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Laser-Induced Cavitation for Controlling Crystallization
from Solution

Nagaraj Nagalingam!, Aswin Raghunathan!, Vikram Korede!, Christian Poelma!, Car-
las S. Smith?, Remco Hartkamp', Johan T. Padding', and Huseyin Burak Eral"*

1Process & Energy Department, Delft University of Technology, Netherlands;

2Delft Center for Systems and Control, Delft University of Technology, Netherlands
*H.B.Eral@tudelft.nl

Keywords: Laser-induced crystallization, high-speed microscopy, 1-D FEM simu-
lations, microfluidics

Controlling crystallization from solution, which is central to technologi-
cal applications ranging from nanomaterial synthesis to pharmaceutical
manufacturing, is still challenging our understanding of nucleation [1].
Among the strategies proposed to control kinetics and emerging
crystal ~properties, non-photochemical laser-induced nucleation
(NPLIN), where one or more unfocused laser pulses trigger acceler-
ated nucleation in supersaturated solutions, emerged as a promising
approach due to its presumed non-chemical nature and ability to
influence polymorphic form [2].

We demonstrate that a cavitation bubble initiated by a Nd:YAG laser
pulse below breakdown threshold induces crystallization from super-
saturated aqueous solutions with supersaturation and laser-energy
dependent nucleation kinetics [3]. Combining high-speed video mi-
croscopy and simulations, we argue that a competition between the
dissipation of absorbed laser energy as latent and sensible heat dictates
the solvent evaporation rate and creates a momentary supersaturation
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peak at the vapor-liquid interface. The number and morphology of
crystals correlate to the characteristics of the simulated supersaturation
peak.

The proposed mechanism, verified by combining experiments and
simulations, may shed light on the discussion of the working
mechanism(s) behind NPLIN and sonocrystallization via cavitation

[4].

[1] D. Kashchiev (2000), Nucleation: Basic theory with application, Vol. 1 (Butterworth-Heinman).

[2]J. Alexander and P. J. Camp (2019), Non-photochemical laser-induced nucleation, The Journal of
Chemical Physics 150, 040901.

[3]N. Nagalingam et al. (2023), Laser-Induced Cavitation for Controlling Crystallization from
Solution, arXiv:2302.01218.

[4] V. Korede and N. Nagalingam et al. (2023), A Review of Laser-Induced Crystallization from Solution,
Crystal Growth & Design.



Influence of molecular interactions between inorganic
compounds and protein on their crystallization processes

Zhichun Lin!, Ella Owen!, Emma Chapman', and Huaiyu Yang'*

'Loughborough University, Loughborough, United Kingdom
* h.yang3@lboro.ac.uk
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tion

Crystallization of inorganic compounds attracts more and more at-
tention due to its wide appearances and applications. For example, the
crystallization of lithium carbonate can be used as a recycling method
for battery materials [1], which tends to be widely used with the
increasing demand for batteries on the market. Calcium oxalate is crys-
tallized as kidney stones inside human bodies [2], which is harmful to
people. In this work, two inorganic compounds, lithium carbonate and
calcium oxalate are used as model compounds to investigate the influence
of interactions between macromolecules and inorganic on their crystal-
lization processes. LiCl and CaCl2 were used in lysozyme crystallization
by the hanging drop method [3], with adding more LiCl and CaCl2, the
obtained lysozyme crystals tended to become smaller in size and larger
in amount. Na2CO3 and C2H202 were used as precipitation solutions
mixed with LiCl and CaCl2 solutions, respectively. With the addition of
precipitation solutions, Li2CO3 and CaC204 were first crystallized,
with lysozyme crystals appearing later at high protein concentrations,
shown in Figure 1. With more protein added to the solution, the nucleation
tended to be delayed and fewer crystals were obtained during the same
crystallization period. The results clearly demonstrated the strong
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interactions between the macromolecules and the inorganic molecules,
and the mechanism has been discussed, which will be useful to
design and control the crystallization processes.

[1] Liu, H.; Azimi, G. (2021): Process Analysis and Study of Factors Affecting the Lithium Carbonate
Crystallization from Sulfate Media during Lithium Extraction, Hydrometallurgy, 199.
[2] Tang, W., Yang, T., Morales-Rivera, C.A. et al. (2023): Tautomerism unveils a self-inhibition

mechanism of crystallization., Nat Commun, 14, 561.
[3] Tian W, Rielly C, Yang H. (2021): Protein crystallisation with air bubble templates: case of gas—

liquid—solid interfaces., CrystEngComm, 23, 8159-8168.



Influence of Solution Boundary Layer Structure on
Growth and Dissolution

X. Lai'*, S. T. Nicholson', K. J. Roberts!, and T. Izumi?

'School of Chemical and Process Engineering, University of Leeds, Leeds, LS2 9JT UK;
*Pfizer R&D UK, Ramsgate Road, Sandwich, Kent, CT13 9NJ, UK
*x.lai@leeds.ac.uk

Keywords: Growth, Dissolution, Solution Boundary Layer, Diffusion, Laser Interfer-
ometry

The current kinetics models of crystal growth and dissolution are based
on the bulk solution properties, particularly the bulk superstation and
undersaturation respectively. It is known that the solute molecules need
to diffuse through a boundary layer surrounding the crystal before inte-
grating onto the crystal surface. Due to the solution concentration gradi-
ent in the boundary layer, the concentration or supersaturation/undersat-
uration in the bulk solution is different from the value at the crystal sur-
face. Therefore, the solution boundary layer structure formed, i.e. its
thickness and concentration distribution, provide an additional term of
resistance for mass transfer and have a great impact on the growth and
dissolution kinetics.

For this, a reaction engineering approach has been considered, in which
mass transfer in the boundary layer and growth at the crystal surface are
respectively considered to be the processes of diffusion and reaction in
series [1][2]. However, due to the lack of knowledge based the exper-
imental data about the boundary layer thickness and the growth rate con-
stant at the crystal- solution interface, the application of the diffusion the-
ory remains impractical.
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Fig. 1 Interferogram taken during growth of L-alanine.

We have recently measured the concentration distribution and the thick-
ness of the solution boundary, and the growth rate of the {120} and
{011} faces of L-alanine using our newly developed Mach-Zehnder/Mi-
chelson laser interferometer system, which measures the refractive
index as a function of solution concentration (e.g. figure 1). Under
the certain fluid dynamic condition, the boundary layer thicknesses in-
creases with the bulk supersaturation and undersatruation. The super-
saturation and undersaturation at the crystal-solution interface increase
with the

bulk supersaturation and undersatruation for growth and dissolution
respectively. However, when bulk understaturation for the dissolution
exceeds a certain value, the undersaturation at the crystal surface no
longer increases. This indicates disintegration of solute from the crystal
surface has no resistance and the dissolution rate is controlled by
diffusion only, which is associated with the attachment energy of crystal
face. With the knowledge of solution boundary layer, the solution con-
centration at the crystal surface can be predicted and hence to provide a
more accurate kinetics model of growth and dissolution for the crystal
morphological faces.

[1] P. Bennema P, (1969), The Importance Of Surface Diffusion For Crystal Growth From Solution
Journal of Crystal Growth, Vol 5, 29-43.

[2] J. Garside and N. S. Tavare, 1984, Sept., The Concept of Effectiveness Factors in Crystal Growth,
Proceedings of 8th International Symposium on Chemical Reaction Engineering, Edinburgh.
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Morphology Development of Hierarchical Vaterite
Structures

Lijuan Wang!, Daniyal Younas?, Yuriy Chushkin®, Dag Werner Breiby?, Basab Chat-

topadhyay?, Jens-Petter Andreassen', Seniz Ucar!#*

'Department of Chemical Engineering, Norwegian University of Science and Technology, Trondheim, Nor-
way
“Department of Physics, Norwegian University of Science and Technology Trondheim, Norway
The European Synchrotron Radiation Facility, Grenoble, France
“Department of Metallurgical and Materials Engineering, Middle East Technical University, Ankara,
Turkiye
*seniz.ucar@ntnu.no

Keywords: vaterite, crystal growth, hierarchy, CXDI

Vaterite, an anhydrous polymorph of calcium carbonate, is found in
biominerals and has applications in a variety of fields. Vaterite particles
are often found as polycrystalline structures with complex, hierarchical
morphologies, which are of interest both due to the superior me-
chanical properties of naturally occurring layered materials, such as na-
cre, and the obscurity of their formation mechanism. The hierarchical
organization of vaterite microstructures have so far been explained ei-
ther by supersaturation-controlled kinetic roughening and interface in-
stability or particle attachment.[1, 2] Although detailed analyses of va-
terite growth revealed certain aspects of their morphology development,
contradicting hypotheses prevail due to the non-exclusivity of the exper-
imental methods that depend solely on observation of final particle mor-
phologies and/or lack quantitative data on (time-dependent) supersat-
uration profile. In order to advance our understanding of the formation
pathways of hierarchical vaterite structures and identify the regulating pa-
rameters of the crystallization process, we have performed growth
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experiments at controlled supersaturation and investigated the
three-dimensional (3D) structures of the vaterite microparticles.
The experiments were conducted over a supersaturation range of
1.5-5 with respect to vaterite, and a temperature range of 10 to 60 °C.
The constant composition experiments revealed the significant depend-
ence of growth mode on the temperature and supersaturation. 3D coher-
ent X-ray diffraction imaging (CXDI) coupled with Bragg diffraction
was employed to visualize the internal architecture of particles with a
resolution ~20-30 nm, while simultaneously investigating their crys-
tallinity, and facilitated documentation of the distinction between the
seed surface and the new growth layer. Our results demonstrate the strong
correlation of particle morphology with thermodynamic and kinetic
drivers of crystal growth, defined within the framework of classical crys-
tal growth theory.

[1] A.-W. Xu, M. Antonietti, H. Colfen, and Y.-P. Fang (2006) Uniform Hexagonal Plates of Vaterite
CaCO3 Mesocrystals Formed by Biomimetic Mineralization, Adv Funct Mater, 903-908.

[2] Y. Xu, G. Ma, and M. Wang, (2014) Fabrication and Growth Mechanism of Pumpkin-Shaped
Vaterite Hierarchical Structures, Cryst Growth Des, 6166-6171.
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The limits and potentials of heat batteries based on salt
hydrates

H. Meekes*, M.A.R. Blijlevens and E. Vlieg

IMM Radboud University, Nijmegen, The Netherlands;
*h.meekes@science.ru.nl

Keywords: heat batteries, salt hydrates, phase diagrams, (de)hydration

Approximately 80% of the energy consumption in the western world is
in the form of heat, for warming houses and, to a lesser extent, for hot
tap water. In the search for sustainable energy sources the demand for
heat during winter and the supply by the sun in the summer are out of
phase. If the source is industrial waste heat, the source and demand often
have a spatial mismatch. An efficient form of heat storage is therefore
of paramount importance. A highly effective method of heat storage is
Thermochemical Heat Storage (THS), for which heat is stored in a
chemical reaction during times of limited demand and released when
needed through the reverse reaction. One of the most promising reac-
tions is between two or more hydration states of salt hydrates [1]. As
an example, the reaction
Nal-2H>0O(s) <> Nal(s) + 2H>O(g)

can store 1.5 GJ of heat per m® of salt without energy loss by isolating
the water product. The heat can be recovered via the reverse reaction
on supplying the water vapor back to the reactor. We have shown this
salt to be cyclable for at least 10 cycles (i.e. 10 seasons).

In this presentation we will address the problems encountered in ap-
plying salt hydrates for THS, like limited (de)hydration cyclability,
deliquescence, swelling and the ways to tackle them using data ob-
tained from the phase diagrams. Control of crystal morphology is found

14
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to be critical for the cyclability and deliquescence should be avoided
unless the crystallites are compartmentalized.

o B > T ¥ = .
Scanning Electron Microscopy image after a single heating cycle of SrCl2-6H>O;
a. after dehydration/hydration in an open cell; b. after incongruent melting in a closed

cell.

[1] P.AJ. Donkers et al. (2017): A review of salt hydrates for seasonal storage in domes-
tic applications, Applied Energy 199, 45-68.
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Kinetics of primary nucleation of various solid forms of
griseofulvin

M. O. Diniz'*, P. Ghosh', M. Svird? A. Rasmuson'?, and S. Hudson'*

SSPC the Science Foundation Ireland Research Centre for Pharmaceuticals, University of Limerick, Limer-
ick, Ireland
2 KTH Royal Institute of Technology, Stockholm, Sweden
*Mariana.Diniz@ul.ie

Keywords: Nucleation, Polymorphism, Solvate, Pharmaceuticals

Nucleation is a poorly understood phenomenon, in part because nuclei
are so small that they are difficult to detect. The purpose of this re-
search is to look into the crystal nucleation of griseofulvin (GSF). GSF
is a high-molecular-weight (352.76 g/mol) active pharmaceutical in-
gredient with a complex molecular structure that includes a cyclohexa-
none ring, a benzofuran moiety, and numerous functional groups. GSF is
prone to polymorphism and solvate formation. Visual detection of the
onset of nucleation in 20 mL solutions of n-butyl acetate (nBuAc),
acetonitrile (ACN), and methanol (MeOH) was used to investigate pri-
mary nucleation of GSF. GSF nucleated as the stable form I from MeOH
(CSD GRISFL) [1], as a previously reported solvate from ACN (CSD
PINMOQ) [2], and as a new solvate from nBuAc, as verified by PXRD in
this work. At room temperature, both solvates were found to be unsta-
ble, with the GSF- nBuAc solvate transforming to form I and the GSF-
ACN solvate transforming to an unreported polymorphic form (GSF
Form VI).

At similar supersaturation, the ACN-solvate shows the fastest nucle-
ation, followed by the nBuAc-solvate, and with Form I nucleating in
methanol the slowest, as presented in Fig. 1. Both the pre-exponential
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factor (kinetic) and the interfacial energy (thermodynamic) are highest for
nucleation of Form I from methanol, followed by the GSF-nBuAc solv-
ate and the GSF- ACN solvate, as presented in Fig. 2. The nucleation
rate is inversely proportional to the interfacial energy and directly pro-
portional to the pre-exponential factor, according to classical nucleation
theory. As a result, for this compound in these solvents, the interfacial
energy has a greater influence on the nucleation rate than the pre-expo-
nential factor. The solvent affects the resulting solid phase of GSF as
well as the nucleation rate, with the unstable solvated forms crystalliz-
ing faster than the thermodynamically stable ansolvate.
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Fig.1. Classical nucleation plot for GSF nucleating in MeOH, ACN, and nBuAc.
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Fig. 2. Values calculated from the CNT plot: a) interfacial energies and b) pre-expo-
nential factor for GSF nucleating in MeOH, ACN, and nBuAc.

[1] J. F. Grove and J. C. McGowan (1947), Identity of griseofulvin and curling-factor, Nature 160, 574-
574.

[2] S. Aitipamula, P. S. Chow and R. B. H. Tan (2014), Solvates of the antifungal drug griseoful-
vin: structural, thermochemical, and conformational analysis, Acta crystallogr. 70, 54-62.
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Quantifying the Kinetics of Competitive Polymorphic Nu-
cleation via Microdroplet Approach

R. Cedeno', R. Grossier', N. Candoni', and S. Veesler'*

'Center for Interdisciplinary Nanoscience of Marseille, CNRS, Aix-Marseille University, CINaM-
UMR7325, Marseille, France ;
*stephane.veesler@cnrs.fr

Keywords: nucleation, microfluidics, kinetics, polymorphism, solubility

Nucleation plays a key role in polymorph selection which
profoundly impacts the physicochemical properties, processability, and
overall quality of the final crystalline product. For this reason, under-
standing the kinetics of competitive polymorphic nucleation is essential
in controlling the polymorphic outcome.[1] Given that nucleation is
inherently stochastic, experimental platforms allowing large number of
experiments are needed to enable a reliable statistical analysis.[2] More-
over, in the context of polymorphic systems, the aqueous solubility of the
metastable form is often inaccessible using conventional methods[3] be-
cause of the risk of polymorphic transformation during measurement.
Given that solubility is a pre-requisite in quantifying nucleation kinet-
ics, new methods for measuring the aqueous solubility of meta-
stable forms are of fundamental interest. In this work, we develop an orig-
inal microfluidic approach to measure the aqueous solubility and nu-
cleation kinetics of a metastable form of KDP (KH2PO4), one of the
most important opto-electronic crystals[4]. Using our measured solu-
bility, we estimated its interfacial energy from its probability distribution
of nucleation time measured in evaporating microdroplets.[5] We show
that the nucleation barrier measured in our microfluidic experiments is in
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reasonable agreement with molecular simulations. Then, with our meas-
ured nucleation parameters, we used the classical nucleation theory
(CNT) to model the competitive nucleation of both polymorphs and the
simulation results show that the stable form is favored at lower super-
saturation while the metastable form is favored at higher supersatu-
ration, which agrees with experimental reports in the literature. Indeed,
our combined experimental and computational study reveals an interest-
ing interplay between thermodynamics and kinetics in competitive poly-
morphic nucleation.

[1] Sun W, Ceder G. (2017): Induction time of a polymorphic transformation, CrystEngComm 19, 4576- 85.
[2] Cedeno R, Grossier R, Lagaize M, Nerini D, Candoni N, Flood A, Veesler S. (2022): Nucleation in
sessile saline microdroplets: induction time measurement via deliquescence—recrystallization cycling,
Faraday Discuss 235, 183-97.

[3] Nicoud L, Licordari F, Myerson AS. (2018): Estimation of the Solubility of Metastable Polymorphs: A
Critical Review, Crystal Growth & Design 18, 7228-37.

[4] Ren Y, Zhao X, Hagley EW, Deng L. (2016): Ambient-condition growth of high-pressure phase
centrosymmetric crystalline KDP microstructures for optical second harmonic generation, Science Advances
2, ¢1600404.

[5] Cedeno R, Grossier R, Tishkova V, Candoni N, Flood AE, Veesler S. (2022): Evaporation Dynamics of
Sessile Saline Microdroplets in Oil, Langmuir 38, 9686-96.
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Stabilization and Coagulation of Colloidal Suspensions
during Crystallization
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'National Engineering Research Center of Industrial Crystallization Technology,

School of Chemical Engineering and Technology, Tianjin University, Tianjin 300072, China;
*Collaborative Innovation Center of Chemical Science and Engineering (Tianjin), Tianjin 300072, China;
3State Key Laboratory of Chemical Engineering, School of Chemical Engineering and Technology, Tianjin
University, Tianjin 300072, China
*hongxunhao@tju.edu.cn

Keywords: Crystallization; Colloid suspension; Particle behavior; Surface
interaction

In colloidal suspension, the disordered colloidal particles could be
rearranged under the artificial control, which show great potential in
some areas like nanomaterials, energy and biomedicine[1]. However,
colloidal suspension could be catastrophic for the phase separation pro-
cess like crystallization[2]. Due to the high viscosity, colloidal suspen-
sion would be a great burden on the equipment, which cause the clog-
ging in pipeline and difficulty in stirring. In addition, due to the col-
lapse of the colloidal suspension, impurities and solvents trapped
significantly affect the purity of the final product. Hence, under-
standing the motion and interaction of particles are crucial and in-
structive to control the colloid suspension during crystallization. Due
to the special thermodynamic properties of cefradine, the mutation of
supersaturation usually led to the explosive nucleation, resulting in
the formation of large amounts of nanocrystals as the colloidal parti-
cles. Via surface analysis of nanocrystal and molecular simulation, the
electric double layer on ionized crystal surface was revealed. Then,
DLVO model was further derived to analyze interaction between
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particles. Combining dynamic light scattering, zeta potential measure-
ments and rheology, the stability of colloidal suspension and motion be-
havior of particles was understood during the whole crystallization pro-
cess. The developed knowledge based on the suspension can form a
basis for further optimization of purification and crystallization for

cefradine.
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Fig.1 Stabilization and coagulation of colloidal suspensions during crystallization

[1] Zhang, D., Goekce, B., and Barcikowski, S. (2017). Laser Synthesis and Processing of Colloids:
Fundamentals and Applications. Chemical Reviews 117,3990-4103.

[2] Wang, L., Zhang, T., Gao, Z., Bao, Y., Yin, Q., Na, P., and Hao, H. (2019). Reverse Antisolvent Method
To Avoid Jelly-like-Phase Generation and Preparation of Crystalline Cefquinome. Crystal Growth & Design
19, 1559-1566.
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Precipitation of hydrated niobium oxide (niobic acid)
from potassium niobate and sulfuric acid solutions

C.R. Souza'”, A. Mazur?, V. S. Santos', F. M. Penha? and S. D. F. Rocha!

"Universidade Federal de Minas Gerais, Belo Horizonte, Brazil;
2 KTH Royal Institute of Technology, Stockholm, Sweden
*cassiaribeirosouza@yahoo.com.br

Keywords: Precipitation, hydrated niobium oxide, thermodynamic simulation,
solid characterization

The niobium-based oxides such as niobic acid (hydrated niobium oxide
- Nb205.nH20) have received attention due to their application in bat-
teries as well their stability, selectivity and high activity in catalytic reac-
tions, which can be preserved in polar liquids and higher temperatures.
The Nb>" ion is hydrolysed in water and can be precipitated at lower pH
values as niobic acid. The niobium oxide (Nb205) in its hydrated
form loses most of its surface acidity upon temperature increase (>
500 °C) and the anhydrous crystalline oxide is formed. In this context,
we have investigated the precipitation of hydrated niobium oxide from
potassium niobate and sulfuric acid solutions. This study aims to evaluate
the influence of supersaturation and H2SO4 concentration on the charac-
teristics of niobic acid. Thermodynamic simulation of the niobium- po-
tassium-sulphate-water system was carried out using OLI Studio Stream
Analyser to predict the influence of solution composition and pH in the
precipitation process. The modelling shows the equilibrium conditions of
the system considering only the most stable phase of potassium niobate
(KNbO3). In this work, potassium niobate was obtained from an alkaline
liquor of Fe- Nb alloy fines leached with KOH. After cooling

22


mailto:a.author@institution.com

crystallization, a solid containing KNbO3 and K4Nb6O17 phases were
obtained. Further, the potassium niobate was dissolved in distilled water
and the effect of different H2SO4 dosages up to 1 mol was evaluated in

batch precipitation for 96 hours. After filtration and drying, the solids
were characterized by XRD, XRF, FTIR, Raman and microscopy. The re-
maining solution was analysed through ICP-OES. The aqueous niobium
was also quantified by UV-Vis methodology and confirmed the removal
of niobium from the solution. As expected, the XRD shows that an
amorphous phase of niobic acid was formed. Raman spectroscopy ex-
hibit characteristic bands of niobic acid (maximum shifts at 450 and
670 cm™!) and for higher sulphate concentrations the broad band sharp-
ens. The experimental results are consistent with the simulation pre-
dictions, despite the fact that the OLI Studio database does not contain
all potassium niobate phases. The next steps will assess the viability of
production of a high-quality niobium oxide from the precipitated niobic
acid.

Acknowledgments: This work was financially supported by CNPq Inova Niobio (408563/2022- 2).
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In this work, we present a novel approach for automating the measure-
ment and growth analysis of crystals using machine learning techniques.
The traditional manual methods of measuring and analysing crystal
growth are time-consuming and prone to human error. Our proposed
system utilises an established machine learning method, Mask-RCNN,
to automatically detect multiple crystals from images captured either by
a microscope or from an in-process flow. We also implement a method
for fitting a 2D polygonal shape, with opposite sides’ parallel, to the im-
age boundary of the detected crystals By tracking the changes in crystal
size and shape over time, we can perform growth analysis and derive
insights into the underlying crystallisation processes.

Our system was evaluated using a dataset of images captured during
the growth of B-LGA crystals. The results indicate that the approach
achieves high accuracy in detecting and measuring crystals and al-
lows the user to analyse the growth rates of crystals with ease.
Moreover, our approach significantly reduces the time and effort
required for crystal measurement and growth analysis, enabling more
efficient and accurate studies of crystal growth.
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Our proposed system provides a reliable and efficient method for
automating crystal measurement and growth analysis. The system's
ability to detect crystals using machine learning and to fit a shape
model to the crystal boundaries, provides a powerful tool for under-
standing the complex mechanisms of crystallisation.

Figure 1: Examples of B-LGA crystals from a microscrope which have been
measured automatically, left, a single crystal, right, multiple crystals are de-
tected and measured.
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The complexity in pharmaceutical small molecules is ever increasing,
along with increased demands to deliver the API right particle within
accelerated timelines to meet early Phase 2b/ Phase 3 clinical timelines.
With an ever diversifying portfolio, strategies to deliver the right par-
ticle are also having to diversify.

The API right particle is defined by the critical quality attributes (CQAs)
of the API, which are critical for downstream processing of the API into
the product formulation. Target CQAs should be selected prior to de-
signing the crystallisation, to ensure efficient process design.
Furthermore, the right process should deliver the right particle with high
yield, short process time and manufacturability. Increasingly, maximiz-
ing yields not only reduces batch sizes and cost, but minimizes sus-
tainability risks associated with solvent based crystallisations. A
properly designed crystallisation process should ensure delivery of the
particle CQAs whilst maximizing productivity.

To meet the demands of a complex Pharmaceutical development portfo-
lio and deliver the right particle, data-rich experimentation methods are
being implemented, alongside model-based process design [1]. Model-
based methods have increased utility over empirical approaches to pro-
cess design, such as Quality-by-Design (QbD), by effectively using
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limited data sets to model the outcomes of crystallisations to afford the
particles of the right form, morphology and crystal size distribution. Fur-
thermore, model-based methods can be combined with data-rich exper-
imentation to develop processes efficiently. By taking a hybrid ap-
proach, the time and resources needed to optimize processes ahead of
manufacturing is greatly reduced and also frees up material destined for
clinic rather than development purposes.

In addition to data-rich and model-based experimentation, crystallisation
workflows are being implemented to optimise the way problems are
solved on projects. Workflows are designed by collaborators to sequen-
tially eliminate any issues that may prevent crystallisation of the right
particle. For example, the use of an impurity rejection workflow has al-
lowed the project to make clear conclusions surrounding the quality of the
final API and put in place practical mitigations to prevent the quality pro-
file becoming an issue upon manufacture [2].

To conclude, new routes are being utilized in pharmaceutical process
development that can deliver the right particle for increasingly complex
particle challenges.

[1] B. Szilagyi, A. Eren, J. L. Quon, C. D. Papageorgiou and Z. K. Nagy (2020), Application of Model-
Free and Model-Based Quality-by-Control (QbC) for the Efficient Design of Pharmaceutaical Crystalliza-
tion Processes, CG&D 20, 3979-3996.

[2] S. J. Urwin, G. Levilain, I. Marziano, J. Merritt, I. Houson, and J. H. Ter Horst (2020): A Struc-
ture Approach to Cope with Impurities during Industrial Crystallisation Development, OPR&D 24, 1443-
1456.
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Traditionally, active pharmaceutical ingredient (API) production is per-
formed through batch processes. Nevertheless, batch production mode
has shown some weaknesses over the years, especially batch-to-batch
product quality variation. Conversely, the continuous mode ensures
more constant product quality [1]. Among continuous operations, the
bottleneck is mainly linked to the crystallization step, which is the
cradle of one of the main issue in continuous processes: encrustation
[1]. The mechanisms of fouling are numerous [2] and can be complex to
evaluate.

In this work, encrustation was encountered while performing continu-
ous chiral resolution of racemic Ibuprofen in a mixture ethanol/water
76/24 (w/w) in a Couette-Taylor (CT) crystallizer [3]. Two main sources
were identified: generation of local high supersaturation and reduced
flow velocity at the inlet of the CT crystallizer.

To avoid such encrustation issue, the preventive implementation of tem-
perature cycling seems to be an attractive solution [2]. The coupling of
the temperature increase with pure solvent circulation has proven its
efficiency on blockage in previous experiments. Preliminary
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experiments of periodic cleaning procedure appeared to be quite
promising regarding productivity, yield and repeatability.

However, during the cleaning procedure, the continuous crystallizer can-
not produce. To address this industrial scale issue, a 4-CT system is pro-
posed and displayed in Figure 1. It is based on a simulated solution in-
volving a system of four independent PFC segments, called Simulated
Moving Plug Flow Crystallizer (SM-PFC) [4]. This set-up would include
a recycling stream for the cleaning liquors and the filtration liquors.
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Figure 1: 4-CT system proposed, including a recycling stream for the cleaning liquors
and the filtration liquors.
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[1] Y. Ma, S. Wu, E. G. J. Macaringue, T. Zhang, J. Gong, and J. Wang (2020): Recent Progress in Contin-
uous Crystallization of Pharmaceutical Products: Precise Preparation and Control, Org. Process Res. Dev.,
24, 1785-1801.

[2] D. Acevedo, X. Yang, Y. C. Liu, T. F. O’Connor, A. Koswara, Z. K. Nagy, R. Madurawe, C. N. Cruz
(2019): Encrustation in Continuous Pharmaceutical Crystallization Processes—A Review, Org. Process
Res. Dev., 23, 1134-1142.

[3] L. Marc, S. Guillemer, J.-M. Schneider, and G. Coquerel (2022): Continuous chiral resolution of
racemic Ibuprofen by diastereomeric salt formation in a Couette-Taylor crystallizer, Chem. Eng. Res. Des.,
178, 95— 110.

[4] A. Bjarnason and A. Majumder (2023): A Novel Simulated Moving Plug Flow Crystallizer (SM-PFC)
for Addressing the Encrustation Problem: Simulation-Based Studies on Cooling Crystallization, Ind.
Eng. Chem. Res., 62, 5051-5064.
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The production of pure enantiomers is challenging but of increasing
importantance for the life science industries. A cost efficient separation
technique is Preferential Crystallization (PC), which allows the direct
crystallization of only one enantiomer from a 50:50 (racemic) solution.
An enantioselective fluidized bed crystallization (FBC) process
applies this technique in continuous operation applying tubular
crystallizers. The required continuous supply of enantiopure seed
crystals is realized by coupling the conical shaped tubular crystallizer
with a milling bypass. The utilization of conical shaped tubes provides
a short and narrow residence time distribution of the liquid phase and
offers a selective removal of crystal fines. Both effects promise that this
process can be operated robust against product contamination by nuclei
of the undesired enantiomer. In addition, the conical shape of the tubes
causes a size classifying effect, which results in a narrow and easily
adjustable product crystal size distribution. Despite these beneficial ef-
fects, the coupling of PC with the hydrodynamic effects of the FBC as
well as with the breakage kinetic of the milling bypass leads to an
auspicious but complex process with limitations for the operating win-
dow.
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A remarkable steady-state productivity of 150 g/L/h as well as the nar-
row and easily adjustable product crystal size distribution was achieved
in a comprehensive experimental parameter study for the chiral system
DL-asparagine monohydrate [1]. Furthermore, the continuous chiral
resolution could be demonstrated recently as well for the amino acid
DL-threonine and the active pharmaceutical ingredient RS-guaifenesin
[2] proving that the enantioselective FBC process is exploitable as
well for chiral systems with low solid phase densities and slow crystal
growth of needle-like crystals. Despite these achievements, it was
also observed that the identification of a suitable seeding strategy,
i.e. the shape and size distribution of the seed crystals, is more
sophisticated for chiral systems with needle-like crystal growth.

In this contribution, the process and the applied seeding strategies will
be explained in detailed. The latter will be evaluated with respect to
the comminution rate and breakage distribution. Their impact on the
performance of the continuous FBC will be shown for three chiral sys-
tems, namely DL-asparagine monohydrate, DL-threonine and RS-guai-
fenesin. The evaluation of the process performance is based on the
steady state productivity achieved in a pilot plant and the corresponding
shape and size distribution of the product crystals.

[117J. Génsch, N. Huskova, K. Kerst, E. Temmel, H. Lorenz, M. Mangold, G. Janiga and A. Seidel-
Morgenstern (2022): Continuous enantioselective crystallization of chiral compounds in coupled fluidized
beds, Chem. Eng. J. 422, 129627.

[2] E. Cascella, J. Ginsch, H. Lorenz, A. Seidel-Morgenstern, unpublished
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The spherulitic hierarchical 2,2'4,4',6,6'-hexanitrostilbene (HNS) was
successfully fabricated via noncrystallographic branching induced by
polymer additives (Fig. 1), which was promising to solve the problems
of nanoscale energetic materials in agglomeration and microscale bulk
crystals in low activity. The prepared spherulitic HNS owned nearly 6
times the specific surface area of the raw HNS, with decreased
impact sensitivity and advanced melting and decomposition tem-
peratures, demonstrating a good desensitization effect, and a favora-
ble energy release of the hierarchical structure.

The morphological changes were explored for the effect of the
molecular weight and concentration of PVP, which indicated that the
molecular weight of PVP presents a more profound effect than the
concentration on inducing the spherulitic growth of HNS. Furthermore,
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the formation mechanism of spherulitic HNS was experimentally verified
that additives acting as the impurities adsorb on the HNS crystals and
inhibit the growth steps on the (200) face, introducing stress and gen-
erating defects to trigger noncrystallographic branching and further
spherulitic growth. The adsorption effect of additives was verified by

FTIR, and the crystal defects on the crystal surface and inside the
crystals were detected by AFM and SAXS, respectively.

4 7/ it

Figure 1. HNS crystals without additives (a), in the presence of polysuccinimide (PSI)
(b1 and b2), or polyvinylpyrrolidone (PVP) (c1 and c2).

[1] X. Zhou, H. Li, X. Zhou, S. Hao, M. Yan, P. Zou, S. Huang, X. He, C. Zhang (2023): Imparting
high polymorph transition resistance to cyclotetramethylene-tetranitramine via spherulitic aggregation ena-
bled crystal shape constraint, Chem. Eng. J. 452, 139602.

[2] J. Jiang, E. Nikbin, G. Hicks, S. Song, Y. Liu, E.C.N. Wong, 1. Manners, J.Y. Howe, M.A. Winnik
(2023), Polyferrocenylsilane Block Copolymer Spherulites in Dilute Solution, J. Am. Chem. Soc. 145, 1247-
1261.
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Abstract: The objective of this work was to modify the crystal shape and
size of poorly water- soluble drug ropivacaine, and to reveal the effects
of polymeric additive and ultrasound on crystal nucleation and growth.
Ropivacaine often grow as needle-like crystals extended along the a-
axis and the shape was hardly controllable by altering solvent types
and operating conditions for the crystallization process. We found that
ropivacaine crystallized as block-like crystals when polyvinylpyrroli-
done (PVP) was used. The control over crystal morphology by the ad-
ditive was related to crystallization temperature, solute concen-
tration, additive concentration and molecular weight. PVP with shorter
chains showed more profound influence on decreasing the aspect ratio of
crystals. SEM and AFM analyses were performed providing insights
into crystal growth pattern and cavities on the surface induced by
the polymeric additive. In ultrasound-assisted crystallization, the impacts
of ultrasonic time, ultrasonic power, and additive concentration were in-
vestigated. The particles precipitated at extended ultrasonic time exhib-
ited plate-like crystals with shorter aspect ratio. Combined used of
polymeric additive and ultrasound led to rice-shaped crystals, which the
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average particle size was further decreased. The induction time measure-
ment and single crystal growth experiments were carried out. The results
suggested that PVP worked as strong nucleation and growth inhibitor.
The inhibition ability exhibited dependence on supersaturation, mo-
lecular weight of additive, concentration of additive, and ultrasound.
Molecular dynamics (MD) simulation was performed to explore the ac-
tion mechanism of the polymer. The interaction energies between PVP
and crystal faces were calculated, and mobility of the additive with differ-
ent chain length in crystal- solution system was evaluated by mean
square displacement (MSD). Based on the study, a possible mechanism
for the morphological evolution of ropivacaine crystals assisted by PVP
and ultrasound was proposed.
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Figure 1 (1) MSD plots and snapshots of additive (green) with different chain

length adsorbed on (101) face of ropivacaine; (2) effects of polymeric additive and

ultrasound on the morphology of ropivacaine crystals
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Crystal growth kinetics parameters are essential to design industrial crys-
tallization units [1]. Crystal growth parameters are also essential to design
experimental set-ups required for the continuous manufacturing of active
pharmaceutical ingredients [2]. We performed batch crystal growth ex-
periments assisted by the state-of-art Process Analytical Technology
(PAT) tools that includes the FTIR and FBRM to study the growth kinet-
ics of paracetamol (an important API) in isopropanol at different op-
erating conditions [3]. The operating variables studied include the initial
supersaturation, seed loading, seed size, agitation speed and temperature
[1]. The experimentally obtained results were used to obtain the crystal
growth kinetic and thermodynamic parameters using the Burton-
Cabrera-Frank, spiral nucleation and the birth and spread model [4].
We will show the results correlating the kinetic parameters obtained
from the above-mentioned theories with the operating variables that can
be used to design industrial scale crystallization units.

Acknowledgement: We acknowledge the financial support of the Science Foundation Ire-
land (Grant 12/RC/2275, 12/R1/2345/SOF and 18/SIRG/5479). KVK would like to
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Separating CO2 from flue gas or ambient air is often performed using

sorbents that require thermal regeneration. The respective processes of-
ten apply a temperature swing approach [1]. However, the growing num-
ber of renewable energy plants predominantly provides electrical energy
requiring alternative process concepts such as the electrochemical pH
swing [2]. The working principle of a pH swing carbon capture process is
based on the dissociation equilibrium of CO2. An electrochemical regen-
eration is performed by directly producing H"- and OH-ions. To realize
an energy-efficient operation, CO2 needs to be captured as bicarbonate
instead of carbonate. That way, only a single H*- and OH™-ion per ab-
sorbed CO2 must be provided to the system. However, in an alkaline
scrubbing process, the sorbent capacity is very limited, if the targeted
pH predominantly fosters the formation of bicarbonates. Thus,
we suggest supplementing the alkaline scrubbing process by an in situ
precipitation of bicarbonates, so that energy-efficiency can be maintained
despite scaling sorbent capacity (See scheme below).

At the Chair of Fluid Process Engineering, a pilot plant of
a three- phase reactive crystallizer is set up. A spray tower design is
selected, promoting a low pressure drop in the gaseous phase and a high
surface-to-volume ratio in the liquid phase. The spray tower is fed with
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a flue gas surrogate system consisting of 15 mol% CO2 and 85 mol%
N2. At the top of the tower the alkaline solution containing the precipi-
tating agent is injected through a nozzle plate.

Co,

aq+ H,0 & HyCO; > HCOy <> CO5™

o | ol
MHCO;,

Scheme of the pH swing process with an in situ precipitation

The first experiments successfully demonstrated the absorption with an
in situ precipitation. The results to be presented include an experi-
mental sensitivity analysis comparing a pure absorption process with
an in situ precipitation of bicarbonate and carbonate salts under varying
liquid/gas flow ratios. CO2 depletion, CO2/OH" ratio and remaining alka-
line absorption capacity are examined for the different alternatives. The
process imposes several requirements on the selection of the precipitant,
which are addressed in particular.

[1] Al-Mamoori, A., Krishnamurthy, A., Rownaghi, A. A., & Rezaei, F. (2017). Carbon capture and
utilization update, Energy Technol., 5(6), 834-849.

[2] Sharifian, R., Wagterveld, R. M., Digdaya, I. A., Xiang, C., & Vermaas, D. A. (2021). Electrochemical
carbon dioxide capture to close the carbon cycle. Energy Environ. Sci., 14(2), 781-814.
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Lithium is a vital component in lithium-ion batteries (LIBs), which are
the heart of electric vehicles. There is a projected lithium shortage in the
future, so some of the de-bottlenecking of the lithium supply chain crisis
can be achieved by recovering lithium from spent LIBs [1]. The water
leaching process is one of the methods used for selectively leaching lith-
ium from spent LIBs as lithium hydroxide (LiOH), followed by sodium
carbonate (Na2CO3) precipitation for lithium carbonate (Li2CO3) re-
covery [2]. One of the key challenges during this process is the purity
of the recovered Li2CO3, as there is a potential for sodium incorporation.
The semi-batch gas-liquid reactive crystallization of LiOH and CO2 to
form Li2CO3 is investigated in this work. We focus on investigating the
behaviour of Li2CO3 crystallization at various temperatures as well as
the CO2 flow rate. The Li2CO3 solubility decreases with the increase
in temperature resulting in higher lithium recovery [3]. During the ex-
periments, pH and temperature were in- situ monitored along with the
samples of liquid and solid precipitate to determine % lithium recovery
(using microwave plasma atomic emission spectroscopy (MP-AES))
and Li2CO3 morphology (using scanning electron microscopy (SEM)).
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The maxima for lithium recovery followed the pH and temperature
maxima (Figure 1). SEM images show that the Li2CO3 products are
spherulites (Figure 2), which are composed of smaller, plate-like crystals.
The size analysis shows that the average size of the Li2CO3 particles
at the various experimental conditions is in the range of 50-100 um,
allowing for efficient filtration. The present work will open the possibil-
ity for recovery of high-purity Li2CO3 from spent LIBs which can be
used in the resynthesis of cathode active material for new LIBs.
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Figure 1: Li2CO3 crystallization (50 °C & 0.525 L/min)

41



[1] Maisel, F., Neef, C., Marscheider-Weidemann, F., & Nissen, N. F. (2023). A forecast on future raw ma-
terial demand and recycling potential of lithium-ion batteries in electric vehicles. Resources, Conservation
and Recycling, 192, 106920. https://doi.org/10.1016/j.resconrec.2023.106920

[2] Makuza, B., Yu, D., Huang, Z., Tian, Q., & Guo, X. (2021). Dry Grinding—Carbonated Ultrasound-As-
sisted Water Leaching of Carbothermally Reduced Lithium-Ion Battery Black Mass Towards Enhanced Se-
lective Extraction of Lithium and Recovery of High-Value Metals. Resources, Conservation and Recycling,
174, 105784. https://doi.org/10.1016/j.resconrec.2021.105784

[3] Miller, R. Rodney., Smith, S. H., & Williams, D. Dawes. (1971). Solubility of lithium carbonate at ele-
vated temperatures. Journal of Chemical & Engineering Data, 16(1), 74-75.
https://doi.org/10.1021/je60048a022

42



43



Eutectic Freeze Crystallization Investigations on
NiSO4-CoS04-H20O System

E. Yiiksek!, M. Akbarkermani?, M. Sarikaya!, M. Sviird?, K. Forsberg?, F.E. Genceli
Giiner'”

lIstanbul Technical University, Chemical Engineering Department, Istanbul, Turkey

2KTH Royal Institute of Technology, Chemical Engineering Department, Stockholm, Sweden

*gencelie@itu.edu.tr

Keywords: Eutectic Freeze Crystallization, nickel sulfate, cobalt sulfate, recovery, lith-
ium-ion batteries.

Nickel sulfate and cobalt sulfate are essential materials in the battery
industry. Particularly in lithium-ion batteries, they are both used as pre-
cursor ingredients in producing cathode material and electrolyte additives
to improve performance. Recycling raw materials of batteries is crucial
because it conserves energy and reduces the demand for new re-
sources, greenhouse gas emissions, and waste. Therefore, investigations
have been carried out to recycle valuable NiSO4 and CoSO4 from used
batteries. Precipitation, evaporation, crystallization, ion exchange,
membrane filtration, biological treatment, and chemical oxidation meth-
ods are mainly used to recover NiSO4 and CoSO4 from their aqueous
waste solutions.

Eutectic freeze crystallization (EFC) is a unit process that uses the prin-
ciple of freezing point depression to separate a mixture of two or more
components. When an aqueous solution is cooled below its eutectic
temperature, as the system reaches eutectic composition, ice and salt
crystallize simultaneously and separate from the liquid phase due to their
density differences. EFC has several advantages over other
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separation techniques, including low energy requirement, high purity,
simple operation principle, and environmental benefits.

To operate EFC method successfully, accurate knowledge of the
NiSO4-CoS04-H20 phase diagram is needed at low temperatures. In
this study, the effect of Co on NiSO4-H20 eutectic point and Ni effect
on CoSO4-H20 eutectic point were investigated experimentally. The

onset of crystallization upon cooling several solution concentrations al-
lowed to draw metastable lines for ice and salts.

Experiments were also carried out for the composition of the industrial
nickel sulfate-cobalt sulfate battery waste stream under EFC. The sys-
tem’s performance was evaluated for the eutectic freeze crystallization
treatment method regarding ice and salt qualities, quantities, and eco-
nomic and technical issues.
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The efficient way to obtain phosphorus (P) from sustainable sources has
become a challenging task to meet the increasing demand of various
industrial sectors, for instance, fertilizer production and the battery
industry. One of the possible sources of P is wastewater, where the
crystallization processes of P-containing minerals could be maintained
[1]. However, this approach has not been systematically studied for
P-recovery in the form of vivianite Fe** (PO ) -8H O from solution,
and therefore, the forming conditions for optimal crystal growth need
to be defined. Our current study focuses on the crystallization of high-
purity vivianite from an artificial solution that simulates processed
wastewater. The crystallization process was examined under different pH
conditions (pH 5.0 to 8.5) using a novel combination of methods, includ-
ing real-time visualization (Figure 1a), to probe the crystal morphology
and other properties. The mineralogical composition and purity of the
crystals were characterized by X-ray diffraction (XRD). The shapes of
the crystals were observed by scanning electron microscope (SEM)
(Figure 1b). The size distribution of the crystals was determined using
the Multisizer. The preliminary results of the study provide a compari-
son of the effect of pH on crystal sizes and shapes at different stages of
the crystallization process. According to the size-particle analysis, the
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promising optimal range of pH seems to be between 7.5 and 8. We
assume that the output of this research will help predict the optimal
conditions for effective vivianite recovery from real wastewater.

(a)

FeSO, - 7H,0 —~
NaOH ~

Na,HPO, - 2H,0
NaH,PO, - 2H,0

Sid-PCS00  Highvae @) ——

Fe:P=3:2 £ oo s g .
Figure 1. Scheme of the experiment (a); SEM image of vivianite crystal at pH 7.5 (b).

[1]J. Zhang, Z. Chen, Y. Liu, W. Wei, B.-J. Ni (2022): Phosphorus recovery from wastewater and sewage
sludge as vivianite, J. Clean. Prod. 370, 133439.
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The valorisation of waste produced during metal extraction has become
an integral component of minimizing negative environmental impacts.
The bauxite ore used exclusively in the production of aluminium oxide
via the Bayer process, contains besides Al, several trace elements like
rare earth elements (REEs), V, Li, Sc, Ga that are currently not valorised.
Vanadium and Gallium both dissolve during the Bayer process forming a
constant impurity in the Bayer liquor, the sodium aluminate solution
which is the heart of the process. Vanadium finds application in multiple
industries ranging from steel and battery manufacturing to aircraft and
defence industries; this has made it a metal of interest. The extraction of
vanadium involves pyrometallurgy, leaching, SX, and ammonium
treatment of strip liquor to the precipitate the vanadium salts, ammonium
metavanadate (AMV) and vanadium pentoxide [1, 2]. Vanadium
precipitation techniques presently in use have the drawback of generating
copious amounts of highly saline ammonium containing wastewater
coupled with solid waste that is difficult to handle safely or recycle [3,
4]. This study seeks to understand the crystallization of vanadium salts
(measured through yield and purity) from a synthetic vanadium laden
leach liquor using antisolvent crystallization in a temperature-controlled
jacketed batch reactor. The aqueous vanadium concentration ([V>*]) was
varied from 20 to 40 g/L with different organic to aqueous ratios (O/A =
0.5; 0.75; 1) whilst using acetone as the antisolvent. The primary
precipitates were analysed for yield, purity, morphology, structure,
particle size and composition. The preliminary results showed that an
increase in O/A ratio, from 0.5 to 1, led to an increase in yield. This
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increase was accompanied by time dependent changes in mean particle
size, number of particles, and micro-structure that arose from conditions
that favoured agglomeration. It is anticipated that the enhanced
agglomeration will have impacts on product purity.

[1] Hu, B., Zhang, C., Dai, Y., Wang, X. & Wang, M. (2022). Separation of vanadium and chromium in
solution after vanadium precipitation by co-extraction with N263 and selective stripping with NaOH
solution. Hydrometallurgy, 208, 105798.

[2] Tavakolikhaledi, M. (2014). Vanadium : leaching and solvent extraction (T). University of British
Columbia. Retrieved from https://open.library.ubc.ca/collections/ubctheses/24/items/1.0167467

[3] Pan, B., Liu, B., Wang, S., Wenzel, M., Weigand, J. J., Feng, M., Du, H. & Zhang, Y. (2020). Ammonium
vanadate/ammonia precipitation for vanadium production from a high vanadate to sodium ratio solution
obtained via membrane electrolysis method. Journal of Cleaner Production, 263, 121357.

[4] Du, G., et al. (2016). The nucleation kinetics of ammonium metavanadate precipitated by
ammonium chloride. Journal of Crystal Growth 441: 117-123.
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Thermal energy storage is an essential item in the development of energy
generation and supply systems. Phase change materials (PCMs) can be a
solution to this demand by transferring heat associated with the latent
heat of phase change [1]. A major problem with paraffins is their low
thermal conductivity, around 0.2 W-m-K-! [2]. The effect of the crys-
tallization rate on the thermal conductivity of the solid formed has not
been adequately studied. This study presents the effect of the crystalliza-
tion rate on the thermal conductivity of paraffins, evaluated by means of
experimental measurements of solid thermal conductivity and by
performing layer crystallization experiments and modeling using
an internally cooled cylindrical tube, denominated “cold finger”
which uses water as cooling fluid.

Was used paraffin 120/125-6, with temperature of the crystallization
at 49.75°C. For the conductivity measurements, two paraffin samples
were made by first melting then at 70°C in two steel vessels. The fast
crystallized paraffin sample was then placed inside a thermostatic bath
containing water at 4°C until complete solidification and the slow
crystallized sample vessel was exposed to ambient air at 23°C. Figure 1A
shows the locations of the measurements and the average values. Mean
thermal conductivity increased 14% (HSD test, 5% significance) by fast
crystallization and was statistically significant.
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Layer growth experiments were done under several conditions. Cool-
ing fluid at 10°C and heating fluid controlling the molten paraffin tem-
perature kept at 55, 57, 60 and 63°C. For the cooling fluid kept at 20°C,
the heating fluid temperatures were kept at 55, 60°C. For each run, three
measurements of layer thickness with a digital caliper. The mathematical
model consisted of heat transfer and crystallization phenomena such as
the convection in the cooling fluid, conduction in the cold finger wall
and solid paraffin layer, and natural convection in the molten paraffin.
Most of the input variables and physical properties were measured
experimentally, e.g., the liquid paraffin viscosity and density. Figure 1B
shows the results related to the average crystal growth rate. Faster crys-
tallizations cause higher thermal conductivities in solid paraffin.

A Fast Slow
Crystallization Crystallization
35
0.35 B
20-55
. . —~ 030 . .
Locations of A 10-55
thermal 025 10257
. conductivity = 20-60 )
o measurements || ¢ o vy - ‘. ) 10-60
10-63
. .
0.15
0.00 0.05 0.10 0.15 0.20 025
Ra (kgm?s)
Avg. Avg.
k=025 WmK k=022WmK

Figure 1. A, direct thermal conductivity measurements. B, cold finger model results

[1]S. N. Gunasekara, V. Martin, J. N. Chiu (2017): Phase Equilibrium in the Design of Phase Change
Materials for Thermal Energy Storage: State-of-the-Art, RSERFHv. 73.p. 558-581.

[2] Zeinelabdein, R.; Omer, S.; Gan, G (2018). Critical Review of Latent Heat Storage Systems for Free
Cooling in Buildings, RSERFH v. 82. p. 2843-2868.
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The energy transition in Europe brought to light the limited resources in
terms of raw materials required for the production of batteries to feed
the increasing demand and the environmental repercussions in their
primary extraction. Urban mining comes as a possible solution to re-
cover these metals. In this process, end-of-life batteries are collected
and dismantled, and pyro- and/or hydrometallurgical processes are ap-
plied for the recovery of high purity metal salts that can later be used
in the production of new batteries. Despite being considered a highly
efficient process, it is a laborious and expensive process, yet to surpass
many challenges such as the great variation in the input stream result of
different brands and models of batteries mixed in the recycling step and
the heavy use of chemicals in successive extraction processes. Simulta-
neous and fractional crystallization show great potential in process inten-
sification in reducing steps and, consequently, costs, on the recovery
of dissolved materials, as it comprises the recovery of several com-
pounds by the crystallization from a multicomponent solution such as
the lithium-ion batteries (LIB) liquor. This work investigates the simul-
taneous recovery of the major components — lithium, cobalt, nickel, and
manganese — from a LIB recycling leachate in a single precipitation step.
The goal is to use crystallization from the untreated LIB-liquor to
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reduce the number of solvent extraction steps currently implemented,
and consequently decrease the need for harsh chemicals. We
used thermodynamic simulations (OLI Studio Stream Analyzer) to pre-
dict the behavior of the metal- containing systems in the precipitation of
carbonates using sodium carbonate as a precipitant agent. The simula-
tions were used as guidelines for batch precipitation experiments.
The solutions contained (in g.L'!) Li = 2.8; Co = 8.4; Ni = 7.4; Mn
= 6.8 and 2M H2SO4. Sodium carbonate is added at once and the mix-
ture was kept under stirring for 24h. The product was characterized
using XRD, SEM and microscopy. The remaining solution was char-
acterized through ICP-OES. Results show that cobalt, nickel and man-
ganese can be recovered simultaneously, with recovery rates higher than
99.9% for Co and Mn and 92% for Ni. In opposition to the simulations,
lithium had a maximal recovery of 56% compared with the theoretical
86.5% shown in OLI. We hypothesize that the competition for the car-
bonate ion during the simultaneous crystallization of the metal-car-
bonates along with different kinetics slows the lithium carbonate for-
mation, which may require longer time to achieve higher recoveries.
The following steps involve investigating the influence of the multi-
component solution on the kinetic parameters and the interaction between
different metal salts under simultaneous precipitation.
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Phytosterols, known as plant sterols and stanols, commonly exist in
nuts, seeds, vegetables, fruits, and vegetable oils. There are over 200
types of sterols and most common phytosterols are [-sitosterol, stig-
masterol, campesterol, and brassicasterol. The main advantage of
phytosterols is to inhibit blood cholesterol absorption as well as
increase excursion of cholesterol since they are a family of molecules
related to cholesterol. [1, 2] Owing to health benefits and wide range of
applications in pharmaceutical, food and cosmetic industry, more and
more research has been focused on separation and purification of phy-
tosterols. Maximize Market Research [3] stated in their recent analysis
report that phytosterol market size in 2022 was $950 million with a
CAGR of 8.8% in 2023-2029. Extraction, chromatographic separation,
solvent crystallization, and enzymatic process have been used for sep-
aration technologies of phytosterols. However, low purity of the end
products, toxic solvents and high costs of the complex process are the
drawbacks of those techniques [4]. An economical downstream process
which gives maximum purity and yield is critical and needs to be devel-
oped.

Melt crystallization is considered as a green purification technology since
it does not need any additional chemical/solvent and the process perfor-
mance is quite simple, which thus lower the capital cost and energy
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consumption [5]. To our best knowledge, there is no available reference
concerning melt crystallization of phytosterols and it has great po-
tential with competitive advantages compared to other techniques.
Therefore, the current work focuses to develop a melt crystallization pro-
cess for purification of phytosterols extracted from crude tall oil. The
aim is to pursue food grade phytosterols fulfilling certain product profile
criteria. Commercial pure phytosterol will be used as a reference stand-
ard compound for feasibility studies and process development. The ef-
fect of operational variables, such as cooling rate, temperature of the melt
and seeding on the product purity, yield, and profile will be discussed.

[1] M. Zhi, M. Wu. (2022): Synthesis and crystallization purification of phytosterol esters for food industry
application, Food Science and Technology v42, ¢42121, 1-7.

[2] M..S. Sujith Kumar, I. Mawlong, D. Singh (2017): Phytosterol recovery from oilseeds: Recent advances,
J. Food Process Eng. 40, 12466, 1-9.

[3] Phytosterol market: Global industry analysis and forecast (2023-2029). Maximize Market Research,
published April 2023.

[4] S. Dikshit, S. Bubna, A. Gupta, P. Kumar (2020): Advances in various techniques for isolation
and purification of sterols. J Food Sci. Technol. 57(7), 2393-2403.

[S] A. Lewis, M. Seckler, H. Kramer, G. Rosmalen (2015): Industrial Crystallization: Fundamentals
and Applications.
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Solid-form materials of such as pharmaceuticals, foods, agrochem-
icals etc. are mainly manufactured in crystalline form through
crystallisation processes produce high purity products. Crystal size,
shape and the corresponding surface chemistry play an important role in
the downstream processes (e.g., filtration, drying, milling, blending,
granulation and tableting) and also the delivery of the products to the pa-
tients. Controlling these crystal properties requires in-depth understand-
ing of the face-based crystal growth under varying crystallisation
environments, in particular quantifying the growth during crystallisation
processes. This can provide face-based growth kinetics for morpholog-
ical population balance modelling, hence crystal size/shape prediction
and process control. Molecular modelling and molecular dynamics simu-
lations are not readily available to accurately predict the face-based crys-
tal growth under practical crystallisation conditions. Furthermore, the
crystal images from a crystalliser are of low resolution and also may not
be feasible to track the same crystal/s due to the motion and rotation of
crystals under agitation. The single crystal growth measurement in a
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growthcell using high-resolution microscope becomes a feasible
choice to achieve facet growth measurements.

In this study, the crystal growth rates of both capping and side faces of 3-
form L-glutamic acid were investigated. A crystal growthcell with tem-
perature control by a cooling bath was setup to capture high quality -
form LGA crystal images using Keyence digital microscope. Man-
ual, semi-automatic and full-automatic (with machining learning)
tools were used to compare and assess their accuracies and
efficiencies. The acquired images were then processed using the au-
tomatic tool to identify crystallographic faces and quantify their
normal distances, hence the face-based growth rates of individual crystal
faces (Fig. 1). The available growth data are used to compare with that
from this study. Finally, the growth mechanisms of both capping
and side faces are obtained.
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Fig. 1 The growth rates of B-form LGA single crystalsin individual face directions vs.
supersaturations
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To comply with the Paris Climate Agreement to keep global warming
below 2°C, many countries including the European Union aim at
becoming carbon neutral by mid-century. Reaching this goal requires
decarbonization of industries and the transportation sector. However,
it is realized that some emissions will remain as their abatement
would be too demanding from a technical and/or economical viewpoint.
To compensate for these remaining emissions, negative emission tech-
nologies need to be in place. [1] Bioenergy carbon capture and storge,
or BECCS, offers a viable option to produce negative emissions. BECCS
includes an absorption unit where a liquid solvent is used to remove CO2
from the flue gas originating from the conversion of biomass.

The current work investigates the recovery of vanadium from spent
absorption solvents used for carbon capture. Absorption solvents such as
aqueous potassium carbonate (K2CO3) contain vanadium pentoxide at
concentrations around 2-3 w% to enhance the absorption rate of CO2
[2]. Vanadium is a critical material, and it is thus of interest to develop
methods to recover vanadium once the solvent is wasted (the solvent will
gradually accumulate dust and impurities such that it eventually needs to
be replaced, creating waste). Being able to utilize the wasted solvent
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improves the economic and ecological performance of BECCS, while at
the same time increasing its public acceptance and strengthen its role as
a sustainable climate technology.

The work explores a possible route for the recovery of V from a spent
BECCS solvent via precipitation. Literature [3] showed that vanadium
compounds in sodium carbonate could be recovered via the addition of
ammonium salts. Our research showed that this process also is applica-
ble when dealing with K2CO3 solution. Via the precipitation route, recov-
ery of vanadium from a synthetic solvent via an excess addition of ammo-
nium salts was possible. When washed and dried, ammonium vanadate
of high purity was achieved. A series of tests was conducted to examine
the effects on the precipitation efficiency by varying pH and reaction
time. The experiments showed that pH has a strong effect on the precip-
itation efficiency and a pH below 9 was required for precipitation
ammonium vanadate. Reaction times were found to be relatively
long and precipitation of vanadium salt at room temperature required
around 24 h.

[1] IPCC Special report (2018), Global warming of 1.5°C. https://www.ipcc.ch/sr15/

[2] N.H. Nicholas, et al. (2014), Use of vanadium (V) oxide as a catalyst for CO2 hydration in potassium
carbonate systems. Ind. Eng. Chem. Res. 53, 3029-3039. https://doi.org/10.1021/ie403836¢

[3] J.A Vezina, et al. (1965), The preparation of high-purity ammonium metavanadate from impure vanadium
pentoxide by precipitation with ammonium chloride. Dep. of Mines and Technical Surveys, TB 64.
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Nowadays, sustainable and renewable productive processes and
resources are the only alternatives to tackle the continuously growing
global population and high living standards requirements. For the case
of bitterns, i.e. the by-products streams of sea salt production in salt-
works, magnesium concentration can reach values up to 20-60 times
than seawater [1]. Magnesium compounds, such as magnesium hy-
droxide, Mg(OH)2, are widely adopted in numerous industrial appli-
cations [2]. These compounds are primarily manufactured from min-
eral ores causing environmental, and geopolitical concerns about
landing mining consumption and supply risk availability. In this con-
text, the present work deals with the production of Mg(OH)2 at a pilot
scale from unconventional sources, namely natural bitterns. Mg(OH)2
was extracted from a bittern collected from the Margi saltwork located
in Trapani, Italy. Magnesium concentration of ~50 g/l was found in the
bittern. Sodium hydroxide, NaOH, was used as the alkaline reactant.
A proprietary multi-plug flow reactor designed in the framework of
the Europan SEArcularMINE project and patented by ResourSEAs
was employed. The reactor is made of two adjacent fluid compartments
where the bittern and NaOH solutions flow. The bittern is injected into
the alkaline solution through multiple nozzles to ensure good reactants
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homogenization all over the reactor volume. Produced Mg(OH)2
suspensions are recycled back to the inlet section of the reactor to achieve
a total conversion of Mg ions and to promote a seeded Mg(OH)2 pre-
cipitation. The influence of several operating parameters was investi-
gated on Mg(OH)2 suspensions and powders characteristics: (i) bittern
and NaOH flow rates, (ii) NaOH concentrations (iii) final suspension pH
values (stoichiometric or OH™ excess amounts). Mg(OH)2 suspensions
exhibited the best thickening and filterability performances when pro-
duced (i) at stoichiometric conditions, (ii) at low reactants mixing
degree and (iii) by adopting low NaOH concentrations. Magnesium re-
covery was always > 99.9 %, thanks to the slurry recycling strategy. In
addition, Mg(OH)2 powders mass purity reached values > 97 %, com-
plying with commercial specifications. Results demonstrate that salt-
works bitterns are promising sources for the sustainable industrial pro-
duction of Mg derivates from waste.

Acknowledgment: This project has received funding from the European Union’s
Horizon 2020 research and innovation program under grant agreement no. 869467
(SEArcularMINE). This output reflects only the authors’ view. The European Health
and Digital Executive Agency (HaDEA) and the European Commission cannot be
held responsible for any use that may be made of the information contained
therein.

[1] G. Battaglia, M.A. Domina, R. Lo Brutto, J. Lopez Rodriguez, M. Fernandez de Labastida, J.L. Cortina,
A. Pettignano, A. Cipollina, A. Tamburini and G. Micale (2023): Evaluation of the Purity of Magnesium Hy-
droxide Recovered from Saltwork Bitterns, Water, 15.

[2] G. Balducci, L. Bravo Diaz and D.H. Gregory (2017): Recent progress in the synthesis
of nanostructured magnesium hydroxide, CrystEngComm, 19, 6067—-6084.
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In production, crystals can enter in contact with water (from the sur-
rounding atmosphere or from the solvents) along the solid chain pro-
cess (crystallization, filtration, washing, drying) and all the following
steps (packaging, storage, and transport).

Depending on the product, the presence and amount of water can impact
the quality of the crystals resulting for example in lumps formation,
a degradation and/or the crystallization of pseudo-polymorphs. In
this regard, new pseudo-polymorphs were unexpectedly isolated in
production upon changing the conditions in the upstream and down-
stream process. Thereafter, the crystallization conditions and the
solid-state characterization of three pseudo-polymorphs were investi-
gated by X-Ray diffraction, DVS, Raman and IR analyses.

A DVS analysis shows that Form III can be obtained by a transfor-
mation of Form I at 70% Relative Humidity (RH) at 25 °C within 24
hours. Such conditions could have occurred during the drying step (if
operational parameters are not properly controlled, for example the
surrounding atmosphere could be saturated with water) or while
handling the powder (sealing issues) resulting in the conversion of Form
I into Form III. The in-situ Raman analyses performed with a suspen-
sion of Form I in methanol/water at 25 °C show that the conversion
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from Form I to Form III is achieved within 24 hours. This transfor-
mation could therefore also have taken place during an extended
forced storage of the suspension in the reactor due to technical issues
before the filtration step.

The presence of impurities, even at ppm level [1], can enhance or
inhibit [2], the nucleation and crystal growth of a specific form. A
stable pseudo-polymorph Form II crystallized unexpectedly in pro-
duction. The root cause analysis showed that the presence of im-
purities coming from a change in the upstream process has enhanced the
crystallization of Form II and inhibited the one of Form I. The process
had to be adapted in such a way that the impurities were below a given
threshold, where the crystallization of Form I solely is enhanced.

[1] G. Coquerel (2018): Thermodynamics of Polymorphs and Solvates. Polymorphism in the Pharma-
ceutical Industry: Solid Form and Drug Development, 91-132.

[2] G. Baaklini, V. Dupray, and G. Coquerel (2015): Inhibition of the spontaneous polymorphic transition
of pyrazinamide y form at room temperature by co-spray drying with 1,3-dimethylurea. International
Jjournal of pharmaceutics, 479(1), 163-170.
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Cosolvency is an interesting and important thermodynamic property that
is frequently used in the pharmaceutics and fine chemicals industry [1].
For example, the addition of organic solvent to aqueous solution of amino
acid to generate the supersaturation is a very effective method for amino
acid crystallization. However, in some amino acid systems, the sol-
ubility tends to increase and then decrease with the addition of organic
solvents, which make the nucleation uncontrollable and further affects
the product quality [2]. However, the molecular mechanism of the phe-
nomenon of cosolvency, including the differences in molecular confor-
mation before and after cosolvency and the changes in inter/intra-
molecular interactions in single pure solvents and binary co-solvents,
has been less studied. The molecular mechanism of amino acid cosol-
vency is still unclear. In this work, cosolvency phenomenon was
investigated at the molecular level using online spectroscopy and mo-
lecular simulations, in which L-alanine, L- phenylalanine, and L-trypto-
phan were used as model substances. The results indicate that in binary
solvent mixtures, amino acid molecules undergo a shift in molecular con-
formation due to different solvents, resulting in a change in inter/intra-
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molecular interactions, which in turn leads to the latent solubilization
phenomenon (Figure 1-2). With this knowledge in hand, the cosolvency
point of other amino acids were successful predicted through the uti-
lization of quantitative calculation method proposed by us, which is fur-
ther verified by the experimental solubility data. These favorable results
prone to provide an elegant approach for predicting solubility enhance-
ment of amino acid-like substances.
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Figure 1. Molecular conformational changes before and after cosolvency.
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Figure 2. Solubility and simulated inter/intra-molecular interaction changes of L-ala-
nine, L- phenylalanine and L-tryptophan in water + 1-n-propanol at 293.15 K.

[1] Romdhani A, Martinez F, Almanza O. A, Pefia M. A, Jouyban A, Acree W. E (2019): Solubility of sulfacet-
amide in (ethanol + water) mixtures: Measurement, correlation, thermodynamics, preferential solvation
and volumetric contribution at saturation, J mol lig 290, 111219.

[2] Zheng C. R. (2012): Co-solvency in liquid exfoliation of layered materials, M. Sc. thesis. Los Angeles:
University of California Los Angeles..

[3]LiX,WangN,MaY, JiX, Huang Y, Huang X, Wang T, Zhou L, Hao H(2022): Revealing the Molec-
ular Mechanism of Cosolvency Based on Thermodynamic Phase Diagram, Molecular Simulation, and
Spectrum Analysis: The Tolbutamide Case, J. Phys. Chem. Lett. 2022, 13, 6, 1628— 1635..
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In the production and purification process of an active pharmaceutical in-
gredient, small crystals often cause problems in filtration and drying, as
well as in handling and packaging of the final product. Controlled crystal
agglomeration during the process of spherical crystallization can pre-
vent such problems. Using spherical crystallization to obtain suitable par-
ticulates for direct tableting appears to be an effective alternative. The
excellent flowability and compression properties of spherical crystals
facilitate the tableting procedure.

Spherical agglomerates of an active pharmaceutical ingredient,
ceritinib, were prepared by a combination of the spherical agglomer-
ation method and quasi-emulsion solvent diffusion technique. Accord-
ing to the solubility test, a THF-heptane-water system was used to pro-
duce ceritinib agglomerates. Heptane was employed as a bridging liquid,
while THF was used as a suitable solvent because of ceritinib's high
solubility in THF. Water was used for the fast precipitation of ceritinib
since it is practically insoluble in water. Spherical crystallization was car-
ried out in a heterogeneous area of three solvents, with a bad solvent,
good solvent, and bridging liquid mass ratio of 7:1:1. Heptane was
dispersed in a 1 wt.% PVP-water solution, then ceritinib-saturated THF
solution was added, and spherical crystals were formed. The
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hydrodynamic conditions in the crystallizer determine the size of the hep-
tane droplets that form in the PVP-water solution and the crystals that
shape when the saturated THF solution is added to the water. A six-pitch
blade turbine impeller, a six-blade Rushton turbine impeller, and a spi-
ral propeller agitator were utilized to generate spherical crystals of
ceritinib. Since various stirrers result in different vessel flows, crystals
with different granulometric properties form. The minimum mixing rate
required to disperse the bridging liquid in the aqueous PVP solution was
determined for all types of stirrers. It was determined by how the mixture
rate influenced the granulometric properties of the crystals.

Acknowledgments: This research is funded by European Structural and Invest-
ment Funds, grant number KK.01.1.1.07.0017 (CrystAPC — Crystallization Ad-
vanced Process Control).
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L-histidine is an essential amino acid that used in the biosynthesis of
proteins. It is also an important substance in the pharmaceutical and
food industries. Crystallization is the most widely used process because
the crystal form is benefits to the development in drug and medical fields.
L-histidine can be crystallized into two crystal forms—form A and B.
Differ forms present in different physical properties i.e. solubility.
From literature, the difference crystal forms provided different the
ability of dissolution in any salts solutions. Nevertheless, the studied
of both forms of L-histidine on their solubility as well as the effect
of salts on its solubility are necessary for the application needs espe-
cially in pharmaceutical field since it might have to vary for distrib-
uted the dissolution considered. The effect of sats on the crystalli-
zation of L-histidine polymorph need also to be studied. Thus, this work
is focus on the solubility of L-histidine crystal form A and B at different
concentrations in the various salts concentrations of the solution. The
effect of salts concentrations on its solubility was investigated using
the Focus Beam Reflectance Measurement (FBRM) during the dissolu-
tion process of L-histidine. The crystallization and polymorphic trans-
formation were investigated using Raman spectroscopy for the
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measurement of solute and solid concentrations, and EasyViewer for
image analysis.

[1] M. Kitamura (1993): Crystallization Behavior and Transformation Kinetics of L-Histidine

Polymorphs, J. Chem. Eng. Jpn. 26(3), 303-307.
[2]L. Wantha, N. Punmalee, A. E. Flood (2019): Influence of Solvents on Solution-Mediated

Polymorphic Transformation of the Polymorphs of L-Histidine, Chem. Eng. Technol. 42(7), 1505—1511.
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Hydrate of APIs has received a lot of attentions as it can broaden the
options for final dosage forms and can also enrich the methods for

developing new crystal forms.[1-2] In this work, aripiprazole whose

solubility in water is quite low[3] was used as model compound to
investigate the mechanism of hydration and low solubility. Based on
single crystal structures of Form H1 and anhydrous Form III, molecular
surface electrostatic potential (MSEP) was calculated to localize strong
intermolecular interaction sites. The conformational energies and cohe-
sive energies of Form III and Form HI were calculated and their
stabilities were compared. The energy calculation results show that the
relative stability of Form III and Form H1 can be determined by the
cohesive energy. Furthermore, the insolubility mechanism of Form III
in water was explored based on the synthetic analysis of the crystal struc-
ture, crystal energy, and molecular dynamics simulation results. It was
found that the overall decrease in polarity caused by the formation of
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APZ diamide dimer structure and the strong binding effect on APZ mol-
ecule clusters due to strong hydrogen bonds and van der Waals interac-
tions lead to the water insolubility of Form III. Finally, a dandelion-
sowing mechanism for the solid-phase transformation process (hydra-
tion process) of Form III to Form H1 in water was explored by suspen-
sion crystallization experiments and molecular dynamics simulations.
The core step of the mechanism lies in the detachment of APZ mol-
ecules or small molecular clusters from the surfaces of Form III mo-
lecular clusters induced by external input energy, like the detachment
of dandelion pappi from blowballs blown by the wind. The whole
dandelion-sowing type hydration mechanism is demonstrated in Figure
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Figure 1. The dandelion-sowing type mechanism of the hydration process from APZ
Form III to Form H1.

[1] Hilfiker, R., & von Raumer, M. (2019): Polymorphism in the Pharmaceutical Industry, Weinheim:

Wiley—VCH Verlag GmbH & Co. KGaA.
[2] Zhang, Q., & Mei, X. (2016): Two new polymorphs of huperzine A obtained from different dehy-

dration processes of one monohydrate, Cryst. Growth Des. 16, 3535-3542.
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Lithium-ion batteries are widely used in portable electronics and electric vehi-
cle applications today due to their high energy, power density, and enhanced
cycle life. The batteries often contain high amounts of precious metal such as
Li, Ni, Mn, and Co where most of these valuable elements are lost in landfills
or hoarded in households after the product life cycle has been reached.
Therefore, the compiled quantity of waste in the future will be considerable
unless significant progress is achieved in recycling of these critical elements
. Although there are existing recycling technologies such as evaporative
crystallization to recover the precious metal from lithium batteries, this process
is energy intensive and not efficient. Furthermore, these acidic solutions are
highly corrosive and form toxic fumes at high temperatures. To try to avoid
this hazardous environment, Eutectic Freeze Crystallization method is taken
in consideration due to its operation at subzero temperatures where limited
vaporization of acids take place.

In this study, the binary EFC solubility diagram of MnSO4 was measured at eu-

tectic freeze crystallization conditions in 1L setup at atmospheric pressure.
The temperature of the saturated solution was periodically decreased in steps
of 5 °C to reach the eutectic conditions. The Eutectic Freeze
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Crystallization point of MnSO4 was obtained at Teutec =- 10.5°C and Ceutec
= 35.41 wt%. The produced pink crystals were MnSO4 heptahydrate. In
order to determine the crystal morphology and size distribution of the pro-
duced MnSO4 heptahydrate crystals online digital image microscopy and im-
age post-processing analysis were applied. The sequential time image acquisi-
tion during the crystallization process inside the reactor at these operating
conditions allowed to determine the nucleation and growth rates from the time
line crystal size distributions.

Ice and MnSO4-7H20 crystals were easily separated in the reactor by gravi-

tational separation at low mixing speeds.
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The influence of the cooling rate on the crystallization kinetics of a certain
substance is usually one of the first parameters to be examined because of
its noticeable influence on the kinetics of the process and the product
properties [1,2]. The aim of this work was to investigate the influence
of the cooling rate during the sonocrystallization of disodium tetraborate
decahydrate (borax) on the process of crystal growth. Tests were per-
formed in a laboratory batch crystallizer with stirring, equipped with an
ultrasonic homogenizer (24 kHz, 400 W) operating continuously at 20%
amplitude. Crystallization was carried out from a solution saturated at 30
°C by cooling to a temperature of 10 °C at rates of 4, 6, 8, 10 °C h'!.
After nucleation, at a defined process time, the magma was withdrawn
from the crystallizer to determine the mother liquor concentration
using a sodium ion-selective electrode. The properties of the growing
crystals over process time were observed by measuring the crystal size
distribution, the volume mean diameter of the crystal, coefficient of var-
iation and the specific surface area of the crystal using a laser diffraction
particle size analyzer. The final products were subjected to sieve analysis
to determine differences in the crystal shape and agglomeration ratio.
From the results, it was observed that during sonocrystallization,
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regardless of the cooling rate, the properties of the crystals do not
change significantly with regard to the crystal size distribution and aver-
age size. The influence of the cooling rate was mostly reflected in con-
centration changes of the mother liquid and the specific surface area of
the crystal, which indicated the intensity of secondary nucleation in the
examined systems. By comparing the properties of the crystals obtained,
at the applied cooling rates, in sonicated and silent systems it was found
that the crystals obtained in sonicated systems are very similar in prop-
erties, in contrast to those obtained in silent systems, which differ
significantly with regard to the cooling rate. The above leads to the
conclusion that the influence of ultrasound significantly exceeds the in-
fluence of the cooling rate in the process of crystal growth of borax.

[1] Cosi¢, M, Pazin, A., Celan A, and Kuzmani¢, N., (2019): Influence of Cooling Rate on Crystallization of
Borax in Stirred Batch Crystallizer, Chem. Eng. Trans. 74 (2019) 451-456.

[2] Celan, A., Milanovi¢, L, Cosi¢, M. and Kuzmani¢, N., (2021): Impact of simultaneous application of
mechanical stirring and ultrasound irradiation on nucleation kinetics of borax decahydrate, Chem. Eng. and
Technol. 44,2100-2108
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t-Homophenylalanine (.-HPA) is a non-natural amino acid that acts as
a precursor for other pharmaceutically important drugs such as inhibitors
and antibiotics [1, 2]. Due to the need for high purity, crystallization is
applied to achieve this goal. In this regard, .-HPA solubility is required
in a range of operating conditions w.r.t. temperature and pH. How-
ever, in open literature, very few information considering the effect of
pH on the solubility of .-HPA was found [3]. This work aims to ex-
perimentally determine aqueous solubilities of .-HPA as a function of
pH and temperature. Solubility measurements were performed by fixing
the pH at specified values using buffering solutions. Isothermal solubility
measurements were conducted at 25 and 55 °C. The concentrations of
the saturated solutions were determined using High Performance Liquid
Chromatography (HPLC). The solubility of .L-HPA does not change over
a wide pH range around its isoelectric point at both temperatures. How-
ever, at sufficiently low or high pH values, the solubility increases more
than three fold. We are currently working on theoretical modeling of the
obtained data as well as extending the data set to cover a wider tem-
perature range.
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The nucleation and prenucleation stages of crystallisation play an im-
portant role in determining the characteristics of the resulting crystal.
However, the underlying molecular mechanisms of these early stages
of crystallisation remain poorly understood. Even though nonclassical
nucleation via mesoscale clusters elegantly explains the nucleation
mechanism, experimental evidence for its applicability to organic mole-
cules is limited. Furthermore, from the standpoint of the pharmaceutical
industry, a thorough mechanistic understanding would aid in the rational
design of the crystallisation process, which would be a step forward from
the current empirical approach. Therefore, the aims of the current study
are to determine the dependence of cluster properties on solute concen-
tration as well as identify how similar mesoscale clusters are to ‘clas-
sical’ nanoparticles. To accomplish this, dynamic light scattering and na-
noparticle tracking analysis of flufenamic acid in ethanol solutions were
utilised. Initial examinations of unfiltered samples at varying concen-
trations revealed the presence of mesoscale clusters, even in under-
saturated samples. In addition, while the cluster sizes were

78


mailto:sarah.hudson@ul.ie

independent of solute concentration, the cluster number concen-
tration was directly proportional to solute concentration. To deter-
mine the degree of similarity between mesoscale clusters and particles,
nanoparticles of FFA in the same size range as the observed
clusters were prepared. Nanoparticles of FFA were removed by filtra-
tion, as evidenced by the significant change in concentration and size
distribution following filtration. In contrast, the mesoscale cluster peak
disappeared from the size distribution following filtration, despite
no change in solute concentration. This indicates the fragility of
mesoscale clusters. This was further confirmed when, despite being
smaller than filter pore size, mesoscale clusters disappeared from the size
distribution. Further, the clusters did not reform even after 72 hours of
incubation at 40 °C, indicating the presence of a significant kinetic bar-
rier to reformation. In conclusion, clusters, unlike FFA nanoparticles,
are extremely fragile, breaking under filtration pressure.
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Figure 1: Graphical abstract
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Melt crystallization is a cost-effective method for the separation of
compounds produced in various industrial sectors to meet high purity
standards. Our findings suggests that melt crystallization offers ad-
vantages for the purification of azeotrope forming, close boiling point,
heat sensitive compounds and high viscosity melts by selective crystal-
lization of the desired compound. Our research is focused on the
purification of diols and polyols as important biorefinery products
derived from renewable biomass resources.

To develop an efficient crystallization process, the actual driving force
of crystallization can be quantified as a measure to optimize the process
conditions which ultimately effects the growth kinetics and purity of fi-
nal products. It also gives insight on the influence of additives/ modifi-
ers employed to remove purification barriers and reducing the need for
further purification steps. The actual driving force is the difference in
chemical potential of solute between supersaturated and saturated liquid
phase [1]. To determine this driving force, the activity coefficient of
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liquid phase was estimated based on the measured equilibrium phase di-
agram. The solid-liquid equilibrium data were measured by a dynamic
approach (Differential Scanning Calorimetry) or an equilibrium ap-
proach depending on the characteristics of the compounds. To optimize
an efficient separation, the role of applied driving force was evaluated
by studying the layer growth rates against quality of final product.

Acknowledgement: This project has received funding from European Union’s
Horizon 2020 research and innovation programme under grant agreement No
869993.

[1] Valavi, M., Svird, M., & Rasmuson, A. C. (2016). Improving Estimates of the Crystallization Driving
Force: Investigation into the Dependence on Temperature and Composition of Activity Coefficients
in Solution. Crystal Growth & Design, 16(12), 6951-6960. https://doi.org/10.1021/acs.cgd.6b01137
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A Coffee Smell Agent Optimization (COSAO) algorithm for optimal op-
erating recipes in batch cooling crystallization is presented in this paper.
The COSAO algorithm is based on the Smell Agent Optimization (SAO)
algorithm, which uses the phenomenon of a dog (agent) sniffing and
trailing solution points. As a logical consequence, the SAO has three
modes: sniffing, trailing, and random. When the agent is in trailing mode,
we modified the SAO with a "drop of coffee" diffusion pattern to create
a grid search array. This would assist the agent in tracking down more
optimal cooling process solutions. The algorithms' optimality and effec-
tiveness are demonstrated using unseeded batch cooling and seeded
batch cooling crystallizations of paracetamol and potassium nitrate,
respectively. The individual objectives used to determine the optimal
temperature range for the two crystallization processes are mean size,
nucleated mass, and coefficient of variation. In optimizing the tempera-
ture trajectory, we also took into account the initial mean size of seeds
as an additional decision variable. The results of mean size and coeffi-
cient variation optimizations for unseeded paracetamol crystallization
are analyzed, and the solution from COSAO depicts a more optimal
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cooling trajectory in lesser time than SAO and Genetic Algorithm (GA).
The COSAO algorithm also outperforms the other algorithms for potas-
sium nitrate seeded crystallization. The optimal temperature profiles,
as well as some different seed properties, were also investigated in order
to improve crystal size distribution.

83



Selective recovery of potash from HCl-based leaching
solution of feldspar ore via anti-solvent-crystallization

S. Shakibania'*, L. Sundqvist-Oqvist', J. Rosenkranz', and Y. Ghorbani'*?

'Luled University of Technology, Luled, Sweden
University of Lincoln, Lincoln, United Kingdom
*sina.shakibania@]ltu.se

Keywords: potash; feldspar; anti-solvent; crystallization; PLS

Feldspars are one of the most prevalent minerals in the Earth's crust
[1] and are commonly found in igneous rocks such as granite, as well
as in metamorphic and sedimentary rocks [2]. Due to their toughness
and corrosion resistance, feldspars have been widely employed in the
glassmaking and ceramic industries [3]. Recent studies have shown that
feldspar minerals have the potential to be a source of potash, a valuable
fertilizer that is commonly used in agriculture [4]. The global consump-
tion of potash for agricultural application is expected to increase by
15% or 53 million tons in 2025 [5]. Despite possessing more than
ample recognized and undiscovered resources for the commodity, an es-
timation of 10 billion tons of known resources, the EU has assessed the
commodity as being within the region of supply risks [6]. Potash
production is now restricted to a few nations mainly due to the geological
availability of potash deposits and the high cost of production. The top
producers of potash in the world are Canada, Russia, Belarus, and China,
which together account for a significant portion of the global produc-
tion of potash. Other countries with significant potash production
include Israel, Germany, Jordan, and the United States. This re-
striction of suppliers can have significant geopolitical implications [7].
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As a result, new unconventional sources of potash must be investi-
gated, to meet the demand in fertilizer industry.

The present study, as the part of the POTASSIAL Project of ERA.MIN
investigates the zero- waste valorization of K-bearing feldspathic ore to
produce high-value added products. In this project, a hydrometallurgical
flowsheet has been suggested to produce potash, alumina, and other
silicon-based materials from K-feldspar. The main challenges asso-
ciated with the hydrometallurgical recovery of the metallic content
of the feldspar are the dissolution of elements and the recovery of
different components with the proper specifications in terms of purity
for the intended purposes. The high Al-Si ordering in the K-feldspar
structure results to a stable structural K* in the pores or interstitial sites
of the mineral, making it difficult to break or in other words, more
difficult to dissolve [8]. To overcome this challenge, mechanical ac-
tivation followed by HCI leaching has been suggested in this project.
This approach results in complete dissolution of all main components,
namely K, Al, Fe, and Na. The presence of iron, aluminum, and other
impurities in feldspar and their subsequent recovery with potash re-
duces the potash quality, which reduces its chemical stability and more
importantly, results in a dramatic drop in its trading value [9].

The recovery of potash from HCI feldspar leaching solution often re-
quires the removal of impurities through separation and purification
techniques such as solvent extraction, precipitation, and crystalliza-
tion. To achieve this, anti-solvent crystallization was chosen for its poten-
tial benefits, including direct potash production, suitability for very
acidic solutions, and selective potash recovery without pre-treatment
operations. In this study, five different anti- solvents were tested to de-
termine their effectiveness in recovering potash. Table 1 presents the ma-
jor characteristics of these anti-solvents that could be useful in the proce-
dure. The results of the experiment, presented in Table 2, demonstrated
that both acetone and 2-propanol were effective in selectively
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recovering potassium in the form of potash. The efficiency of the process
using these anti-solvents was found to be comparable. Therefore, anti-
solvent crystallization can be considered a viable technique for the pu-
rification of HCI feldspar leaching solution in the recovery of potash.

[1] H. King (2022): Feldspar A large group of silicate minerals. The most abundant group of minerals in
Earth’s crust, Https://Geology.Com/Minerals/Feldspar.Shtmi.

[2] L. Gorelova, O. Vereshchagin, V. Bocharo, D. Pankin, and T. Pordevi'c (2022): Temperature-Induced
Phase Transition in a Feldspar-Related Compound BaZn2As208-H20, Minerals 12(10), 1262.

[3]J. Zhradnik, J. Jirasek, J. Stary, and M. Sivek (2020): Production, Reserves, and Processing of Feldspar and
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agrominerals: Correlations between petrographic features, comminution and leaching of ultrapotassic
syenites. Miner Eng, 102, 42-57

[9]J. Xu, J. Chen, X. Ren, T. Xiong, K. Liu, and S. Song (2022): A novel dry vibrating HGMS separator for
purification of potash feldspar ore, Sep Pur, 57(3), 484-491.
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Table 1- The specifications of the anti-solvents used in this study

Anti-solvent Molecular Density Boiling |Dielectric | Viscosity
weight gml'® point  |constant® cp!
g.mol'l b 0C d
Methanol H 32 0.792 64.6 327 0.59
H ‘}70 H
H
Ethanol H H 46 0.789 78 24.5 1.1
H «’—'—OH
H H
Acetone )(L 58 0.784 56 20.7 0.36
HaC CHs
2-propanol )OH\ 60 0.786 82.4 18.6 24
HaC CHj,
Ethylene /\/OH 62 1.11 197 37 18.4
HO
glycol

* The longer the alkyl chain is the organic compound, the more hydrophobic it is.

® One of the effective factors on dielectric constant. Typically, the higher the molecular weight is, the lower
the dielectric constant is.

¢ Density affects the weight of the consumed anti-solvent.

4 Boiling points affects the energy consumption and selectivity of the anti-solvent recovery after crystalliza-
tion.

¢ One of the most important factors affecting the process. Dielectric constant reflects the polarity of the
solvent, which is effective to reduce the amount of the free water.

Viscosity affects the efficiency of the PLS mixing with the solvent
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Table 2- Experimental results

PLS
[Element/compound K Al [Na Fe HCl
Concentration* 9 g/L 9 g/L 1.5g/L 0.1 g/L 2 M
I[Experimental results**

Ethylene

Methanol [Ethanol |Acetone 2-propanol

glycol
O/A*** ‘4 5 ¢ 5 ‘4 5 4 5 4 5
K recovery (%) 0.00 [0.38(0.11 (12.09 [50.55 |68.01 [51.04 [68.81 [1.22 |1.24
INa recovery (%) 0.00 |0.00(0.00 (0.33 |0.00 [0.54 [0.00 [0.48 [0.43 [0.00
|Al recovery (%) 1.78 10.87@4.29 (0.55 [2.57 [0.00 [0.38 [0.00 [3.86 |1.29
Fe recovery (%) 0.00 10.00(0.00 (0.00 [0.00 [0.12 10,00 (0.98 [0.00 [0.31

* Concentrations based on the concentration of the elements in the utilized feldspar sample and the

optimum leaching condition.

** In all the experiments, the following conditions were constant: T=25°C, t=72h, RPM=125. The aqueous so-
lution after each experiment was analyzed by ICP-MS. Experiments were repeated three times to ensure

the obtained results. For analysis, samples were diluted 1000 times with 5% v/v HCl solution.
*** The volume ratio of the organic anti-solvent to the PLS
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System

S. Ghaffari'*, P. Schulze'!, M. Gutierrez', and H. Lorenz'

'Max Planck Institute for Dynamics of Complex Technical Systems, Magdeburg, Germany;
*ghaffari@mpi-magdeburg.mpg.de
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Soda ash (anhydrous sodium carbonate) is worldwide mainly produced
by the Ammonia Soda (Solvay) process or can also be obtained from
natural minerals. However, the Solvay process emits significant
amounts of fossil CO2 and generates waste streams containing poten-
tially hazardous substances. Thereby, the new environmental friendly
CODA (Carbon-negative sODA ash plant) process is planned to avoid
the mentioned emissions and mining of the natural sources. In the CODA
process, NaOH solution and CO2 (directly absorbed from air) react to
Na2CO3 to provide the feed for Na2CO3+xH20 crystallization. The
required NaOH will be generated by electrolysis of rock salt brine using
renewable energy from wind and solar power plants [1]. As a particular
challenge the generation of renewable electricity, the absorption of CO2
directly from air, and consequently the obtained feed composition for
crystallization depend on the present weather conditions.

Possible Na2CO3+xH20 crystallization strategies were evaluated with
respect to their mass and energy balances to identify the most economic
and sustainable process version based on the solid-liquid equilibria
(SLE) data of the Na2CO3-NaOH-H20 system from both experimental
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and literature studies [2]. Moreover, the growth kinetics of these crys-
tallization strategies are studied using a novel short-cut method [3]. The
latter is based on evaluating the evolution of the crystal size distribution
during well-planned experiments. In the conference contribution, recent
results in crystallization process design including SLE and growth ki-
netics studies will be presented.

[1] S. Ghaffari, M.F Gutierrez, M.F, P. Schulze, H. Lorenz, A.S. Morgenstern, .(2023). Sodium Hy-
droxide- based CO2 Direct Air Capture for Soda Ash Production — Fundamentals for Process Engineering,
Industrial & Engineering Chemistry Research (submitted).

[2] Stephen, H., & Stephen, T. (Eds.). (2013). Binary Systems: Solubilities of Inorganic and Organic
Compounds, Volume IP1. Elsevier.

[3] Temmel, E., Eicke, M., Lorenz, H., & Seidel-Morgenstern, A. (2016). A short-cut method for
the quantification of crystallization kinetics. 2. Experimental application. Crystal Growth & Design,
16(12), 6756-6768.
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The secondary plant metabolite artemisinin (ARTE), chemically a
sesquiterpene, is a key substance to produce effective antimalarial
drugs. The main source for ARTE is the extraction from the plant Arte-
misia annua. Depending on growing conditions, cultivars contain up
to 1.4 wt% of ARTE in dried leaves. Effective extraction of the dried plant
material can be carried out using a counter-current process [1], which is
studied at our institute using toluene as the extraction solvent. The
starting point for the purification of ARTE is a complex multi-
component mixture that contains about 20% of ARTE within the total ex-
tracted substances, and a high number of co-extracted mostly unknown
substances, such as hydrocarbons, waxes, flavonoids, and terpenoids
including other sesquiterpenes. For the purification of ARTE, a com-
bined process concept consisting of a pre-adsorption and a final cool-
ing crystallization process is considered. Pure ARTE possesses very
high solubility in toluene (~200 g-L! at 25 °C). In addition, co-ex-
tracted substances act as a solubility enhancer. For this reason, pre-
liminary small-scale investigations on the purification of ARTE were
performed in ethanol after a solvent exchange. The solvent exchange in
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combination with a freezing-out is able to remove about 10 % of the total
extracted substances with almost no effect on the concentration of ARTE.
Flavonoids were proven to impede the final crystallization of ARTE [2].
Thus, the pre-adsorption process focused on the removal of this group of
substances. It was found that y- A1203 is a promising adsorbent for that
task. By combining adsorption and a single-step cooling crystallization in
batch experiments, a final purity of ARTE of >90 % could be achieved.
This proof of concept was then used to study the underlying thermody-
namic and kinetic foundations, like adsorption isotherms, solubility and
supersolubility in detail with the goal to purify ARTE in a larger scale
and towards higher purities (> 99 %) and yields. Results and challenges
of this process upscaling and optimization will be emphasized in this con-
tribution.

[1] S. Miinzberg, T. G. Vu, A. Seidel-Morgenstern (2018): Generalizing Countercurrent Processes:
Distillation and Beyond, Chem. Ing. Tech. 90, 1769-1781. doi: 10.1002/cite.201800132.

[2]J. O. Suberu, P. Yamin, K. Leonhard, L. Song, S. Chemat, N. Sullivan, G. Barker, A. Lapkin (2014): The
effect of O-methylated flavonoids and other co-metabolites on the crystallization and purification of artemis-
inin, J. Biotechnol. 171, 25-33. doi: 10.1016/j.jbiotec.2013.11.024
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Phytosterols (PS), known also as plant sterols (C29H500) are high
value biomolecules with wide range of applications in the phar-
maceutical, nutraceuticals, food and cosmetic industries. Phytoster-
ols occur as a group of different phytosterols, which differ only slightly
from each other by the structure. Stanols forms, which are saturated
forms of phytosterols, are also classified as phytosterols. [1,2]

The current binary solvent research focuses on developing a batch-
cooling crystallization process for food-grade phytosterols, where both
the total purity and phytosterol profile have strict quality requirements.
It has been observed that by varying the water concentration in the
solvent system, the produced phytosterol profile can be tuned towards
the favorable product profile, especially regarding the sterol/stanol
ratios. This is due to the water concentration impact on the solubility
and due to the hydrate formation. It has been identified that phytosterols
can form three different hydrates (monohydrate, hemihydrate, anhy-
drate) [3].

Commercial grade phytosterols have been used as a reference starting
material. Batch cooling crystallization experiments have been carried
out with precise temperature control and particle tracking (FBRM)
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system. Phytosterol purity and profile are analyzed by GC-FID, DSC
and TGA. The water impact in the hydrate formation, crystal char-
acteristics and crystal dimensions are studied mainly by laser diffrac-
tion -based particle size distribution analysis, X-ray crystallography,
SEM and optical microscopy. The water impact on the overall pro-
cessability is also emphasized, e.g., the impact on the crystallization
process conditions, mixing, filterability, and drying.

It can be concluded that the water concentration in the solvent system
has an important role to tune the final product profile. These findings
are important as it enables to modify the chosen crystallization
solvent system based on the starting material purity and profile, which
may differ based on the feedstock and fractionation/extraction technol-
ogies used earlier in the process. Water as an antisolvent, decreases the
phytosterols overall solubility and thus affects the temperature profile
used in the cooling crystallization experiments. The concentration of
water affects also downstream process conditions and further crystal
characteristics.

[1] U. Ferdosh, J. Akanda, K. Ghafoor, R. Eaqub Ali (2018): Techniques for the extraction of phytosterols and
their benefits in human health: a review, Separation Science and Technology 53, 2206-2223.

[2] H. Vaikousi, A. Lazaridou, C. Biliaderis, J. Zawistowski (2007): Phase transitions, solubility, and
crystallization kinetics of phytosterols and phytosterol-oil blends, J. Agric. Food Chem 55, 1790-1798.

[3] L. Christiansen, J. Rantanen, A. von Donsdorff, M. Karjalainen, J. Yliruusi (2002): A novel method of
producing a microcrystalline B-sitosterol suspension in oil, European Journal of Pharmaceutical Sciences 15,
261-269.
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The economic importance of rare-earth elements (REEs) has risen
sharply in recent years due to their application in magnets for
various renewable energy technologies such as electric vehicles
and wind turbines. The dominance of China for both the supply and
refining of REEs globally has led to the large supply risk of REEs
and price volatility observed in metal markets [1]. Recycling magnets
can provide a rich source of REEs as well as metals like Co and
Fe, which are used widely in NdFeB and SmCo magnets. This study
evaluated the separation of the valuable REEs from Fe which ac-
counts for 65 wt.% of the metals in the NdFeB magnets.

NdFeB waste magnets were shredded to <2 mm and leached
with CuSOs according to a patented process by MEAB, enabling
>90% dissolution of all metals [2]. Solvent extraction, anti-solvent
precipitation, and neutralization were all evaluated for the separation
of the REEs and the Fe. Solvent extraction showed the highest sepa-
ration of the REEs and enabled >99.5% REE extraction in 3 counter-
current stages with D2EHPA while the co-extraction of impurities
was limited to <7%. The REEs were stripped with 1.25M H>SO4 and
separated into individual fractions by extraction chromatography.
Each REE fraction can subsequently be precipitated with oxalic acid
and calcinated before being sent for molten salt electrowinning.
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The solvent extraction raffinate contains >55 g/L. Fe with traces of
B and ~3 g/L Co. Anti- solvent precipitation with ethanol precip-
itated nearly 80% Fe recovery but led to the co- precipitation of
Co. The precipitation of Fe by combined neutralization/oxidation to
produce jarosite produced selective Fe precipitation with low Co en-
trainment [3]. The major benefits of targeting jarosite over goethite
or hematite were the fast kinetics and good filterability of the Fe
product. More than 95% Fe precipitation was achieved within 4 hours
with <10% Co and B precipitation.
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MEAB REE extraction |,| PreciPtation Motten Salt
NdFeB | chromatography s Electrowinning
Macnet CuSO, },| Solvent Calcination :
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[1] European Commission, Study on the Critical Raw Materials for the EU 2023 - Final Report, 2023.[

[2] C. Dittrich, L. Dittrich, G.M. Dunn, Method of Dissolution and Separation of Critical Raw
Materials (CRM), EP3702480A1, 2020.

[3]J.E. DUTRIZAC, T.T. CHEN, Factors affecting the incorporation of Cobalt and Nickel in Jarosite-
type compounds, Canadian Metallurgical Quarterly. 43 (2004) 305-319.
https://doi.org/10.1179/cmq.2004.43.3.305.
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The role of water in the formation of crystal structure: a
case study of valnemulin hydrochloride

Shuyu Li,'! Na Wang, 'Xin Huang, 'Ting Wang, 'Baohong Hou, !Lina Zhou,
Hongxun Haol-**

'National Engineering Research Center of Industrial Crystallization Technology, School of Chemical Engi-
neering and Technology, Tianjin University, Tianjin, 300072, China.
School of Chemical Engineering and Technology, Hainan University, Haikou 570208, China.
*Correspondence e-mail: hongxunhao@tju.edu.cn

Keywords: crystal structure, Polymorphism, water

In this work, to better understand the role of solvents during formation of
solvate/hydrate and the effect of existence of solvent molecules on the
properties of the host molecule, valnemulin hydrochloride (VH) was
used as model compound to investigate the effect of water on
formation of crystal structure. Valnemulin hydrochloride is a new sem-
isynthetic pleuromutilin derivative. It is mainly used to prevent and
cure mycoplasma disease and Gram-positive bacterial infection in
pigs, cattle, sheep and poultry (141, At present, amorphous valnemulin
hydrochloride is mainly used as commercial material. The amor-
phous form has many shortcomings, such as low stability, strong hy-
groscopicity, low bulk density and heavy irritating taste®. Many efforts
have been made to prepare crystalline product of valnemulin
hydrochloride. However, only two kinds of crystalline solvates,
methanol-water solvate(VHWMS) and ethanol-water solvate (VHWES),
have been successfully developed and characterized!®. Although the hy-
groscopicity of these two solvates are better than those of amorphous
valnemulin hydrochloride, the thermal stability of them are still not ideal

98


mailto:hongxunhao@tju.edu.cn

and they will loss some associated solvents continuously at around 40 °C,
which limits its application.

In this study, one new form of valnemulin hydrochloride, val-
nemulin hydrochloride dihydrate (VHW), was devoloped for the first
time and was characterized. Since water molecules are involved in
all obtained crystal forms of valnemulin hydrochloride, it is specu-
lated that water plays a key role in the crystal formation of valnemulin
hydrochloride. Therefore, the single crystal structures of different crys-
tals are determined and analyzed to explore the role of water in the
stabilization of these structures. At the same time, the change of mole-
cule conformation in different forms was also analyzed. The transfor-
mation process of VHW to VHWMS and VHWES was investigated by
infrared and Raman spectroscopy and discussed in detail. The results
show that, in addition to stacking similarity, the conformation may also
have significant impact on the crystallization kinetics.

[1] F. T. W. Jordan, C. A. Forrester, P. H. Ripley and D. G. S. Burch, AVIAN DISEASES, 1998, 42, 738-
745.

[2] L. Chen, D. Yang, Z. Pan, L. Lai, J. Liu, B. Fang and S. Shi, Chem Biol Drug Des, 2015, 86, 239-245.
[3] R. Dip, Z. Nemet, B. Schiessl, U. Klein and G. Strehlau, Vet J, 2015, 204, 309-314.

[4]]. Ouyang, B. Na, Z. Liu, L. Zhou and H. Hao, Journal of Solution Chemistry, 2019, 48, 413-426.

[5] X. Zhu, S. Xu and Q. Xu, Pharm Dev Technol, 2016, 21, 338-345.

[6]J. Ouyang, B. Na, L. Zhou, S. Xiao, G. Xiong and T. Jin, CrystEngComm, 2018, 20, 563-569.
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In our research, the unique properties of solvates were used to
develop high-performance energetic materials (EMs). 4,4 ',5,5'-
tetranitro-1H,1 ' H-[2,2 ' -biimidazole]-1,1 ' - diamine (DATNBI) was
selected as the model energetic compound due to its excellent
detonation properties and mechanical sensitivity. Using EMs products
with impure solid forms or a single structure in practical application
scenes will lead to a series of serious consequences in terms of safety,
mechanics, storage, detonation, and reliability properties. First, predic-
tion combined with experiments were successfully screened DATNBI
solvates. Then, a novel approach to obtain the scarce and superior
performance solid form of EMs was developed by the strategy of rapid
in-situ solvate-mediated phase transformation (Fig. 1). A mechanism
of this solvate-mediated method was studied by exploring the types
of solute clusters and intermolecular interaction of DATNBI in the mi-
croscopic view. It is found that solute molecules tend to exist as solvated
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monomers resulting in the prior precipitation of solvate in saturated
solution of tetrahydrofuran (THF). From the perspective of crystal struc-
ture and transformation energy, the solvates consisting of DATNBI and
THEF can easily transform to the scarce a form of DATNBI.

Previous work: traditional two-step phase transition preparation by solvates

\\gl/ lol Formation |IQ|IQ|IO!I Desolvatlon I |I |I |I
. R .
ByE By Heat or
o \/ \\ y u\;asﬁz:f;wn I ° |I ° |I I Adding anti-solvents I |I I |I
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Our work: in-situ solvates introduced specific crystal form preparation
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Figure 1. The comparison of the previous preparation of solid forms using solv-
ates and the preparation method of solid forms in this work.

Meanwhile, core-shell structured explosives (CSEs) are becoming in-
creasingly prominent in the energetic materials, however, some fatal
defects of CSEs including inadequate two-phase adhesion, insufficient
shell coverage and thickness, and poor chemical stability seriously impact
the security and dependability of weapon systems. We present a novel
core-shell material in the field of organic crystals, the core@self-shell
structure, constructed by an original strategy of autologous surface mo-
lecular reconfiguration. According to the propensity that solvate dioxane
(DIOX) of DATNBI form a unique nanostructure after drying, we suc-
cessfully designed the core@self-shell structure with a hierarchical
nano-surface and proposed the "solvate micro- dissolution shell" for-
mation mechanism. The core@self-shell nanoenergetic materials
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significantly improve impact sensitivity without greatly decreasing en-
ergy density through the eco-friendly and effective method.

o Autologous surface

el et molecular

reconfiguration

B
Core@;helf-shell
Figure 2. A novel core@self-shell hierarchical structure with excellent perfor-
mance was constructed using an eco-friendly and effective strategy of autolo-
gous surface molecular reconfiguration.

[1] Y. Wang, D. Han, X. Zhou, Z. Zhang, J. Gong, H. Li, Q. Zhang (2022): The preparation of higher
performance solid form of DATNBI based on rapid in-situ solvate-mediated phase transition mechanism,
Chem. Eng. J., 456, 141052.

102



103



Uncovering the role of impurity sugars on the
crystallization of D-tagatose crystal: experiments and
molecular dynamics

Dongbo Wang'?, Ying Wang', Dandan Han!?*, and Junbo Gong!-**

'School of Chemical Engineering and Technology, Tianjin University, Tianjin, 300072, China.;
“National Engineering Research Center of Industrial Crystallization Technology, School of Chemical Engi-
neering and Technology, Tianjin University, Tianjin 300072, China.
*handandan@tju.edu.cn

Keywords: D-tagatose; Primary nucleation; Crystal growth; Crystallization design;
Molecular dynamics simulation

Impurity sugars produced in upstream process of functional sugars
are significantly impacting the product quality. D-tagatose (D-TAG) is
an emerging functional sugar with good prebiotic properties and is used
broadly in food and medicine. It is generally prepared from galactose
by chemical or biotransformation isomerization reactions, in which im-
purities such as D-fructose (D-FRU) and D-maltose (D-MAL) are pro-
duced, thus affecting the downstream process, especially for the crys-
tallization process of D-TAG. In this work, the effect of congeners
(D-MAL, D-FRU, D-glucose (D-GLU)) on primary and secondary nu-
cleation of D- TAG crystals was investigated (Figure 1). Interestingly,
impurity sugars showed an inhibition on primary nucleation of D-TAG
crystals, while a promotion on the secondary nucleation of D- TAG. The
order of inhibitory ability for primary nucleation was D-FRU+D-MAL >
D-GLU+D- MAL > D-FRU > D-GLU > water, while the sequence for
secondary nucleation was reversed. The diffusion ability, hydrogen bond
formation ability and interaction energy of D-TAG crystal surface and
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impurity sugars were evaluated by molecular dynamics (MD) simulations
to reveal these nucleation and growth behaviors. At the molecular
level, it was explained that the congeners affect the nucleation ability
by hindering the diffusion of D-TAG molecules (Figure 2) [2]. On the
other hand, the adsorption energy of the D-TAG surface was calcu-
lated by constructing MD simulation system, and the results (Figure 3)
showed that the adsorption of impurity sugars on the D-TAG crystal
surface hindered the growth of D-TAG crystals. Moreover, crystal-
lization experiments were designed, and D-TAG crystals with uni-
form particle size distribution and regular morphology were obtained
by control the concentration and types of the impurity sugars. This study
helps to understand the effect of impurity sugars on crystallization and
guide the industrial production of functional sugars.
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Figure 1. SEM images of D-TAG crystals in the absence and presence of impurity
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Figure 2. RDFs (a) and MSD (b) of D-TAG molecules under different impurity sugar
additions.
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Figure 3. Optimized geometrles of the interaction between D-MAL and D-TAG crys-
tal before and after MD simulation. The blue lines stand for the hydrogen bond inter-
action.

[11Ma, W., Lutsko, J. F., Rimer, J. D., & Vekilov, P. G. (2020): Antagonistic cooperativity between
crystal growth modifiers, Nature 577, 497-501.

[2] Grimme, S., Antony, J., Ehrlich, S., & Krieg, H. (2010): A consistent and accurate ab initio
parametrization of density functional dispersion correction (DFT-D) for the 94 elements H-Pu, J Chem Phys
132, 154104.
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Although originally created for portable electronics, lithium-ion batteries
(LIBs) are today utilized in a wide range of daily items, such as electric
vehicles, power tools, medical equipment, smart watches, drones,
satellites, and utility-scale storage'. One of the most common cathodes in
Li-ion batteries is lithium nickel manganese cobalt oxide (NMC) which
is produced using raw materials such as NiSO4 and CoSO4 % 3.

Highly soluble salts like nickel and cobalt sulfate hydrates are typically
produced from their concentrated aqueous solution using either cooling
or evaporative crystallization; classical methods employed in the
industry. The evaporative method tends to be expensive and require a lot
of energy. Because of the residual solubility at a low temperature, cooling
crystallization is not a very efficient process*. Another method is eutectic
freeze crystallization (EFC). In the EFC process, which takes place
around the eutectic point, both salt and ice crystallize simultaneously. The
separation of these solids is then done according to differences in density
between the liquid and solid phases’.

The current study investigates the feasibility of using EFC to crystallize
nickel sulfate heptahydrate from an aqueous solution in the presence of
impurities, as well as the prospect of further purifying the product via
recrystallization into lower-order hydrates. The eutectic point of nickel in
an aqueous solution containing various impurities has been determined.
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At increased temperatures, metal sulfate heptahydrates produced by EFC
transform into hexahydrates. The experimental transition temperatures
were compared to temperatures estimated by the software OLI stream
analyzer, and the kinetics of the transformation process at various tem-
peratures were examined.
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Rare earth elements are recognized as building blocks of modern-day
technology [1] because of their crucial role in various advanced
applications such as electric vehicles, wind turbine generators, and
consumer electronic appliances [2]. The increasing demand and limited
resources have led to the exploration of innovative and sustainable
methods for their recovery from various sources. Typical methods for the
separation of rare earth elements are ion exchange, solvent extraction,
and precipitation in extraction from primary and secondary sources [3].
These can involve complex and environmentally harmful processes,
leading to the need for sustainable and efficient alternatives. Antisolvent
crystallization provides a novel approach for the recovery of rare earth
elements based on solubility reduction within a solvent-antisolvent
matrix, inducing supersaturation and facilitating the crystallization.

This study targets recovery of rare earth elements of specific industrial
interest i.e., neodymium, praseodymium and dysprosium in various
mixtures using antisolvent crystallization from acidic (H2SO4) solution.
Ethanol is used as an antisolvent and added at a controlled rate.
Crystallization of rare earth sulphates, and incorporation of Fe (II) and Fe
(IIT) as impurities is investigated under different experimental conditions.
The process parameters studied are controlled addition rate and seeding.
The effect of supersaturation control on the crystal size and size
distribution, shape and purity are investigated. Optical microscopy, SEM-
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EDX and powder-XRD are used to investigate product quality. The
outcomes of the work can offer valuable insights into refining the process
of recovering rare earth elements as a high purity concentrate from leach
solutions during the recycling of magnetic waste.

[1] Communication from the European Commission on the 2017 list of critical raw materials for the EU;
COM(2017) 490. 2017: Brussels.

[2] Ni’am, A.C., et al., (2020) Simultaneous recovery of rare earth elements from waste permanent magnets
(WPMs) leach liquor by solvent extraction and hollow fiber supported liquid membrane. Chem. Eng. and
Process: Process Intensif, 148, 107831.

[3] Yang, Y., et al., (2017) REE Recovery from End-of-Life NdFeB Permanent Magnet Scrap: A Critical
Review. J. Sustain. Metall., 3(1), 122-149.
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The exponentially growing use of lithium-ion batteries (LIBs) couples
with their limited life span emphasizes the importance of developing
efficient recycling methods. Due to its lower energy costs and pollution-
reducing potential, antisolvent crystallization has aroused interest in the
precipitation and separation of metals from the leaching solution of LIBs
[1]. As LIBs consist of different components such as cathode, anode,
separator, and shell, it is not feasible to completely prevent impurity
metals like aluminum and copper to become mixed into the solution of
target metals during leaching [2]. Despite this, limited research has
explored the precipitation process of metals in a LIB leaching solution in
the presence of impurities. This work explores the influence of metallic
impurities on the controlled antisolvent crystallization of nickel (II),
manganese (II), and cobalt (IT) from a citric acid system. Antisolvent
crystallization experiments have been performed with ethanol as
antisolvent, and the effects of controlled operating conditions including
the amount of antisolvent, antisolvent addition rate, and agitation
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conditions on the precipitation efficiency of metals, and properties of
crystal products have been investigated. The purity, morphology, size
distribution, and crystalline phase of the product have been characterized
and analyzed. The results show that limited copper and no aluminum was
precipitated in the crystals. However, the impurity aluminum plays a
dominant role for the recovery of the target metals in the citric acid
system. A higher amount of antisolvent affected the morphology and size
of the product crystals because of the higher driving force for nucleation
and crystal growth. Additionally, a slower addition rate of antisolvent
strongly contributed to increasing the size of crystals due to the reduced
rate of supersaturation generation.

[1] W. Xuan, A. Chagnes, X. Xiao, R. T. Olsson, and K. Forsberg (2022): Antisolvent Precipitation for Metal
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(2021): Ultrasound-assisted extraction of metals from Lithium-ion batteries using natural organic acids[J].
Green Chem. 23(21), 8519-8532.
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