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Abstract: Recovering scandium from hydrometallurgical residue bears the potential of a better
supply of an industry depending on imports from countries with more mineral resources than
Europe. To recover scandium from unused metal production residue, strip liquors from a solvent
extraction process are treated with an antisolvent to crystallize the ammonium scandium fluoride salt
(NH4)3ScF6 with high product yields. However, high local supersaturation leads to strong nucleation,
resulting in small crystals, which are difficult to handle in the subsequent solid-liquid separation.
Reducing local supersaturation makes it possible to reduce nucleation and control crystal growth.
Key operation parameters are the concentration of ethanol in the feed and its addition rate. The
concentration of the antisolvent in the feed causes a shorter mixing time in the proximity of the
antisolvent inlet, which leads to a smaller local supersaturation and therefore less nucleation and
more crystal growth. Lowering the antisolvent addition rate enhances this effect. The crystal size
distribution during and at the end of the fed-batch process is analyzed by SEM imagery of sampled
and dried crystals. To produce reproducible crystal size distribution from SEM images the neural
network Mask R-CNN has been trained for the automated crystal detection and size analysis.

Keywords: rare earth element; recovery; antisolvent; crystallization; scandium; crystal growth;
nucleation; crystal detection; neural network

1. Introduction

Antisolvent crystallization or precipitation is a commonly utilized process step in
the production of metals. Recently, there has been a heightened research emphasis on
rare earth elements (REE) and lithium-ion battery materials due to the increasing scarcity
of the materials [1,2]. Scandium is a REE utilized as an additive in aluminum alloys to
reduce the density and simultaneously increase the strength [3]. Another application of
scandium is as an additive in zirconium solid electrolytes to increase its ionic conductivity,
which allows solid oxide fuel cells (SOFC) to run at a lower temperature and increase
their lifespan than with yttrium-stabilized zirconia [4]. Both the US and the EU declared
scandium as a critical material in 2018 and 2020, respectively [5,6]. The low availability of
scandium in Europe pushes the search to find alternative production routes from available
sources. Those are, for example, hydrometallurgical waste residues from aluminum or
titanium production. After leaching with sulfuric acid [7] and solvent extraction, an
enriched scandium solution with ammonium fluoride is produced [8–12]. The scandium
salt (NH4)3ScF6 is crystallized via antisolvent crystallization under ambient conditions and
sufficient amounts of ammonium fluoride [13]. Several antisolvents like ethanol, methanol,
isopropanol, or acetone have been tested [13,14]. Concerning performance, miscibility,
recyclability, and toxicity, the authors suggest ethanol as the most suitable antisolvent for
the crystallization of scandium [13]. Although the crystallization process using antisolvent
instead of cooling offers more crystal yield, it presents a challenge in controlling the crystal
growth. The previously described scandium salt tends to rapidly nucleate at the inlet of the
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antisolvent into a scandium-enriched solution. This nucleation-dominant process produces
small but narrowly distributed crystals [15]. Reducing nucleation and controlling crystal
growth would improve filtration and solid handling, which would be a step towards an
industrially feasible process.

1.1. Controlling Crystal Size Distribution in Antisolvent Crystallization

Characterization of crystallization kinetics and reducing nucleation are common goals
in antisolvent crystallization. Many authors attempted controlling the crystal growth in
antisolvent crystallization processes [16–20]. The primary challenge is often to distribute
the generation of supersaturation over time and space. Nowee et al. [17] optimized the
antisolvent addition rate in a model system of ethanol-water-NaCl using a mechanistic
population balance-based model. Distributing the generation of supersaturation by slowing
down the antisolvent addition rate when there is a small crystal surface can lead to more
crystal growth and less nucleation.

Nucleation can be avoided or reduced by adding seed crystals, which has been shown
as an effective strategy for paracetamol in isopropyl alcohol and water as the antisolvent [16].

The nucleation kinetics not only vary with the choice of solute, solvent, and antisolvent
but also with mixing [19]. Therefore, distributing the antisolvent addition spacially can be
a useful strategy, which has been utilized in continuous antisolvent crystallization with
multi-segment plug-flow apparatus [21,22]. The intention is to use a tubular plug-flow
crystallizer that is known to produce a narrow and defined crystal size distribution (CSD).
However, for better control of the supersaturation, the antisolvent is not added at the
beginning together with the solvent and solute but sequentially in multiple segments. For
some antisolvent crystallization systems, the improvement of mixing on the microscale is
of importance.

The focus of the process enhancement is either a narrower CSD or more crystal
growth and larger crystals overall. To generate a narrow CSD from improved micromixing
Lee et al. [23] tested different ultrasound frequencies during antisolvent crystallization of
NaCl from water with ethanol. The segregation index quantifying micromixing can be
improved by the ultrasound, however, the overall influence on the CSD is minimal. This
indicates that micro-mixing can be enhanced by certain methods but the kinetics of the
crystallization system need to be sufficiently fast to take advantage of enhanced mixing.
This is not the case with NaCl.

To improve the control over the CSD by enhanced micromixing several authors exper-
imented with membrane-assisted antisolvent crystallization (MAAC) [24–26]. Instead of
injecting antisolvent droplets with a limited interfacial surface, the intention is to enlarge
this surface by pushing the antisolvent through a membrane and using it as a contactor.
Zarkadas et al. tested porous hollow fiber membranes with varying flow rates. Crystalliza-
tion inside the tube led to pore blocking by the crystals but on the shell side crystallization
was possible for a prolonged time [26]. The overall crystal size can be reduced compared
to an equivalent fed-batch process with isopropanol-water-L-asparagine [26] or increased
with ethanol-water-erythritol [25].

The influence of meso-mixing usually refers to a fed-batch setup and the mixing time in
the proximity of the antisolvent inlet. It describes the mixing time at a scale between micro-
and macro-mixing and has been investigated first in the context of chemical reactions in
fed-batch reactors [27]. Later it was studied in the context of antisolvent crystallization [20].
Meso-mixing times are effectively reduced when the antisolvent inlet is positioned close to
the stirrer with much dispersion and the addition rate is reduced, which further reduces
nucleation and enhances crystal growth.

An approach to improve micro- and meso-mixing in antisolvent crystallization is to
dilute the antisolvent before injection. In this case, the antisolvent is already pre-mixed
when it is introduced to the solvent-solute solution, reducing local supersaturation and
therefore nucleation. Nowee et al. [17] reported, that the dilution of the antisolvent in the
feed can have a similar effect as the reduction of the solute concentration in the solvent on
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the CSD. Demirel et al. [28] state that in an aqueous nickel sulfate solution with acetone
and isopropanol as an antisolvent, the influence of the dilution of the antisolvent on the
CSD is comparable to the reduction of the addition rate of an undiluted antisolvent. In
the ethanol-water-scandium ammonium fluoride system, Peters et al. [29] discovered a
much stronger influence from a diluted antisolvent on the CSD. In a previous publication,
we measured the metastable zone width (MSZW) of the same system and discovered the
widening of the MSZW when the antisolvent is injected diluted [15].

The influence that the dilution of the antisolvent has on nucleation, crystal growth,
and CSD for a fast-nucleating metal salt has rarely been quantified in the literature. This
work aims to quantify the influence of the dilution and addition rate of the antisolvent on
the crystal growth to control crystal growth for improved filtration.

1.2. Crystal Size Measurement

CSDs can be obtained by various means. Sieving, FBRM, laser diffraction, or measur-
ing crystal sizes from microscopic or endoscopic images are the most common methods.
Optical methods allow differentiation between agglomerates and primary particles or
dimensional ratios, which is essential when making assumptions on crystal growth. In-situ
endoscopic measurement techniques are limited in detecting small suspended crystals in
the single-digit micrometer scale or smaller. Sampled crystals that are dried and analyzed
by ex-situ microscopic methods undergo a change between sampling and analyzing but
offer more resolution and therefore more precise size measurement.

For small-sized particles, scanning electron microscopy (SEM) is a commonly used
method. Measuring each crystal manually is tedious and may be inconsistent across the
whole dataset of images. To automate the evaluation of the SEM images, a neural network
can be utilized. Recently there has been a lot of progress in object detection via neural
networks. They have been used for object classification and simultaneously creating pixel
masks that align with the detected object [30]. Although they are designed to detect and
classify all sorts of common objects they can be utilized to detect the same class of objects
and quantify their sizes as it has been done with droplets in liquid-liquid-extraction [31].
Sibirtsev et al. used Mask R-CNN (MRCNN), a region-based convolutional neural network.
They modified the standard MRCNN implementation and developed a methodology to
train the neural network to reliably detect droplets in images of varying quality.

2. Materials and Methods
2.1. Preparation of the Solution

For the preparation of 1 L of solution with 3 mol L−1 ammonium fluoride and saturated
scandium, 111 g of crystalline ammonium fluoride (EMSURE, purity ≥ 98 %, Merck KGaA,
Darmstadt, Germany) and at least 12.5 g of (NH4)3ScF6 crystals are dissolved in distilled
water. The solution is stirred for at least 12 h at 25 °C. After saturation of the scandium salt,
the solution is centrifuged with 2700 rpm for 8 min (Rotona 460R, Andreas Hettich GmbH
& Co. KG, Tuttlingen, Germany) and filtrated to create a particle-free solution.

The antisolvent used in all experiments is ethanol (EMSURE, purity ≥ 99.9 %, Merck
KGaA, Darmstadt, Germany). In experiments, where a diluted antisolvent is used, ethanol
is mixed with a 3 mol L−1 NH4F aqueous solution.

2.2. Setup and Sampling

The setup in this work is displayed in Figure 1. For the determination of crystal
growth, it is important to analyze the crystal size from primary particles and not from
agglomerates, which can be accomplished by an optical analyzing method. Instead of
using an endoscope probe for crystal size measurement, the solution is sampled for the
analysis of the solid and the liquid phases during experiments. This procedure has been
chosen because the crystals are too small to detect reliably with in-situ methods. Samples
are taken from the crystallizer with a syringe equipped with a syringe filter (CHROMAFIL
Xtra, PES, 0.2 µm, Macherey-Nagel GmbH & Co. KG, Düren, Germany) and a rubber tube.
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For each sample, a new set of syringes, filters, and tubes is used. The syringe is pre-filled
with 1 mL of distilled water. When the supersaturated mother solution (1 mL) is pulled
through the filter into the syringe without any solid particles, it is instantly diluted so no
further crystallization can take place inside the syringe. To achieve an accurate dilution,
the syringe is weighed empty, with distilled water, and with the sample, so the dilution
can be calculated gravimetrically. The diluted sample is then analyzed via the ICP-OES
method for the concentration of scandium (Perkin Elmer Optima 8000).

To determine the crystal size distribution during the experiment, solid samples are
taken. To not significantly alter the bulk solids MacTaggart et al. [32] used a sample volume
consisting of 1.5 vol% to 2 vol% of the bulk volume which translates to a sample volume of
5 mL in the 300 mL liquid starting volume. The suspension sample is taken by a syringe,
filtered by vacuum filtration (Cytiva Whatman Nl 16, pore size: 0.2 µm), and dried at
ambient temperature. The dried crystals are glued to a sample holder and analyzed by
SEM imagery (Hitachi Tabletop TM3030Plus, Krefeld, Germany).

At the beginning of each experiment, it is ensured that the antisolvent addition nozzle
is filled with the prepared antisolvent. 300 mL of the prepared scandium solution is filled
into the crystallizer and stirred until the temperature of 25 °C is reached. The experiment
starts with the addition of the antisolvent and is terminated when a concentration of
6 mol L−1 of ethanol is reached.

Antisolvent

1

2

3

4

6

7

5

Figure 1. Setup of fed-batch antisolvent crystallizer with 300 mL starting volume: (1) Crystallizer
with temperature jacket, (2) temperature probe, (3) antisolvent injection nozzle, (4) pulsation damper,
(5) pitched blade stirrer with four blades, (6) membrane pump, (7) antisolvent storage tank.

In a previous publication [15], it has been established that the antisolvent dilution and
addition rate are the most influential operation parameters on the MSZW. It was shown that
the influence of a diluted antisolvent on crystal growth and size distribution is large. The
stirring speed and resulting Reynolds number did not have a significant influence on the
MSZW above a Reynolds number of 4500, which corresponds to a stirring speed of 200 rpm
in this setup. Experiments in this current work with 100 vol% of ethanol have therefore
been performed with this stirring speed. For experiments with diluted antisolvents and
therefore larger crystals, the stirring speed has been adjusted to a Reynolds number of 9000,
which corresponds to a stirring speed of 400 rpm to ensure that no sedimentation occurs.
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2.3. Seeding Method

Injecting the solution with seed crystals of the desired product crystal when the
solution is saturated or slightly supersaturated is a common tool to increase growth and
minimize primary nucleation. In the crystallization system at hand, the addition of a
defined number of seeds with a specified CSD presents itself as challenging. Dried crystals,
produced from fast antisolvent addition agglomerate strongly during the drying process.
Therefore, a suspension is created from a saturated scandium solution by the addition of
ethanol at a fast rate of 15 mL min−1 with crystal sizes ranging from 0.5 µm to 2.5 µm. The
CSD and a representative SEM image of the seed crystals can be found in Appendix A
Figure A1. The suspension is added to the saturated scandium solution at the beginning
of the experiment in the crystallizer. The mass of crystals in the seed suspension matches
10 % of the expected final amount of crystal mass after the experiment. This results in a
suspension of 45 mL containing 0.35 g of crystal mass.

2.4. Theory

The overall crystal growth rate can be described as

G =
dL
dt

. (1)

Whereas G is the crystal growth rate in m s−1, L is the characteristic length of the crystal,
which is usually the diameter and t is the time [33]. For the approximation of the crystal
growth rate, the mean diameter of the crystal size distribution is used as the characteristic
length. For the estimation of the crystal growth rate in dependence on the supersaturation,
many authors use the power law approach

G = k′g∆Cg′ . (2)

k′g is the growth coefficient and g′ the growth rate order [16,18,33,34]. The crystal growth
rate is dependent on the supersaturation ∆C. The term for the supersaturation can be
chosen to be absolute or relative [34]. In this work, the growth rate is approximated to
the form

G = kgSg. (3)

The relative supersaturation is calculated as

S =
cSalt
c∗Salt

. (4)

To evaluate the crystallization process the specific production rate is calculated as the
space-time yield (STY) in kg m−3 min−1 as

STY =
msolid,Salt,End

VSL,End · tEnd
. (5)

The mass of crystallized scandium salt at the end of the experiment is calculated by the
mass balance of the measured concentrations with

msolid,Salt,End = caq,Salt,Start ·VSL,Start − caq,Salt,End ·VSL,End. (6)

2.5. Automated Crystal Detection

For the CSD of the dried crystal samples, an automated object detection method using
a neural network is utilized. The base for the neural network is the Mask R-CNN (MRCNN)
network that has been pre-trained with the coco-dataset [30]. To train the neural network
for the detection of crystals on SEM images the object class “crystal” is implemented. Since
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there are many crystals on each SEM image, much data per image is available for training.
For this reason, the batch size is set to one, meaning that the training is done with one
image at a time. Next, the workflow has been established to train the neural network with
the help of transfer learning as shown in Figure 2. The first set of pictures is used to mark
the crystals with polygons with the help of VGG Image Annotator (Visual Geometry Group,
Oxford University, Oxford, UK). The dataset is then split 4:1 into a training and a validation
dataset. The training algorithm of MRCNN minimizes the training loss. After several
iterations called epochs, the training is terminated. At the end of each epoch, the trained
weights of the neural network are tested on the validation dataset. By evaluating the loss
function over the epochs, the weights with minimal loss on the training and validation
dataset get selected. The selection aims to achieve a good compromise between reliable
and accurate crystal detection and overfitting, where the neural network memorizes the
training pictures but fails to transfer the knowledge to other pictures. The more epochs
are used, the more the training loss decreases. However, the validation loss increases at a
certain point because of the overfitting. Further details of the loss during the training can be
found in Appendix B Figure A2. After one training iteration, the dataset is extended with
several new pictures but before marking the pictures by hand, the neural network makes
its predictions first. Then, the predicted masks are confirmed, corrected, or denied by hand.
In addition, crystals that are not detected but should be, are added. This way, the learning
process is closely monitored and can be adjusted after each iteration. After that, the training
algorithm is started again with the extended dataset. After the dataset is expanded several
times, the prediction accuracy is increased again by revising the entire dataset. For this,
the dataset is again predicted by the best weights and corrected manually. All steps of the
workflow are repeated until there is no significant improvement in predictive accuracy. In
the end, an augmentation step is done where pictures in the existing dataset are changed in
contrast and brightness. For this step, no additional markings of crystals need to be done.
However, the trained neural network becomes more flexible at detecting crystals in pictures
with various qualities. For the neural network to achieve the best prediction accuracy, it
is important to use images with the same quality for the evaluation of experiments as the
quality of the images used for the learning process. If new images have a large deviation in
contrast and brightness to the training images, there may be more incorrect predictions.

The detected masks are further evaluated by calculating the longest diagonal of the
mask. Since no dimension of the crystal is noticeably longer than the others, the length
ratio is neglected. To calculate the longest diagonal, the edge coordinates of a crystal
are extracted first. The longest connection distance within these edge coordinates is then
calculated. An example of the evaluation process is displayed in Figure 3. If there is
an obvious false prediction of a crystal by the neural network, this false detection is
removed from the evaluation of an experiment manually. The influence of an individual
slightly incorrectly detected crystal is negligible when evaluating a sufficient number
of SEM images. A comparison of a manually and automatically evaluated SEM image
can be found in Appendix B Figure A3. In addition, progressive mean diameter and
coefficient of variation (CV) values over the measured samples can be found in Appendix B
Figures A4–A6 indicating a converged value after evaluating sufficient samples.
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Figure 2. Transfer learning of the MRCNN neural network for crystal detection on SEM images.

Figure 3. Mask R-CNN detects crystals on SEM images and draws masks. From the information on
the masks, the longest diagonal is calculated for each crystal.

3. Results

The influence of the variation of the antisolvent addition rate and dilution on the CSD
of scandium salt crystals is studied after and during antisolvent crystallization.
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3.1. Influence of the Addition Rate and the Dilution of the Antisolvent

The antisolvent addition rate is varied to study its influence on the CSD at the end of
each experiment when the ethanol concentration of 6 mol L−1 is reached. The overview of
CSDs for experiments with variations in antisolvent dilution and addition rate is given in
the box-plot diagram in Figure 4. The box-plot markers are plotted over the corresponding
pure ethanol addition rate for better comparison, although the real addition rate is higher
for diluted antisolvent feed solutions due to the simultaneous introduction of water into
the system.

Using an antisolvent feed of 100 vol% of ethanol, the CSD varies slightly from a
mean diameter of 2 µm at an addition rate of 5 mL min−1 and 10 mL min−1 to 3.5 µm at an
addition rate of 0.3 mL min−1. The CSDs inside the range of tested addition rates show a
slight but consistent trend, indicating more crystal growth at lower addition rates. The
lower end of the whisker of the box-plot diagram represents the smallest detected crystal
not considered an outlier. This lower boundary slightly rises from 0.4 µm at 5 mL min−1

to 0.8 µm at 0.3 mL min−1. For comparison, the CSD of an unseeded experiment with
100 vol% of ethanol is plotted with 2 mL min−1. The mean diameter is in line with the
seeded experiments. Only the smallest crystals indicated by the lower whisker are slightly
larger compared to the seeded experiments. This indicates that the applied seeding strategy
cannot reduce nucleation or improve growth when the antisolvent is added with 100 vol%,
which has been shown in literature by Peters et al. [29] in a smaller sized crystallizer.

The seeding strategy used for the 100 vol% is not beneficial for crystal growth and
is not suitable for the addition of 70 vol%. The antisolvent in the seed suspension leads
to further nucleation when the suspension is initially added to the crystallizer. The mass
of initially nucleated crystals leads to a lower mean size diameter than when no seeding
strategy is applied.

When the antisolvent is added as a dilution with 70 vol% of ethanol, the crystals grow
larger for all tested antisolvent addition rates. While the variation of the ethanol addition
rate has a negligible influence on the mean diameter when added at 100 vol%, a clear trend
is visible when added at 70 vol% between 5 mL min−1 to 1 mL min−1. In this range, the
mean diameter continuously increases until it quadruples from 20 µm to 84 µm. Comparing
the mean diameter at 1 mL min−1 between 100 vol% and 70 vol%, an increase by more than
thirty times from 2.5 µm to 84 µm is measured. The smallest measured crystal continuously
increases from 2.7 µm at 5 mL min−1 to 8.1 µm at 1 mL min−1 indicating less nucleation for
diluted antisolvent and slower addition rates. The change in CSD at larger higher addition
rates between 10 mL min−1 and 5 mL min−1 is small compared to the change in CSD at
lower addition rates. Diluting the ethanol even more to 55 vol% leads to a larger mean
diameter at ethanol addition rates of 5 mL min−1 and 10 mL min−1.

Plotting several selected CSDs from Figure 4 over the ethanol concentration in the feed
as shown in Figure 5 shows that the mean diameter increases with an increased dilution for
the addition rates of 10 mL min−1 and 5 mL min−1. Crystal growth slightly increases the
more the antisolvent is diluted. The mean diameter trend for the lower antisolvent addition
rate of 1 mL min−1 shows a larger increase when the antisolvent is diluted compared to the
higher addition rates.

The addition rate of 5 mL min−1 with 70 vol% was conducted once with and once
without baffles showing reproducibility. Each respective CSD is presented in Appendix C
Figure A8 displaying a negligible difference.

To give an impression of the crystals not only in numbers but in form and appearance
one SEM image of each experiment’s final sample is presented in Figure 6. Notice that
the magnification changes from 5000-fold for the smallest crystals with 100 vol% ethanol
addition to ranges from 1000 to 200-fold magnification for the larger crystals. Slight
changes in size and appearance are noticeable in the 100 vol% row. The crystals from
slower antisolvent addition rates have larger surfaces and the triangular shape of the faces
becomes more visible although the corners are often not grown out. That influences the
appearance and number of faces of the crystals. It appears, however, that the crystal habit,
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meaning the ratio of spacial dimensions of the crystal stays similar. The larger crystals
from 70 vol% and 55 vol% ethanol addition show mostly grown-out corners. They also
sometimes grow into or out of each other with a different orientation.
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Figure 4. The overview of CSD over the AS addition rate for antisolvent variations of 100 vol%
ethanol in red, 70 vol% ethanol in dark blue, and 55 vol% ethanol in light blue.
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Figure 5. The CSD of experiments from 10 mL min−1 in green, 5 mL min−1 in yellow and 1 mL min−1

in grey over the AS dilution. Lines are only a guide for the eye.

Other forms of the hexafluoride salt of scandium have been reported in literature [13,35]
and appear at initial NH4F concentrations lower than 1 mol L−1 and temperatures higher
than 80 °C. Both parameters have been controlled to be in range so the hexafluoride form
is crystallized. To confirm that the crystal form is the monoclinic hexafluoride salt of
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scandium ((NH4)3ScF6) an X-ray diffraction analysis (XRD) of random samples for crystals
from 100 vol% and 70 vol% ethanol addition are included in Appendix E Figure A12.

Dried and unwashed crystals from diluted ethanol addition result in a free-flowing
powder while crystals from pure ethanol agglomerate strongly and stick together. The
experience and appearance of the larger grown crystals show that crystals created from
diluted antisolvent improve their handling during and after filtration.

Figure 6. Representative SEM images of each experiment from the end of each run. The images are
sorted from lowest to highest antisolvent addition rate (left to right) and from 100 vol% to 55 vol%
ethanol addition (top to bottom). Notice the change in magnification.

3.2. Crystal Growth during the Crystallization Process

During the addition of the antisolvent, crystal samples are taken and evaluated to
study the progressing crystal growth. For better clarity, only the mean diameter is pre-
sented without additional information on the CSD. For more detail on the CSD during
crystallization the cumulative number frequency (Q0) of each measurement is presented in
Appendix D Figures A9–A11. Figure 7 plots the mean diameter over time (a) and over the
ethanol concentration in the mother solution (b) for different combinations of addition rates
and dilutions of the antisolvent. Although the mean diameter with 100 vol% antisolvent
addition is overall below 3.5 µm a slight increase can be observed compared to the seed
crystals at the beginning, averaging at 1 µm. More increase in the mean diameter over time
in Figure 7a is observed for the 70 vol% antisolvent. At an addition rate of 2 mL min−1,
the measured crystals grow from an early mean diameter of 25 µm to 55 µm and at a
lower addition rate of 1 mL min−1 from 54 µm to 84 µm. The observed increase in crystal
size in Figure 7b for all plotted runs happens mostly between ethanol concentrations of
0 mol L−1 to 4 mol L−1. Above 4 mol L−1 of ethanol, the increase in size becomes very small.
In Figure 7b it becomes evident that the slower antisolvent addition rates consistently
produce larger crystals for each respective antisolvent dilution over the increase of the
ethanol concentration.
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Figure 7. The mean diameter during several crystallization experiments for different addition rates
and dilutions of the antisolvent. The change in the mean diameter over time (a). The same values as
in (a) but plotted over the ethanol concentration in the crystallizer (b).

The calculated growth rates based on the mean diameter after Equation (1) are pre-
sented in Figure 8. The growth rates are an estimation neglecting any nucleation after the
first measured CSD for each experiment, which is reasonable for diluted ethanol addition
as shown in the CSDs in the Appendix D Figures A10 and A11. Although secondary
nucleation cannot be fully ruled out the CSDs indicate negligible nucleation at ethanol
concentrations of 2 mol L−1 and higher. Nucleation can not be neglected in experiments
with pure ethanol addition, which are therefore excluded from the analysis of growth
rates. The supersaturation is calculated after Equation (4) with measured scandium salt
concentrations and SLE data published previously [15]. The highest growth rate can be
obtained from 55 vol% with 10 mL min−1 with 53.38 nm s−1. This high growth rate can be
explained by a good balance of fast mixing and fast antisolvent addition which generates a
high and well-distributed supersaturation. Growth rates from 55 vol% and 70 vol% ethanol
addition aline when plotted over the supersaturation. The growth coefficient kg and the
growth rate order g based on the power law after Equation (3) are defined in nm s−1.
This approximation fits well with all measured growth rates as shown in Figure 8. The
parameters are estimated as kg = 0.6159 nm s−1 and g = 5.204 with R2 = 0.9823.

Regarding the concentration of the scandium salt (NH4)3ScF6 Figure 9 shows the
progress over the addition of ethanol for varying antisolvent addition rates with 70 vol%
ethanol (a) and 55 vol% ethanol (b). The SLE in dependence on the ethanol concentration
and the initial MSZW for each corresponding run is plotted for reference [15]. The MSZWs
are measured from an initially antisolvent- and particle-free state until the first nucleation
happens via optical particle detection and calculation of the resulting supersaturation.

With the ethanol addition of 70 vol% in Figure 9a, the concentration of scandium
salt decreases only by a small amount until the ethanol concentrations of 1.6 mol L−1 is
reached, which can be associated with the dilution of the whole solution by the antisolvent
addition. At higher ethanol concentrations the scandium salt concentration decreases more
with all ethanol addition rates, indicating the formation of the crystals. For increasing
ethanol addition rates an increased MSZW is measured. The sudden decrease in scandium
concentration is measured at the same ethanol concentration for each ethanol addition rate,
which is contrary to the measured MSZW. The MSZW indicates the formation of crystals
measured by the first detectable increase in turbidity. However, the measurements may not
be congruent to the concentration measurement which is less frequent than the turbidity
measurement. The same is true with a more diluted antisolvent addition of 55 vol% in
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Figure 9b. After the formation of crystals a lower ethanol addition rate leads to a steeper
concentration curve closer to the SLE resulting in a lower supersaturation.

1 . 0 0 1 . 2 5 1 . 5 0 1 . 7 5 2 . 0 0 2 . 2 50

1 0

2 0

3 0

4 0

5 0
 7 0  v o l %  E t O H
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 P o w e r  l a w
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ow

th 
rat

e G
 / n

m 
s-1

S u p e r s a t u r a t i o n  S  /  -
Figure 8. The linear growth rate calculated from the mean diameter of the measured CSD and the
approximated growth kinetic based on the power law.

The addition of 100 vol% ethanol for several ethanol addition rates is presented in
Figure 9c. The pure ethanol addition leads to the fastest decrease in the scandium salt
concentration. Although the starting concentration of the scandium salt is slightly un-
dersaturated the fast decay of scandium salt concentration is visible once it crosses the
SLE. The scandium salt concentration is always close to the SLE and does not reach a
high supersaturation.

Above a concentration of 4 mol L−1, of ethanol all concentration curves approach the
solid-liquid equilibrium (SLE) and reach approximately a tenth of the starting scandium
salt concentration. This correlates with the decreasing crystal growth above an ethanol
concentration of 4 mol L−1 shown in Figure 7.

A higher supersaturation often means more nucleation and less crystal growth. The
presented experiments seemingly contradict this when comparing the different antisolvent
dilutions and the resulting crystal sizes. A probable explanation is the local, and therefore
difficult-to-measure supersaturation, at the antisolvent inlet, especially with 100 % antisol-
vent addition. A high local supersaturation causes fast nucleation even if the measured
supersaturation in the bulk is low. As a result, the overall crystal size is low. The addition
of diluted antisolvent improves micro- and meso-mixing at the inlet and leads to a more
homogeneous solution. This lowers local nucleation at the inlet, and the resulting higher
bulk supersaturation can be converted to the growth of established crystals. With a higher
dilution of the antisolvent feed, this effect increases, and the solution is more homogeneous
and measured bulk concentrations more representative.
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Figure 9. The amount of scandium salt in solution during the addition of antisolvent at varying
addition rates and ethanol dilutions. The grey line indicates the SLE, and the dashed lines represent
the corresponding MSZW measured in a previous work [15]. Lines between markers are guides for
the eye only. Experiments with 70 vol% of ethanol (a), experiments with 55 vol% of ethanol (b) and
experiments with 100 vol% of ethanol (c).

3.3. Specific Production

The specific production considers the mass of produced scandium salt as well as
the liquid volume and the time at the end of the process after Equation (5). The highest
space-time yield, presented in Figure 10a, can be achieved when the antisolvent is added
fast and undiluted. Slower antisolvent addition rates and higher dilutions result in a low
space-time yield, which is expected. This trend is directly contrary to the crystal growth
which is represented in Figure 10b by the mean diameter. As stated above, the largest
crystals are observable at low antisolvent addition rates and high antisolvent dilutions. To
make the crystallization process efficient, the operation parameters should be adjusted to
create the minimal necessary crystal growth so filtration is feasible. Further increase of
crystal growth would result in unnecessary loss of efficiency.
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Figure 10. The specific production rate for the scandium salt (NH4)3ScF6 (a) contrasting the crystal
growth represented by the mean diameter (b).

3.4. Comparison of Scale

Similar experiments have been published for a smaller setup with approximately
20 mL of starting volume [29], which makes the starting volume of this work with 300 mL
15 times larger. The starting conditions of their solution are comparable to the solution
used in this paper. In Figure 11 some of their data are extracted to be compared to data
from this work. Peters et al. examined the influence of antisolvent addition from the top or
bottom of the vessel. Data from antisolvent addition from the top have been excluded in this
comparison since in this work the antisolvent is added exclusively near the stirrer inside the
solution. Also, magnetic stirring has been excluded where overhead stirring experiments
are available. For pure ethanol addition, Peters et al. only used magnetic stirring and no
seeding. Since seeding with experiments of 100 vol% ethanol addition does not influence
the CSD as shown in this work, the difference does not harm the comparison. Peters
et al. pulled their solid sample at an ethanol concentration of 8 mol L−1. The geometric
similarity is not given and the volume-specific power input is not comparable. However,
the overall fed-batch setup between both scales is comparable by the volume-specific
ethanol addition rate, which is the ethanol addition rate divided by the starting volume.
The mean diameters of crystals from experiments with pure ethanol addition in Figure 11
are very similar when compared to the volume-specific ethanol addition rate. This indicates
that the mean diameter is scaleable with the starting volume of the crystallizer in the
regarded range of volume. For the 70 vol% ethanol addition there is only one experiment
of the smaller setup which is comparable to the larger setup. This data point presents a
larger mean diameter compared to the larger setup. Larger crystals in this system usually
derive from better mixing, so it can be argued that the mixing conditions in the smaller
volume are better when the antisolvent is added in a dilution compared to the larger
volume crystallizer.
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Figure 11. Comparison of the mean diameter over the volume specific ethanol addition rate between
a starting volume of approximately 20 mL [29] and 300 mL (this work).

4. Conclusions

To consistently detect crystal sizes on SEM images from dried samples, an automated
detection tool has been utilized by training a neural network based on Mask R-CNN. With
this tool, the influence of antisolvent dilution and addition rate on crystal growth has been
studied with the production of the scandium salt (NH4)3ScF6.

The addition of a suspension containing seed crystals before the addition of undiluted
antisolvent does not improve crystal growth during 100 vol% ethanol addition. The an-
tisolvent addition rate with a pure ethanol addition has very little influence on the CSD
because the local supersaturation generated by the pure ethanol addition always produces
nucleation in this setup independent of the addition rate or utilized seeding strategy. When
ethanol is diluted and added with a concentration of 70 vol% or 55 vol% not only do the
crystals grow larger with all addition rates compared to the 100 vol% addition but the
influence of the addition rates becomes more profound as well.

Evaluating the mean diameter during the crystallization process showed that the
crystals grow mostly at the beginning of the process where the supersaturation is highest.
The fastest growth rates could be calculated for the diluted antisolvent addition with faster
addition rates. Slower addition rates produce larger crystals at the end of the experiment
but the crystals grow slower. The growth rates in dependence of the supersaturation are in
good agreement with the power law approach.

Comparing the scandium salt concentration plotted over the addition of ethanol for
the three tested antisolvent addition concentrations displays the supersaturation reached
in the bulk of the crystallizer and when the MSZW is crossed. The more the antisolvent
is diluted the higher the measurable supersaturation becomes. This does not mean that
the addition of purer ethanol produces less supersaturation but the supersaturation is not
distributed equally and therefore converted to nuclei very fast at the antisolvent inlet before
it can be measured in the bulk concentration.

Comparing the results of this work with results in the literature for a comparable
system but smaller scale experiments shows that crystal sizes scale with the volume of the
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crystallizer when pure ethanol is added. When ethanol is added with 70 vol% the crystal
sizes compared over the volume-specific ethanol addition rate are larger in the smaller
volume setup. Most likely this effect is due to better mixing in the smaller setup.

Once the micro- and meso-mixing is improved by a diluted antisolvent the supersatu-
ration can be distributed in the bulk of the solution and only then the kinetic limitations
of the crystal growth can be evaluated with varying antisolvent addition rates. Even
higher antisolvent dilutions could create larger crystals. The trade-off, however, would
be a larger volume needed for the crystallizer or a smaller space-time yield. Calculated
specific production rates show that the highest efficiency is reached at operation parameters
where the crystal growth is minimal. The larger crystals produced from diluted antisolvent
addition improve the filtration and the handling after drying compared to the small crystals
produced from undiluted ethanol addition. Antisolvent addition rates and dilutions should
influence the crystal growth enough to secure the feasibility of filtration but not more to
prevent unnecessary loss of efficiency.
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Appendix A. CSD of Seed Crystals

The seed crystals have been produced by the addition of 100 vol% ethanol with
15 mL min−1 into a saturated scandium solution containing 3 mol L−1 of NH4F and added
to the starting solution into the crystalizer at the start of the experiment.
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Figure A1. (a): CSD of the seed crystals and (b): representative SEM image of the seed crystals.

Appendix B. CSD of MRCNN vs. Human Measurement

The training and validation loss of the dataset is plotted over the progressing epochs.
The training loss decreases continually which means, that the algorithm learns to detect the
crystals in the training dataset. The validation loss increases significantly after epoch 10
which indicates overfitting. The combined minimal loss is found at epoch 9 where the final
weights for the neural network are taken from.
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Figure A2. The different losses during the training of the neural network (MRCNN). The combined
minimal loss is a suitable indicator for a good performance.

In Figure A3 the cumulative number frequency of an SEM image is presented, which
is measured by hand and by the presented neural network MRCNN. The differences
are minimal.
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Figure A3. CSD as relative cumulative number frequency comparing an SEM image evaluation by a
human and by MRCNN.

For further validation of the CSD measurement method some of the progressions for
the mean diameter and the coefficient of variation (CV) are presented in Figures A4–A7.
Each data point represents the cumulative value change after evaluating an image, which is
plotted over the number of detected crystals. Each plot shows a fluctuation in value which
levels out after a certain number of samples measured, which indicates a sufficient number
of samples.
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Figure A4. The change in mean diameter and CV over the number of measured samples. Each data
point represents the mean value after an analyzed SEM image for the 100 vol% ethanol addition at
0.5 mL min−1. (a) displays the mean diameter and (b) the coefficient of variation.
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Figure A5. The change in mean diameter and CV over the number of measured samples. Each data
point represents the mean value after an analyzed SEM image for the 100 vol% ethanol addition at
5 mL min−1. (a) displays the mean diameter and (b) the coefficient of variation.
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Figure A6. The change in mean diameter and CV over the number of measured samples. Each data
point represents the mean value after an analyzed SEM image for the 70 vol% ethanol addition at
1 mL min−1. (a) displays the mean diameter and (b) the coefficient of variation.



Crystals 2024, 14, 94 20 of 24

0 2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 05 0

5 2

5 4

5 6

5 8

6 0

d /
 µm

N u m b e r  o f  s a m p l e s

 E t O H :  7 0  v o l % ;  2  m l / m i n

(a)

0 2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0

0 . 3 8

0 . 4 0

0 . 4 2

0 . 4 4

CV

N u m b e r  o f  s a m p l e s

 E t O H :  7 0  v o l % ;  2  m l / m i n

(b)

Figure A7. The change in mean diameter and CV over the number of measured samples. Each data
point represents the mean value after an analyzed SEM image for the 70 vol% ethanol addition at
2 mL min−1. (a) displays the mean diameter and (b) the coefficient of variation.

Appendix C. Baffles vs. No Baffles
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Figure A8. CSD as relative cumulative number frequency of experiments with 5 mL min−1 and
70 vol% of ethanol in the AS feed with and without baffles.



Crystals 2024, 14, 94 21 of 24

Appendix D. Cumulative Number Frequency Plots for Progressive CSD during
Antisolvent Addition
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Figure A9. CSD as relative cumulative number frequency from 100 vol% ethanol addition at
(a) 1 mL min−1 and (b) 0.3 mL min−1.
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Figure A10. CSD as relative cumulative number frequency from 70 vol% ethanol addition at
(a) 1 mL min−1 and (b) 2 mL min−1.
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Figure A11. CSD as relative cumulative number frequency from 55 vol% ethanol addition at
(a) 5 mL min−1 and (b) 10 mL min−1.

Appendix E. XRD Measurement

An X-ray diffraction analysis (XRD) of dried crystals each from 100 vol% and 70 vol%
has been conducted on diffractometer (STOE & Cie STADI-P) in Guinier geometry with
Cu-Kα1-rays (λ = 1.54059 Å) with steps of 0.005°. For the measurement of the intensity, an
image plate detector (STOE IP-PSD) was used. All three measurements show matching
peaks confirming the salt form (NH4)3ScF6.
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Figure A12. XRD measurements of the crystalized scandium salt from two ramdom samples of
100 vol% and 70 vol% ethanol addition experiments compared to a measurement of synthesized
(NH4)3ScF6 from literature [13].
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