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Abstract: Seeding is a significant but challenging task in optimizing crystallization process
operation, product quality, and process efficiency. With the development of modern crystallization
technology, there has been considerable advancement in the seeding technique in recent years. This
article reviews the seeding techniques as well as their main progress, challenges and opportunities
in the field of crystallization processes. This review summarized the key seeding parameters and
desired product quality attributes, clarified the qualitative connection between seeding parameters,
state variables and product quality attributes based on a variable-based causal graph (VBCG), and
analyzed various possible factors that resulted in seeding technique failure by an Ishikawa diagram.
Combing with these factors, the recent development on studies of seeding technique and existing
issues were discussed from six aspects, i.e. seed loading, seed quality, seeding condition, seed
preparation, seed storing and seeding mode. The challenges and opportunities for seeding technique
are analyzed based on research accomplishment, and the potentially valuable topics and directions

on seeding technique are presented in improving crystallization.
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1. Introduction
Crystallization has been widely used for product separation and purification in the fields of

(121 Tn addition to high purity and yield, for crystal

food, pharmaceutical and chemical industry
products with precise control of crystal size and crystal size distribution (CSD), the requirements

for various product quality attributes are also increasing. It is also necessary to control crystal

polymorph, chirality, morphology, quality and even crystal shape distribution. These product

quality attributes can be affected or manipulated by different operating variables, including

supersaturation, temperature profile, seeding, stirring and so on. During these variables, seeding

has become one of the most effective means in improving crystallization behavior, process

efficiency, and product quality. Seeding is regarded as a more important role than other factors

such as cooling profile and supersaturation in improving product CSD and quality'®*!. Some argue

that the seed’s importance to crystallization can never be overemphasized!”’.

Undoubtedly, seeding has been an effective technique to separate growth from nucleation and
to stabilize crystallization processes, which can not only greatly reduce the crystallization time and
complexity, but improve the controllability of crystallization system!®®!. In the past 20 years, seed
effects have been widely studied and much progress in improving seeding efficiency has been made
in crystallization field!”-°!. Seeding was commonly treated as an technique to provide a template
for the assembly of molecules to produce crystals according to a certain structure!'’!. The template
provides growing points for molecular deposition/integration on the seed surfaces, hence reducing
the difficulty of phase transformation from solution to solid during crystallization. Therefore, the
growth of seed crystals is independent of spontaneous nucleation, which can effectively separate
crystal nucleation and growth during crystallization processes. If the solution for crystallization is
supersaturated, crystallization process will be aroused by added seeds. The added seeds not only
induce the crystallization solution to grow into the desired crystal form (e.g., metastable polymorph)
when nucleation is hard!'!!, but also reduce inclusion or occlusion during crystallization and
maximize the rejection of impurities as much as possible!™ 1,

Traditionally, seed crystals were added from an external source, generally from a milled
crystals or from previous batch products. This seeding mode is powerful and multifunctional, but
the abrupt introduction of seed will also destroy the stable environment in crystallizer, hence
increasing the probability of inducing the explosive nucleation and introducing impurities and
bacteria into crystallizer!!*!. Moreover, seed preparation is sometimes complex, costly and time-
consuming if high-quality seed is required!'*!, and the exact dosage is hard to calculate!'>!. This
paper focuses on the systematic analysis of these issues and further sort order in development and
application of the seeding technique in crystallization.
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In order to study the seeded crystallization process scientifically (in contrast to pure trial-and-
error approaches), significant efforts have been undertaken in recent two decades to understand the
effects of various seeding parameters!!® 7! and the application of new technologies has also opened
up broader space for developing new seeding techniques!'® ). Our goal is to bring the reader up to
date with some of those activities and further realize the potential of seeding technique in
optimizing crystallization. This review article mainly focuses on the techniques of adding
homogeneous seeds in crystallization processes. Readers can refer to literature for other closely
related topics such as the addition of heterogeneous seeds (see e.g., Javdani and coworkers!?”) and

heterogeneous nuclei as seeds in protein crystallization (e.g., Zhou and coworkers!*!).

2. How do seeds affect crystallization processes?

Seeding is a powerful but complex step for industrial crystallization process, which includes
many parameters that should be taken into account commonly when designing and implementing
a seeding strategy. The key seeding parameters and desired production targets affected by the
seeding parameters are summarized in Table 1. In the past two decades, how these parameters affect
crystallization processes and product quality attributes have been widely studied by many scholars!”
14.17.22-241 " wwhich will be discussed in detail in the following sections.

To clarify the effect of changing seeding parameters on the crystallization process and
production targets, a variable-based causal graph (VBCG) is used to show the qualitative
connection between seeding parameters, state variables and production targets, as shown in Figure
1. It shows the most direct effects of changing each seeding parameter on key crystallization
phenomena and consequently on the objectives. In the VBCG, the most important state variables
of the system are supersaturation ¢ and size distribution n;, which are connected by the
crystallization phenomena describing in the population balance equations and the total crystal
surface area in a feedback loop!?¥. The key seed attributes of the CSD are emphasized to illustrate
the qualitative effect of the phenomena on the CSD of product. For a fixed operational policy, the
main pathways that are followed in the VBCG depend on initial seed attributes and operational
conditions at seeding point, which largely determines the whole crystallization behavior and the
final product attributes. Therefore, seeding technique is critical to the crystallization success. The
seeding technique is not only influenced by factors mentioned above, but also influenced by factors
that difficult to describe by mathematical variables such as the seed surface property Rq s, as shown
in Figure 2.

Not only that, there are many unquantifiable factors easy to be ignored may cause seeding

failure in actual industrial crystallization processes, e.g. seed activity. All possible causes for
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seeding failure are summarized here by an Ishikawa diagram in Figure 2, in which these factors are
roughly classified into six aspects: (1) seed loading; (2) seed quality; (3) seed preparation; (4)
seeding condition; (5) seed storage; (6) seeding mode. Of these factors, the first three aspects are
prerequisite to ensure product quality and consistency, which closely related to seed quality,
quantity, and property. The latter three aspects are crucial to guarantee the effectiveness of seed and
give full play to the advantages of seeding technique, among which the seeding conditions were
vital and widely studied by researchers!?>~8!. If there is no suitable seeding environment, the desired

product quality attributes, e.g. crystal polymorph, for seeding crystallization are hardly achievable.
2.1 Seed loading

Typically, seed loading is a general designation for the seed mass, size and size distribution,
which is a group of important parameters used to quantify the added seeds in the crystallization!**-
391, Seed mass is sometimes called seed load, or seed weight in the literature®" 321, which usually
refers to the mass of seeds to be added in the crystallization process, while the seed loading rate
(SLR) shown in equation (1) is also frequently used to have a unified quantization!® 2% 33,

=t (1)

M,-M,

Where 1 is defined as SLR, M, and M,, are seed mass and product mass, respectively. The seed size
was generally referring to the characteristic length of the seed, which includes number mean size
(d10), Sauter mean diameter (d32), and weight mean crystal size (dy3) for the bulk of seeds. The seed
size distribution was usually described by the number CSD or volume CSD, which was also
commonly approximated by Gaussian distribution, log-normal distribution, gamma distribution, or
a combination of them in the references' **. The used SLR can vary from as low as 0.1% to as
high as 10%, which is dependent on the seed size and product requirement!3],

To determine the right seed quantity, many researchers*®%! have investigated the effects of
seed loading on product yield, mean size, coefficient of variation (CV), and CSD for different
crystallization processes by simulations and experiments. The research work are mainly
summarized as the following three aspects: (1) Seed loading effects on products; (2) Nucleation
inhibition; (3) Seed recipe design and optimization.

(1) Seed loading effects on products. Regarding the quantitative study on seed loading, the
mass-balance equation (2) is widely used to calculate the amount of seeds for specified size
according to the expectant product mass and size, which is simple, then particularly embraced in

experimental research and industrial applications. The equation is commonly expressed as follows,
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where L, and ij are the number mean sizes of the seeds and final products, respectively, while

M and M, are the mass of added seeds and theoretical product. This equation is derived from

the mass balance with several assumptions: (1) McCabe's AL law (see the references!!® 4!); (2)
seed growth only, i.e., the seed growth is dominant while nucleation is negligible!!® *!; (3) seeds
and products have the same volume shape factor. The contribution of the equation (2) is the use
of a simple form to construct the relationship between seeds and products based on mass balance,
which has practical guiding significance for industries. However, there are some problems when
this function was used in practice. It is not all the crystals follow the AL raw, and it can be seen
that the function is simple and rough. At the same time, it is impossible that both the seeds and
products have the same volume shape factor. Besides, the actual crystallization process is coupled
with crystal breakage, agglomeration, and nucleation. Therefore, more and more scholars are
dedicated to the study of seed loading effects for specific case in different crystallization systems.
Lewiner et al.l*¥) studied the effects of seeding in the batch cooling crystallization of an organic
weed killer, in which seeding was proved to be efficient in reducing the batch-to-batch variations
and in increasing the average size of the final particles. The results also showed that there was an
optimal seed amount in the range of low seed loading, giving the maximum mean crystal size of
the products. Patience et al.l*”) investigated the effects of seed mass and seed size on product yield
and product mean size based on size-independent growth model simulations, found that increasing
seed mass can be used to increase final product yield and reduce batch time. The effects of seeds
on the final CSD of ammonium sulfate were studied in a batch cooling crystallizer, it was found
that the mean crystal size will gradually reach a steady value irrespective of the seeding if the batch
time is sufficiently long!**. The impact of seed surface area on the product CSD was investigated
in a glycine batch cooling system!*®), and the results indicated that the product CSD could be
effectively regulated if the seed surface area is over a specific value. It was found by experiments
that a proper choice of SLR could result in a unimodal distribution of crystal products!'®!. Besides,
it was demonstrated that increasing seed mass could effectively decrease the nucleation rate and
therefore stabilize the growth kinetics during crystallization!*’!. To find an appropriate seed mass,
the seed size was often approximated by the mean size of seeds. However, some scholars believe
that that seed activity reduces with size, if the seeds below a certain threshold size will fail to

45,46

grow!*>- 4] The seeds should also be not too large as the required seed mass can be uneconomically

large for the process yield. Furthermore, large seed crystals can be the source of the secondary
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nucleation due to attrition. Lung-Somarriba et al®*®! proposed that the seed size should be one-
quarter of the maximum achievable crystal size of the product to avoid attrition. For a higher seed
loading ratio, it was observed that the increased number of particles consumed the supersaturation
much faster and the product size distribution followed very closely to that of the seed particles.
Similarly, for a constant seed load, when particles with smaller size were used, the difference
between seed and product crystal sizes reduced considerably with a similar size distribution
profile!!7].

(2) Nucleation inhibition. Increasing seed mass has been known as an attractive option in
inhibiting nucleation, but the key issue is how many seeds should be added to suppress nucleation
effectively as more seeds mean high cost. A generally accepted criterion for determining seed
loading is to maximize the growth of seeds while minimizing the growth of newly nucleated

s, Kubota and Doki et all®® #> 471 discussed the critical SLR to effectively suppress

crystal
nucleation, and therefore developed a function to chart the relationship between the critical seed
size and the SLR based on experimental studies of two crystallization systems. They also pointed
out that, if enough seeds were loaded over the critical SLR under well-mixed conditions, no scale-

(2] However, it is still uncertain whether increasing the seed load

up effect on CSD was observed
can always be applied to suppress nucleation, or whether this method only works in some special
cases. As pointed out by Tseng and Ward®”, smaller seeds are more effective in suppressing
nucleation than the larger seeds, after investigating the critical SLR for seeding batch crystallization
by simulations based on 43 systems. Meanwhile, they highlighted that there is a great deal of
variability in the critical SLR, and a single correlation is inadequate to describe the relationship
between critical SLR and seed size. It was noted that smaller seeds can more easily lead to seed

agglomeration with purity decreasing!*®!

, and smaller seeds may be inactivated when they reach a
certain size. Coles and Threlfall*®! indicated that many examples of a critical seed size are probably
nothing to do with size but with surface effects, the repeated failure of small seeds to grow is related
to their surface features rather than their size. To successfully suppress nucleation though achieving
the growth-dominated process by seeding, an exorbitant seed load is always applied or suggested
in practice. It is worth noting that crystal growth is not the only factor determining the
reproducibility of seeded crystallization process. At a very high seed mass, the results often become
almost independent of the cooling profile, and the mean size of the product crystals will decrease.
In addition, increasing seed mass often leads to an increase of crystal aggregation, especially for

small seed sizes!!® %39 Possibly the best suitable choice is only when the seed loading is designed

or optimized according to the desired product quality attributes.



(3) Seed recipe design and optimization. Concerning the seed recipe design and optimization,
several researchers!® 223351331 have devoted to the design and optimization of seed loading. Chung
et al’®* first studied the optimization of seed distribution (seed mass, seed mean size, and the width
of the seed distribution) based on a batch crystallization process. It was found that optimizing the
seed size distribution (SSD) can have a larger effect on the particle size distribution (PSD) than
optimizing the supersaturation by simulations based on three optimization objectives, namely
weight mean size, CV, and the ratio of the nucleated crystal mass to seed crystal mass. The SLR
on crystallization kinetics was studied by Huang et al'®¥, and found that increasing SLR could
facilitate the growth kinetics together with a more uniform size distribution of crystal products. In
order to obtain the desired product CSD, a novel framework of optimal seed recipe design for batch
cooling crystallization systems was presented by Nagy et al®). The framework was based on the
analysis of standard sieve to optimize the composition of seed mixture. They also proposed a
systematic design for shaping CSD combined supersaturation with seed recipe optimization by a
dynamic seeding method'®!. The best objective function for seeded batch crystallization was
studied by simulations based on size-independent growth and nucleation model®®!!, indicating that
the width of the PSD can be controlled much more effectively by manipulating seed properties than

by adjusting the supersaturation trajectory.
2.2 Seed quality

Seed quality is the reflection of the physical and chemical properties of seeds, which is closely
related to crystal purity, form, lattice strain, surface roughness and so on. Seed quality has a critical
impact on crystallization behavior, crystallization kinetics, and final product form and quality.
Many factors can affect seed quality, and the most significant of which is seed origin.

Seed may come from milled crystals, pretreated crystals, product slurry and primary nucleus
(or via anti-solvent addition), so they have different purity, lattice strain, surface property, and
polymorph, which can significantly impact seed growth trajectory and final product quality and
CSDB! 5581 Kardum et al®”! demonstrated that seed origin can cause different supersaturation
trajectory and product CSD, while product crystal polymorph depends on the added seed structure
regardless of the crystal form used for preparing the solution. Seeds are often directly from
crystallized products, but they can also be produced via a variety of means such as milling or other
offline methods in order to obtain a narrow SSD more suitable for seeding. In the case of the high
purity of active pharmaceutical intermediates (APIs), the seeding-by-nucleation technique often is
preferred to avoid the entrainment of impurities from added seeds.

In terms of seed purity, the seed crystals should not only be chemically pure, but also

polymorphically pure. Otherwise, seeding desired polymorph will fail with a mixture of
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polymorphs %1, For instance, Maher et al.°®! indicated that the root causes of piroxicam batch
failure were the seed polymorph contamination. Today, seeding has been developed to be a key

gl12.60.611 \which has moved on from a

technique for crystal polymorph control over the last decade
mysterious process to one that there are some ways that may be used to attack this central problem
in crystallization field. Stable polymorphs are commonly preferred for product development as they
avoid the risk of crystal form transformation and subsequent quality issues. However, the
metastable polymorphs are sometimes selected for product development when they exhibit superior
quality attributes such as higher solubility, bioavailability and product handling properties!'”). In
addition, it is possible to obtain a bonus by seeding the mixed polymorphs. Beckmann et al.[®?!
produced the desired metastable polymorph products exclusively by using the pure metastable
polymorph as seeds in the abecarnil crystallization; meanwhile, they obtained a polycrystalline
product containing a mixture of both polymorph solids by seeding two mixed crystal polymorphs.
For the crystallization of enantiomers, Muller and coworkers!%®! highlighted the importance of
identifying the transition temperature and devised a seeding strategy that involved seeding at low
supersaturation below the transition temperature to manufacture the desired stable solid form
consistently. Sometimes seeding may fail in crystallizing the target polymorph. Yu and
coworkers!®* %! demonstrated that seeding one polymorph can nucleate a different crystal form
despite the thermodynamic stability in seeded melt crystallization of D-mannitol and D-sorbitol.
However, seeding failed to obtain the desired polymorphic outcome because of cross-nucleation
occur for other crystallization systems!¢® 671,

Except the seed purity (chemical and polymorphic purity) above, seed surface properties such

[33.68] " which may affect the crystal

as roughness and regularity are very important to seed quality
morphology and quality of products, e.g. rough surfaced seeds are more easily lead to crystal
aggregation. Generally, seed surface properties are determined by the seed origin and previous

process, e.g. seed preparation.
2.3 Seed preparation

Seed is usually crystallized products produced before to avoid complicated seed preparation
in industry, however, this does not always meet the requirements to seed size, lattice strain and
surface property. Therefore, additional processing and handling processes such as milling and
sieving are frequently used to prepare a narrow SSD for a uniform product with a narrow CSD!,
Other means such as washing, dissolution and aging are often combined together to improve SSD

14.33] Table 2 summarized the recent studies on seed preparation by using different

and quality!
combinations of various processing methods based on different crystallization system. It is seen

from Table 2 that the seed was mainly prepared by wet and dry recrystallized products, previous
8



batch products and direct commercial products. Dry milling and wet milling are the primary
processing approach used to obtain desired small seeds with a narrow size distribution. Table 3
compared the advantages and disadvantages of dry milling and wet milling.

Dry milling is widely applied to prepare dry seeds in the early phase of drug development
since dry milling operations consume fewer resources for process developmentl®). However, there
are many drawbacks with dry milling as shown in Table 3. Dry milling could melt or form a
compacted layer for some materials within the mill chamber, which cause the hydrates dehydrated
or the solvates desolvated, and make the crystals lose their crystallinity and become amorphous!>
331, The milled particles can interact with the mill metal surface. In addition, the mechanical rotor
could cause defective seeds with lots of fine crystals. In most cases, sieving is combined with the
dry milling to achieve a narrow or specified size range of seeds, as shown in Table 2. However,
there are many disadvantages associated with the seeds after dry milling and sieving. The sieved
seeds are difficult to achieve exact seed size distribution according to the sifter fraction due to the
seed particle agglomeration and the clogging of mesh. The edges and faces of seeds are fractured
or defective and the crystal dust often adheres to seed surfaces, both of which might result in
multiple crystal growth leading to particle agglomeration or other undesired growth effects!!”). To
solve these problems, seed preparation has been optimized by several groups by using a
combination of advanced process analytical technologies (PATs) and multiple operations!!* 33!,
Aamir et al.l'¥ designed several different seeds prepared by combining milling, sieving, and
washing to investigate the effects of seeds based on the batch cooling crystallization processes of
potassium dichromate. They found that the experimental results can be in good agreement with the
model-based CSD prediction if the seed quality was good with less fine particles. In contrast, the
product size distribution would be over predicted by the model if the seeds contained fine particles

331 studied the effects of three types of seeds prepared by using different

or crystal dust. Zhang et al.!
methods of milling, sieving and washing based on the experiments of B-L-glutamic acid (B-LGA)
batch cooling crystallization by using the Electron Microscope, in-situ ATR-FTIR, Focused Beam
Reflectance Measurement (FBRM), and online imaging system. They discussed the effects of seed
loading ratio, seed mean size, and seed size variance on the product yield and CSD based model
simulation, respectively. We proposed a seed preparation method to ensure seed quality for seed
recipe design and implementation, and highlighted the importance of washing seeds by the solvent.
Figure 3 shows the microscopy images of three seed crystals prepared by using different methods

with a combination of milling, sieving and washing, and their corresponding size distributions

analyzed by in-situ image system'**!. It is seen that the washed seed crystals (Figure 3 (b) and (c))



by the solvent help remove the fine crystals and smooth the seed surface, thereby improving the
final product quality and CSD.

Wet milling is a preferred approach for seed preparation to reduce seed crystal size in many
crystallization processes. It is robust, easy to use, widely applicable, and offers both financial and
product property advantages than dry milling. The advantages of wet milling for crystallization
mainly include smaller crystal seeds, tunable seed size and amount, controlled seed crystal form,
as well as the robustness of scale-up!®!, as summarized in Table 3. Kougoulos et al.l”! investigated
the effects of various particle engineering techniques including sonocrystallization, high shear wet
milling(HSWM), and dry hammer milling on product uniformity and stability based on a
conventional API batch cooling crystallization. They indicated that the use of dry hammer milling
will increase fine particle formation resulting in reduced content uniformity of both 5% w/w and
30% w/w API capsule blends compared to sonocrystallization and non-optimal HSWM, which
should be avoided in API production. In recent years, integrated wet milling and crystallization
technologies have been broadly developed to intensify crystallization processes!’® 7275 79-82],
Engstrom et al..’% proposed a scaling approach for API particle size reduction by introducing a
toothed rotor-stator wet milling based on cooling crystallization. Yang et al.[”? proposed an in situ
seed generator using by integrating the upstream application of a high shear rotor-stator wet milling
with the continuously mixed suspension mixed product removal crystallization (MSMPRC), and
significantly reduced startup duration and enhanced the product yield. The high shear rotor-stator
wet milling is popular in reducing particle size, which allows for a reduction of particle size down
to ~10-15 pm, thereby improving scalability’* 7). Due to lack of the breakage mechanism
knowledge, wet milling may lead to less-than-ideal overall robustness of the wet milling operation.
On the basis of the work by Engstrom et al.’” and Harter et al.”®!, Luciani et.al. #!! investigated
the significance of different scale-up factors to predict milling performance by a model-aided
approach and discovered a very good correlation between the breakage rate and shear number.
Ahmed et al.®? highlighted the importance of coupling wet milling and advanced inline
measurement technologies with crystallization to engineer desirable particle attributes. The wet
milling seeded crystallization with PATs was coupled to investigate to reduce particle surface
energy through interchanging the rotor-tooth configuration and operating the rotational speed,
which demonstrated integration of wet milling technologies particularly rotor-stator devices can
effectively avoid common issues encountered with traditional dry milling units®?!. We believe wet
milling combined with crystallization has considerable potential to enhance crystal seed attributes

control.
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However, it is also noted that some post-processing processes can make the seeds ineffective.
For instance, Sung et al.®¥] found out that the washed seeds of magnesium sulfate heptahydrate
were ineffective when they were used to seed crystallization solution below a supersaturation of
2.3 °C. Seed activation can be sometimes necessary, as crystals exposed to environmental
conditions may not grow at low supersaturation, which may be due to surface contamination. Seed
activation can be achieved by washing or wet grinding with a solvent before addition/*?!,
Additionally, seed slurries are often prepared and settled for hours to avoid agglomeration and

solvent entrapment!®4],
2.4 Seeding condition

In the past two decades, many researchers have confirmed that seeding condition within
crystallizer is vital for crystal evolution and product quality for seeded crystallization processes.
The effects of various seeding conditions have been reported in the literature, mainly including

26, 85, 86

seeding supersaturation 1 temperaturel®” 81 seeding point!?” 81 seeding timel®> 30 ¥

metastable zone width(MSZW)!® %l material of stirrer and crysatllizer®! and hydraulic property!*%
in crystallizer. During these studies, supersaturation, temperature and location at seeding are the
most preferred factors due to their direct and serious influences on product quality attributes. Figure
4 shows a schematic diagram of solution concentration-temperature phase, which is divided into
three zones: stable zone, metastable zone (MSZ) and unstable zone. The stable zone is an
undersaturated zone wherein seeds will be fast dissolved, e.g. seeding point SPo and SPs, thus the
seeds in general are not be added in this zone unless intentionally for partial seed dissolution. The
unstable zone is a supersaturated zone where spontaneous nucleation will happen, e.g. seeding
point SP4 and SPo, thus it will make meaningless by adding seed strategy unless you want to seed
by nucleation.

Seeding are usually carried out in the MSZ, e.g. SP> and SP7 as illustrated in Figure 4, to avoid
seed dissolution and nucleation, because MSZ is one area that without spontaneous nucleation and
dissolution, but in which crystallization can be induced by adding seeds!*®). However, choosing an
appropriate location in MSZ to add seeds is not easy, since it is largely dependent on the knowledge
of MSZW. For convenience, seeding was commonly performed at a low supersaturation so as to
avoid nucleation®). In some cases, in order to improve seed quality and size distribution, the seeds
were added in the unstable zone but close to the solubility curve so that it can partially dissolve
fine crystals and smooth seed surfacel*® #°!. Therefore, the solubility curve and the MSZW should
be established before a suitable supersaturation and temperature profile can be set. A general rule
of thumb is to add seeds midway between the solubility curve and the super-solubility curve!!),

The point of seeding can be derived either from the knowledge of solubility and super-solubility,
11



fixing the point was advised to near to the solubility line and to a maximum of 1/4 to 1/2 into the
MSZ (like the yellow region as shown in Figure 4) or by trial-and-error®®). Online measurement
by PATs can be a critical aid in detecting the right seeding point®?). Measurement of solution
concentration by, e.g., Attenuated total reflectance-Fourier transform infrared (ATR-FTIR)
spectrometry, Near Infrared (NIR), UV/vis or Raman spectroscopy can be very effective in
detecting seeding points. After seeding, in order to ascertain the effectiveness of seeding, particle
count and size distribution can be measured by an in-situ/on-line particle size and counting
instrument, e.g., FBRM, online imaging, and Ultrasound.

Supersaturation, together with the amount of available crystal surface area provided by seeds,
largely defines both crystals’ growth rate and their quality®!. If supersaturation is higher or closer
to the upper limit of MSZ, an explosive nucleation, avalanche or shower of crystals can occur,
thereby further inducing secondary nucleation, crystal breakage and agglomeration. In addition,
high seeding supersaturation can cause higher crystal breeding, subsequent outgrowth of secondary
nucleation and agglomeration®]. Warstat and Ulrich hold that seeds should preferentially not be
added at a higher supersaturation than 30-40% of the MSZ*1. It was generally recommended to
add crystal seeds at lowest possible supersaturation!’®], but a lower seeding supersaturation might
be responsible for seed dissolution!’*. Moreover, the supersaturation at seeding time is also related
to seed mass, seed size and solution temperature, a suitable supersaturation should keep seeds
growth but without dissolution and secondary nucleation occurrence!’*. However, identifying a
suitable seeding temperature is not easy, because the temperature effects are commonly coupled
with supersaturation, seed loading and following temperature profile!'”- **. Nevertheless, some

32,85, 87

studies! I found that seeding temperature was crucial on crystal form, shape, and even final

product quality. The same seeds could evolve into different crystal shapes under the different

881 For cooling crystallization process, the temperature was commonly

seeding temperatures
manipulated to keep supersaturation within MSZ to avoid inadvertent secondary nucleation while
maintaining growth. A superior temperature profile for seeded crystallization was deemed to keep
supersaturation constant by a model-based or model-free feedback control®> %3, Moreover, seeding
time and location are also important operating parameterst’-27- %) Generally, the seeding location
should be a point where seeds were well dispersed, e.g., close to stirrer to add seeds®®!. Once the
seeds were added, an isothermal condition was generally maintained for some time for seeds to be
dispersed into the solution and to consume the initial supersaturation'!”). Sullivan et al. suggested

that the first 15-30 minutes following seed addition were the most critical period in ensuring the

effectiveness of seeding!”’.
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Besides above main influencing factors, the material of stirrer, baffle and crystallizer®®, size
and shape of agitator and hydraulic properties’®> °!! in a crystallizer were also found to affect the
seeding effectiveness to some extent, thereby affecting the product form, size, and quality. In
addition, it should be noted for evaporative crystallization, that hot surfaces of the heat exchanger
might lead to the partial dissolution of seeds!'?!. This often happens in evaporative crystallization

processes, especially when the damaged crystals have a higher solubility and a slower growth rate.
2.5 Seed storage

Seed storage is often ignored in lab research because it is not a problem to prepare a handful
of seeds whenever necessary. A great quantity of seeds is generally prepared in advance to avoid
the whole crystallization process to shut down, especially for the continuous seeded crystallization,
thus seed storage becomes particularly important. Seed storage may encounter several issues.
Contamination and agglomeration of seed particles are major concerns since they may seriously
affect seed quality, which result in seeding failure, and yield low-quality products. The crystal seed
surface can be easily poisoned, even by exposure to ambient air. The poisoned surface may hamper
seed growth or result in crystal monstrous growth>%!,

How to maintain seed quality and prevent seed agglomeration is a challenge to seeded
crystallization process. The seed sizes commonly are mostly distributed among 1-200 pm, which
easily lead to particle agglomeration. Typically, the seed slurry was stored temporarily in a pre-
equilibrated solution with preset concentration and temperature. Figure 5 shows a typical seed
slurry vessel used for seed storage, which includes a vessel with an agitator, a temperature control
system, and a pump for subsequent seed slurry transport. The temperature control apparatus is used
to maintain the vessel constant temperature because if the solution for seed storage is not suitably
pre-equilibrated, the seeds may dissolve or grow. To avoid temperature gradient within the vessel,
and the pre-equilibrated solution is held at a constant temperature. Another potential process risk
factor is settling of seeds, thus proper stirring is generally essential to ensure seed dispersion. It
found that the seeds were preserved in a slurry for several weeks without showing degradation or
change of particle size or shapel®”!.

In addition, seeds are sometimes stored in an anti-solvent liquid (for instance, sugar seeds in
propyl alcohol) with a certain mass to avoid damp and aggregation!®®. However, one potential
question is that the way may lead to seed contamination, even result in inactivation. A possible
solution is making the seed particles suspend among the crystallization solution before seed
addition to remove impurities and clean the growth faces. It is better to activate the seed surface to

dissolve the contaminated outer layer by a prepared solution!! %),

2.6 Seeding mode
13



Traditionally, seed particles were added from an external source, initially as a dry powder, but
more generally as a slurry in a saturated solution of mother liquor or an appropriate anti-solvent™.
Although seed can be well prepared beforehand and seeding condition can also be optimized,
maintaining the quality and dispersity of seeds in the crystallizer is more important. Therefore, the
seeding mode becomes a critical step. The seeds can be added as a dry powder or as a wet slurry.
One seed generation approach is dry milling, in which the pin mill and jet mill are two common
types of dry mill methods depending on the seed size specification®]. However, dry powder is prone
to particle clumping or aggregation if not properly processed, and the hydrophobic seed particles
are susceptible to agglomeration due to strong polar or non-polar interactions. In contrast, seed
slurry is a more preferred method in practice, as it can overcome the above drawbacks by dispersing
the seeds in a small volume of liquid before their addition into the solution. The slurry could be
prepared in a saturated solution of the same solvent or a different solvent as in anti-solvent
crystallization. In addition, seed slurry allows healing of processed seed particles by smoothing the
fractured faces and edges of the seed particles through growth and Ostwald ripening.

After preparing the seed slurry from the vessel, the next question is how to transport the
suspension into the crystallizer. The transport of seed slurry may meet several problems, especially
for continuous seeding crystallization'’”. Clogging and settling of solid particles are major
concerns since they may fully stop flow in the tubing, force the process variables out of their design
space, and even oblige the whole production to shut down!> %% 191 Moreover, the heat loss to the
environment can cause seed growth and nucleation happening on the tube wall during transfer,
hence resulting in either clogging/settling in the tube or a lot of fine crystals!!’?. How to maintain
a consistent flow of the seed suspension and prevent clogging/settling is a challenge for seed slurry
transfer especially in the continuous seeding crystallization. In order to avoid these risks, it can
take the following methods: remove unnecessary fittings, cut down the tubing as short as possible,
enlarge tubing inner diameters, increase the heat preservation, increase flow velocity, selecting
material of tubing inner walls, etc. However, enlarging tubing diameters will decrease the flow
velocity of suspension and cause settling of seeds if the total flow is kept constant. Through process
design, increase heat preservation, avoid seed dissolution or growth, strengthen pipeline design,
reduce the risk of blockage and settlement, so as to improve the sowing mode. Overall, these
possible risks mentioned above during the addition of seeds should be considered in the process

design for safety and product quality.

3. Challenges and opportunities
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Although significant progress has been made over the past two decades, many elements
regarding the design, optimization and control of seeding with more accurate description remain
enigmatic. Current prominent issues are highlighted as follows:

® Seced is commonly simplified into one-dimensional size with an overwhelming use of the

mean seed size and coefficient of variation for operation design and optimization, which
is oversimplified and the crystal shape distribution is lost, resulting in inaccurate or
unrepeatable products.

® Sced is generally assumed as an initial variable, then the model-based optimization

strategies often perform suboptimally owing to the uncontrollable operating disturbances
by the abrupt seed introduction.

® Sceding technology lacks systemic design and evaluation methodology of seeding

technique including seed preparation and loading.

In view of the above problems, the potentially valuable topics to improve seeding technique

are summarized from the following several aspects.

3.1 Seed measurement and monitoring

The seeding technology development is largely dependent on the measurement technology,
which lies in the research of the sensor, signal transmission and measure instrument. One of the
most important enablers of modern crystallization technology might be the FBRM, which extended
the concept of seeding and realized the real-time online measurement of crystal characteristic size.
With the use of FBRM, online monitoring and controlling methods have been greatly developed in
crystallization processes. As the FBRM only measures the one-dimensional chord length of crystals,
which is difficult to apply the model-based control, and the accurate CSD from chord length
distribution (CLD) is almost impractical by the existing transformation methods!'* !4, Many other
measurement methods have also been developed for inline or online measurement of crystals, such

as online imaging, microscopy, Raman spectroscopy, and ultrasound, as reviewed in the papers!®

105, 106]

Unfortunately, few people pay attention to the online detection of seeds in past research. On
the one hand, it was lacking of feasible equipment for seed online measurement, mostly the seeds
were taken as an initial variable and measured by offline methods. Therefore, seed measurement
results by the online measurement apparatus are open to question, because few works discussed
the measurement precision and accuracy of the measuring equipment while used for seeds. On the
other hand, it is more difficult for seed measurement owing to seed size is much smaller, which
asks for higher requirements on the software and hardware of measuring apparatus and transducers.

The measurement accuracy will be reduced largely when the seed size is very small, which is more
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challenging for two-dimensional and three-dimensional measurement and monitoring of such small
crystals. However, monitoring particle dimension and count in real-time enables the seeds to evolve
as expected in the process and allows for direct feedback control of the seed morphology to target
final products of a specific crystal shape distribution with desired downstream and quality
properties. In addition, mapping seed behavior through inline/online measurement and monitoring
can significantly increase the probability of success and minimizes the need for additional scale
down experiments for improved understanding and optimization due to unexpected process
behavior. Predictably, online measurement of dynamic micro crystals will become one of the most

promising and anticipated directions for revolution in the crystallization field.

3.2 Operation design and optimization

The idea of quality-by-design (QbD) has already been accepted extensively and widely used
to improve product quality attributes in the field of crystallization industry. Some researchers tried
to present a framework or general rules for designing or optimizing seed recipe. It is worth
mentioning that 20 empirical rules were proposed by Ulrich and co-workers for designing seeding
of batch crystallization process that takes into consideration of the MSZW, growth rate,
agglomeration tendency, and secondary nucleation!®!. The proposed rules can be used to aid the
selection of near-optimum process conditions for specified product properties. It’s proposed that
seeding should be implemented at moderate supersaturation (30-40% of the MSZW). These rules
are easy to implement and contribute to the selection of seed size and the alleviation of
agglomeration. Some made endeavors to optimize seeding protocol and found that optimizing seed
recipe could obtain a better result than optimizing the supersaturation'® #, as mentioned above.
Nagy et al.’l presented a QbD framework for optimal seed recipe design for batch cooling
crystallization, which can achieve a target product CSD by optimizing the amounts of seeds from
various sieved seed fractions. Moreover, they investigated the effects of seed quality prepared using
different methods and provided an evaluation method based on experiments and simulations!'*l.
Industrial practitioners may find it difficult to put the strategy into practice because sieving
operation and collection of different sieve fractions necessitate a host of GMP procedures.
Furthermore, the desired seed size distribution may be inaccessible via sieve in practice, especially
for fragile needle-like crystals.

One question is whether the existing seed preparation scheme is a feasible solution for
industrial applications at present. Whether the seeding strategy is the simplest and effective method
should be assessed according to certain performance indicators. However, the systematic
evaluation methodology is desperately lacking, and the methods of seeding design and optimization

are very limited, which are restricting the promotion and application of seeding technique. In
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practice, the seeding process is a complicated system engineering. It is difficult to give a general
evaluation method due to lots of variables coupling to each other. In our experience, The reasonable
decomposition of design process is a method to reduce the influence of various coupling factors
under the guidance of system engineering methodology. Another question worth thinking about is
how to precisely control seed loading? According to the authors’ knowledge, previous studies
generally considered seed loading as uncertainties rather than controlled variable for the control of
the product CSD and quality. The systematic strategy for optimizing product quality attributes by
controlling seed loading is rare. The systematic strategy to precisely control the shapes of CSD in
real time by continuously adding seeds should be of concern. Furthermore, designing seeding
policy by coupling with other auxiliary equipment such as mixers to continuously seeding can be
a potential, which can provide extra freedom for design and optimization of crystallization. Real-

time continuous seeding technology should be further developed.

3.3 Seed action mechanism

Although the seed adding technique has been widely applied in the field of crystallization, the
mechanism of seed action is not well understood and the optimal seeding policy is still in debate.
Seeding control is still unclear and empirical, which commonly adopted a semi-empirical
correlation to describe the seeding process simplistically. Due to the inadequate understanding of
seed action mechanisms, and the influences of impurities, additives, and solvents on the growth
rate of individual crystal faces, the model-based control always remained poor and unsatisfying.
There are still many unexplained phenomena, such as inert crystals, the invalidity of crystals!*®!,
the failure of seed crystals smaller than a certain size to grow®®), whether there are inactive seeds
existed owing to the seed itself is incomplete or process damage, and literature data were sometimes
contradictory!®’!. Seed growth by primary nucleation and secondary nucleation is also
unresolved!*®). Moreover, the shape of seeds can be modified by both chemical and physical
methods (e.g., the use of solvents, additives, pH, and temperature cycling)!!°”!. The first-principles
understanding of the effect of each of these methods is required to engineer crystal shape according
to their functional applications. Therefore, a full understanding of the seed assisted crystallization

mechanism still requires vast research. Some crystal growth models!?”!

provide a better
understanding of the mechanism of growth and shape evolution. The models can help to design
more efficient experiments by reducing the size of the parameter space to be explored. Molecular
simulation may be one useful tool in providing mechanistic insight into the various kinetic

processes involved in the growth of individual crystal faces from a molecular perspective!!?3-11%,
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In addition to using the homogeneous seeds and additives, the heterogeneous seeding could
be a promising means to better understand and control the nucleation and crystal growth

[20, 111

processes 1. However, the mechanism of heterogeneous seeding is more complicated.

4. Conclusions

In this paper, a critical overview of the major developments related to the seeding technique
in crystallization research over the past two decades is reviewed, and the challenges and
opportunities faced by crystallization research are revealed. The main developments occurred in
the application of the traditional seeding technique are deep understanding of effects of various
seeding parameters, rules of thumb for seed loading, and quantitative seed recipe design and
optimization. However, kinds of problems existed in currently seeded crystallization described in
the paper indicate that the potential of seeding technique is worthy of expectation. With the
development of seeding technology, there is no doubt that new and more effective methods are
needed to improve the seeding efficiency and practicability. One common issue of the current
seeding technique is costly and time-consuming for seed preparation. Therefore, the novel seeding
technique should be valued to solve the issues and to improve the availability and controllability
of seeding technique. Many recent trends can be distinguished in the literature regarding the
development of new seeding techniques and methods to crystallization processes. Without the sake
of completeness, the following three topics of interest can be considered as a potential to develop

new technologies:

® Multiple-pass seeding technique is a potential alternative to control seed loading with
different size and shape distribution, which can be used to deploy seed recipe with
different size and mass according to the optimized control strategies, and then treat
seeding as a processing variable with adjustable degree of freedom, so as to realize real-

time seeding control.

® New design strategies integrating seeding technique with auxiliary technologies, such as
ultrasound, mixer, and gassing, should be developed to improve seeding effectiveness.
We believe there will be some surprises if appropriate auxiliary technology is chosen to

assist or couple with the seeding technique.

®  Automation technologies are extremely urgent to improve the control level of the seeding
technique, improve process safety and overcome the uncertainties of process operation.

In addition, new seed generation modes such as anti-solvent, additives and inducer
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should be extended, and new methods to meet specific requirements are expected to be
developed.

In addition, most of the designs of the industrial crystallizers lack effective actuators meet the
desired control objectives, e.g., producing a product with a defined CSD!"!?!. Moreover, the
effectiveness of the available actuators is generally quite limited. It is worth noting that improper
use of the process actuators can have detrimental effects similar to those caused by deliberate
process disturbances. Eliminating the negative effects is often impossible as many actuating
techniques have an irreversible action. To intensify the safety and effectiveness, the automatic
seeding actuator should be developed to effectively track the control objectives.

The challenges and opportunities for seeding technique discussed above do coexist, which
also point out the directions for further research and improvement of seeding technology. With the
development of new technologies and new methodologies, the seeding technique is moving from
an artistic status to a scientific plateau, and it is becoming increasingly important and will be

brilliant in the field of industrial crystallization.
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API Active pharmaceutical intermediate
ATR-FTIR Attenuated total reflection-Fourier transform infrared
CLD Chord length distribution
CSD Crystal size distribution
Cv Coefficient of variation
DIIM Dual impinging jet mixer
DNC Direct nucleation control
GMP Good manufacturing practice
FBRM Focused beam reflectance measurement
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Tables and Figures
Table 1. Key seeding aspects and desired production targets
Table 2. Summary of the studies on seed preparation

Table 3. Comparison of advantages and disadvantages of dry milling and wet milling

Figure 1. Seed VBCG for batch cooling crystallization.

Figure 2. Ishikawa diagram illuminating possible causes for seeding failure in crystallization

processes

Figure 3. Microscopy images of seeds prepared by three different operating conditions and the

corresponding size distributions measured by a non-invasive imaging system
Figure 4. Schematic diagram of seeding point distribution

Figure 5. Typical seed slurry vessel used for seeded crystallization
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Table 1. Key seeding aspects and desired production targets

Seeding aspects Production targets

® Seed attributes ® Product attributes
(1) Mass @ Product purity
(2) Size distribution @ Product yield
(3 Polymorph ® CSD of products
(4) Lattice strain *  Maximize mean
(5) Surface properties e Predictable

® Operational aspects at seeding point e Uni-modal
(O Supersaturation e Narrow
2 Temperature @ Polymorph fraction
(8 Mixing during insertion ® Crystalline fraction
@ Location of insertion ©® Product shape
® pH @ Reproducibility
® Hold time ® Operational attributes
(@ Solvent ratio(Anti-solvent) @ Scale-up behavior
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Table 2.

Summary of the studies on seed preparation

Dry or . Milling or . . Washing or Filtering
System Seed source Mechanism . Sieving Aging . : & Process type Reference
wet grinding dissolution drine
Ceftriaxone sodium+ Re-crystallized Dry Milled anti- N N — — — Offline [13]
acetone product crystallization
product
Potassium dichromate +  Re-crystallized Dry Ball milling \ \ — \ \ Offline [14]
water product
Indomethacin + ethanol Re-crystallized Dry No milled — v — — — Offline 1321
Indomethacin + acetone product crystals
L-Alanine + water Re-crystallized Dry No milled — v — \ \ Offline [68]
product crystals
Potash alum + water Re-crystallized Dry Milled v v V v v Offline [69]
Ammonium oxalate + product crystals
water
API+ ethanol Re-crystallized Wet Teethed \ - - — — Offline & 701
product rotor-stator inline
milling
Sulfathiazole+ n-Propanol ~ Re-crystallized Dry Cooling — — \ \ \ Offline (711
polymorph crystallization
product
Paracetamol + ethanol Re- Wet Rotor-stator V — — — — In-situ 721
crystallization wet milling
product
Triethanolate + ethyl Previous batch Dry Seed healing — — v V V Offline [28]
acetate/ethanol/ water products
Paracetamol +water and ~ Previous Wet Wet milling v — — V \ In situ 73]
isopropyl alcohol (IPA) product
Ammonium sulphate + Product & Dry & High speed V v V \ \ Offline (741
water Previous wet rotor milling

product slurry
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Continued Table 2

System Seed source 33 or Mechanism gfilﬂé?fgor Sieving Aging ZZSssc)hlﬁfonor lglﬂaer;r;gg Process type Reference
Benzoic acid + ethanol Commercial ~ Dry Jet mill N N — — — Inline 31
product
L-glutamic acid + water ~ Commercial ~ Dry Ball milling V V — \ \ Offline 331
product
Mannitol + isopropyl Commercial  Dry & Wet and dry v v — \ — Off line& 751
alcohol/water product Wet milling & In-line
ultrasound
Ammonium sulphate + Commercial Dry & Ball milling v v V \ \ Offline& 76l
water product wet inline
Lactose + propan-2-ol/1- ~ Commercial Dry Fluid \ Wet — \ — Offline 7]
butanol Lactose energy mill sieving
API Commercial Wet Ball milling \ v V v v Offline 781
product
Aspirin and three Commercial Wet Rotor-stator \ — — — — Inline [79]
additional development product milling
compounds
Monosodium L-glutamic ~ Commercial ~ Wet Wet milling V — \ \ \ In situ [80]
acid monohydrate + product & Re- & Previous
hydrochloric acid & crystallized products
D-mannitol + ethanol product
1-Butanol+water Commercial ~ Wet High-Shear V — — — — In-situ 811
n-Heptane/Methyl Isobuty product & Re- Rotor—Stator
Ketone crystallized Wet Milling
product
Acetaminophen + 2- Commercial ~ Dry & Ball mill & v v v — — Off line& [821
propanol product Wet rotor-stator In-line
milling
“\" indicates the processing method was used in seed preparation, while “— indicates the processing method was not adopted or not mentioned in the
reference.
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Table 3.

Comparison of advantages and disadvantages of dry milling and wet milling

Proce'ssmg Advantages Disadvantages
technique
Dry milling ® Simple and practicable ® (Change crystal form, structure and
® Increase batch reproducibility crystallinity
® Improve controllability ® (Contaminated or poisoned during milling
® Change lattice strain ® (ause seed agglomeration and poor seed
® Form new growth points and quality with numerous fine crystals
improve crystal activity ® Need multiple steps for post-processing
® Consume less resource for with time-consuming
process development Uncontrollable seed size distribution
Wet milling @ Produce smaller seeds ® Increasing secondary nucleation
® Controlled seed crystal form ® Potential power consumption and cost to
® Tunable of seed size and remove solvent
amount ® Breakage mechanism is unclear
® Robust for scale-up ® Solvent entrainment
® High efficiency& uniform ® Requiring extra unit operation

particles
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Seed VBCG for batch cooling crystallization®!. Abbr. IC means initial condition. ‘+’

and ‘=’ indicate that the cause and effect variables tend to change in the same and opposite

direction, respectively.
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Figure 2. Ishikawa diagram illuminating possible causes for seeding failure in crystallization

Processes
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Figure 3. Microscopy images of seeds prepared by three different operating conditions and
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Figure 5. Typical seed slurry vessel used for seeded crystallization
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