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The recovery of scandium from waste streams of mining and metallurgical operations presents an
opportunity to balance supply and demand of this commodity. This study expands on the research
focusing on the recovery of scandium as (NH4)sScFg from strip liquors by antisolvent crystallization using
ethanol as the antisolvent. The effect of process conditions including reducing the rate of supersaturation
generation, agitation mechanism, feeding point location with respect to local supersaturation, and seeding
are assessed with emphasis on the final crystal size distributions (CSD) and morphology. Reducing the rate
of supersaturation generation by reducing the ethanol concentration and by controlling the rate of
antisolvent addition had the greatest effect on increasing the crystal sizes, although broader CSDs were
obtained. Morphological modifications, without polymorphic transformations, were also observed when
one-pot addition of 60 or 70% v/v ethanol was conducted, but not observed when the dilute antisolvents
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1. Introduction

Scandium exists in the Earth's crust in a dispersed state at an
average concentration of about 22 ppm (ref. 1-3) and is rarely
concentrated in ores due to its low affinity for combining with
common ore-forming anions. This makes it challenging to
recover scandium by mining although a few scandium-
bearing ores have been exploited mainly in China®® and a
new project is currently underway in the USA.° For this
reason, it becomes more attractive to recover scandium from
waste streams of other mining and metallurgical industries
such as the bauxite residue from the alumina industry
amongst others.

Crystallization is one of the unit operations by which
scandium can be recovered from solution as a salt, following
leaching and solvent extraction operations.” ™ In recent
research, it has been shown that scandium can be recovered
by antisolvent crystallization, using alcoholic solvents, as
ammonium scandium hexafluoride ((NH,);ScF¢) from strip
liquors containing >2 ¢ L' scandium and some metal
impurities such as Fe, Al, Zr, Ti, U, and Th in an NH,F
matrix."*™* In these studies, the antisolvent was added all at
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were fed at a controlled low addition rate.

once under magnetic stirring to produce a solid product with
crystal sizes in the range 1-3 pm. The purity of the solid
product obtained ranged from 98.2 to 99 wt% depending on
the composition of the strip liquor.

Whilst there is a vast body of literature on antisolvent
crystallization of pharmaceuticals, few studies have focused
on antisolvent crystallization of inorganic salts. Most
sources report on the conventional recovery of scandium by
chemical precipitation using NaOH or oxalic acid.®'®'*'®
Antisolvent crystallization has been employed to recover
REEs as sulphates from nickel metal hydride battery leach
liquor in sulfuric acid medium at 25 °C with favorable total
recoveries using ethanol and isopropanol as antisolvents.®
In another study, neodymium sulphate octahydrate was
selectively crystallized by adding ethanol to a H,SO, acid
solution containing Nd and Fe, yielding a product with
purity 96.8% with a maximum recovery of 97.1% at the
optimal ethanol dosage."” Antisolvent crystallization of
some inorganic salts has also been reported in various
sources.'®>*

It is well known that a number of key process parameters,
including supersaturation, type of solvent or solvent
composition, rate of addition of antisolvent and antisolvent
concentration, agitation rate, location of antisolvent feeding
point, presence of impurities, temperature and seeding can
affect the mechanisms and kinetics of nucleation and growth
of crystals, and thereby their morphology and size.'"**~*> The
primary nucleation rate (J) and overall linear growth rate
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(G) are often expressed as functions of the supersaturation
according to eqn (1) and (2), respectively.""**

_ -16my*1?
J=Aexp <3k3T3(InS)2) @
G = ky(AC)? (2)

where A is a pre-exponential factor, y is the interfacial energy,
v is the molecular volume, k is the Boltzmann constant, T is
the temperature, S is the supersaturation ratio defined as the
ratio between the solution concentration (C) and saturation
concentration (C*) at a specific temperature, &, is the growth
rate constant, AC is the supersaturation defined as the
concentration difference (C-C*) and g is the order of the
growth process, typically in the range 1-2. This shows that
increasing the supersaturation increases both the nucleation
and growth rates.

Assuming mixing is rapid, the rate of supersaturation
generation is directly proportional to the antisolvent addition
rate and the concentration of the antisolvent.** Insufficient
mesoscale mixing in the vicinity of the feed point will result
in a high and variable local supersaturation, however. The
physical and chemical properties of the antisolvent can also
affect its rate of mixing with the solution, which in turn
influences crystallization kinetics and crystal morphology.*®
An increase in the antisolvent addition rate increases the
supersaturation, thereby favouring nucleation.”* It has been
shown, for antisolvent crystallization of an organic
compound,® that reducing the antisolvent concentration
increased the modal particle size significantly due to
reduction in supersaturation, while increasing the antisolvent
addition rate reduced moderately the modal particle size and
the fraction of modal-sized crystals in a seeded system, with
constant seed loading, due to increase in the rate of
supersaturation generation. However, the effect of antisolvent
addition rate was negligible in a non-seeded system when
dilute antisolvent was used, whereas reducing the addition
rate of pure antisolvent caused a moderate increase in the
modal crystal size.** A decrease in crystal size with increased
antisolvent addition rate and/or antisolvent concentration in
the feed was also reported for Na,CO; (ref. 18) in controlled
continuous experiments and NaCl (ref. 19 and 20) in
controlled batch experiments, due to the higher rate of
supersaturation generation.

Several studies focusing on antisolvent crystallization of
organic molecules have reported different crystal
morphologies obtained using different antisolvents. The
changes in morphology were attributed to differing polarity
and functional groups of the antisolvent molecules which
dictate the type and strength of interactions in solution
between antisolvent, solvent and solute molecules.?® The
polarity of a solvent is measured by the polarity index, where
in general the higher the polarity index, the greater the extent
of hydrogen bonding. The competition between hydrogen
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bonds and ion-dipole interactions can influence the system
supersaturation, thereby affecting the crystallization kinetics
and morphology.*® Antisolvents with higher polarity indices
have been observed to produce needle-like or elongated
crystals while those with lower polarity indices have yielded
isodimensional crystals of some organic compounds.®*?*
Increasing the ethanol addition rate also resulted in
reduction in crystal elongation and size of ammonium
dihydrogen phosphate crystals grown from impurity-free
aqueous solution, and increase in FeCl; impurity
concentration in impure solutions resulted in further
decrease in crystal size without morphological changes.*” In
batch crystallization, the growth rate diminishes with time as
desupersaturation occurs causing the differences between the
growth rates of individual faces to disappear.®®

The solvent molecules adsorb selectively onto the different
crystal faces*®*° depending on the chemical environment of
the faces, and this dictates the extent to which kink sites are
blocked, and thereby governs the growth retardation of
specific faces.>® The differences in chemical environment of
the crystal faces could be differences in hydrophobicity as
reported in literature.*® Morphological modifications can also
occur due to changes in the roughness of some faces caused
by changes in interfacial energy and/or differential solubility
and/or desolvation kinetics of the crystal faces in the new
solvent environment®**® or simply by the interactions
between the solvent molecules and the crystal surfaces.*!
This could lead to different growth mechanisms on the faces,
hence differential linear growth rates. KNO; was observed to
crystallize as oblong prisms at high supersaturation and
rounded tablets at low supersaturation under agitation, but
without agitation, oblong prisms are always formed.>® This
indicates that local supersaturation can play a significant role
in determining crystal characteristics. Although temperature
was observed to induce morphological changes,*® the effect
caused by temperature changes alone without phase
transformation are often negligible.*®*> Variations in
solution pH can also cause habit modification due to
changes in solution speciation and the effect can be
amplified in the presence of impurities.

The effect of seeding was investigated in seeded
antisolvent crystallization of an organic compound using
acetone as the antisolvent by Zhang et al®* An increase in
the seed loading from 0.1 to 2 g, corresponding to 1% to
20% of the theoretical product mass, resulted in an increase
in the modal crystal size and volume fraction of modal-sized
crystals under constant antisolvent addition rate and
concentration. The CSD obtained at 0.1 g seed-loading was
bimodal and the first peak was assigned to newly grown
nuclei, due to secondary nucleation, while the second peak
was assigned to grown seeds. At 2 g seed-loading, the modal
size and volume fraction of modal-sized crystals decreased
compared with the CSD obtained at 1 g seed-loading due to
mass balance constraints which stipulate a reduction in
crystal growth rates with increase in available surface area.
Similar observations have been reported in literature.”® The

This journal is © The Royal Society of Chemistry 2022
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changes in the CSDs as the seed-loading increased are
ascribed to the competition between supersaturation
generation and consumption with respect to the available
crystal surface area. Typical industrial seed loadings are
between 0.1 and 5% by mass or more depending on desired
product characteristics.**

Various methods can be used to determine the CSD of a
crystal product. Some direct methods involve analyzing an
adequate sample of the crystals using sieve analysis or
instruments based on techniques such as electrical sensing
zone or laser light scattering'®?%*™* or focused beam
reflectance which gives chord length distributions.'®>**®
Another method involves in situ or post-crystallization
capturing of crystal images using high resolution techniques
and analyzing the images using suitable software online or
offline.**° Such software allows straight-line measurements
or 2D polygonal surface area measurements of individual
crystals and converting the pixel to micrometer length scale
using the scale on the images.***"*> Some important
characteristics of a CSD are the D10, D50 (or median) and
D90 values which give the crystal size for which 10%, 50%
and 90% of the crystal population is below that size,
respectively.>>>*

In the present study, the impact of supersaturation,
agitation mechanism, antisolvent feeding point (local
supersaturation) and seeding is investigated during batch
antisolvent crystallization of (NH4);ScFs using ethanol.
Internal seeding is also investigated in a two-stage antisolvent
feeding process, where 60% v/v ethanol is fed at a controlled
low addition rate to generate some seeds in the first stage,
followed by addition of 99.95% v/v ethanol at the same
addition rate in the second stage. The quantity of seeds is
controlled by varying the ethanol concentration attained in
the first stage. In previous studies, the effect of
supersaturation on antisolvent crystallization of some
inorganic salts was investigated. This study extends the
investigation to various operating conditions making it the
first time such a study is conducted for ammonium
scandium hexafluoride.

2. Methodology

Table 1 shows the composition of the strip liquor used in this
study as determined by ICP-OES. It was obtained from MEAB
Chemie Technik, GmbH, Germany.

A synthetic strip liquor with higher scandium to total
impurity concentration ratio was prepared by dissolving a
known quantity of pure (NH,);ScFs of purity >99.96 wt% in a
3 mol L' NH,F solution to obtain the composition shown in

Table 1 Composition of strip liquor in 3 mol L™ NH4F (pH: 5.52 + 0.02)

Sc Al 7Zr V Ti Nb Y U Th Nd Ce Fe Dy

mg kg™

2572.7 09 1.1 55 82 0.7 03 3.7 44 1.0 2.1 44 0.0
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Table 2 Composition of synthetic strip liquor in 3 mol L™ NH4F

Sc Al Zr V Ti Nb Y U Th Nd Ce Fe Dy

mg kg™

1915.8 49 03 04 1.0 0.0 0.0 0.0 0.4 0.0 0.0 0.8 0.2

Table 2 as determined by ICP-OES. The NH,F solution was
prepared using >98 wt% NH,F. For comparison, the
scandium content in the impure strip liquor computed
taking into account the impurity metals present is 98.8 wt%
while that of the purer strip liquor is 99.7 wt%.

2.1. Uncontrolled crystallization

The antisolvent used was ethanol of purity 99.95% v/v. The
antisolvent was added all at once (one-pot addition) to 20 g
of strip liquor under agitation at 500 rpm using either a
smooth magnetic stirrer or an overhead 45°-pitched blade
impeller with three blades. The final ethanol concentration
in the mixture was 8 mol L™ total solution. A supernatant
sample was withdrawn using a syringe fitted with a 0.2 um
polypropylene membrane filter to analyze the concentration
of metals by ICP-OES to determine the product recovery. The
suspension was immediately filtered by vacuum filtration
and the dry solids were analyzed by powder XRD to
determine the crystalline phase and the concentration of
metals in the solid was determined by ICP-OES after
dissolution and further dilution. SEM was used to obtain
micrographs of the dry samples.

2.2. Supersaturation control

Crystallization under reduced, and thus more controlled
rates of bulk supersaturation generation, was investigated in
two ways. In the first approach, the ethanol concentration
was reduced to 70% and 60% v/v and one-pot addition of
the low concentration ethanol was conducted using similar
experimental, sampling, and analytical procedure as
described in section 2.1. Since the ethanol concentration is
low, the quantity of the antisolvent increases to maintain
the final ethanol concentration of 8 mol L™ total solution
(see Table 3). The relative quantities of strip liquor and
ethanol mixed and the ethanol concentration in g per g
solution are shown in the ESL} Some experiments were also
conducted using a purer synthetic strip liquor with
significantly lower concentrations of some inorganic
impurities (Table 2), in order to understand if the presence
of impurities had an influence on the morphology of the
crystals.

The second type of experiment was to add the antisolvent
at a controlled, reduced addition rate ranging from 0.05 to
0.001 mL s (semi-batch mode). In all cases, the final
concentration of ethanol was 8 mol L™, hence the
experimental duration increased with decrease in antisolvent
addition rate (Table 3). Flow rate control was achieved by
means of a syringe pump that was calibrated by the supplier
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Table 3 Experimental conditions (EtOH - ethanol; Qs - antisolvent addition rate; Sm - magnetic stirrer; So — overhead impeller; FP - feeding point; Ft -
top feed; Fb - bottom feed; 2SFC; - two-stage feeding intermediate antisolvent concentration; AS - antisolvent; SL - seed loading; T - duration;

experiments marked with an asterisk were conducted with seeding)

Experimental EtOH Qas Stirrer 2SFC; AS added SL T Mean crystal

description (% v/~) (mLs') type FP (molL") (mL) (%) (min) size (um) Morphology
Uncontrolled experiments (see section 2.1)

'One-pot 99.95 — Sm Ft — 16.88 — — 0.97 Isodimensional
*One-pot 70 — Sm Ft — 38.67 — — 7.91 Elongated
*One-pot 60 — Sm Ft — 67.9 — — 8.80 Elongated
“One-pot 99.95 — So Ft — 16.88 — — 1.38 Isodimensional
®One-pot 70 — So Ft — 38.67 — — 6.62 Elongated
®One-pot 60 — So Ft — 67.9 — — 8.41 Elongated
Controlled experiments: effect of antisolvent addition rate (see section 2.2)

“Controlled Qag 99.95 0.001 Sm Ft — 16.88 — 281.23 3.18 Isodimensional
8Controlled Qag 99.95 0.005 Sm Ft — 16.88 . 56.25 2.38 Isodimensional
9Controlled Qg 99.95 0.05 Sm Ft — 16.88 — 5.63 1.82 Isodimensional
1°Controlled Qag 99.95 0.01 Sm Ft — 16.88 — 28.13 2.18 Isodimensional

Controlled experiments: effect of antisolvent concentration, agitation mechanism and feeding mode (see sections 2.2, 2.3 and 2.4)

Controlled Qas 70 0.01 Sm Ft — 38.67 — 64.45 14.38 Isodimensional
2Controlled Qag 70 0.01 So Ft — 38.67 — 64.45 37.82 Isodimensional
Controlled Qug 70 0.01 So Fb — 38.67 — 64.45 52.68 Isodimensional
HControlled Qg 60 0.01 Sm Ft — 67.9 — 113.17  19.69 Isodimensional
SControlled Q,g 60 0.01 Sm Fb — 67.9 . 113.17 22.56 Isodimensional
%Controlled Qas 60 0.01 So Ft — 67.9 — 113.17  48.40 Isodimensional
Controlled Qag 60 0.01 So Fb — 67.9 — 113.17  82.82 Isodimensional
Controlled experiments: effect of external seeding (see section 2.5)

8xControlled Qus 70 0.01 Sm Ft — 38.67 5% 64.45 13.61 Isodimensional
*Controlled Qus 60 0.01 Sm Fb — 67.9 5% 113.17  22.45 Isodimensional
2%%Controlled Q,s 99.95 0.01 So Ft — 16.88 5% 28.13 2.20 Isodimensional
21xControlled Qus 70 0.01 So Ft — 38.67 5% 64.45 35.45 Isodimensional
22+Controlled Qag 60 0.01 So Ft — 67.9 5% 113.17  44.00 Isodimensional
23+ Controlled Qag 99.95 0.01 So Fb — 16.88 5% 28.13 2.86 Isodimensional
24xControlled Qus 70 0.01 So Fb — 38.67 5% 64.45 54.28 Isodimensional
23*Controlled Q,s 70 0.01 So Fb — 38.67 10%  64.45 46.23 Isodimensional
26xControlled Qus 70 0.01 So Fb  — 38.67 20%  64.45 39.14 Isodimensional
27*Controlled Q,s 70 0.01 So Fb — 38.67 50% 64.45 31.29 Isodimensional
Controlled experiments: effect of internal seeding in a two-stage process (see section 2.6)

28Controlled Qag 60 0.01 So Fb 1 67.9 — 30.73 2.50 Isodimensional
*Controlled Qus 60 0.01 So Fb 2 67.9 — 33.95 7.66 Isodimensional
3%Controlled Qag 60 0.01 So Fb 4 67.9 — 43.50 70.26 Isodimensional

and the accuracy of the calibration was verified prior to
conducting experiments. It should be noted that the strip
liquor was near-saturated, so nucleation was observed after
ca. 2 min, corresponding to ca. 1 mL of 99.95% v/v ethanol,
and after 5-6 min, corresponding to ca. 3 mL of 60% v/v
ethanol for unseeded experiments conducted with an
antisolvent addition rate of 0.01 mL s™".

2.3. Effect of antisolvent feeding point (local supersaturation)

The feeding point of the antisolvent was changed between
‘top feed” where the droplets were introduced at the surface
of the solution and ‘bottom feed” where the feed tube was
immersed to introduce the antisolvent at the bottom of the
solution close to the impeller. It is envisaged that the degree
of local supersaturation generated in the two cases will differ

2854 | CrystEngComm, 2022, 24, 2851-2866

considerably, which will affect the crystal size distribution of
the solid product.

2.4. Effect of stirring mechanism

Some controlled experiments where 70% or 60% v/v
ethanol was added at 0.01 mL s™* as described in section
2.3 were conducted with an overhead impeller to note the
effect of the stirring mechanism. These experiments are
compared to similar experiments in which a smooth
magnetic stirrer was used. The impeller used was a 45°-
pitched blade type with 3 blades and the agitation rate was
500 rpm. The diameter and height of the impeller were 2.2
cm and 0.8 cm, respectively and the diameter and
thickness of the magnetic stirrer were 2 ¢cm and 0.6 cm,
respectively.

This journal is © The Royal Society of Chemistry 2022
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2.5. External seeding

Controlled experiments with an antisolvent addition rate of
0.01 mL s of either 70 or 60% v/v ethanol were conducted
by externally seeding with (NH,);ScFs seeds of purity >99.96
wt%. The (NH,);ScFs seeds were synthesized by chemical
precipitation as described in literature® and analyzed by
powder XRD to determine the phase of the crystals, as well as
by ICP-OES to determine the purity. The specific surface area
of the seeds and the crystals obtained from the unseeded
controlled experiment was determined by the BET method.
The experiments were conducted using an overhead impeller
in either ‘top feed’ or ‘bottom feed’ mode. The quantity of
seeds added just prior to antisolvent addition, was varied
between 1 and 50% of the theoretical quantity of (NH,);ScFs
expected to crystallize from the quantity of strip liquor used.
Based on previously reported studies,’>>° the theoretical yield
of (NH,);ScFs from 20 g of strip liquor at ethanol
concentration of 8 mol L™ total solution is expected to be
about 0.24 g, hence the seed loading ranged between 2.4 mg
and 0.12 g. The quantity of seeds was varied for the
experiments conducted with 70% v/v ethanol to assess the
effect of seed loading. The experimental procedure, sampling
and analyses were conducted as described in section 2.2.

2.6. Two-stage antisolvent feeding (internal seeding)

These experiments were conducted by first adding 60% v/v
ethanol at an addition rate of 0.01 mL s ' to achieve an
ethanol concentration of either 1, 2 or 4 mol L™* in the first
stage and then adding 99.95% v/v ethanol at the same
addition rate to attain a cumulative ethanol concentration of
8 mol L™ total solution in the second stage. The quantity
and quality of internally generated seeds was controlled by
varying the intermediate ethanol concentration. These
experiments were conducted using an overhead impeller and
‘bottom feed’ mode. Sampling and analyses were conducted
as described in section 2.2. Table 3 shows the experimental
conditions employed as described in sections 2.1 to 2.6 and
each experiment is denoted by a number in superscript for
ease of referencing. The initial quantity of strip liquor was 20
¢ for all experiments. An illustration of the experimental set-
up for controlled experiments is provided in the ESLY

2.7. Image analysis and CSD determination

The SEM images obtained were processed on a free open
software called Image] version 1.53A.°7 Manual processing
was conducted first by converting the pixel length scale to
micrometer length scale. This is done by measuring the pixel
length of the scale bar and equating it to the known length
of the scale bar. Since the crystals obtained from most of the
experiments had regular polyhedral shapes almost
resembling round shapes, 2D polygonal user-selections of
individual crystals were drawn for each visible crystal to
measure the 2D surface area (um?) of the crystals. In total,
300 crystals were analyzed per image. For small crystals, the
image was zoomed accordingly without losing much

This journal is © The Royal Society of Chemistry 2022
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resolution to identify crystal edges. The equivalent circular
diameter or fractal diameter is then calculated for each
crystal and the data plotted into a histogram using a suitable
size (bin) width using the software Excel. However, some rod-
shaped crystals were obtained in a few experiments for which
straight-line measurement of the longest dimension was
conducted. The SEM images were sufficiently clear to identify
crystal edges and no further image processing was conducted
in the software prior to size measurement.

The accuracy of this method was tested by analyzing the
same image twice for some images and comparing the CSD
reproducibility. The choice of 300 crystals per image was
assessed by analyzing up to 400 crystals on the same image
and then plotting CSDs using the first 100 crystals, the first
300 crystals and all 400 crystals and normalizing the CSDs
for comparison. Reproducibility was further assessed by
comparing CSDs of the product from two experimental
repeats and by repeating image analysis for the product from
one experiment. The error is expressed in the ESIf as the
absolute difference in number frequency from the mean and
only the maximum error is specified, but the error bars in
the CSDs represent the standard deviations in number
frequency.

3. Results and discussion
3.1. Crystal size distributions (CSD)

Fig. 1A shows the CSDs for the crystal product obtained from
controlled experiments in which the addition rate of 99.95%
v/v ethanol was varied between 0.05 and 0.001 mL s ' using
‘top feed” mode and a magnetic stirrer in comparison with
the uncontrolled experiment (denoted by superscripts 1, 7, 8,
9 and 10 in Table 3 and shown in Fig. 1A by the numbers in
parenthesis; similar notation is used in subsequent figures).
Fig. 1B shows the ethanol concentration evolution with time
for varying antisolvent addition rates and ethanol
concentration. The relative rates of supersaturation
generation can be interpreted from the ethanol concentration
evolution profiles which show that as the antisolvent
addition rate is reduced, more time is required to attain the
final ethanol concentration of 8 mol L™". The time required
to attain the final ethanol concentration at an antisolvent
addition rate of 0.001 mL s™* is 5 times longer than for 0.005
mL s '. It is also important to note that, at ethanol
concentration of 8 mol L™, nearly all the scandium present
in the initial strip liquor was precipitated in all experiments
discussed in this section and the average final scandium
concentration in the residual strip liquor is 0.020 + 0.003 g
kg

The crystal product obtained from the uncontrolled
unseeded experiment has a modal size of 0.5 pm while that
of the product obtained from the unseeded experiments
under controlled addition of 99.95% v/v ethanol at 0.05 to
0.005 mL s is around 1.5 pm. The modal size increased to
around 2.5 pm at an ethanol addition rate of 0.001 mL s~
with a notable increase in the population of larger crystals as

CrystEngComm, 2022, 24, 2851-2866 | 2855
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Fig. 1 CSDs (bin size width = 1 um) for the crystal product under uncontrolled conditions and controlled conditions with varying antisolvent
addition rate - experiments 1, 7, 8, 9 and 10 (A); evolution of ethanol concentration with time (B). In the legend, ‘C0.05 99.95%E Ft Sm’ denotes
controlled experiment at 0.05 mL s™ of 99.95% v/v ethanol using ‘top feed’ mode and a magnetic stirrer. Prefix UC stands for uncontrolled. This
notation applies for all experiments. Error bars represent the standard deviations of the number frequency mean computed from 2-3 experimental
repeats. The corresponding micrographs are shown in Fig. 7.

the addition rate decreased. It is evident from Fig. 1A that addition rate - corresponding to a lower rate of
adding the antisolvent at a controlled, sufficiently low  supersaturation generation - results in an increased product
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Fig. 2 Effect of antisolvent addition rate and concentration. A: CSDs (bin size width = 1 um) for uncontrolled experiments (solid lines; experiments
1 and 4) with 99.95% v/v ethanol using ‘top feed” mode and magnetic or overhead stirrer, as well as controlled experiments (dashed lines;
experiments 10, 11 and 14) with decreasing ethanol concentration at 0.01 mL s using ‘top feed’ mode and magnetic stirrer. (N.B. the green (70%
E) and brown (60% E) dashed lines are read on the secondary y-axis); B: re-plot of CSDs for controlled experiments using bin size width of 5 um
(experiments 11 and 14); C: uncontrolled experiments with 60 or 70% v/v ethanol using ‘top feed’ mode and different stirring mechanisms
(experiments 2, 3, 5 and 6). The solid lines represent uncontrolled experiments, and the broken lines represent controlled experiments. Error bars
represent the standard deviations of the number frequency mean computed from 2-3 experimental repeats.
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crystal size. This ensures that the available supersaturation at
any given time is minimal allowing the growth process to be
dominant over nucleation. The greatest effect is observed at
the lowest addition rate of 0.001 mL s, although this is not
quite significant when the ethanol concentration is 99.95% v/
v and agitation is conducted by a magnetic stirrer as
discussed in subsequent sections. The CSD characteristics
such as the mode, median (D50), D10, D90, mean and
standard deviation in crystal size are presented for all CSDs
in the ESLf The standard deviations of the CSDs show a
general increase in the width of the CSD, as the antisolvent
addition rate is reduced.

Fig. 2A shows the variation of CSDs (bin size width = 1
um) with decreasing ethanol concentration for unseeded
experiments conducted under controlled conditions where
the antisolvent is added at 0.01 mL s in comparison to
unseeded experiments conducted under uncontrolled
conditions using 99.95% v/v ethanol (denoted by superscripts
1, 4, 10, 11 and 14 in Table 3). In the uncontrolled
experiments, ‘top feed” mode and either a magnetic stirrer
(denoted by Sm) or an overhead stirrer (denoted by So) were
employed, and in the controlled experiments, ‘top feed’ mode
and a magnetic stirrer were employed. Fig. 2B is a re-plot of
the CSDs for the product obtained from controlled
experiments using 70 or 60% v/v ethanol using a bin size
width of 5 um to ease visualization of the CSD characteristics.
Fig. 2C shows the CSDs for the product obtained from
unseeded uncontrolled experiments conducted with 60 or
70% v/v ethanol where the antisolvent was fed in ‘top feed’
mode (denoted by Ft) and either a magnetic or an overhead
stirrer was used (the experiments are denoted by superscripts
2, 3, 5 and 6 in Table 3). These CSDs are shown separately
since the product obtained from experiments represented by
Fig. 2A had polyhedral-shaped crystals whose sizes were

A0 T ey C0.01 60%E Ft Sm
. ——C0.01 60%E Fb Sm
80 1 ——C0.01 60%E Ft So
——C0.01 60%E Fb So
5 150 -
Q
<
3
& 120 -
=)
g 90
3 |
]
=1
Z 60 - \
30 - \
0 ¥ ; : A —

0 40 80 120 160 200
Mean crystal size (um)

Fig. 3 CSDs (bin size width = 20 um) of the product obtained from
controlled experiments under different feeding modes and stirring
mechanisms (experiments 14-17). Error bars represent the standard
deviations of the number frequency mean computed from 2-3
experimental repeats. The corresponding micrographs are shown in
Fig. 8 denoted by letters A, B, C and D in the respective order in which
they are listed in the legend of Fig. 3.
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estimated using the fractal diameter whereas the product
represented by CSDs shown in Fig. 2C had rod-shaped
crystals whose sizes were measured using the longest
straight-line dimension. The morphology of the crystals is
discussed in section 3.2 where, for Fig. 2A-C, the
micrographs for experiments with the suffix ‘Ft Sm’ are
shown in Fig. 7 and those for experiments with the suffix ‘Ft
So’ are shown in Fig. 8 and ESL}

It should be stressed that there will inevitably be
differences in the agitation and attrition conditions
depending on whether an overhead impeller or a magnetic
stirrer is used. As a rudimentary means of comparison, the
tip speed, power number and the Reynolds number of these
agitators have been estimated and compared. The tip speed
of an agitator is an important indicator of the maximum level
of shear. The tip speeds of the overhead impeller and the
magnetic stirrer were 0.58 and 0.52 m s, respectively. The
power numbers were estimated taking into account the
calculated suspension density and viscosity, and an arbitrary
solids fraction of 40 wt%, using the Nagata correlation, and a
liquid depth of 4.53 c¢cm in a cylindrical container of diameter
3.25 cm. The calculated power numbers for the overhead
impeller and magnetic stirrer are 4.96 and 6.39, respectively,
and the corresponding power input is 0.018 and 0.015 W,
respectively. The Reynolds number was computed to be ca.
1406 and 1162 for the impeller and the magnetic stirrer,
respectively, implying that mixing occurred in the transition
region between laminar and turbulent mixing regimes.
Details of the equations and correlations used®®™®° are
provided in the ESLi Although, the power number of the
stirrer is larger than that of the impeller, the power input of
the impeller is higher since it strongly depends on the
impeller diameter. By mere comparison of the power input,
tip speed and Reynold's number, it can be deduced that the
impeller causes more effective mixing than the magnetic
stirrer under the experimental conditions employed. It is also
generally known that magnetic stirrers will promote attrition
and breakage, likely as a result of the high local shear
between the stirrer bar and the vessel bottom,*™** and these
effects are largely wuncaptured by the conventional
comparison of properties such as tip speed and power input.

The CSD for the uncontrolled experiment conducted with
99.95% v/v ethanol using ‘top feed’ mode and a magnetic
stirrer is similar to the one shown in Fig. 1A with a modal
crystal size of ca. 0.5 um. The use of an overhead stirrer
slightly increases the modal size to 1.5 pum, which is as
expected, since a magnetic stirrer likely causes more crystal
attrition. The product obtained when 99.95% v/v ethanol is
added at 0.01 mL s™" using ‘top feed’ mode and a magnetic
stirrer also has a modal size of 1.5 pum and exhibits a
decrease in the population of modal-sized -crystals
accompanied with an increase in the population of larger
crystals between 3.5 and 9.5 um. For controlled experiments,
reducing the ethanol concentration to 70 and 60% v/v
increased the crystal modal size significantly to 8.5 and 9.5
um, respectively and caused a significant increase in the
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Fig. 4 Effect of seeding on product CSDs (bin size width = 10 um): A - comparison between seeded (5%) and unseeded experiments conducted
using 60% v/v ethanol at 0.01 mL s with ‘top feed’ mode and an overhead stirrer (experiments 16 and 22); B - comparison between seeded (5%)
and unseeded experiments conducted using 70% v/v ethanol at 0.01 mL st with either ‘top feed’ or ‘bottom feed’ mode and an overhead stirrer
(experiments 12, 21 and 24); C - comparison between seeded and unseeded experiments conducted using 70% v/v ethanol at 0.01 mL s™ with
‘bottom feed” mode and an overhead stirrer with increasing quantity of seeds between 5 and 50% (experiments 13, 24-27). Error bars represent
the standard deviations of the number frequency mean computed from 2-3 experimental repeats. The corresponding micrographs are shown in
the ESL}

population of large-sized crystals. The maximum crystal sizes  population of crystals approaching 83.5 um when 60% v/v
obtained in the case of 70 and 60% v/v ethanol are 45.5 and  ethanol is used. The CSD characteristics are not easily
52.5 um, respectively, although there is a relatively small  notable in Fig. 2A since all CSDs have been plotted with a
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Fig. 5 A - Effect of internal seeding in two-stage antisolvent feeding regime (bin size width = 5 um; experiments 17, 28-30). The green and brown
curves are read on the secondary y-axis. B - Ethanol concentration evolution profiles. Note that in the legend, C0.01 60% E1 means that 60 % v/v
ethanol was first added at 0.01 mL s to attain an intermediate ethanol concentration of 1 mol L™, denoted by E1, and then 99.95% v/v ethanol
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of the number frequency mean computed from 2-3 experimental repeats. The corresponding micrographs are shown in Fig. 9.
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Fig. 6 XRD diffractograms of the seeds and the product from different experimental conditions.

bin size width of 1 um for comparison purposes. The CSDs
of the product from controlled experiments where 70 and
60% v/v ethanol were used have been re-plotted using a bin
size width of 5 um in Fig. 2B. However, all modal sizes given
in this context are based on the bin size width of 1 pm. A
similar trend has been observed with decrease in ethanol
concentration in separate controlled experiments in which
‘top feed’ mode, an overhead stirrer and 5% seed loading
were employed as shown in the ESL}

The significant increase in crystal size observed when 70
or 60% v/v ethanol is added at 0.01 mL s ' indicates that
reducing the ethanol concentration has a significant effect
on supersaturation control compared to reducing the
addition rate of 99.95% v/v ethanol (Fig. 1A and 2A). This
could imply that the local and bulk supersaturation
generated when 99.95% v/v ethanol is added is still quite
high even at a low addition rate of 0.01 mL s, resulting in a
marginal improvement in crystal size when compared to the
uncontrolled experiment performed with 99.95% v/v ethanol
using ‘top feed” mode and a magnetic stirrer. However, the
significant improvement in crystal size after reducing the
ethanol concentration indicates an appreciable reduction in
the local supersaturation at the point where the antisolvent
comes into contact with the bulk solution, as well as a
decrease in the rate of generation of bulk supersaturation.
The standard deviations of the CSDs (ESIf) also indicate
significant broadening of the CSDs for experiments in which
controlled addition of dilute ethanol was conducted.

The CSDs of the crystal product obtained from
uncontrolled experiments conducted with 60 and 70% v/v
ethanol using ‘top feed’ mode and different stirring
mechanisms are almost comparable as shown in Fig. 2C.
Although the CSDs shown in both Fig. 2B and C are plotted
with a bin size width of 5 um, the CSDs in Fig. 2B cannot be

This journal is © The Royal Society of Chemistry 2022

compared to the CSDs in Fig. 2C, since the sizes of the rod-
shaped crystals represented in Fig. 2C were measured using
the longest straight-line dimension compared to the fractal
diameter used for the isodimensional crystals represented in
Fig. 2B. The modal size (based on bin size width of 1 um) for
the product obtained from the uncontrolled experiments
using 60% or 70% v/v ethanol and a magnetic stirrer is ca. 3
pum, while in the case of an overhead stirrer the modal sizes
are ca. 5 and 3 um, respectively.

Fig. 3 compares CSDs, plotted with bin size width of 20
um, for unseeded controlled experiments conducted by
adding 60% v/v ethanol at 0.01 mL s ' under different
agitation mechanisms (magnetic stirrer (Sm) or overhead
stirrer (So)) and different feeding modes (‘top feed’ (Ft) or
‘bottom feed” (Fb)) (the experiments are denoted by
superscripts 14-17 in Table 3). The feeding mode is expected
to have a large impact on the local supersaturation
generated. In the ‘top feed’ mode, initial contact between the
antisolvent and the bulk solution is at the solution surface, a
low-shear region far from the agitator, and this surface
continues to move further away from the agitator as the
solution volume increases. Conversely, the ‘bottom feed’
mode allows contact between the antisolvent and the bulk
solution close to the agitator where the shear rate is higher,
resulting in more effective mixing, which is expected to lead
to a lower local supersaturation generated. The stirring
mechanism is also expected to affect the homogeneity of the
bulk supersaturation and the local supersaturation
generated, since a magnetic stirrer likely causes solid body
vortex rotation of the suspension® while the pitched blade
impeller generates both radial and axial flow, hence more
effective mixing.**

It is observable that changing the stirring mechanism
from a magnetic stirrer to an overhead stirrer for either

CrystEngComm, 2022, 24, 2851-2866 | 2859
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Fig. 7 Micrographs of (NH4)3ScFe product. Each micrograph is labelled with the notation employed in previous sections, for instance, ‘C0.01 60%
E Fb Sm 5% S’ refers to controlled addition of 60% v/v ethanol at 0.01 mL s™* under 5% seed loading using ‘bottom feed’ mode and a magnetic
stirrer. Note the differences in scale bars. The superscript numbers denote the type of experiment as designated in Table 3.

feeding mode causes the modal size and the population
of large crystals to increase. From this observation, it can
be inferred that the magnetic stirrer has a negative
impact on crystal growth, possibly due to poor mixing
causing pockets of high local supersaturation which favour
nucleation over growth in addition to crystal attrition
caused by the high shear and friction between the
magnetic stirring rod and the bottom surface of the
crystallizer. This is corroborated by the fact that changing
the feeding mode from ‘top feed’ to ‘bottom feed’ in the
case where a magnetic stirrer is used did not result in a
significant change in the CSD; the modal crystal size

2860 | CrystEngComm, 2022, 24, 2851-2866

remained constant at 10 pm with only a marginal increase
in the population of large-sized crystals. On the contrary,
changing the feeding mode from ‘top feed’ to ‘bottom
feed” in the case where an overhead stirrer is used
significantly improves the modal size from 30 to 50 um,
respectively with a significant increase in the population
of large-sized crystals. This shows that the pitched blade
impeller significantly improves mixing which minimizes
local supersaturation, in addition to reduced crystal
attrition, thereby favoring crystal growth to nucleation.
The use of an overhead stirrer also leads to significant
broadening of the CSD and this effect becomes more

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ce00050d

Open Access Article. Published on 17 March 2022. Downloaded on 6/13/2026 10:45:34 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

CrystEngComm

A “(Ft Sm)
£l ’ )

O & &

- <
300um

D (Fb So)

- 300um
C 15(Ft So)

B e

300um

Fig. 8 Micrographs of (NH4)3ScFg product: A - controlled unseeded
experiment with 60% v/v ethanol addition at 0.01 mL s™ using a
magnetic stirrer and ‘top feed’; B - controlled unseeded experiment
with 60% v/v ethanol addition at 0.01 mL s* using a magnetic stirrer
and ‘bottom feed’; C - controlled unseeded experiment with 60% v/v
ethanol at 0.01 mL s™ using an overhead stirrer and ‘top feed’ and D -
controlled unseeded experiment with 60% v/v ethanol at 0.01 mL s*
using an overhead stirrer and ‘bottom feed’. The superscript numbers
denote the type of experiment as designated in Table 3.

pronounced when the combination of ‘bottom feed’ mode
and an overhead stirrer are employed (ESIT).

Fig. 4 shows the CSDs, plotted with bin size width of 10
um, for controlled experiments conducted by adding either
60% or 70% v/v ethanol at 0.01 mL s~ under seeded (external
seeding) and unseeded conditions. The experiments in
Fig. 4A are denoted by superscripts 16 and 22 in Table 3,
those in Fig. 4B are denoted by superscripts 12, 21 and 24
while those in Fig. 4C are denoted by superscripts 13 and 24-
27. The seeded experiments with 60% v/v ethanol were
conducted using ‘top feed’ mode and an overhead stirrer
with 5% seed loading while the experiments with 70% v/v
ethanol were conducted using either ‘top feed’ or ‘bottom
feed’ mode and an overhead stirrer with increasing seed
loading between 5 and 50% of the theoretical amount
expected to crystallize. The CSD of the seed crystals is shown
for comparison purposes.

The seed crystals exhibit an almost perfect normal CSD
with the modal and mean size coinciding at approx. 15 um.
There is no significant effect of 5% seed-loading on the
product CSD for the experiment in which 60% v/v ethanol
was added at 0.01 mL s using ‘top feed’ mode and an
overhead stirrer, except an increase in modal size from 35 to
45 um when seeding was employed (Fig. 4A). For the
experiments with controlled addition of 70% v/v ethanol
(Fig. 4B), the product obtained from the seeded experiment
conducted using ‘top feed” mode has a lower modal size of
25 um in comparison to 35 pm for the product obtained from
the control experiment. Ideally, adding seeds should lead to

This journal is © The Royal Society of Chemistry 2022
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suppressed primary nucleation, allowing the available
supersaturation to be consumed by growth of seed crystals.
The results possibly imply that the external seeds introduced
did not present adequate surface area for crystal growth,
causing nucleation to occur in the early stages. In the control
experiment, the generation of primary nuclei under reduced
supersaturation generation rate and the growth of critical-
sized nuclei occur simultaneously until an optimal surface
area is attained, after which the available supersaturation is
mainly consumed by crystal growth.

Changing from ‘top feed’ to ‘bottom feed’ mode increased
the modal crystal size from 25 to 35 pm, accompanied by a
significant increase in the population of large crystals. The
CSD for the product obtained when ‘bottom feed’ mode was
used exhibits a trimodal shape although 35 um sized crystals
have the highest frequency. The CSD of the product was
significantly broadened when the feeding mode was changed
from ‘top feed’ to ‘bottom feed’ (Fig. 4B) compared to the
effect of seeding (5% seed loading) in the case where only
‘top feed’” mode (Fig. 4A and B) was employed. This
phenomenon indicates that the control of local
supersaturation is of paramount importance in obtaining
larger crystal sizes during antisolvent crystallization.

Fig. 4C shows the impact of increased seed loading in the
controlled experiments conducted using 70% v/v ethanol,
‘bottom feed” mode and an overhead stirrer. Once again, the
modal crystal size of the product obtained from the control
experiment is larger (55-65 um) than that of the product
obtained under seeded conditions. Due to the multimodal
features of the CSDs obtained for some seeded experiments,
the modal crystal size reported is that with the highest
number frequency. The specific surface area of the seeds and
the crystals obtained from the unseeded controlled
experiment as determined by the BET method is 2.934 +
0.009 m* g~* and 2.296 + 0.022 m* g, respectively. When the
quantity of seeds was increased from 5 to 10 to 20 and to
50%, the modal crystal size changed from 35 to 45 to 35 and
25 pm, respectively. This shows a turning point between 10
and 20% seed loading, attributable to the competition
between the rate of supersaturation generation and the rate
of supersaturation consumption by nucleation and/or growth
with reference to the available crystal surface area. As the
quantity of external seeds is increased from 5 to 10%, the
surface area available increases to a level that allows the
available supersaturation to be consumed mostly by crystal
growth, with minimal nucleation. In other words, the surface
area presented at 5% seed loading is insufficient for the
available supersaturation to be consumed mostly by growth,
thereby promoting nucleation. The actual optimal seed
surface area could lie between that presented by 5% and 20%
seed loading. Further increase in the quantity of seeds to
20% and 50% increases the surface area beyond the ‘optimal
level” resulting in reduced average linear growth rate, hence
smaller crystal sizes, since the solute is deposited on a larger
surface area.*® It is noted that the modal crystal size for the
product obtained at 50% seed loading is the lowest at 25 pm,
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approaching that of the seed crystals at 15 pm. Furthermore,
the reduction in crystal modal size with further increase in
seed loading is partly due to increased secondary nucleation
at higher seed loading. The CSD width also decreased with
increased seed loading as shown by the standard deviations
presented in the ESL}

Fig. 5A shows the CSDs for experiments conducted using
the two-stage antisolvent feeding regime by controlled
addition of 60% v/v ethanol at 0.01 mL s™* to attain either 1,
2 or 4 mol L™ ethanol in the first stage (denoted by E1, E2
and E4, respectively in the legend of Fig. 5) followed by
controlled addition of 99.95% v/v ethanol at 0.01 mL s to
attain cumulative ethanol concentration of 8 mol L™
(denoted by superscripts 28-30 in Table 3). These are
compared to the CSD of the product from the experiment
with controlled addition of 60% v/v ethanol at 0.01 mL s '
(denoted by E in the legend of Fig. 5 and superscript 17 in
Table 3). This feeding regime is comparable to internal
seeding protocols employed by some researchers**®>°® since
internal seeds are generated in the first stage. The quantity
and quality of seed crystals is governed by the ethanol
intermediate concentration attained in the first stage, that is,
1, 2 or 4 mol L™". The ethanol concentration evolution profiles
are depicted in Fig. 5B which shows that it takes 3.47, 7.75
and 20.45 minutes to attain an intermediate concentration of
1,2 and 4 mol L, respectively and it takes 30.73, 33.95 and
43.50 minutes, respectively, to attain the final cumulative
ethanol concentration of 8 mol L™ in comparison to 113.17
minutes (see Fig. 1B) required to attain final ethanol
concentration of 8 mol L™ for the single stage experiment
conducted with 60% v/v ethanol at 0.01 mL s

The product obtained from the experiment with an
intermediate concentration of 1 mol L has a crystal modal
size of 2.5 um. This CSD bears a resemblance to the CSD for
the product obtained from the controlled experiment
conducted by adding 99.95% v/v ethanol at 0.01 mL s,
showing that the effect of internal seeding at 1 mol L™
intermediate concentration was negligible (ESIT). The modal
size remained constant after doubling the intermediate
concentration, but there is a notable increase in the
population of large crystals with a maximum crystal size of
97.5 um compared to 12.5 pm when the intermediate
concentration was 1 mol L™". This shows a minor effect on
the product CSD but notably increases the population of
large-sized crystals between 12.5 and 97.5 um, which
represent about 8.8% of the crystal population. When the
intermediate concentration was increased to 4 mol L, the
modal size of the crystals increased significantly to 47.5 um
with a corresponding increase in the population of large-
sized crystals up to a maximum size of 207.5 um. The CSD
for the product obtained at an intermediate concentration of
4 mol L' almost resembles that of the product obtained
from the single-stage unseeded controlled experiment using
only 60% v/v ethanol under similar stirring and feeding
conditions. The CSD width also increased significantly upon
increasing the intermediate ethanol concentration from 2 to
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4 mol L™ (ESIf). The advantage of the two-stage antisolvent
crystallization process is that it significantly reduces the
processing time, while retaining product quality, as described
with reference to Fig. 5B.

These observations can be explained in terms of the
competition between the rate of supersaturation generation
and consumption with reference to the available seed surface
area. At an intermediate concentration of 1 mol L, the
population of internally generated seeds nucleated in the first
stage presents a small surface area which results in excessive
nucleation when 99.95% v/v ethanol is added to the
suspension. Increasing the intermediate concentration to 2
mol L™ has a minor effect on the product CSD, but the
increase in the population of large-sized crystals implies that
the seed crystal surface area increased to a point where
crystal growth became competitive, although nucleation is
still dominant. It is expected that further increase in seed
surface area at a constant supersaturation generation rate
should result in reduced crystal size when the ‘optimal
surface area’ is surpassed. This is due to deposition of solute
molecules on a larger surface area, thereby reducing the
average linear growth rate of the crystals, and this effect can
be severe even at a high degree of supersaturation. At an
intermediate concentration of 4 mol L', the crystal size
increased significantly either due to continual increase in
crystal surface area which suppresses primary nucleation
provided the ‘optimal surface area’ has not been surpassed
or once the ‘optimal surface area’ is attained, growth of
internally generated seeds continues without much
nucleation before and during the addition of 99.95% v/v
ethanol, in which case, the rate of supersaturation generation
is presumably commensurate with the available crystal
surface area. However, it is challenging to determine the
point at which the ‘optimal surface area’ is attained.

3.2. Morphology and polymorph assessment

Fig. 6 shows the XRD patterns of the crystal product obtained
under different experimental conditions. All the patterns
show significant similarity, with identical peak positions.
Some patterns feature individual peaks with increased
relative intensity, most notably the peak at a 26 angle of ca.
56° in the pattern of experiment “C0.01 60% E4 100%”. Such
cases of peak intensity variations could be caused by
differences in sample texture, resulting in non-random
orientations of the crystals. Overall, it can be concluded that
no polymorphic transformation occurred under the different
experimental conditions, and that the same phase of
(NH,)3ScFs of monoclinic structure (PDF card 00-040-0595)
was always obtained.

Fig. 7 shows SEM images obtained for the uncontrolled
unseeded experiments conducted with 99.95%, 70% and 60%
v/v ethanol, controlled unseeded experiments where 99.95%
v/v ethanol was added at 0.001-0.05 mL s *, and controlled
unseeded experiments where 70% or 60% v/v ethanol was
added at 0.01 mL s ' in separate experiments with 5% seed

This journal is © The Royal Society of Chemistry 2022
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loading in some cases and either ‘top feed’ or ‘bottom feed’
mode in some cases. SEM micrographs shown in Fig. 7A-]
are for solids obtained in experiments conducted using ‘top
feed’ mode and a magnetic stirrer while SEM micrographs
shown in Fig. 7K and L are for solids obtained in
experiments conducted using ‘bottom feed’ mode and a
magnetic stirrer.

The product obtained in uncontrolled experiments using
99.95% v/v ethanol (Fig. 7A) consists of isodimensional
minute crystals of ca. 0.5 um length (refer to CSDs in Fig. 1A
and 2A). Controlled addition of pure (Fig. 7D-G) and dilute
ethanol (Fig. 7H-K) likewise yielded isodimensional crystals
very similar in habit to those obtained under uncontrolled
addition of 99.95% v/v ethanol. A clear trend of increasing
crystal size with dilution factor as well as with decreasing
antisolvent addition rate is observed.

The product crystals obtained when uncontrolled addition
of 70 and 60% v/v ethanol was conducted (Fig. 7B and C,
respectively) are significantly larger than for 99.95% v/v
ethanol addition. Curiously, they also exhibit a markedly
different elongated, rod-shaped habit, and generally no
clearly discernible crystal faces. The rod-shaped -crystals
obtained using 60% v/v ethanol appear overall somewhat
longer than the crystals obtained using 70% v/v ethanol,
although such changes appear to have a negligible effect on
the CSDs presented in Fig. 2C; in both cases, the crystal
modal size is ca. 3 um. The morphology of the crystals
obtained under these conditions is highly reproducible, as
shown in the ESL} There appears to be no immediately clear
explanation for the difference in habit observed for these
experiments. It should be noted that in all three cases where
either 99.95%, 70% or 60% v/v ethanol was added, the
calculated volumetric, weight and molar ratios of the pure
ethanol quantity to the aqueous solution quantity (including
the water in dilute ethanol) at the final ethanol concentration
of 8 mol L™ were similar, with values 0.8788 + 0.0002, 0.6726
+0.0079 and 0.2735 + 0.0013, respectively.

By conducting antisolvent crystallization of (NH,);ScFg
from a purer solution (see composition in Table 2), the
morphology of the crystals remained rod-shaped, although it
is evident that the aspect ratio of the crystals decreased, and
the crystals obtained were less elongated (refer to ESIT). The
fact that more elongated crystals were obtained from the
impure strip liquor could imply a synergistic adsorptive effect
of both the inorganic impurities and the antisolvent,
although there is insufficient evidence to support this theory.
However, the similarity in morphology of the -crystals
obtained from pure and impure strip liquors shows that the
morphology modification is induced mainly by the action of
the antisolvent and not by modifying the adsorptive behavior
of the inorganic impurities.

Fig. 7D-G show that addition of the antisolvent at a low
controlled rate enhances the crystal size when compared to
the micrograph obtained under uncontrolled addition of
99.95% v/v ethanol. This is attributed to the lower rate of
supersaturation generation which favors crystal growth to
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nucleation. Under uncontrolled conditions, a very high initial
supersaturation is generated quite abruptly which favors
nucleation to growth. Although the changes are not easily
noticeable in Fig. 7D-G, the CSDs of the product from these
experiments (see Fig. 1A), show a general increase in modal
size and population of large sized crystals as the antisolvent
addition rate diminished.

Fig. 7H-L show the micrographs of the product obtained
from controlled addition of either 70 or 60% v/v ethanol at
0.01 mL s™' using either ‘top feed’ or ‘bottom feed’ mode
and a magnetic stirrer. Fig. 7I and L show the effect of
seeding with 5% seed loading. By comparing these
micrographs with the micrographs for the crystals obtained
when 99.95% v/v ethanol was added at a controlled addition
rate of 0.01 mL s~ " (Fig. 7E), it is evident that the crystal size
is significantly enhanced under controlled addition of dilute
ethanol. In addition, comparison with micrographs for the
product obtained using 99.95% v/v ethanol at lower addition
rates of 0.005 and 0.001 mL s' (Fig. 7F and G, respectively),
it is evident that the control of supersaturation by decreasing
the ethanol concentration has a greater effect on enhancing
crystal size than the control of supersaturation by decreasing
the antisolvent addition rate of pure ethanol. This
phenomenon of local and bulk supersaturation control has
been discussed previously with reference to Fig. 2 and is
further discussed in subsequent sections with reference to
the antisolvent feeding mode and stirring mechanism. The
effect of seeding in Fig. 7I-L is not quite clear by observing
these micrographs, but the CSDs in Fig. 4A-C suggest that
5% seed loading has a negligible effect on the product CSD.

Fig. 8 shows the comparison of SEM images obtained for
the unseeded controlled experiments conducted with 60% v/v

A 17(C0.01 60%E Fb So)

BZS

(C0.01 60%E1 Fb So)

100pum

D 3(C0.01 60%E4 Fb So)

SN
— o

00um

°

00pm
Fig. 9 Micrographs of the product from controlled two-stage
antisolvent feeding experiments in comparison to the single stage
experiment conducted using ‘bottom feed’ mode and an overhead
stirrer. The superscript numbers denote the type of experiment as
designated in Table 3.
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ethanol at 0.01 mL s in which either a magnetic stirrer or
an overhead stirrer was used and either ‘top feed’ or ‘bottom
feed’ was employed.

The CSDs of the product shown in Fig. 8 are presented in
Fig. 3 and a detailed discussion on these observations has been
given previously. It is clear that the use of an overhead stirrer
significantly increases the product crystal size and changing
the antisolvent feeding mode from ‘top feed’ to ‘bottom feed’
has a more pronounced effect on crystal size when an overhead
stirrer is used. This is possibly due to reduced crystal attrition
as well as reduced local supersaturation due to the radial and
axial mixing of the pitched blade impeller, allowing better
supersaturation homogeneity in the solution.

It is also observed that the crystals obtained under
controlled addition of 60% v/v ethanol using an overhead
impeller and either top or bottom feed mode exhibit the
hopper morphology,®” with fully developed crystal edges but
a hollowed-out quality to the centre of the faces. This is more
pronounced for the bottom feed mode, where the lowest rate
of supersaturation generation is expected, and the
phenomenon was not observed when a magnetic stirrer was
used in either feeding mode as noted by comparing the
micrographs in Fig. 7J-L, 8, and 9.

This indicates that the growth rate of the crystals is high -
even towards the end of the crystallization process — which in
suggests exposure of the crystals to a high
supersaturation. Under a growth-dominated regime, the
supersaturation generation rate is dependent on the balance
between the rate of antisolvent addition and the rate of
solute concentration depletion through growth, which in turn
depends on the surface area available for growth. It has been
reported for other salt crystals that the onset of hopper
growth is connected with the growth rate reaching a
threshold, limited by the rate of incorporation of growth
onto the centres of crystal faces.®® The exact
mechanisms behind this phenomenon are not well
understood, and no further analysis of this phenomenon was
conducted in this study. However, the observation indicates
that the total crystal surface area available for growth is not
commensurate with the rate of supersaturation generation in
these experiments, even when 60% v/v ethanol is added at a
reduced rate using ‘bottom feed’ and an overhead impeller.

Fig. 9 shows the micrographs of the product from two-
stage antisolvent feeding experiments where the effect of
internal seeding is notable as presented by the CSDs in Fig. 5.

A detailed discussion on these observations has been
given with respect to Fig. 5. It can be noted that even when
the intermediate ethanol concentration is 4 mol L™, there is
still some fines generated in the second stage when 99.95%
v/v ethanol is added at 0.01 mL s™* (Fig. 9D), since these fines
are not observed when only 60% v/v ethanol was added under
similar operating conditions (Fig. 9A). Notably, like for the
experiments with controlled addition of 60% v/v ethanol
using an overhead impeller (Fig. 8), some crystals exhibit a
hopper morphology.®” The morphology of crystals obtained
in externally seeded experiments, the CSDs of which are
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shown in Fig. 4, is shown in the ESIj The morphology was
similar and the changes in crystal size distributions have
been explained in detail earlier.

There was no significant improvement in solid purity
noted upon reducing the ethanol concentration or reducing
the antisolvent addition rate or seeding or a combination of
these. The purity of the solid product ranged between 99 and
99.6 wt% as determined by ICP-OES and the computed
recovery of (NH,4);ScF at 8 mol L' ethanol ranged between
98.6 and 99.1%.

3.3. Industrial implications

While reducing the antisolvent concentration and addition
rate significantly improves the product crystal size and
improves the effectiveness of some downstream processes
such as filtration and product washing, it is not favourable
from an industrial perspective since it increases processing
volumes and batch time, leading to reduced productivity.
Some downstream processes such as calcination might
require a product with small to moderate crystal sizes for
effective processing contrary to filtration. However, a narrow
CSD is desirable in most applications for effective
downstream processing since the product is more uniform in
terms of surface area per unit volume. Therefore, the design
and choice of processing conditions depends on the desired
product CSD, to be determined in a trade-off between
productivity, product quality and revenue. For direct
application of this study to an industrial process, it is
recommended to conduct further research in an upscaled
antisolvent crystallization process, since it is quite possible
that the hydrodynamics and supersaturation gradient in the
crystallizer could differ from that in small-scale crystallizers.

4. Conclusions

Reducing the rate of supersaturation generation in
antisolvent crystallization of (NH,);ScFs has a significant
effect in increasing the crystal size of the solid product. This
effect is more pronounced when the antisolvent
concentration is reduced and a low, controlled addition rate
is used, although broader CSDs were obtained. Reducing the
antisolvent concentration has a greater effect on diminishing
the rate of supersaturation generation than the reduction of
the addition rate of pure antisolvent only. It is also observed
that the stirring mechanism has a significant impact on the
final crystal size distribution. The crystals obtained when an
overhead pitched blade impeller was employed were larger
compared to the crystals obtained when a magnetic stirrer
was used. The effect of local supersaturation has also been
assessed by feeding the antisolvent either at the top of the
solution surface or by immersing the feed tube in the
solution and feeding close to the agitator. The latter was
observed to cause a significant increase in crystal size, most
likely due to reduced local supersaturation at the feeding
point, since the antisolvent is effectively mixed with the bulk
solution close to the agitator.
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A change in the morphology of (NH,);ScFs without
polymorphic transformation was observed when one-pot
addition of 60 or 70% v/v ethanol was conducted, but this
did not occur when the dilute antisolvent was added at a low
addition rate.

The effect of seeding has also been evaluated. The crystal
modal size generally increased for externally seeded
experiments in comparison to that of the seed crystals, and a
threshold seed loading of about 10% was observed beyond
which the crystal modal size began decreasing. In addition,
the fraction of modal-sized crystals increased with increased
seed loading resulting in narrower CSDs.
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