residual water by ethanol, the target residual
moisture may be achieved while eliminating the need for an additional
drying step.

3. Results
3.1. Optimizing first washing step

Fig. 5 shows the wash curves for the different dosing units (Fig. 3).
All experimentally determined wash curves exhibit the characteristic
behavior of wash curves (Fig. 4), indicating an asymptotic convergence
of product purification or purity with increasing wash ratio [33]. This
behavior can be attributed to a fraction of impurities that is strongly
adsorbed onto the particle surface as well as to pores or dead zones
within the filter cake that are inaccessible to the washing liquid and
therefore cannot be removed, regardless of the applied wash ratio
[34,35].

The washing efficiency strongly depends on the dosing unit
employed. For the hollow cone nozzle HC 0.54 used as standard dosing
unit (blue squares), the wash curve reveals that the washing liquid
consumption can be reduced by approximately 50% compared to the
standard operating point, while still achieving the required particle
purity. This corresponds to a reduction in wash ratio from 20.4(Qu.1 =
15 mL min™}) to 9.5 (Qwr1 =7 mL min~1). In contrast, the hollow cone
nozzle with the larger outlet geometry (HC 0.85, pink diamonds)
exhibited unstable operating behavior. This instability was reflected by
inconsistent discharge of the washing liquid in the form of droplets or a
lamella, as also qualitatively illustrated in Fig. 3. Correspondingly, the
respective wash curve in Fig. 5 displays pronounced fluctuations and
comparatively large error bars. Consequently, starting at the standard
operating point in the first washing step (Qwz1 = 15 mL min_l), no
lower wash ratio was identified to reliably ensure the target particle
purification. The wash curve associated to the capillary with oval outlet
geometry (CO, green triangles) shows a reduction in washing liquid
consumption of minimum 66%, decreasing from the standard wash ratio

Washing liquid volume flow rate @,,, ,/ mL min”

0O 2345678 91 12 15
1 1 1 1 1 1 1 1 1 1 1 1
100 Hm HCO054
4 HCo0.85
A CO
® CC
X 104
<
x
x
L a
o 13
©
g 3 t 3
S 0.1
g RS
(2] B +
2 i ; S
£ ool Pread g
: 'R
|
0001 T T T T T T T T

T T T
0 2 4 6 8 10 12 14 16 18 20 22
Wash ratio WR, / -

Fig. 5. Experimentally determined wash curves for all tested dosing units
(Fig. 3) with the constant parameters given in Table 1. The mass loading ratio
X;B is plotted against the wash ratio WR (lower x-axis). The corresponding
washing liquid flow rates Q1 are shown on the upper x-axis and marked by
vertical grey dotted lines. The target purification Xy ,;, of 0.03% corresponding
to a target purity Xpp i of 5 ppm is indicated by the orange dashed line. The
underlying data are available in our data publication [30].
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of 20.4 (Qwz1 = 15 mL min~1) to a critical wash ratio of about 6.8
(Qwz1 = 5 mL min~1). The highest washing efficiency was achieved
using the capillary with circular outlet geometry (CC, red circles). The
related wash curve indicates that the required particle purification can
be maintained down to a wash ratio of approximately 4.1 (Qwz1 =3 mL
min~1), corresponding to a reduction in washing liquid consumption of
about 80%.

A possible explanation for the observed differences in wash curves
and washing efficiencies among the dosing units lies in the varying
washing liquid velocities hitting the filter cake surface at identical
volumetric flow rates. These velocity differences arise from the specific
outlet geometries of the respective dosing units. Previous studies have
shown that the application of washing liquid at high velocity on the filter
cake surface, for example through nozzle-based dosing systems, can
adversely affect washing performance [36,37]. The kinetic energy of the
washing liquid hitting the filter cake surface may induce localized tur-
bulence or partial resuspension of particles at the cake surface. As a
result, impurities initially contained within the pore structure can pre-
maturely mix with the washing liquid, leading to contamination of the
washing liquid before effective displacement washing occurs. This cor-
relation between the washing liquid velocity contacting the filter cake
surface and the resulting washing efficiency is also reflected in Fig. 6,
presenting the washing liquid velocity for different washing liquid vol-
ume flow rates or wash ratios depending on the dosing unit employed.

As shown in Fig. 6, the washing liquid velocities generated by the
hollow cone nozzles HC 0.54 and HC 0.85 are significantly higher over
the investigated wash ratio range than those achieved with the capil-
laries CO and CC. The lower velocities associated with the capillary-
based dosing units result in a gentler application of the washing liquid
onto the filter cake surface, thereby enabling higher washing effi-
ciencies. However, not only the velocity at which the washing liquid is
applied to the filter cake is decisive for achieving high washing

Washing liquid volume flow rate @,,, ,/ mL min’’

0 2 3 4 5 6 7 8 9 10 12 15
10 1 1 1 1 1 1 1 1 1 1 1 1
m HCO054
- € HCO0.85
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; .
— | ] *
5, .
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ie] [ ] . * ¢
g 2
(o)) = 4
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® 0.3 B A
= 02 il 4
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0.1 A [}
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Fig. 6. Calculated washing liquid velocity v 1 (y-axis) for all tested dosing
units against the wash ratio WR; (lower x-axis) or the washing liquid volume
flow rate Qw1 (upper x-axis) in the first washing step. The washing liquid
volume flow rates Q1 corresponding to the respective wash ratios WR; are
marked by grey dotted lines. The blue squares represent the washing liquid
velocity employing the HC 0.54 dosing unit, the pink diamonds the washing
liquid velocity using the HC 0.85, the green triangles the washing liquid ve-
locity using the CO, and the red circles the washing liquid velocity utilizing the
CC (Fig. 3). The underlying calculations are available in our data publication
[30]. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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efficiency, but also a consistent discharge of the washing liquid from the
dosing unit in the form of droplets or lamellae, ensuring that the entire
filter cake surface is reached by the washing liquid. As shown in Fig. 6,
HC 0.85 exhibits a lower discharge velocity of washing liquid at a spe-
cific wash ratio compared to HC 0.54. Nevertheless, the corresponding
wash curves in Fig. 5 indicate that HC 0.54 achieves a higher washing
efficiency. This can be attributed to the previously described inconsis-
tent washing liquid discharge of HC 0.85.

3.2. Optimizing second washing step

The second washing step of the two-stage washing process within the
CVSF was optimized based on the optimal operating conditions (CC,
Qwr1 = 3 mL minfl, WR; = 4.1) determined in the preceding first
washing step (section 3.1). The CC dosing unit was therefore applied in
the second washing step. The optimization of the second washing step
aimed for PSD maintenance while ensuring the targeted residual mois-
ture of less than 1% within a defined wash ratio range. Since the target
product purity had already been achieved by the first washing step,
further purification was not addressed in the second washing step. The
results concerning PSD maintenance (agglomeration degree) and re-
sidual moisture as a function of wash ratio in the second washing step
are presented in Fig. 7.

Fig. 7 reveals that the residual moisture of the particles after the
second washing step decreases with decreasing wash ratio down to 4.1,
reaching a minimum at this value, and increases upon further reduction
of the wash ratio. The residual moisture, particularly the minimum
across the examined wash ratio range in the second washing step, re-
flects the efficiency of displacement washing in this step. At high wash
ratios (WR, > 11), the applied excess of washing liquid (ethanol) results
in complete displacement of residual water from the filter cake pore
system originating from the first washing step. However, the excess

Washing liquid volume flow rate @,,, ,/ mL min™
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Fig. 7. Experimental results regarding the agglomeration degree of the parti-
cles leaving the apparatus at the CVSF outlet Ag; ,,, (green star, left y-axis) and
the residual moisture of the particles ¢gy, (grey pentagon, right y-axis) as a
function of the wash ratio WR, (lower x-axis) or the corresponding washing
liquid volume flow rate Qw2 (upper x-axis) in the second washing step, indi-
cated by vertical dotted grey lines. The horizontal solid red line marks the
reference agglomeration degree of the particles prior to entering the CVSF Ags ;,
and the upper and lower horizontal dashed red line the respective standard
deviation. Moreover, the horizontal dashed grey line indicates the targeted
residual moisture of 1%. The underlying calculations are available in our data
publication [30]. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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ethanol cannot be sufficiently removed by filtration, deliquoring, and
evaporation from the filter cake during the residence time in the second
washing module, preventing residual moisture results below 1%. The
minimum residual moisture observed at a wash ratio of 4.1 represents an
optimal compromise between efficient displacement of pore water and a
minimum amount of ethanol that must be removed until filter cake
discharge at the CVSF outlet. Here, the target residual moisture is
ensured without the need for an additional drying step. At a further
reduced wash ratio (WRy = 2.7), the applied amount of washing liquid is
insufficient to completely displace water from the filter cake pore sys-
tem, resulting in higher residual moisture. Water is more difficult to
remove from porous media under vacuum conditions than ethanol due
to its higher surface tension and stronger wetting of hydrophilic particle
surfaces, leading to significantly higher capillary pressures [38,39], as
well as its lower vapor pressure at constant temperature [40-42].
Consequently, the higher water content in the pore liquid at a wash ratio
of 2.7 results in higher residual moisture at the CVSF outlet compared to
a wash ratio of 4.1.

Consistent with the residual moisture trends, Fig. 7 further indicates
that the agglomeration degree after CVSF processing (Ags ,,.) decreases
with decreasing wash ratio. This suggests that residual moisture in-
fluences the resulting agglomeration degree, as increased moisture
within the filter cake promotes interparticle adhesion and the formation
of aggregates or agglomerates. However, it should be noted that PSD
measurements using dynamic image analysis cannot differentiate be-
tween agglomerates and loose aggregates. At the wash ratio of 4.1 cor-
responding to minimum residual moisture, the agglomeration degree
after CVSF processing (Ag; ) is lowest and lower than that of the feed
particles (Ags;,), thereby fulfilling the requirement for PSD
maintenance.

3.3. Comparison of established and optimized two-stage washing within
the CVSF

To emphasize the benefits of an optimized two-stage washing process
(sections 3.1 and 3.2) versus the established washing process based on
the experimental setup described in section 2.2, both processes are
compared regarding washing efficiency and product quality qualita-
tively and quantitatively. The respective washing conditions are listed in
Table 2.

Fig. 8 provides a qualitative, image-based comparison of both
washing concepts. The established washing process (a) exhibits a
markedly sharper color transition from blue to red in the first washing
step (FW) compared to the optimized washing process (b). This distinct
color transition results from the relatively high wash ratio or washing
liquid volume flow rate applied in the first washing step of the estab-
lished process, resulting in a significantly higher product purity
compared to the optimized washing process. In contrast, after applica-
tion of the washing liquid in the first washing step of the optimized
process, no distinct color transition from blue to red is observed. Instead,

Table 2
Overview of operating conditions of the established and optimized washing
process.

Parameters Established washing Optimized washing
Dosing unit HC 0.54 CC

Quwz1 [mL min '] 15 3

WR; [-] 20.4 4.1

Qw2 [mL min '] 15 3

WR; [-] 20.4 4.1

In both washing processes, all the other parameters stay constant according to
Table 1. Qwr1 and Qw2 denote the washing liquid volume flow rates in the first
and second washing step, respectively, and WR; and WR; the corresponding
wash ratios.
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the filter cake appears violet, which, in accordance with Fig. 8, indicates
a higher but sufficiently low residual BB mass loading or product purity,
respectively. Although the primary focus of the second washing step
(FWW) is on PSD maintenance and the achievement of the targeted final
residual moisture of less than 1%, the qualitative observations demon-
strate that the second washing step also contributes to further purifi-
cation with respect to the residual BB mass loading. Consequently, the
color transition from violet to colorless observed during the second
washing step (FWW) of the optimized washing process indicates that,
despite the visually lower impurity removal achieved after the first
washing step, the same final product purity with respect to the artificial
impurity BB as in the established washing process seems to be ensured.

Fig. 9 depicts the comparison between established (clear bars) and
optimized (hatched bars) two-stage washing concept in terms of impu-
rity removal (left blue bars) and residual moisture (right grey bars) after
each process step, meaning filtration (F), filtration and first washing
(FW) and filtration and two-stage washing (FWW).

Both washing concepts exhibit similar results after the filtration step
(F) in terms of BB mass loading and residual moisture due to identical
operating conditions during the filtration step. Differences in the BB
mass loading ratio or BB mass loading after the filtration step are
attributed to inhomogeneities in the BB mass loading of the sampled
filter cake. After the first washing step (FW), the targeted purification of
Xpp < 0.03% is ensured in both concepts, whereby the optimized
washing process requires 80% less washing liquid compared to the
established washing process. Due to the significantly higher washing
liquid consumption, the established washing process achieves a higher
product purity after the first washing step with a residual BB mass
loading Xpp of 0.8 ppm than the optimized washing process (3.9 ppm).
The residual moisture of the particles after the first washing step is
approximately 10% for both washing concepts. By optimizing the sec-
ond washing step (FWW), the same purification performance as that of
the established washing process was achieved, resulting in a residual BB
mass loading of 0.6 ppm, while reducing washing liquid consumption by
80%. For both washing concepts, further product purification below
approximately 0.5 ppm cannot be achieved by washing due to limiting
physical effects, namely strong adsorption of BB onto the particle surface
as well as inaccessible pores and dead zones within the filter cake
[33-35]. Finally, the optimized two-stage washing process ensured the
targeted residual moisture of less than 1% without the need for an
additional drying step, as would be required for the established washing
process.

Fig. 10 shows the results of the PSD at the outlet of the CVSF after
two-stage washing (FWW) for the established washing concept (left) and
the optimized washing concept (right). The red diamonds denote the
inlet PSD (PSD;;) and the green squares to the outlet PSD (PSD,,), which
should equal to ensure PSD maintenance. For the established washing
process (left) this is not ensured, as PSD;;, and PSD,,, exhibit a distinct
deviation. This deviation is attributed to an increased agglomeration
degree Ag; ., which is also reflected by an increased mean particle size
dso 3 and a broader PSD dgg_1¢ 3. The enhanced agglomeration and thus
the deviation between PSD;, and PSD,, is likely caused by the higher
residual moisture after the two-stage washing process (¢, = 1.9%,
Fig. 9) as well as by enhanced redissolution effects resulting from the
excess of washing liquid applied in both washing steps during this
concept, as discussed in section 2.2.2. In contrast, PSD maintenance is
observed for the optimized washing process (right). Accordingly, the
mean particle sizes of PSD;, and PSD,,, are nearly equal, and PSD,;,
exhibits only a slightly broader PSD, but with lower agglomeration de-
gree Ag; . Overall, the optimized two-stage washing process enables
improved product quality compared to the established washing process
by maintaining the PSD, which is essential for continuous particle
isolation.
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Suspension Washing liquid 1 Washing liquid 2
L-alanine / Water Ethanol / Water Ethanol
(4:1 viv)

Brilliant blue Chromotrope (Colorless)
(BB) (CH, red)

| F i FW i FWW |

Fig. 8. Visual comparison of the established (a) and optimized (b) two-stage washing processes together with a schematic of the experimental setup in the FWW
configuration, including the suspension feed and both washing liquid streams into the CVSF at the top. The underlying calculations are available in our data
publication [30].

sl %o

Mass loading ratio
Residual moisture ¢,/ %

260.6 351.0 0.8 3.9 . i
Xb’u/ ppm + + + + + +
27.2 425 0.1 0.3 0.2 0.1

Fig. 9. Results regarding impurity removal, namely the mass loading ratio Xj;, (blue bars, left y-axis) and mass loading Xpp (x-axis), as well as the residual moisture
¢ru (grey bars, right y-axis) for the established (clear bars) and optimized (hatched bars) two-stage washing process. (Left) after filtration (F), (middle) after filtration
and first washing step (FW), and (right) after filtration and two-stage washing (FWW). The blue horizontal dashed line marks the targeted Xj;; of 0.03% and the grey
horizontal dashed line indicates the aimed ¢p,, of 1%. The underlying calculations are available in our data publication [30]. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Comparison of the PSD of the feed particles entering the CVSF (PSD;,, red diamonds) and the particles discharged at the CVSF outlet (PSD,,, green squares)
after two-stage washing (FWW). The cumulative distribution function Qs is plotted as a function of the equivalent particle diameter d,. The PSDs are further
characterized by the agglomeration degree Ag;, the mean particle size dso 3, and the PSD width dgg_10,3. Representative microscope images of particles corresponding
to each PSD are shown using the respective frame colors. The left-hand diagram refers to the established washing process, while the right-hand diagram shows the
PSD results concerning the optimized washing process. The underlying calculations are available in our data publication [30]. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

4. Conclusion

This study focused on optimizing the two-stage washing process
within the CVSF for product particles in the size range of 355-560 pm,
with the primary objective of minimizing washing liquid consumption
while fulfilling the requirements for continuous particle isolation. These
requirements included a residual impurity loading below 5 ppm, a final
residual moisture below 1%, and particle size distribution (PSD) main-
tenance throughout the isolation process.

In a first step, the first washing step was optimized with respect to
washing efficiency, defined as the washing liquid consumption required
to achieve a specific product purity. Based on experimentally deter-
mined wash curves, the influence of four different washing liquid dosing
units and wash ratios on washing efficiency was evaluated. The results
demonstrated that capillaries provide significantly higher washing ef-
ficiency than hollow cone nozzles due to the gentler application of
washing liquid to the filter cake surface. In particular, the capillary with
circular outlet geometry enabled a reduction in washing liquid con-
sumption by 80%, corresponding to a wash ratio of 4, compared to the
established operating point using a hollow cone nozzle at a wash ratio of
20, while simultaneously ensuring the targeted product purity with a
residual impurity loading below 5 ppm.

Based on the optimized first washing step, the second washing step
was subsequently optimized using a capillary with circular outlet ge-
ometry as the dosing unit in both steps. The optimization focused on
achieving a residual moisture content below 1% and maintaining the
PSD. The non-optimized washing process did not achieve the targeted
residual moisture below 1% and could not ensure PSD maintenance after
filtration and two-stage washing, thereby requiring an additional drying
step. In contrast, optimization of the two-stage washing process within
the CVSEF fulfills all requirements for continuous particle isolation while
reducing washing liquid consumption by 80%. This decreases the
required amounts from 20 L of ethanol and 2.5 L of water to approxi-
mately 4 L of ethanol and 0.5 L of water per kilogram of processed solid
material, corresponding to annual savings of about 11,500 L of ethanol
and 1,300 L of water. Overall, this study demonstrates the significant
ecological and economic potential of optimizing the two-stage washing
process within the CVSF.

Future research should address the transferability of the optimized

two-stage washing process to various particle sizes or shapes, screw
designs, rotational screw speeds, and solids throughputs within the
CVSF. For increased production capacities, numbering-up of multiple
CVSEF units seems more reasonable than scaling-up a single CVSF unit by
increasing its diameter. The small-scale design of the CVSF ensures a
uniform distribution of the washing liquid across the filter cake using a
capillary dosing unit with a circular outlet geometry. With increasing
CVSF diameter, maintaining a homogeneous washing liquid distribution
across the entire filter cake surface area will become increasingly chal-
lenging, potentially leading to reduced washing efficiency. In contrast,
numbering-up will preserve the geometric and hydrodynamic condi-
tions of the validated small-scale system, including the local washing
liquid velocity and distribution characteristics, thereby facilitating
reliable transfer of washing efficiency to higher throughput levels. Such
investigations are essential to enable predictive determination of
optimal operating conditions for a specific impurity under varying
process conditions, thereby further enhancing the flexibility and
robustness of continuous particle isolation utilizing the CVSF.
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