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Abstract

For continuous crystallization of pharmaceutical and organic chemical compounds in a plug
flow crystallizer, seed slurry, prepared in advance, is continuously fed into the crystallizer
for controlled secondary nucleation and subsequently desired crystal properties. It is well
known that the preparation of macro seed crystals using either the dry or wet method is a
highly time-, energy- and material-intensive process, often taking many hours to prepare a
1 L seed slurry. The focus of this work is to examine whether how the seed slurry is made
up could have any effect on the final crystal properties. We divide the seed slurry into
two parts: the “saturation part” corresponds to the amount of solute required to establish
solid–liquid equilibrium and is fully dissolved, and the “supersaturation part” involves a
small amount of solid seed crystals in excess of the equilibrium saturation condition. The
hypothesis states that if dissolved seed crystals have lost their surface properties (such
as size, morphology, interfacial effects), the final crystal size distributions would then
inherit that of the solid seed crystals. If this is true, this would provide a great and efficient
shortcut for the lengthy and energy-intensive process of making up seed slurries, as product
crystals from a previous batch of any size distribution could be used for the make-up of the
saturation part of the seed slurry. Using adipic acid and L-glutamic acid with high and low
solubilities, the hypothesis has been validated experimentally under batch conditions.

Keywords: seeding; cooling crystallization; crystal size distribution; saturation; supersaturation;
L-glutamic acid; adipic acid

1. Introduction
Seeding is a predominant method used in the laboratory and at industrial scales of

crystallization processes, where seed crystals are added to induce and control secondary
nucleation and further crystal growth [1–3]. Seed crystals are generally prepared by milling
and sieving processes; milling involves either the dry or wet method with and without
external stimuli (e.g., ultrasonic irradiation) [4–7]. Seed size and seed loading have been
the two most investigated parameters in seeded crystallization processes, once the purpose
of seeding is known [8–12]. The forms of seed crystals (size distribution and shape) [13]
and the design and preparation of seed recipe [14] are the associated subjects. A recent
review on seeding has well documented the intensive research in this area [15]. The
following findings have become the wisdom and the practical guide in terms of seeding:
for a given seed mass, when the seed size is reduced, the nucleated mass decreases and
the amount of seed growth increases. For a given seed size, as the seed mass is increased,
the same outcome is expected. Insufficient seed loading promotes significant formation
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of fines [16,17], leading to excessive nucleation and/or fouling, as well as unfavourable
particle shapes, agglomeration and reduced purification performance with the potential
inclusion of impurities [18].

Successful seeding strategy requires a combination of correct seed size (µm) and
correct seed mass (kg), while the exact figures for the two parameters may change for
different compounds. By applying the McCabe’s ∆L law [19] and obeying the following
assumptions the final crystal size can be estimated from Equation (1): (i) primary nucleation
is suppressed by seeds; (ii) crystals neither agglomerate nor break; (iii) crystal shape remains
constant throughout the process; and (iv) crystals grow solely on seeds.

CS =
WS

Ytheo
=

WS(︂
Csat − C f inal

)︂
× Wsol

(1)

where CS is the seed loading (%) [17,20,21], WS the mass of inoculum seeds (g), Ytheo the
theoretical mass (g), Wsol the mass of solvent (g), and Csat and Cfinal are the saturation
and final concentration (gsolute gsolvent−1) respectively. The seed mass, WS, is further
evaluated from WP = WS + Ytheo, where WP is the mass of crystals produced (g). Based on
the above assumptions together with the conserved number of seed crystals (N) and the
unchanged crystal morphology (represented by the shape factor (F) = the ratio of surface
and volume shape factors), and letting LS and LP be the characteristic sizes of seeds (µm)
and the product crystals (µm), respectively, and ρS the density of solid crystal (g mL−1),
the mass ratio between the product crystals and the seeds takes the equation below:

WP
WS

=
FNρSL3

P
FNρSL3

S
=

(︃
LP
LS

)︃3
(2)

Further simplifications of the left side of Equation (2) using Equation (1) lead to

LP
LS

=

(︃
(1 + CS)

CS

)︃1/3
(3)

where Lp/Ls on the left is termed as the normalized product size. The above equation
can be used to estimate the size of the product crystals, LP, when the characteristic size of
seed crystals, LS, and the seed loading, CS, are known. Plotting Lp/Ls as a function of the
seed loading/mass is the typical seed response curve shown in Figure 1, demonstrating
that the increase in seed loading decreases the normalized product size. Figure 1 also
serves as a very useful tool for formulating seeding strategy, as the seed response curve
itself represents the growth-dominated mechanism. The area above the curve is associated
with the normalized product sizes being larger than the ideal values and is facilitated with
crystal growth and non-encrustation; the area below the curve is where the final normalized
product sizes are smaller than Lp/Ls due to either the occurrence of primary nucleation,
which leads to excessive small crystals without control, or insufficient seed crystal surfaces
for the solute material to grow on, making the solute molecules move to the crystallizer
walls, leading to severe encrustation and blockage, especially when seeds of larger sizes
are combined with smaller seed loading. The above was demonstrated and realized in
terms of the seeding traffic light map in a seeded cooling crystallization of a fine chemical
compound [22], when operating in the green zone, encrustation was avoided for the entire
running duration of 8 h.
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Figure 1. Seeding traffic light map. Red—severe blockage; amber—minor blockage; green—no
blockage [22].

In continuous crystallization of pharmaceutical APIs in plug flow tubular crystallizers
or MSMPR, continuous seeding in terms of seed slurry is required. Taking a standard
NiTech DN15 (NiTech Solutions Ltd., Edinburgh, UK) continuous oscillatory baffled crys-
tallizer of 2.5 L as an example, the main feed is 50 mL min−1, the seed input is 10 mL min−1,
and it requires 4.8 L of seed slurry for an 8 h operation. The preparation of seeds by either
a dry or wet process is a time- and energy-intensive process [23], even with the elegant
system involving wet milling with a recycle loop and multi online sensors [24], a large
number of hours was still required for producing a 1 L seed slurry with the rotor in the
wet mill running from 10,000 to 20,000 rpm (intensive consumption of energy), there are
still challenges in interpreting the online measurements [25] and scaling in the connecting
pipes to the wet mills [26,27]. Locating the wet mills within the stirred tank was one of the
remedies for reducing scaling [28].

The seed slurry for continuous crystallization processes consists of a slightly supersat-
urated solution that is traditionally made up of macro crystals of 5–50 µm [29] of narrow
size distribution. In this study, we are investigating whether the make-up of the seed
slurry could affect the particle size distribution of the resulting products. The seed slurry is
divided into two parts: the saturation part where all solid seed crystals are dissolved and
the supersaturation part where crystals stay in their solid form. According to thermody-
namics, properties of solid crystals would have been lost upon a full dissolution in liquid,
such as the molecular structure, particle size distribution, shape, morphology, surface
characteristics and so on. From the classical nucleation theory, one would hypothesize that
the final product crystal size distribution (CSD) should only be affected by the CSD of solid
crystals in the supersaturation part, since the dissolved crystals to achieve the saturation
part of the seed slurry would play no role in influencing the resulting CSD of the product
crystals. If this hypothesis is valid, this would present a great and efficient shortcut to the
intensive seed preparation process, saving a tremendous amount of time, energy and the
seeds of desired ranges. The focus of the work is to test this hypothesis.

Note that in continuous crystallization practice, seed slurries are routinely prepared
using well-defined macro-scale crystals for both the saturated and supersaturated portions,
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a protocol widely adopted but rarely justified or critically examined in the open literature.
It remains unclear whether this practice is scientifically necessary or simply reflects a
conservative operational approach. The novelty of this work therefore lies not in re-
establishing known seeding principles but in experimentally validating that crystals fully
dissolved in the saturation part of the seed slurry do not influence the final CSD, thereby
challenging an entrenched common practice. This insight has direct practical implications,
as it enables a simplified seed preparation strategy that can significantly reduce time,
energy, and material consumption in continuous crystallization processes.

2. Experimental Set Up and Procedures
2.1. Oscillatory Baffled Crystallizer

Figure 2 is a schematic set-up of a batch oscillatory baffled crystallizer (OBC). The OBC
consists of a jacketed glass column and a set of three orifice baffles. The column diameter
is 40 mm and the column height is 200 mm, providing a working volume of 200 mL. The
baffle and the orifice diameters are 38 mm and 18.8 mm, respectively, giving the restriction
ratio of 22%. The baffle set is connected to a linear motor drive (Copley Controls Corp.,
Canton, MA, USA, Xenus™, XSL-230-18) and a control unit, delivering various oscillation
frequencies (0.5 to 5 Hz) and amplitudes (0 to 40 mm). The vessel is held in position by a
stainless-steel flange to minimize vibration. Heating and cooling to the OBC are provided
by a Grant GP200R2 heater/chiller (Grant Instruments (Cambridge) Ltd., Royston, UK),
with the jacket fluid being water. Temperature is continuously monitored by using stainless
steel T-Type thermocouples recorded by a PC.

Figure 2. Schematic of a batch oscillatory baffled crystallizer (left) and photo (right).

The OBC used in this study was operated in batch mode, not continuous mode. Contin-
uous crystallization is emphasized in the Abstract and Introduction because the motivation
for this work arises from a key industrial bottleneck in continuous crystallization—namely,
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the substantial time and energy required to prepare seed slurries. A batch OBR was em-
ployed as a well-controlled experimental platform to test the underlying hypothesis while
decoupling hydrodynamic and residence-time complexities inherent to continuous oper-
ation. The findings are therefore directly relevant to continuous crystallization practice,
even though the hypothesis was experimentally examined under batch conditions.

2.2. Chemicals and Analytical Methods

Adipic acid (99% purity) was purchased from Fisher Scientific UK Ltd. (Loughborough,
UK) in the form of white crystalline and odourless powder. Adipic acid (AA) is generally
regarded as a single-form system under solution crystallization conditions. Although a
triclinic structure has been reported based on single-crystal X-ray diffraction at 100 K, this
corresponds to a low-temperature solid-state phase rather than a polymorph obtainable
under practical crystallization conditions [30]. To date, no experimental crystallization
or growth conditions have been reported that reproducibly yield this form; therefore, the
commonly observed monoclinic form remains the relevant crystal form for our study.

L-Glutamic acid (99% purity) was purchased from Thermo Scientific (Waltham, MA,
USA), also an odourless powder, and distilled water was prepared in-house. The crystal
size distributions were analyzed by a Mastersizer 3000™ (Malvern, Worcestershire, UK).
L-glutamic acid (LGA) is a well-characterized polymorphic system with two known forms:
the metastable α-form and the thermodynamically stable β-form [31,32]. The α-polymorph
is more challenging to obtain and tends to transform to the β-form as supersaturation, mix-
ing intensity, cooling rate, or residence time increase—consistent with a solution-mediated
polymorphic transformation process [33]. We intentionally selected the metastable α-form
as the focus of our study because its controlled formation represents a stricter test of our
hypothesis, given its greater susceptibility to transformation compared to the stable β-form.
Consequently, if the proposed mechanism holds for the metastable α-form, it is expected to
be applicable to the stable β-form as well.

2.3. Experiments Procedures

Solubility of adipic acid in water from the literature [34–36] was measured and verified
at three temperatures and plotted in Figure 3 and summarized in Table 1. The agreement
between the literature and experimental data is reasonably good, and experimental data
is used throughout this work. The solubility of L-glutamic acid was taken from the
literature [37] and is also shown in Figure 3. Because L-glutamic acid was used in our
previous studies, the literature solubility data was sufficiently accurate and agreed with
the experimental validations [38–41].

Table 1. Comparison of the experimental and literature solubility data of adipic acid in water at
selected temperatures.

Concentration [g L−1]

Experiment
Number

Dissolution
Temperature [◦C]

Experimental Data Literature Data

Measured Average (Gaivoronskii and
Granzhan 2005) [34]

(Mullin
2001) [36]

1 20 20.44 n/a 18.33 18.85

2 30 31.80 n/a 30.04 29.33

3 40 51.82
51.61 49.35 47.98

4 40 51.40
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Figure 3. Solubility of adipic acid and α-form L-glutamic acid in water at selected temperatures, the
latter was plotted using parameter-fitting equations from the literature [32,37]. For the mentioned
literature: the purple line is [32], the red line is [34], the blue line is [36], and the ocean blue is [37].

The following procedure was used for the experiments where mixing conditions, the
degree of supercooling and the seeding location are fixed, the only independent variable
here was how the slurry was made up.

2.4. Main Solution

The main solutions were prepared by dissolving 51.61 g adipic acid (Table 1) or 32.0 g
L-glutamic acid in 1000 mL distilled water at 40 ◦C and 55 ◦C respectively in a jacketed
beaker to reach its saturation concentration, before being heated up and maintained at
50 ◦C and 70 ◦C, respectively, for 30 min to ensure complete dissolution. The hot solution
was then hot-filtered through a 1.2 µm glass fibre to remove any foreign bodies. The
hot-filtered solution was added to the pre-warmed (50 ◦C/70 ◦C) OBC before oscillation
of 1.0/1.5 Hz and 20 mm was applied. The oscillation intensity was kept unchanged
throughout experiments. The initial supersaturation was just above 1 for both cases. The
solution was then cooled to 20/15 ◦C at a linear rate of 0.25/0.5 ◦C min−1, delivering
20/40 ◦C supercooling for the adipic acid and L-glutamic acid respectively. At 38/53 ◦C, a
seed slurry was added to the OBC in a one-off fashion. At the end of crystallization, the
solution in the OBC was maintained at 20/15 ◦C for 5 min and was transferred to a holding
vessel at 20/15 ◦C where filtration was carried out. The harvested crystals were weighed
and dried in an oven at 40 ◦C. The particle size distribution of the dried crystals was then
measured using the Malvern Mastersizer 3000 particle sizer. Table 2 recaps the experimental
conditions for crystallization of both compounds, note that a larger supercooling was used
for L-glutamic acid in comparison to that for adipic acid due to its flatter slope for solubility.
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Table 2. Summary of the conditions for the crystallizations of adipic acid and L-glutamic acid.

L-Glutamic Acid Adipic Acid

Total mass of seeds [mg] 250 125

Amplitude [mm] 20 20

Frequency [Hz] 1.5 1.0

Start temperature [◦C] 70 50

Saturation temperature [◦C] 55 40

Seeding temperature [◦C] 53 38

End temperature [◦C] 13 20

Cooling rate [◦C min−1] 0.5 0.25

Holding time at end [min] 5 5

2.5. Seed Slurry

As articulated earlier, the seed slurry is divided into the saturation part and the
supersaturation part. For the adipic acid, two categories of seed crystals were prepared:
the coarse crystals (97 to 312 µm) and the fine crystals (27 to 114 µm).

L-glutamic acid crystals have an α-form and a β-form. The crystals purchased from
Thermos Scientific were mostly α-form. These crystals were sieved to obtain the “coarse”
(268 to 461 µm) seeds. The “fine” seeds were obtained by washing sieved crystals with
deionized water until their sizes reached the range of (57 to 245 µm). Note that the crystals
purchased from the suppliers had different size distributions, the selections of coarse
and fine seed sizes for both L-glutamic acid and adipic acid are also different due to the
limitation of existing mesh sizes available.

Seed slurry was added at 38 ◦C for adipic acid and 53 ◦C for L-glutamic acid, i.e., 2 ◦C
supercooling from the saturation temperature of 40/55 ◦C respectively. The saturation
part of the slurry was made up by dissolving 1.21 g of adipic acid or 0.75 g L-glutamic
acid in 25 mL distilled water corresponding to its saturation concentration at 38/53 ◦C.
Table 3 shows the corresponding concentrations of each part, clearly the mass of the
supersaturation part is significantly smaller than that of the saturation part.

Table 3. Composition of the saturation and supersaturation parts for adipic acid and L-glutamic acid.

Material Seeding
Temperature [◦C]

Saturation
Concentration

[g L−1]

Concentration of
“Saturation Part” [g L−1]

Seed Mass for
“Supersaturation Part” [g]

Mass Ratio of
Seed/Total (%)

Adipic Acid 38 48.49 48.49 5 9.3

L-glutamic acid 53 30.0 30.0 10 25

In this study, the crystal form was fixed across all experiments, the cooling rate and
supercooling (supersaturation) range were also held constant. This experimental design
ensures that seed shape and surface characteristics are comparable between different slurry
preparations, thereby isolating the effect of how the seed slurry is prepared as the sole
variable influencing the observed differences in product crystal size distribution.

Figure 4 sketches how each of the seed slurries was made up. The first seed slurry was
made up using all fine seed crystals for both the saturation and supersaturation parts as
shown in Figure 4A, this represents the base and traditional case. In Figure 4B, the saturation
part of the seed solution was made of coarse crystals with a wide size distribution and a
larger mean size, only the supersaturation part consisted of fine crystals. The hypothesis is
that if the dissolved crystals in the saturation part have lost their properties, the product
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crystal size distribution would then inherit that of the fine crystals; comparing the CSDs
would allow us to examine the validity of this hypothesis. If the hypothesis was true,
the make-up combination shown in Figure 4C would further reinforce and validate the
hypothesis. Each of the experiments was performed twice for repeatability.

Figure 4. The make-up of the seed slurries for adipic acid (AA) and L-glutamic acid (LGA): (A)—both
parts consist of fine crystals; (B)—the saturation part consists of coarse crystals and the supersatura-
tion part of fine crystals; (C)—the saturation part consists of fine crystals and the supersaturation
part of coarse crystals.

3. Results and Discussion
The following terminologies are adopted thereafter for the purpose of clarity. The

combination of fine solid seeds in the slurry with coarse crystals was termed here to as
“fine seeds–coarse slurry”, equally for the “coarse seeds–fine slurry”, and “fine seeds–fine
slurry” combinations. The crystal size distributions (CSDs) of the solid seed crystals of
either fine or coarse were measured prior to the experiments and were compared with
that of the product crystals to examine/validate the hypothesis. The analysis of CSDs was
conducted for both L-glutamic acid and adipic acid, including t-tests to determine whether
there was a statistically significant difference between D50 when different crystal sizes were
used for both the saturation parts and supersaturation parts.

3.1. L-Glutamic Acid

Figure 5 compiles the CSDs where the supersaturation part consists of only fine
crystals, while the saturation part constitutes either fine or coarse crystals. It can be seen
that the CSDs of both products shifted to the right of the CSD of the seed crystals (the black
curve). This matches the expectation that the seed crystals would grow as a result of the
supersaturated solution. When comparing the CSD of fine seeds–coarse slurry (blue) with
that of fine seeds–fine slurry (red), these are very similar, so are the D values in Table 4,
supporting the hypothesis that the make-up of the slurry would not affect the properties of
the resulting products.

Further investigations were performed using the fine slurry while varying the make-
up of the supersaturation part; the CSDs are shown in Figure 6. Clearly the product CSD
(blue) in Figure 6 has shifted to the right relative to the seeds used (dotted black curve) with
a much broader span and smaller growth (see Table 4), as was expected. The CSD in black
(fine seeds) and the CSD in red (fine seeds–fine slurry) are the same as these in Figure 5
and plotted again for comparison. The data once again support the hypothesis that the size
distribution of the solid seeds, rather than the make-up of the slurry, determines the size
distribution of the products.

The experimental data of L-glutamic acid support the hypothesis. Adipic acid was
selected to repeat the tests and determine whether the results are compound specific. The
solubility of adipic acid is much steeper than that of L-glutamic acid, this would increase
the compound coverage if the hypothesis were still valid.
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Figure 5. Crystal size distributions of L-glutamic acid products for fine seeds–coarse slurry (blue)
and fine seeds–fine slurry (red). The black curve shows the size distribution of the fine seeds.

Table 4. The D values for L-glutamic acid samples.

Sample D10 (mm) D50 (mm) D90 (mm)

fine seeds 57.2 148 245

fine seeds–fine slurry 115 250 430

fine seeds–coarse slurry 108 260 450

coarse seeds 268 353 461

coarse seeds–fine slurry 212 398 756

Figure 6. Crystal size distributions of L-glutamic acid products for coarse seeds–fine slurry (blue)
and fine seeds–fine slurry (red). The solid black curve shows the CSD of the fine seeds and the dotted
black curve shows the CSD of the coarse seeds.

3.2. Adipic Acid

The same experimental procedures as the LGA were followed. The comparison of
the CSD of adipic acid products for the fine seeds–coarse slurry and fine seeds–fine slurry
combinations are shown in Figure 7 where both product CSDs have again shifted to the
right compared with the CSD of the seeds (the black curve) due to the expected crystal
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growth. The D values in Table 5 are again similar for the two cases with a similar margin of
variance as these for L-glutamic acid. Accordingly the data of adipic acid also support the
hypothesis that it is the make-up of the supersaturation part that influences the resulting
product CSDs.

Figure 7. Crystal size distributions of adipic acid products for fine seeds–coarse slurry (blue) and fine
seeds–fine slurry (red). The black curve shows the size distribution of the fine seeds.

Table 5. The D values for adipic acid samples.

Sample D10 (mm) D50 (mm) D90 (mm)

fine seeds 27.3 60.9 114

fine seeds–fine slurry 95.9 244 478

fine seeds–coarse slurry 115 287 535

coarse seeds 96.9 181 312

coarse seeds–fine slurry 115 293 557

Figure 8 displays the CSDs where the make-up of the saturation part remained the
same, but the formation of the supersaturation part varied. The CSDs of the fine seeds
(black curve) and the fine seeds–fine slurry (red curve) are taken directly from Figure 7
for the purpose of comparison. Clearly the product CSD (blue curve) has shifted to the
right of its corresponding seed CSD (dotted black curve), the corresponding D values are
summarized in Table 5 where the mean product size for the coarse seeds–fine slurry (blue
curve) has grown 1.6 times that of the coarse seeds (dotted black curve), while the mean
size for the fine seeds–fine slurry (red curve) grew 4.4 times that of the fine seeds (black
curve). These are within the expectations, as the mean size of the coarse seeds is about
3 times bigger than that of the fine seeds.

Figures 9 and 10 show the SEM images of both the seed crystals and the final product
crystals for both AA and LGA, indicating that the seeds used in the saturation and super-
saturation parts of the slurry exhibit the same crystal morphology and surface features, and
that the product crystals retain this morphology. This additional characterization confirms
that differences in crystal size distribution do not arise from variations in seed shape or
surface state, thereby supporting the conclusion that fully dissolved seeds in the saturated
portion of the slurry have no influence on the final CSD.
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Figure 8. Crystal size distributions of adipic acid products for coarse seeds–fine slurry (blue) and fine
seeds–fine slurry (red). The solid black curve shows the CSD of the fine seeds and the dotted black
curve shows the CSD of the coarse seeds.

Figure 9. SEM images of adipic acid fine seeds (a), coarse seeds (b), fine seeds–coarse slurry products
(c), coarse seeds–fine slurry products (d), and fine seeds–fine slurry products (e).
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Figure 10. SEM images of L-glutamic acid fine seeds (a), coarse seeds (b), fine seeds–coarse slurry
products (c), coarse seeds–fine slurry products (d), and fine seeds–fine slurry products (e).

3.3. Hypothesis Tests

Each experiment was performed twice to obtain the mean values for D10, D50 and
D90 presented above, which is the minimum required repetitions to perform t-tests on the
sample means. Four comparisons were made between the different crystal sizes used for
the saturation part and supersaturation part for both L-glutamic acid and adipic acid. The
D50 values were used to determine whether there was a statistically significant difference
(at a 5% significance level) between the sizes of the resulting product crystals. Table 6 shows
whether the null hypothesis was rejected or not rejected for each combination. The null
hypothesis is that the D50 values come from independent random samples from normal
distributions with equal means and equal but unknown variances. If the null hypothesis
is rejected, this means that at the 5% significance level, there is a statistically significant
difference between sample means.

The t-tests in Table 6 support the main conclusion of this work, which is that there was
no statistically significant difference in the resulting product crystal sizes when different
crystal sizes were dissolved to make the saturated solution. An expected result was that
the null hypothesis would be rejected for different seed sizes, since one would expect that
fewer, larger seeds would grow into larger crystals compared with a larger number of
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smaller seeds. This expectation was met for the L-glutamic acid case, but not for the adipic
acid case despite the approximately threefold difference in seed size. We do not interpret
this result as evidence that seed crystals have no influence. Rather, it suggests that the
influence of the initial seed population is masked by other crystallization mechanisms. In
particular, adipic acid is known to exhibit pronounced secondary nucleation behaviour
during cooling crystallization. The literature studies [42–45] have reported that under such
conditions the generation of new crystals can become sufficiently extensive that the final
crystal population is no longer determined solely by the original seed distribution.

Table 6. t-test results comparing D50 sizes at a 5% significance level.

Fine Versus Coarse Slurries Fine Versus Coarse Seeds

L-glutamic Acid Not rejected Rejected

adipic acid Not rejected Not rejected

It is also noteworthy that the LGA experiments were conducted with a larger total
supercooling (40 ◦C versus 20 ◦C for AA) and a higher cooling rate (0.5 ◦C min−1 versus
0.25 ◦C min−1). Despite the stronger thermal driving force, the seed effect remained
statistically detectable for LGA but not for AA. This suggests that the differing outcomes
are related to intrinsic crystallization behaviour rather than simply the magnitude of
supersaturation generation. In summary, the results demonstrate that the seed crystals
above saturation are the dominant factor governing the final CSD when their influence is
not overwhelmed by competing nucleation mechanisms.

4. Conclusions
The preparation of seed slurries for continuous crystallization of pharmaceutical

and chemical compounds is often a lengthy, material- and energy-intensive process. It is
therefore important to examine the effectiveness of conventional seed slurry preparation
strategies. In this work, two compounds with distinctly different solubility characteristics,
L-glutamic acid and adipic acid, were used to test the hypothesis of whether dissolved
crystals contribute to the final crystal size distribution (CSD) of the product.

For both L-glutamic acid and adipic acid crystallizations, no evidence was found that
the dissolved crystals comprising the saturation part of the seed slurry influenced either the
size distribution or morphology of the final product crystals. This finding was consistently
supported by the statistical analysis. The results therefore indicate that the dissolved crystal
fraction does not play a significant role in determining the final product CSD under the
conditions investigated.

For L-glutamic acid, the experimental results further demonstrate that the product
CSD is influenced by the size of the seed crystals present above saturation. In contrast,
no statistically significant seed-size effect was observed for adipic acid. This behaviour is
consistent with the stronger tendency of adipic acid toward secondary nucleation reported
in the literature, which may obscure the influence of the initial seed population on the final
product CSD.

The practical significance of these findings is that size-controlled microcrystals are
not required for the saturation portion of the seed slurry. Instead, crystals of arbitrary
size from previous batches may be used to establish the saturation component, potentially
reducing the time, energy, and material requirements associated with seed preparation
by more than 90%. Such a reduction would alleviate a major bottleneck in continuous
crystallization processes.
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Although the experiments reported here were conducted under batch conditions, the
mechanistic conclusions provide a strong basis for application to continuous crystallization
systems. Further studies under continuous operating conditions are nevertheless required
to confirm the generality of these findings.
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