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Abstract

Antisolvent crystallization is a promising method for recovering rare earth elements (REEs).
While it offers high theoretical yields of Y,(SO4);-nH,O from aqueous leach solutions, the
recovery is constrained by kinetic limitations. This study examined the crystallization of
Y>(SO4)3-nH,0 in a fluidized bed reactor (FBR) using ethanol, focusing on the effects of
the organic-to-aqueous (O/A) ratio and flow rates on yield and crystal properties. O/A
ratios of 0.9 and 1.1 were investigated with an initial Y3* concentration of 0.87 g/L and a
crystallization time of 3 h. The system exhibits multiple rate-limiting steps. Atlow O/A
ratios (0.9), extended induction times indicate either nucleation rate-limitations despite
high supersaturation or the possible formation of an initial metastable phase, requiring
extended crystallization time for near-equilibrium yields. At high O/A (1.1), elevated
supersaturation accelerates nucleation and achieves ~82% yield in 3 h; however, crystal
growth exhibited a remaining rate limitation. Lower supersaturation and slower mixing at
O/A = 0.9 favored growth, producing crystals with D50 > 34 um. This work explores how
operational parameters influence crystallization behavior while achieving practical yields
and acceptable crystal characteristics within a reasonable timeframe. The FBR provided
controlled operation, enabling consistent product formation and process flexibility.
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1. Introduction

Rare earth elements (REEs) are crucial for advanced technologies, with an increase
in their demand [1]. The REE series includes the lanthanides, from lanthanum (La) to
Lutetium (Lu), along with scandium (Sc) and yttrium (Y). The REEs are grouped due
to their similar ionic radii and generally being in the trivalent state [2]. Their excellent
physicochemical properties, combined with subtle differences among them, contribute
to their wide range of uses, including in alloys, magnets, batteries, catalysts, fuel cells,
lighting, capacitors, and optics [3].

As the demand for these applications grows, the strain on the REE supply chain
intensifies. Securing a stable supply is challenging due to the dispersed and complex
nature of REE deposits, which complicates both their extraction and separation from other
minerals, as well as their fractionation into individual REEs [4]. In response, increasing
attention is being given to both primary and secondary sources, such as end-of-life products,
for REE recovery [5]. Various processing techniques have been developed, including dry
processing, pyrometallurgy, and hydrometallurgy [6]. The hydrometallurgical methods
span an extensive range, including precipitation/crystallization, ion exchange, solvent
extraction, adsorption, etc. They are largely interchangeable, offering various options
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within each method to recover REE solids in the desired form [7]. However, these methods
often use hazardous or costly reagents/materials, along with either time-consuming or
energy-intensive procedures [6].

Among the various techniques, antisolvent crystallization (AS) has emerged as a
promising alternative for the recovery of REEs from aqueous leach solutions due to ad-
vantages such as recycling the antisolvent and operating at ambient temperatures over
the conventional methods mentioned above [8]. Antisolvent crystallization can replace
some of the classical methods along the extensive recovery path needed to reach the final
individual metal product. It is particularly relevant at two critical stages: immediately after
leaching from solid sources and during the solid recovery of the final product. The first
relevant area of introduction is just after the initial leaching stage from the solid source.
For the case of REEs, using alcohols such as ethanol has been shown to be beneficial at
this point, as selective recovery of the full REE fraction from other elements such as Al,
Co, Ni, and Mn has been achieved [8]. However, further REE fractionation is required by
using separation methods such as ion exchange and solvent extraction. After stripping or
elution, the metal remains in solution; therefore, antisolvent crystallization can once again
be used instead of precipitation or electro-refining for the final solid recovery [9]. Despite
its potential, research into AS crystallization for REE recovery is still limited [9-13].

Antisolvent crystallization recovers the target solute from the original solution by
the addition of another substance, the antisolvent, which reduces the solubility of the
intended solute. The interaction between the solvent and antisolvent shifts the equilibrium
by lowering the solubility, such as by reducing the dielectric constant of the solution.
Under these conditions, the system can reach a supersaturated state if the equilibrium
concentration in the mixture is exceeded, which prompts crystallization of the target
compound [14]. Although the initiation of crystallization and a large part of the overall
system kinetics is governed by nucleation, the rate-determining step can include any of
the other steps within the crystallization process, such as the initial mixing to the final
growth steps.

AS crystallization is generally known for its fast kinetics with immediate crystallization.
However, it also presents several challenges that need to be addressed [15,16]. One of
the primary disadvantages is the difficulty in controlling crystallization, leading to issues
such as fines, broad crystal size distributions (CSDs), and undesired morphologies [11,17].
The substantial reliance on precise control of the hydrodynamic conditions is another
critical factor, particularly in ternary systems where the chemical components have varying
physical and chemical properties. Additionally, the significant reduction in solubility can
create large local supersaturation hotspots, especially when mixing is inadequate. This can
lead to excessive nucleation, resulting in the formation of fine particles [18].

However, recent experimental studies using stirred-tank reactors for antisolvent crys-
tallization with ethanol as the antisolvent have shown that yttrium sulfate (Y(5O4)3 -nH,O)
exhibits unexpectedly low yields (~13%) at a concentration of ~0.4 g/L, despite ther-
modynamic predictions indicating high recovery potential (~85%) at an O/A ratio of
0.9 [8,19]. This discrepancy in the recovery efficiency of Y(504)3-nH,O using antisolvent
crystallization remains unexplored, highlighting a need for further investigation into its
crystallization behavior and the process conditions required to achieve higher yields. In
addition, yttrium is often present in low concentrations in process streams, making its
recovery more challenging [20,21]. To overcome these limitations, more efficient crystalliza-
tion techniques are needed to enhance yield and product quality. One potential approach is
to effectively control the crystallization process either by directly regulating supersaturation
or by optimizing the distribution of supersaturation through improved mixing [10,22].
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Fluidized bed reactors (FBRs) offer a promising solution to address these challenges by
enhancing supersaturation control, providing long residence times for slow-crystallizing
systems, and mitigating issues such as fines losses and attrition [23,24]. FBRs are widely
used for crystallization at an industrial scale and provide advantages such as improved
mass transfer, controlled particle growth, minimized abrasion and attrition, and effective
solid-liquid separation through settling at a critical size [25,26]. Traditionally, FBRs are
operated using heterogeneous seeds such as silica or quartz as a growth surface [27].
However, this approach introduces additional washing and recrystallization steps. An
alternative strategy involves generating homogeneous seeds in situ of the target compound,
which could simplify processing while maintaining efficiency [28].

This study aimed to investigate antisolvent crystallization of Y,(504)3-nH,O in an
FBR and identify operational parameters that influence recovery. Preliminary work ex-
amined the effects of seeding, crystallization time, and hydrodynamic factors such as
recirculation and inlet flow rates on yield and crystal characteristics. The main objective
was to understand how antisolvent crystallization behaves in an FBR under different flow
and compositional conditions, with particular attention to the influence of O/A ratio and
mixing on crystallization kinetics and morphology. The focus of this work was to explore
and become familiar with the behavior of the system, a process that has not been previously
studied. At this stage, the aim was not optimization or full mechanistic control, but rather
to observe how the system responds under different operating conditions and identify
key factors influencing crystallization. Bench-scale experiments are standard for such
early-stage investigations because they allow for practical and cost-effective trials while
providing insights that guide more controlled future studies and eventual scale-up.

2. Materials and Methods
2.1. Thermodynamic Modeling

OLI Studio: Stream Analyzer™ V.11.5.1.7 was used to model the chemistry and predict
the solid phase composition along with the possible recoveries by implementing the Mixed-
Solvent Electrolyte (MSE) framework with the recent addition of the Y,(SO4)3-HyO-ethanol
system, as discussed in Sussens et al. [19]. In addition, the scaling tendency (ST) was also
simulated as a measure of the supersaturation calculated using the ionic activity product
(IAP) and the solubility product constant (Ksp) as shown in Equation (1),

IAP

Ksp @

Scaling tendency (ST) =

2.2. Chemicals

All the chemicals were used as received without any further purification. The yt-
trium sulfate octahydrate ([Y2(SO4)3-8H2O] with 99.9% purity, CAS: 7446-33-5) was pur-
chased from Fisher Scientific, Waltham, MA, USA, and absolute ethanol (99.9% purity,
CAS: 64-17-5) was purchased from Kimix Chemicals, Cape Town, South Africa. Deionized
water from a Millipore Elix (>15 M(Q)-cm) was used to prepare all relevant solutions.

2.3. Reactor Set-Up

All experiments were conducted using an FBR fabricated from glass. The reactor had
a bottom section with an internal diameter (ID) of 2 cm and a height of 75 cm. The top
section was tapered with a diameter expanding to 4 cm over a height of 10 cm. This design
feature allowed for a release in hydraulic loading, which helped retain a greater proportion
of fines in the active region of the FBR, preventing them from being elutriated with the
effluent. The total working volume of the reactor was 235 mL.
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The main fluidization port at the bottom and the top recirculation port each had an
ID of 0.7 cm, while the two side ports had an ID of 0.5 cm. The bottom side port served as
the inlet for ethanol, while the other side port was used for sampling. The bottom conical
section was packed with spherical glass beads of 0.4 cm and 0.1 cm in diameter to ensure
uniform liquid flow distribution.

The fluidization port was used alternately: either for introducing the aqueous yttrium
sulfate solution during filling or for recirculating the effluent stream. Peristaltic pumps were
employed for both inlet feeding and recirculation, and non-return valves were installed to
prevent liquid backflow. Figure 1 illustrates the FBR setup.

F——
Effluent

Ethano]@

Y,(SO,);.8H,0

—
solution @

Figure 1. Illustration of the fluidized bed reactor set-up used for the batch experiments.

Recirculation

2.4. Experimental Design

The starting concentration of Y3* was set at 0.87 g/L, approximately twice the con-
centration observed in NiMH battery leach solutions, which is ~0.4 g/L according to the
literature [8]. This higher concentration was chosen to carry out the analysis more easily.
The organic-to-aqueous (O/A) ratio was selected based on the thermodynamic analysis
detailed in Section 3.1.

Initial trials were conducted to evaluate the impact of reagent-grade homogeneous
seeds of Y7(S04)3-8H0. The main investigations focused on the hydrodynamic aspects,
including total equivalent flow rates (total inlet flow rate = recirculation rate), total inlet
flow rate, recirculation rate, and the O/ A ratio, as summarized in Table 1.

The trial experiments were run for 30 mins to observe the initial crystallization. Due
to the cost of Y5(SO4)3-8H;0, the FBR could not be packed with seeds to the usual extent
of ~20% of the total FBR height [24]. Instead, seeding was based on a critical seed loading
of 5% of the expected total yield [29]. The reagent seeds were sieved to a size range of
125-150 pm, with a CSD of D5 = 135 pm, as recommended by Chianese & Kramer [30].

The main sets of experiments were initially conducted for up to 5 h to observe extended
crystallization behavior. Based on these results, subsequent runs were standardized to 3 h,
as this duration was sufficient to capture the key kinetic trends and crystal characteristics.

https:/ /doi.org/10.3390/chemengineering10020021


https://doi.org/10.3390/chemengineering10020021

ChemEngineering 2026, 10, 21

50f24

Lastly, experiments at [Y3*]=04 g/L, as observed in NiMH battery leach solutions,
were also conducted as a comparison [8]. Additionally, the O/A ratio of 0.56 was also
investigated as recommended by Korkmaz et al. [8] to allow for impurity rejection while
still recovering a high amount of the other REE from the NiMH solution.

Table 1. Design of experimental sets and variables.
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The tick marks indicate the variables for each experiment.

2.5. Experimental Procedure

All experiments were conducted at ambient laboratory temperature (23 °C) and done
in triplicate with error bars in figures indicating standard error. The start-up process
involved simultaneously starting the feeds of the aqueous yttrium sulfate solution and
ethanol at their respective rates to achieve the intended O/ A ratio as outlined in Table 2,
followed by suspending the inlet flows once the FBR and recirculating sections were filled
to initiate recirculation. For the initial investigations, the seeds were loaded onto the glass
beads before initiation of the experiments.

Table 2. Inlet flow ratios.

Total Inlet Flow Rates * O/A Ratio Aq. Y3 Ethanol Feed Time
(mL/min) (mL/min) (mL/min) (min)
Trial 80 0.9 37.89 42.11 Continuous
20 0.9 9.47 10.53 16
40 0.9 18.95 21.05 8
80 0.9 37.89 42.11 4
200 0.9 94.74 105.26 1.75
200 1.0 100.00 100.00 1.75
200 1.1 104.76 95.24 1.75
200 0.56 71.79 128.21 1.75

* No significant difference exists between the additive and true volumes of the O/A mixtures.

Given that mixing is critical in antisolvent crystallization, the focus of the main exper-
iments was to understand how varying the different flow rates affects yield and crystal
characteristics [31]. The associated Reynolds numbers at the entrance of each port are
outlined in Table S1. In addition, the experiments were designed to maintain a long
residence time for the crystals and liquids in the active zone of the FBR while avoiding
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excessive recirculation of the crystals, which can cause loosely aggregated fines to break
apart. Table S2 shows the theoretical predictions regarding which crystal sizes will be
elutriated and recirculated, along with the accompanying fluidization calculations used.

Each experiment was run for 3 h under the operational conditions specified in Table 1.
Sampling of 2 mL aliquots was performed intermittently. The samples were filtered using
a removable 0.2 um nylon filter membrane to recover the solids (for SEM analysis), and
1 mL of the supernatant was immediately quenched to stop any further crystallization. At
the end of each experimental run, the FBR was drained, and the suspension was filtered.
The filtered supernatant samples were diluted to a maximum alcohol concentration of 1%
for ICP-OES analysis to determine the Y3* concentration remaining in the solution. This
concentration was used to calculate the yields according to Equation (2). Solid samples
were dried in a desiccator for at least 24 h before undergoing SEM, laser diffraction, and
XRD analysis. Effluent samples from the O/A experiments were left undisturbed in vials
for 2 months before final yield analysis using the same sample preparation techniques.
[M]

I[A;]EM]S x 100 )

where [M]; is the initial concentration of Y3* in solution and [M], is the final concentration

Yield (%) =

of Y3* after crystallization in solution, expressed as g/L.

2.6. Analytical Methods

The concentration of Y3* in solution was determined from filtered liquid samples
using Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) (Agilent
5800 ICP-OES, Santa Clara, CA, USA). Determination of the solid phases of the yttrium salt
was done by X-ray Diffraction (XRD) (Bruker D8 Advance, Billerica, MA, USA) with cobalt-
source radiation, equipped with a position-sensitive detector (Bruker LYNXEYE, Billerica,
MA, USA) in Bragg-Brentano geometry. The power settings were 40 mA and 35 kV. The
crystal size distribution (CSD) was determined by laser diffraction measurements (Malvern
Mastersizer 3000, Malvern, Worcestershire, UK). The crystal morphology and further size
determination were performed using Scanning Electron Microscopy (SEM) (Tescan MIRA3
RISE, Brno, Czech Republic) with an annular backscattered electron detector scintillator
made of yttrium aluminum garnet.

3. Results and Discussion
3.1. Thermodynamic Predictions and Their Role in Experimental Desing

The thermodynamic simulations were carried out using OLI Studio with the updated
MSE databank to evaluate the recovery of Y,(S5O;);-8H,O using ethanol, as shown in
Figure 2. Most simulations were conducted at a feed concentration of 0.87 g/L Y3*. The
yield rapidly increased as ethanol increased, with the onset of crystallization predicted to
take place from O/A = 0.5 to a maximum plateau at around O/A = 1.1 onwards, where a
yield of 95% was reached. An O/ A ratio of 0.9 was selected as the focus for the experimental
studies discussed in the following section. However, as discussed further below, other O/A
ratios (1.0 and 1.1) were also of relevance.

Additional simulations were also carried out at the same concentration as those
reported by Korkmaz et al. [8] at [Y3*] = 0.5 g/L and O/A = 0.56, along with O/A = 1.1,
which is relevant later on in this study. The calculated theoretical yields were 0% and 91%,
respectively, as indicated in Figure 2. Whereas, at the higher concentration [Y3*] = 0.87 g/L,
used for this study, with an O/ A =0.56, only 38% is predicted. Based on the thermodynamic
analysis, the extent of yttrium crystallization observed by Korkmaz et al. [8] occurred near
the lower limit of what is theoretically recoverable at the examined O/ A ratios.

https:/ /doi.org/10.3390/chemengineering10020021


https://doi.org/10.3390/chemengineering10020021

ChemEngineering 2026, 10, 21 7 of 24

100
90 ~
80 A
70 A
60 -
50 A
40 A
30 A
20 A
10 A

0 1 1 1 1 1

0.0010203040506070809101112131415
O/A (v/v)
0.87 g/L — —-05g/L

Theoretical Yield (%)

T

9 0%

T T T T T T T

Figure 2. The theoretical yield of Y3+ as the O/ A ratio increases from a starting concentration of
0.87 g/L Y3* (—) and 0.5 g/L Y3* (---). The dotted lines, serving as visual guides, indicate the O/A
ratios investigated in this study, with Y»(SO4)3-8H,O predicted as the stable solid phase.

3.2. Exploring Seeding Effects During Reactor Start-Up

Operating the FBR required start-up conditions to be established first. A trial was
conducted to assess whether seeding significantly affected the yields compared to no
seeding. The trial was carried out for 30 min and a hydraulic residence time of 3 min
while continuously operating the FBR. Visual observation of the system showed an initial
increase in turbidity, which became clear after a few minutes. The brief turbidity change is
a common effect when mixing water with ethanol; therefore, the increased turbidity at that
point was not related to nucleation. Figure S1 highlights that, although a 92% theoretical
yield was predicted, minimal crystallization took place for both the unseeded and seeded
experiments within the specified duration. A degree of dissolution of the seeds was also
observed, as evidenced by the concentration in the solution increasing slightly, resulting in
negative yields.

The aqueous and ethanol streams were fed at slow rates to extend the residence time
and limit elutriation. Both streams were in the laminar region, as indicated by the low
Reynolds numbers. Combined with the slow kinetics, this increased the initial contact
time between the seeds and the aqueous phase. This made partial dissolution of the
Y2(SO4)3-8H,0O seeds possible [32]. Although seeding was intended to accelerate crystal-
lization, the 5% loading did not lead to noticeable improvement in yield or crystallization
time under the tested conditions.

Given that seeding had no measurable influence on early-stage yield under the tested
conditions, and that literature demonstrates effective FBR operation without externally
added seeds by relying on in situ seed generation, further experiments were conducted
without added seeds [28]. This aligns with reports showing that large induction times can
still occur in the metastable zone, even in the presence of seeds [33].

Overall, these results also indicate that even longer residence times are needed in the
FBR for crystallization to occur. Such residence times can be achieved either by further
reducing flow rates or by introducing recirculation.

3.3. Effect of Process Parameters on the Crystallization

This section examines how variations in the process parameters, which include equiv-
alent inlet and recirculation rates, total inlet flow rate, recirculation rate, and the effective
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O/ A ratio, impact the yield and crystal characteristics. All the experiments in Sets A, B,
and C in Table 1 were designed to take place at O/A ratio = 0.9.

3.3.1. The Influence of Equivalent Flow Rates on Yield and Crystal Characteristics

Figure 3 illustrates the effects of equivalent flow rates (total inlet flow rate = recircu-
lation rate) on the yield of Y>* over time, along with the accompanied CSDs and crystal
characteristics for experimental set A. The impact of mixing, as controlled by the flow
rates, was investigated by ensuring that the total inlet flow rate and recirculation rate were
equivalent for each set, maintaining consistent flow and mixing dynamics throughout. The
inlet flow rates were selectively kept low to prolong the residence times spent in the FBR
for both the liquid and solids before entering the recirculation zone. The corresponding
Reynolds numbers were, however, all within the laminar region.

(a)100 (b),, 20737 58%% 07
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Figure 3. The effect of the equivalent flow rates [Exp. A] on the (a) yield; (b) CSD curves, with
vertically dotted and striped lines indicating the D5y and Dy sizes, respectively; (c) a representative
SEM image of the final product (see Figure S2); and (d) aspect ratios of the final product.

The yields in Figure 3a increased progressively over time for all the flow rates. The
highest yield was achieved at 20 mL/min (88%), followed by 40 mL/min (76%), and lastly
80 mL/min (62%). Crystallization was mostly completed within the first 60 min after filling
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the FBR at a flow rate of 20 mL/min. At this point, approximately 80% of the potential
theoretical yield was achieved, while at higher flow rates, the yields were significantly
lower, reaching only 38% and 16% for 40 mL/min and 80 mL/min, respectively. After
this period, the yield at 20 mL/min had reached a plateau after 180 min. For the other
two flow rates, a steady increase was observed with no plateau region reached within
the 5 h experiment duration. Although high yields were achieved quickly at 20 mL/min,
the consumption of supersaturation was slow within the initial phases of crystallization,
resulting in only 4% yield at 16 min.

Figure 3b shows the CSD measurements, where a shift towards larger sizes was
observed with an increase in the total flow rates from 20 mL/min to 80 mL/min. The shift
towards larger crystals was seen for both the D50 and D90 values from 24 pm to 37 pm and
58 um to 97 um, respectively. However, no significant differences were observed for the
span across the three flow rates, which was ~2.

These observations were further supported by visual evaluation of the crystals and
their aspect ratios (ARs) seen in Figure 3c,d. The SEM images in Figures 3c and 52 show
the final crystal products, which were visually very similar. Although these crystals were
well-defined in their 3D structure, a variety of morphologies existed, from prismatic rods to
more equant polyhedra. Additionally, in some instances, fine particles, as seen in Figure S2,
were also observed for all conditions. The existence of fines, even with gentle mixing in
the FBR, can be caused by recirculation of crystals through the narrow passages of the
non-return valve and around distribution beads. However, filtration of the total final
suspension was generally done within a few minutes, indicating no major filtration issues.

The ARs of the smaller crystals with the percentile values (AR%) at AR;g decreased
with an increase in the flow rates, with 20 mL/min (AR;p = 2.7), 40 mL/min (AR = 2.3),
and 80 mL/min (AR = 1.7). However, a reduction in the ARs were observed for both
20 mL/min and 40 mL/min for the larger crystals at AR5y and ARgg. This resulted in no
major difference between the ARs at these points for the different flow rates. Generally,
large ARs are a poor product characteristic due to causing filtration issues [14]. However,
the crystals with large ARs are only a minority observation within the final product.

These findings suggest that higher flow rates lead to lower crystallization yields and
larger crystal sizes. Several interrelated factors occurring during crystallization can explain
these observations. Firstly, at lower flow rates, the low Reynolds numbers indicate that the
system is firmly in the laminar region, where poor mixing at the inlet ports allows more
persistent local supersaturation hotspots to form, promoting nucleation [18]. Although
greater mixing could have reduced these hotspots, it could not be increased without
shortening the required residence time. Secondly, a slight increase in the O/ A ratio was
observed at lower flow rates, as shown in Table S3, which can contribute to enhanced
nucleation [33]. This effect was noticeable at inlet flow rates of 20-40 mL/min due to
increased static pressure while filling the FBR. The pressure buildup led to a gradual
increase in the O/ A ratio for these experiments, due to the reduction in the aqueous flow
rate. Despite these fluctuations, further experimental analysis accounts for the varying
conditions, ensuring a valid comparison across the data sets as seen in the adjusted variable
Table S4. Additionally, if the induction time is kinetically limited by mass transfer, then
faster mixing of the two fluids can result in dilution, which causes the system to no longer
exceed the activation barrier required for nucleation to take place [34].

These phenomena are all related to the system supersaturation, taking place on differ-
ent scales. Therefore, an increase in the supersaturation due to any of the above-mentioned
factors results in more nuclei being formed. The higher supersaturation both promotes the
formation of smaller crystals and enables higher yields within a given time. The smaller
crystals, in turn, accelerate the consumption of supersaturation because of their increased
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surface area. Additionally, smaller crystals formed at higher supersaturation often exhibit
higher ARs, as their growth is directed along a preferred 2D plane [35]. Finally, as the
flow rate increased, the residence time in the FBR became shorter, reducing the time for
crystallization. The increased flow rate also causes an increase in shear forces, which break
loosely aggregated units apart. Both factors limit the crystallization rate [36,37].

Based on these phenomena, it is unclear which of the three variables, the inlet flow
rate, recirculation rate, residence time, or O/ A ratio, had the largest impact. The initial
choice of slow feeding rates was intended to maximize residence time, which is critical
for promoting crystal growth in systems with sluggish kinetics. However, this approach
introduced a secondary effect with slight drift in O/ A ratio during filling due to static head
pressure, creating partial coupling between supersaturation and hydrodynamics. These
early observations were retained because they provide insight into how hydrodynamics
can cause small compositional shifts. Importantly, this revealed that relying solely on slow
feeding to increase residence time is not ideal. Therefore, to gain further understanding of
how the individual flow rates influenced the yield, the inlet flow rate was decoupled from
the recirculation rate. Based on the results in the section above, investigating the effect of
total flow rate, subsequent experiments were carried out over a batch time of 180 min, as
this was deemed sufficient to capture the key phenomena.

3.3.2. The Influence of Inlet Flow Rate on Yield and Crystal Characteristics

The effect of the total inlet flow rate on the crystallization of Y3* over 180 min is shown
in Figure 4, which took place at a recirculation rate of 20 mL/min. Samples were taken
immediately after the reactor was filled.

Figure 4a shows a large difference in the yield for the different flow rates. The
20 mL/min total inlet flow rate resulted in the highest yield of 86%, followed by that for
40 mL/min (63%) and 80 mL/min (40%) at the end of the 180 min batch time. Only the
20 mL/min case approached the theoretical yield of 92%. Long induction periods were
observed for both 40 mL/min (>30 min) and 80 mL/min (>60 min). These observations
suggest that, at higher inlet rates, a kinetic limitation increases the induction time, which
implies that extending the batch time will increase the yield to the theoretical prediction.

The CSDs curves for the final product in Figure 4b shifted towards larger sizes as the
inlet flow rate increased. The D5y at 20 mL/min was 24 um, 40 mL/min with 28 um, and
80 mL/min with 34 um. The Dgy at 20 mL/min was 58 um, 40 mL/min with 71 um, and
80 mL/min with 85 um. The span remained similar for all the flow rates at ~2.

Interestingly, although no changes in the yield were seen at 40 mL/min and
80 mL/min, a small amount of crystallization did take place, as indicated by the exis-
tence of crystals via SEM analysis, shown in Figure 4c. However, the presence of these
crystals was insufficient to immediately accelerate bulk crystallization due to the slow
consumption of supersaturation.

In Figures 4c,d and S3, the crystal characteristics at the end of the feeding times, with
20 mL/min for 16 min, 40 mL/min for 8 min, and 80 mL/min for 4 min. The existence of a
few amorphous agglomerated particles among the well-defined crystals was also observed
at 80 mL/min, as shown in Figure S3d,e. The crystals at the beginning of crystallization in
Figure 4c are prismatic rods with matching large ARs. The slowest total inlet flow rate of
20 mL/min resulted in more elongated crystals, with ARy = 6, compared to 40 mL/min
and 80 mL/min at AR;y = ~3.3. Whereas the larger crystals at ARgy were very similar.
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Figure 4. The effect of inlet flow rates [Exp. Al & B] on the (a) yield; (b) CSD curves, with vertically
dotted and striped lines indicating the D5y and Dy sizes, respectively; (c) a representative SEM image
(see Figure S3) and (d) aspect ratios at the end of the feeding period; and lastly (e) a representative
SEM image (see Figure 54) and (f) aspect ratios of the final product.
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The crystal morphologies at the end of the batch time became more equant (shown
in Figures 4e,f and S4). This was reflected in the ARs, where AR = ~3, followed by both
AR5y and ARgp at ~1.8. There was no major difference between the different inlet flow
rates. Differences in the conditions at the start of the batch mainly affect the ARs of the
smaller crystals early in the process. However, as crystallization continues, these effects
diminish, resulting in minimal differences in the final product. The decrease in AR was
attributed to the consumption of the initial high supersaturation and the improvement
in the homogeneity of the mixture over time, which lowers supersaturation and slows
crystallization kinetics. As a result, growth was more uniform across all crystal planes.

The reduction in the yield and slight decrease in the crystal sizes with increasing inlet
flow rates mirrored the trends described in Section 3.3.1. Decoupling the total inlet flow
rate and the recirculation rate resulted in a slight reduction in the yield at 180 min for
40 mL/min (69% to 63%) and 80 mL/min (53% to 40%). This indicated that, although
recirculation had some effect, the largest impact on the final yield was caused by changes in
the inlet flow rates. A direct comparison between the crystal sizes and characteristics with
those in Section 3.3.1. could not be made, as different batch times were used. However, the
sizes were very similar in both sets of experiments, indicating no major differences in the
overall crystal growth behavior.

The existence of the few amorphous agglomerates at the end of the feeding period
indicates that either extremely high supersaturation conditions existed or a two-step crys-
tallization mechanism exists [38]. Both these mechanisms can include the formation of a
metastable phase, which can either dissolve back into solution or transform into the stable
crystalline phase [39].

The majority of the crystals exhibited preferential growth taking place along a 2D
plane for the formation of the crystals within the feeding period, particularly for the
smaller crystals (ARjp). In antisolvent crystallization, polar antisolvents, through hydrogen
bonding, can, depending on the orientation of the interacting compounds, adsorb onto the
crystal surface, blocking growth sites on certain faces and directing growth along specific
planes [40-42]. At lower inlet flow rates, the increased ethanol concentration, combined
with poor mixing, can also promote the aggregation of alcohol molecules, encouraging
growth along planes unaffected by the alcohol aggregate pockets [43]. The increased
supersaturation further accelerates growth along these planes, leading to the formation of
elongated crystals.

Based on these findings, the likely main contributor to the observed trends, including
the increase in yield and the presence of longer crystals at slower inlet flow rates, appears
to be either the dominance of local supersaturation at low flow rates or a small shift in the
O/ A ratio influencing the system.

3.3.3. The Impact of Recirculation on Yield and Crystal Characteristics

Figure 5 illustrates the effects of recirculation on the yield and crystal characteris-
tics under these two scenarios: (i) O/A = 0.9 and a total inlet flow rate of 80 mL/min
[Exp. A3 & C2], and (ii) O/A = 1.1 and a total inlet flow rate of 20 mL/min [A1 & B2].

At O/A = 0.9, represented by Figure 5a, the yields steadily increased until the end
of the batch time at 180 min, with the highest yield of 53% achieved at the recirculation
rate of 80 mL/min, compared to 40% at 20 mL/min. Based on the yield measurements, the
recirculation rate of 20 mL/min took over 60 min to start crystallizing, whereas by that
time, the 80 mL/min case had already reached a yield of 15%. The CSD data in Figure 5c
further reveal that, while the D5 values averaged around 36 pum regardless of recirculation
rate, a slight broadening of the Dgj values, from 85 um to 97 um, took place. The ARs in
Figure 5e with accompanying SEM images in Figure 54, indicated subtle differences. At
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Figure 5. The effect of recirculation rates at O/A = 0.9 [Exp. A3 & C2]and at O/A =1.1 [Exp. Al & B2]
on the respective (a,b) yields; (c,d) CSD curves, with vertically dotted and striped lines indicating the
Dsg and Dy sizes, respectively; and lastly (e,f) aspect ratios for the final product.
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In contrast, at O/A = 1.1 in Figure 5b, the yields increased more rapidly, reaching a
maximum of 87%, with no significant difference between recirculation rates. The onset of
crystallization took place within the feeding time, as a 4% yield had already taken place
by the end of filling, where 60 min later, it had rapidly increased to £73%. The D5 values
in Figure 5d averaged around 25 um for all flow rates. A similar slight broadening of the
Dy values, from 58 pm to 74 um, was observed compared to the O/A = 0.9 conditions.
Furthermore, the crystal sizes were smaller for the O/A = 1.1 experiments compared to the
O/A =0.9 experiments for both the Dy and D5, values. However, no significant difference
in the span (~2) was observed for both sets of experiments.

The ARs in Figure 5f with accompanied SEM images in Figure S5 were considerably
larger at 80 mL/min (AR = 8) compared to 20 mL/min (AR = 2.8). The differences between
respective recirculation rates diminished for the AR5y values (AR =3 and AR =1.7) and
were even less pronounced for the ARgg values, with both ARs = ~1.8.

At O/A =0.9, corresponding to lower supersaturation, the increase in yield due to the
higher recirculation rate is attributed to enhanced mixing. The improved mixing between
ethanol and the Y* solution translates to an increase in the mass transfer of the ions for
enhanced crystallization. Zhang et al. [44] reported that an increase in the mixing intensity
increased the yield by up to 8% within 24 h and attributed it to a possible thinning of the
boundary layer along with an increase in crystal attrition, which leads to more active crys-
tallization sites. Although the overlapping CSDs suggest similar growth rates between the
different recirculation rates, the faster nucleation at 80 mL/min consumed supersaturation
more rapidly, resulting in comparable crystal sizes despite a higher overall yield.

Additionally, with only about 50% of the supersaturation consumed by the end of
the experiment, further crystal growth would have been possible given more time. The
increased mass transfer at O/A = 0.9 for 80 mL/min in Figure 5a had, however, only a
marginal effect on the yield when compared to the experiments done at O/A = 1.1 in
Figure 5b, where even at the slower rate of 20 mL/min, a much higher yield was observed.

At O/A =1.1, which results in a higher supersaturation, the mass transfer limitation
became less significant for the tested recirculation rates, as no significant effect on the yield
was observed even at 20 mL/min. These observations were consistent with those reported
by Barata & Serrano [45] and Mokone et al. [24]. However, the slight increase in the larger
crystal sizes indicates that initial small variations in the number of crystals formed during
nucleation can have a cumulative effect, as large variability was observed in the error bars
for the yields of 80 mL/min, especially at 60 and 90 min.

In addition, the aspect ratio differences observed align with findings by Ochsenbein
et al. [46], who noted that less intense mixing resulted in smaller aspect ratios. Although
their study did not explain the observation, it can be reasoned that slower recirculation
increases the contact time between the solvent and solute, allowing multiple crystal planes
to grow at their intrinsic rates, leading to more isotropic crystals. In contrast, higher
recirculation rates enhance mixing, effectively restricting growth to the preferred planes
and thus producing longer crystals. As crystallization proceeds and supersaturation
decreases, growth rates across various planes of a crystal become more uniform, reducing
the dominance of growth in any one direction [35].

3.3.4. Influence of O/ A Ratio on Crystallization Behavior in FBRs

The effect of changes in the O/A ratio on crystallization of the Y** product was
investigated by increasing the inlet flow rates to minimize the influence of head pressure
differences, thereby preventing drift in the O/ A ratio. However, the Reynolds numbers
only increased slightly and remained within the laminar region. Ideally, the experiments
would have been conducted in the turbulent mixing region to eliminate mixing limitations.
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However, since the FBR design depends on the settling of larger crystals, this imposes a
limit on the flow rate. Therefore, a total inlet flow rate of 200 mL /min and a recirculation
rate of 170 mL/min were selected, further limited by the need to keep the distribution glass
beads at the bottom of the FBR stationery.

Overall, an increase in the O/A ratio (from 0.9 to 1.1) as seen in Figure 6a led to
increased yields. After 30 min, the system at O/A = 1.1 had already reached 56%, whereas
much lower yields were observed for O/A =1.0 (19%) and O/A = 0.9 (2%). After 180 min,
the yield was 82% at O/A = 1.1, whereas O/A = 1.0 and 0.9 resulted in yields of 73% and
59%, respectively. However, effluent samples that were stored and analyzed after two
months showed that final yields had increased to 79% and 80% for O/ A ratios of 1.0 and
0.9, respectively. Although Figure 2 illustrates that the theoretical yields for O/ A ratios of
0.9 and 1.1 are very similar, the 2-month-old samples confirm that crystallization continued
beyond the initial batch period, but the exact time required to reach these yields was not
determined. Because the supernatant was filtered before storage, no solids were present
initially, meaning the later increase must have resulted from new crystallization from the
remaining dissolved species rather than growth of existing crystals.

SEM images of crystals recovered after the extended standing period (Figure S7) con-
firm that the later yield increase was not associated with a metastable phase transformation,
as the morphology remained consistent with that observed after 3 h, differing only in size.
This suggests that the solution stayed supersaturated after 3 h and nucleation eventually
occurred during the standing period. Combined with the slow progression observed during
the experiments, this indicates that the process is initially nucleation-limited, followed by
a growth limitation once nuclei are present. While O/A = 0.9 and 1.0 required extended
time to approach equilibrium, O/A = 1.1 achieved yields close to the theoretical prediction
within 3 h, showing the sensitivity of the system to small changes in O/A ratio, which
causes substantial changes in the supersaturation.

The supersaturation (ST) carried out by using OLI Stream Analyzer shows an in-
crease in the supersaturation as the O/ A ratios increase, with ST = 1.92 x 10* (O/A =0.9),
1.03 x 10° (O/A = 1.0), and 3.7 x 10° (O/A = 1.0). However, these values reflect super-
saturations under perfect mixing conditions. Whereas in the present system, the mixing
remained within the laminar region, resulting in large, persistent supersaturation gradients
rather than a single uniform value. Because these gradients cannot be directly quantified,
the theoretical ST values should be viewed as lower-bound estimates of the actual local
driving forces.

Despite the large increase in yield at O/A = 1.1, completion of crystallization was
not instantaneous, and the crystals had similar characteristics to those formed at lower
supersaturations. These results are consistent with the observations of Sibanda et al. [11]
for the crystallization of Nd,(SO4)3-8H,O, where high yields (~90%) were theoretically
expected at a lower O/A ratio (O/A = 0.6). However, an increase in the O/A ratio
(O/A > 1.2) was required to reach yields above 90% in 2.5 h. Schall [47] reported that
altering the O/ A ratio by just 1% can significantly affect crystallization kinetics and final
yields. Since alcohol concentration is the primary driver of supersaturation, its influence
on nucleation and growth rates is unsurprising, leading to faster crystallization at higher
O/ A ratios. Collectively, these findings emphasize that while higher O/ A ratios enable
practical recovery within short timeframes by reducing nucleation barriers, lower ratios
remain strongly limited by both nucleation and subsequent growth, requiring extended
periods for completion.
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Figure 6. The effect of O/ A ratio [Exp. D2-4] on the (a) yield; (b) CSD curves, with vertically dotted
and striped lines indicating the D5y and Dg sizes, respectively; (c) a representative SEM image (see
Figure S6); and (d) aspect ratios.

The CSDs in Figure 6b show no significant differences in the overall sizes (Ds),
centered around 21 um, that were observed for all of the O/ A ratios, indicating that the
more intense mixing was effective in distributing the supersaturation more uniformly. This
observation aligns with the findings of Brown & Ni [48], who reported that the crystal
growth rate remained relatively constant up to an O/A ratio of 1.5. However, a slight
broadening of the right shoulder leading to a widening of the span from 2.1 (O/A = 0.9) to
1.7 (O/A =1.1) was observed toward larger crystal sizes (Dgg) as the O/ A ratio decreased
with O/A =1.1 (39 um), O/A =1.0 (43 um), and O/A = 0.9 (54 um). This is likely due to
growth being favored over nucleation at the lower supersaturation.

Figure 6¢,d, accompanied by Figure S6, illustrates SEM images along with the cor-
responding aspect ratios. A variety of different shapes and sizes were observed, with
intergrowth and agglomeration being common. In terms of the ARs, the most notable
difference was observed at ARjg, where O/A = 1.1 resulted in longer crystals (AR = 4) com-
pared to the lower O/ A ratios (AR = ~3). However, the aspect ratios of the larger crystals
(ARsp and ARgp) were similar. Furthermore, although much faster crystallization kinetics
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were observed at the higher O/ A ratio, the resulting crystals did not show any reduction
in product quality, such as a large decrease in crystal size or a change in morphology to
needles or plates.

The progression of growth on the crystal faces was observed at 30 min, as shown
in Figure 7. The growth predominantly seemed to follow an ordered pattern, eventually
leading to the formation of smooth faces. The presence of discernible growth layers at this
intermediate stage suggests a relatively low driving force, which slowed the crystallization
process enough for such features to be captured. In some instances, individual crystals
underwent intergrowth or twinning. This led either to the formation of larger, well-
defined single crystals or to agglomerates where the distinct morphology of the primary
crystallites remained visible. Such outcomes are likely driven by interfacial energies that
favor the combination and agglomeration of collided crystals, which further grow as a

single entity [35].

Figure 7. SEM images showing active growth of the crystals, with (a) at a total inlet flow rate of
20 mL/min and recirculation rate at 40 mL/min after 30 min, and (b) at a total inlet flow rate of
20 mL/min and recirculation rate at 80 mL/min after 60 min.

A comparison of Figures 3a and 6a reveals similarities in the yield at 180 min. The
differences in yields between Figures 3a and 4a are attributed to changes in the O/A ratio
rather than the flow rates. Yields in Figures 4a and 6a reveal that the higher flow rates for
Figure 6a have a positive effect on the experiments at O/A = 0.9 and 1.0. This improvement
in yield is attributed to an increase in mass transfer due to the increased flow rates, which
improves the initial mixing of the solvent and antisolvent [49,50].

Alvarez & Myerson [51] found that an increase in the mixing intensity led to a higher
recovery of the target solute. However, at O/A = 1.1, yields were higher at slower flow
rates, as seen in Figure 4a, due to the increase in the O/ A ratio, which reached 1.1 by the end
of the feeding period. This resulted in a higher supersaturation, leading to crystallization
under mixing conditions that were no longer rate-limiting. Shakibania et al. [52] found
that in potash crystallization using acetone and 2-propanol as antisolvents, increasing the
addition rate improved the yield up to a maximum of 83% (acetone at 10 mL/min) and 79%
(2-propanol at 5 mL/min). However, further increases beyond this point led to a decline
in yield.

In experiments with lower flow rates shown in Figures 3b, 4b and 5b, smaller crystals
were observed as the O/A ratio increased. Poor mixing in these low flow rate experi-
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ments likely contributed to smaller crystal formation by creating localized supersaturation
hotspots [53,54].

Compared to the high flow rate data in Figure 6b, the CSDs from the low flow rate
experiments in Figures 3b and 4b were slightly broader, with larger D5y and Dy values.
This difference was attributed to more effective mixing between the aqueous solution and
ethanol at high flow rates, which resulted in a more uniform distribution of supersaturation
and, consequently, more consistent crystallization kinetics.

Adjusting the O/ A ratio alters several physical and chemical properties, as shown
in Table 3. Although each change may have a small individual impact, their combined
effects significantly influence crystallization dynamics. Some changes have opposing
effects on crystallization kinetics. For example, viscosity increases slightly with O/A
ratio, which can slow mixing and mass transfer, while a lower dielectric constant reduces
solubility, increasing supersaturation and accelerating nucleation [55]. Similarly, changes
in surface tension and Gibbs free energy reduce energy barriers for crystallization [56].
These combined effects influence both nucleation and growth dynamics, highlighting the
sensitivity of the system to small compositional changes. Importantly, Table 3 also shows
that heat capacity decreases as O/ A ratio increases, indicating that the system becomes
more sensitive to thermal input [57].

Table 3. The thermodynamic liquid properties at [Y3*] = 0.87 g/L according to OLI Studio.

Surface Gibbs Free

Solubility Viscosity Density Dielectric . Enthalpy Heat Capacity
O/A Tension Energy 7
(g/kg) (cP) (g/mL) Constant (N/m) 0 x 107 (J) x10 (cal/g K)
0.9 0.0976 2.472 0.930 53.48 0.0300 —-1.59 —2.02 0.900
1.0 0.0763 2.486 0.925 52.05 0.0295 —-1.62 —-2.07 0.892
1.1 0.0603 2.492 0.920 50.75 0.0290 —1.65 —2.12 0.885

Low yields at small O/ A ratios suggest that the system is in the metastable zone with
nucleation being rate-limiting, requiring increased supersaturation to initiate crystallization
and improve yields. Crystallization of Y(504)3-:8H,O can remain relatively slow even
at high supersaturation levels, as observed by Chivavava et al. [20], where increasing
supersaturation from 555 to 6.5 x 10* only increased yields from ~35% to ~60% over a
2 h batch time. Supersaturation typically impacts nucleation rates more than growth rates
due to the higher kinetic order of nucleation [58]. This slight improvement in the yield
even at high supersaturations, therefore, suggests that crystallization of Y,(SO4)3-8H,0 is
influenced by factors beyond supersaturation alone, such as growth rate limitations.

A brief comparison with the results of Korkmaz et al. [8] provides additional context
for the slow crystallization observed in the present work. Their stirred-tank experiments
reported some crystallization at O/A = 0.56 and somewhat higher recoveries at O/A = 1.1.
In the present FBR system, no crystallization occurred at O/A = 0.56, which aligns with
the thermodynamic predictions for the tested composition (Figure 2), and crystallization
at O/A = 1.1 proceeded more slowly than predicted. Direct quantitative comparison is
not possible because the two studies differ substantially in reactor configuration, mixing
intensity, solution composition, and analytical methods. Nevertheless, both studies ob-
served incomplete crystallization under theoretically favorable conditions, supporting the
broader conclusion that the kinetics of Y,(504)3-8H;O crystallization are slow and sensitive
to supersaturation development and reactor hydrodynamics.

To determine whether these growth limitations stem from nucleation or crystal growth,
it is necessary to examine the roles of nucleation kinetics, mass transfer, and crystal growth
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processes. If nucleation kinetics were the only limiting factor, existing REE sulfate crystals
would likely promote secondary nucleation by lowering the energy barrier [14].

Additionally, the fines seen in Figure S2 indicate that crystal fragmentation may
have occurred during recirculation through the narrow stainless steel non-return valve,
further enhancing secondary nucleation. Hoffmann et al. [59] showed that the secondary
nucleation rate can be 6 times higher in order of magnitude than the primary nucleation rate
in various antisolvent crystallization systems, even at high supersaturations. Furthermore,
the dilution associated with antisolvent addition can reduce the supersaturation driving
force, leading to longer induction times and delayed nucleation [34]. Together, these
observations suggest that, in the Y3* system, crystallization may be significantly delayed
until secondary nucleation takes place.

The well-defined crystal morphology in Figure 7, extended growth times, and the
slow progression to the maximum yield suggests that under the higher O/ A ratio condi-
tions, the process is limited by crystal growth after the initial consumption of supersatu-
ration by nucleation. Additionally, growth was only marginally influenced by mixing at
low supersaturations.

Additionally, crystallization at lower O/ A ratios would also have been delayed by
the formation of a possible metastable amorphous phase, as shown in Figure S3d,e. In
similar observations made in a separate exploration study done in a stirred-tank reactor
outlined in the Supplementary Materials, with results shown in Figure S8, the existence of
an amorphous phase was observed at much lower supersaturation conditions than those
used in the present work. These results also indicated an initial amorphous phase existing
before the formation of the well-defined crystals. Other systems with similar mechanisms
include calcium carbonate, calcium phosphate, and calcium sulfate [60-62]. These findings
suggest that such phases may play a role in delaying nucleation and promoting sluggish
kinetics. However, no in situ characterization was performed in this work to confirm
their presence.

The crystallization kinetics of the system, therefore, appear to be governed by the
combined effects of supersaturation dynamics, nucleation mechanisms, mass transfer and
growth rate limitations, and the formation of initial metastable phases. Nevertheless, this
section highlights that higher O/ A ratios promote crystallization, leading to higher yields
and smaller crystals with a narrower span, within a markedly shorter time.

While the several phenomena may influence crystallization, the present interpretation
remains qualitative. Experimental trends indicate that crystallization can be both nucleation-
limited and growth-limited, depending on operating conditions. At lower O/A ratios,
extended induction times suggest nucleation is the dominant rate-limiting step, likely due
to either intrinsic nucleation barriers or the formation of a metastable amorphous phase.
Whereas at higher O/ A ratios, nucleation occurs rapidly but overall crystallization remains
slow, implying growth limitation. This dual behavior highlights that the rate-determining
step shifts with changes in supersaturation and hydrodynamics. While kinetic modeling
was beyond the scope of this work, these observations strongly support the coexistence of
multiple limitations under different conditions.

Although this study focused on Y,(SO4)3-8H,0O, the benefits of fluidized bed reactors
are also applicable to other REE sulfates. Therefore, the operational insights gained here,
including the sensitivity of crystallization kinetics to O/ A ratio and flow conditions, can
inform strategies for other REEs sulfates. However, quantitative differences in solubility,
hydration state, and lattice energy among REEs may lead to variations in induction times,
metastable phase formation, and growth rates.
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3.3.5. Product Characterization

The XRD confirmed the crystalline phase as Y,(SO4)3-:8H,0, shown in Figure 8, match-
ing both the Y5(504)3-8H,0 reagent and its reference peaks (PDF 00-031-1463). This
observation also agrees with the thermodynamic predictions, shown in Figure 2, and re-
sults from previous solubility studies; therefore, the hydration state was not re-verified
experimentally [19]. Quantitative characterization of the amorphous fraction observed
in SEM images (Figures S3 and S8) was not performed. No purification studies were
performed, as no external impurities were introduced; however, minor inclusions such
as residual mother liquor or ethanol cannot be ruled out and were not quantified in this
exploratory work.

mY,(SO,),.8H,0 (PDF 00-031-1463)
H ER " . L 1 I | N | | ]

Y5(50,);8H,0
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20 25 30 35 40
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Figure 8. XRD spectra of the solid yttrium sulfate product.

4. Conclusions

This work confirms the suitability of FBRs for antisolvent systems, as they offer
operational flexibility across a range of crystallization kinetics, while also providing deeper
insight into the behavior of Y,(SO4)3-8H,0O and other REEs in the presence of antisolvents.

The recovery of Y5(SO4)3-8H,O from an aqueous solution using ethanol as the antisol-
vent in an FBR was successfully achieved. Long batch times (>3 h) were required to achieve
the high yields predicted by thermodynamic simulations due to the slow crystallization
kinetics. Therefore, process design must ensure sufficient capacity for extended batch times
to reach the necessary high yields.

Of the process variables studied, the O/ A ratio had the most significant impact on yield
and crystal sizes. An increase in O/ A ratio from 0.9 to 1.1 resulted in a yield increase from
59% to 88% over 3 h, along with a decrease in the crystal size (Dsp) from 37 pm to 19 pm.
At low O/ A ratios, secondary nucleation and possible formation of a metastable phase
contributed to prolonged induction times, while at higher O/ A ratios, solute incorporation
at the crystal surface appeared to dominate, suggesting growth-related limitations.

In contrast, changes in the recirculation rate had a relatively minor effect on both
crystallization time and yield. At lower supersaturation levels, increased recirculation only
slightly improved the yield, due to an increase in mass transfer. At higher supersaturation
levels, the effect of recirculation was negligible, as crystallization occurred fast and was
no longer limited by mass transfer. No significant differences were observed in the final
crystal morphologies across the range of O/ A ratios and recirculation rates tested. This
consistency suggests that crystal habit is governed primarily by intrinsic molecular structure
and growth mechanisms.

The effect of varying inlet flow rates could not be independently assessed due to
simultaneous shifts in the O/A ratio caused by changes in static head pressure. This
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coupling of variables masked the individual influence of inlet flow rate, making it difficult
to isolate its effect on crystallization performance.

Overall, the results highlight how antisolvent crystallization of Y5(SO4)3-8H,0 is
influenced by process variables. Controlling the O/ A ratio offers a practical means to
regulate crystallization to achieve higher yields and desirable crystal sizes within rea-
sonable timescales. However, the system exhibits multiple kinetic limitations, including
slow nucleation, growth constraints, and possible metastable phase formation, indicating
that crystallization behavior cannot be attributed solely to the O/A ratio and its effect
on supersaturation.

Additionally, this study establishes the FBR as a suitable and effective system for
antisolvent crystallization, achieving high yields, reproducible crystal properties, and scal-
ability by ensuring uniform suspension of particles and consistent contact between the
liquid and solid phases, enabling effective recovery even from relatively dilute streams.
These findings confirm the suitability of an FBR for antisolvent crystallization and pro-
vide a basis for tailoring outcomes toward either yield or crystal growth depending on
process objectives.

At the same time, the results reveal that antisolvent crystallization of Y(504)3-8H,O
is governed by kinetic barriers, with slow nucleation, growth limitations, and possible
metastable phase formation acting as rate-limiting steps. Addressing these limitations
through further kinetic studies, improved mixing and continuous operation will advance
process understanding and optimization.
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