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ABSTRACT: Continuous-flow solution crystallization is an approach to
manufacture pharmaceutical crystals with improved control of product
characteristics, simplified postcrystallization operations, higher production
rate flexibility, and reduced capital costs and footprint. An indirect
ultrasonication-assisted nucleation process is designed to vary the seed
generation rate during operation independent of mass flow rate, by varying the
ultrasonication power. The ultrasonication probe is pressed against a tube to
generate a spatially localized zone within the tube inside of a temperature bath
for the generation of crystal nuclei without heating or contaminating the
supersaturated solution. This nucleation design is integrated into a continuous
slug-flow crystallization process to generate uniform-sized product crystals
within each slug at a high supersaturation level and a short residence time of
∼8.5 min, without inducing significant secondary nucleation. By increasing size
uniformity, the indirect ultrasonication-assisted slug-flow crystallizer has
potential as a final crystallization step to produce crystals for direct compression tableting without having any possibility of
metal contamination.

1. INTRODUCTION

In the pharmaceutical industry, the continuous generation of
crystals of target size distribution has the potential to simplify
and/or reduce postcrystallization operations.1,2 Crystal growth
can be effectively controlled in a segmented/slug flow3−6 that
can be operated at low enough supersaturation to remove or
greatly suppress secondary nucleation,7 but the control of
primary nucleation to generate the initial seed crystals is more
limited.8 The joining of two streams in dual impinging jet,
coaxial, or radial micromixers has been demonstrated to
produce seed crystals of uniform crystal size distribution
(CSD)7,9 but with a nucleation rate that depends on the liquid
flow rate.7,9−11 In addition, the primary nucleation rate in many
micromixer designs is very sensitive to inlet flow alignment, and
clogging can potentially occur in low velocity regions of the
micromixers.
Ultrasonication is a technology for facilitating primary

nucleation that has been useful in various industrial and
academic studies.12−16 The nucleation rate is a function of
ultrasonication parameters rather than just liquid flow rate,
which provides extra degrees of freedom for controlling the
CSD. Ultrasonication-assisted crystallization seldom has
clogging problems and actually has the opposite effect and is
commonly used to remove particles from containers for
cleaning purposes.13 Ultrasonication facilitates primary nucle-
ation by inducing acoustic cavitation in the liquid solution using

high-frequency mechanical vibrations from converters (con-
nected sonication generator).17

The effect of ultrasonication operation parameters on
crystallization process and crystal size has been widely studied
(e.g., see refs 13, 17−20, and citations therein), which indicates
that the primary nucleation rate is sensitive to the power
amplitude. This observation suggests that the power amplitude
is a good choice for control of the primary nucleation rate in a
continuous crystallization, which is the approach taken in this
article.
In most studies of sonocrystallization, an ultrasonication

probe (or horn) is in direct contact with the liquid solution,
which may induce secondary nucleation from metal contact or
contaminate the solution with metal after a long time of
use.13,21 The closer the liquid solution is to the probe tip, the
more ultrasonication energy per unit volume is transferred to
the solution, which is more spatially localized than when a
sonication bath is used. This article uses an ultrasonication horn
and so has spatial localization of ultrasonication energy but
does not directly contact the horn with the liquid solution. The
ultrasonication probe tip is placed close enough to the liquid
solution so as to transfer significant power and induce primary
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nucleation, but the tip and liquid solution are separated by a
thin wall of plastic.
This article describes the implementation of this indirect

ultrasonication-assisted primary nucleation into a slug-flow
cooling crystallizer to demonstrate rapid generation of a large
amount of crystals of larger size than the nuclei. The most
closely related study is described in a high-quality paper
published by Khinast and co-workers3 that also employs
indirect ultrasonication and crystal nucleation and growth in a
liquid solution flowing through plastic tubing. The main
differences compared to ref 3 (and relevant work in a very
recent paper22) is that this article (i) uses an ultrasonic probe
focused on a small spatial location instead of placing a long tube
in a sonication bath, (ii) has more than an order of magnitude
less time in which the solution is in contact with ultra-
sonication, and (iii) uses a simpler experimental system. The
pros and cons of the different configurations are discussed at
the end of the Results and Discussion section.

2. EXPERIMENTAL MATERIALS AND METHODS
2.1. Materials. The solute is L-asparagine monohydrate (LAM,

purity ≥99%, from Sigma-Aldrich), which forms crystals in the solvent,
deionized (DI) water, that have a strong tendency to aggregate.9

2.2. Equipment. A slug-flow cooling crystallizer that decouples
crystal nucleation, slug formation, and crystal growth to allow control
of the individual processes is shown in Figure 1. The main differences
with past similar experimental systems are described in the
Introduction section.

The ultrasonication equipment for nucleation (Sonics VCX 750,
Figure 1b) is composed of a generator, a converter, and a probe. Its
generator has a working frequency of 20 kHz (widely used for
sonocrystallization studies13,17,18,20,23) and an input electric power of
750 W. The generator’s output power to the probe (Sonics 630-0597)
increases as the amplitude increases (Table 1). Different amplitude
values are set on the control panel of the generator keypad. The probe

tip diameter is 13 mm, which is large enough for the center of the tip
to cover the outer diameter (6 mm) of the silicone tubing.

A T-mixer of 2.7 mm inner diameter was employed for slug
generation with its two inlets connected to the slurry and air. A
peristaltic pump (Masterflex pump drive 7521-40, Easy Load II pump
head with model no. 77200-50) was used to transfer hot slurry to the
T-mixer through a silicone tube (Masterflex BioPharm Plus platinum-
cured silicone tubing, 3.1 mm inner diameter). Filtered air at room
temperature (20 °C) was transferred to the T-mixer through the same
peristaltic pump with dual pump heads (their rollers were offset to
suppress flow oscillation). Downstream of the T-mixer was 15.2 m of
silicone tubing (Dow Corning Pharma-80 tubing, 3.1 mm inner
diameter) in room-temperature air used for downstream crystal
growth.7 The solubility of LAM in DI water is 0.023 g/g at room
temperature. Product crystals were characterized using a stereo-
microscope (microscope model no. XV331AC20C from Cyber
Scientific Corporation and camera model no. DFK 22BUC03 from
The Imaging Source, LLC).

2.3. Procedure. Nucleation from a supersaturated liquid solution
is induced by the ultrasonication probe, which is followed by the
formation of alternating slugs of air and slurry. The inlet air and liquid
flow rates are selected so that the slugs form spontaneously as the
hydrodynamically stable multiphase flow.7 The supersaturated liquid
solution was generated by slowly cooling a solution of 0.09 g LAM/g
DI from 52 to 45 °C, which was the temperature of the bath in which
the ultrasonication probe tip was placed (Figure 1b). (The slow
cooling was the result of heat loss from the tube to its surroundings
during transit from the 52 °C feed tank through the peristaltic pump
to the 45 °C tank. The temperature of the solution in the tube right at
the probe was also measured to be 45 °C in separate experiments
using the same setup, same solvent (DI water), and same
temperature−with the only difference being with no solute present.)
It is well established that ultrasonication reduces the width of the
metastable zone,12 and the resulting absolute supersaturation of 0.015
g LAM/g DI at 45 °C was selected to be lower than but close to the
unseeded metastable limit of cooling nucleation observed in past
experiments9 so that primary nucleation is induced in the solution in
front of the ultrasonication probe only when the probe is in operation.
The mass flow rate of the inlet liquid solution was 4.03 g/min with a
linear velocity of 0.89 cm/s, and the ultrasonication residence time,
that is, the time in which the liquid solution experiences cavitation as
observed by eye, is 3 s.

LAM nuclei generated from ultrasonication of supersaturated LAM
solution traversed the tubing for 0.7 m before slug formation, with the
tubing in room-temperature air. The distance of 0.7 m was selected to
be long enough that the presence of air downstream in the tube does
not significantly dampen the energy transferred to the liquid by the
ultrasonication probe. The slug generation experimental setup is the
same as in a previous slug-flow experiment that used a radial mixer,7

except this article also uses slugs of water before and after the LAM-
containing slugs so that the pressure drops from the inlets to the tube
outlet are nearly constant. This procedure results in constant slug
velocities throughout the entire experiment instead of having time
periods during startup and shutdown with higher slug velocities. The
crystals grow in the slugs of slurry while traversing through the tubing,
for a residence time of ∼8.5 min between slug formation and outlet. At
the outlet of the tubing, slurry slugs were collected into polystyrene
wells (1.5 cm in diameter) for off-line imaging under the stereo-
microscope.7

3. RESULTS AND DISCUSSION
The nuclei from indirect ultrasonication-assisted cooling
nucleation at different amplitudes are compared in section 3.1
to determine good values for subsequent crystal growth in the
slug-flow crystallization process in section 3.2.

3.1. Sonication-Assisted Continuous Seed Generation
by Cooling Crystallization. For the same experimental
system, inlet streams, and operating conditions, more nuclei
were formed with ultrasonication than without (see Figure 2),

Figure 1. (a) Schematic of the slug-flow cooling crystallizer with
ultrasonication-assisted nucleation. (b) Photograph of the experimen-
tal setup for ultrasonication. For maximum acoustic energy transmitted
from the ultrasonication probe to the solution inside silicone tubing,
the probe was placed in direct contact with the outer wall of silicone
tubing, in water whose temperature was kept constant. The water
outside the tubing is used to draw thermal energy generated by the
ultrasonication away from the ultrasonication zone. The right
background shows downstream tubing whose temperature can be
controlled by placement in a temperature-controlled water bath.7
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which is consistent with past studies that indicate a shortened
induction time with ultrasonication.14 For experiment no. 1 at
zero ultrasonication power (Table 1), most of the membrane
filter contained no crystals, which is consistent with the average
supersaturation of 0.015 g of LAM/g DI being below the
metastable limit for this experimental system under these

operating conditions (i.e., at 45 °C).9 Figure 2a shows the few
images that contained any crystals, with the seed crystals that
were obtained having over an order of magnitude variation in
crystal size. Crystals were consistently nucleated for the
experiments with ultrasonication (Figure 2b−f), with the
crystals becoming smaller with increasing ultrasonication

Table 1. Experimental Conditions and Size and Shape Statistics for the Ultrasonication-Assisted Nucleation of Seed Crystalsa

experiment number 1 2 3 4 5 6

ultrasonication amplitude set point (% maximum) 0 20 40 50 60 80
ultrasonication power output (Watts) 0 9 26 39 45 68
image of generated seed crystals Figure 2a Figure 2b Figure 2c Figure 2d Figure 2e Figure 2f
mean length (μm) 34 53 42 24 20 20
standard deviation, length (μm) 20 25 20 8 12 11
standard error, length (μm) 2.3 1.6 1.3 0.5 0.8 0.9
mean width (μm) 23 33 27 15 12 13
standard deviation, width (μm) 18 18 16 6 8 8
standard error, width (μm) 2.1 1.2 1.0 0.4 0.5 0.7
coefficient of variation in length 0.60 0.46 0.47 0.32 0.59 0.54
coefficient of variation in width 0.79 0.54 0.56 0.41 0.65 0.65
mean aspect ratio 1.87 1.84 1.69 1.83 1.82 1.66

aThe ultrasonicator vendor recommended that the ultrasonication be operated at or below a set point of 80% maximum amplitude (the power
reading takes a few seconds to reach stable counts) continuously for our experimental time of 7 min or longer, thus continuous ultrasonication at
100% maximum amplitude was not carried out. The power output was calculated, as suggested by the vendor, to be the difference in power reading
from the generator screen between when probe is in solution and in air at the same amplitude. The mean length and width are on a number basis.
The standard errors are estimates of the uncertainties in the mean width and length measurements determined using Monte Carlo sampling.28

Figure 2. Microscope (with polarizers) images of seed crystals generated by cooling nucleation with ultrasonication (before slug formation in Figure
1a) at different ultrasonication amplitude set points (values listed in Table 1): (a) experiment no. 1, (b) experiment no. 2, (c) experiment no. 3, (d)
experiment no. 4, (e) experiment no. 5, and (f) experiment no. 6. The background of each figure is a membrane filter with a pore size of 2 μm.
Images at two different spots on the membrane are shown for each experiment. The images for experiment no. 1 with zero ultrasonication power
were selected among the few that showed any crystals on the membrane filter. The images for the experiments with nonzero ultrasonication power
contained crystals, with representative images shown in parts b−f. The ultrasonication setup, excluding the slug-flow section, is shown in Figure 1b.
The seed crystal size and shape statistics are reported in Table 1
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power (Table 1, Figure S1 in the Supporting Information).
Some abnormally large crystals were observed for an ultra-
sonication power amplitude set point of 40% and less (Figure
2a−c) but not for 50% and higher ultrasonication power
(Figure 2d−f), indicating that the higher power should be used
in this experimental system if the objective is to manufacture
uniformly sized crystals.
Ultrasonication increased the nuclei number and size

uniformity (compare coefficient of variations for experiments
1 with 2−6 in Table 1). In the range of ultrasonication power
amplitude set points from 20% to 50%, higher ultrasonication
power reduced the size of the seed crystals (Figure 2d−f, Table
1), which is consistent with sonocrystallization results
published for other compounds.17−20,23 This observation is
consistent with a higher ultrasonication power generating more
bubbles that can act as direct or indirect sites for nucleation, so
that the solute crystallizes on a larger number of nuclei.
Increased ultrasonication power would be expected to increase
the nucleation rate as long as the fluid inside and outside of the
tubing has a high enough mass flow rate and heat capacity to
draw enough thermal energy away from the ultrasonication
zone. No clear trend was observed in the mean aspect ratio
with varying ultrasonication power (Table 1). The lowest
coefficient of variations for the mean and length of crystals
occurred for the ultrasonication power amplitude set point of
50%.
When the amplitude was 60% or 80% of the maximum

(Figures 2e,f), no evident increases in the size uniformity were
observed (Table 1). A possible explanation is that the mass flow
rate and heat capacity of the water were insufficient to draw
enough thermal energy away from the ultrasonication zone, so
the local temperature increased, which increased the solubility
and lowered the supersaturation and nucleation rate per
nucleation site, which counteracted the increasing number of
nucleation sites generated by the larger power input. The
images showed more aggregation for the 60% or 80% power
amplitude, which could be associated with increased particle−
particle contacts resulting from increased cavitation. On the
basis of having the lowest coefficient of variation and low
aggregation (Table 1), the ultrasonication power amplitude set
point of 50% was selected to provide seeds in subsequent slug-
flow crystallization experiments to manufacture product
crystals.
3.2. Product Crystals Obtained after Growth in Slugs.

The product crystals generated without ultrasonication showed
a high variability in size (see Figure 3), which is consistent with
the large variability in the size of crystals observed immediately
before the slug formation zone (Figure 2a and associated
caption). In contrast, crystals from ultrasonication-assisted
nucleation are much more uniform in size, while also having a
small degree of aggregation (Figure 4), which is consistent with
the higher size uniformity of seed crystals continuously
generated by ultrasonication (Figure 2d). The unimodal
character of the crystal size distribution within each slug
(Figure 4) indicates that secondary nucleation was small in the
slug growth zone (Figure 1), which is consistent with a past
observation7 that recirculation within each slug provides
sufficient mixing without requiring the use of any mixing
blade that would induce secondary nucleation.24 This operation
allows the slug-flow crystallization to occur at orders of
magnitude higher supersaturation and shorter residence times
than traditional crystallizers, without inducing significant
secondary nucleation.7

While there is relatively low variation in crystal sizes within
each well, there is variation in the mean crystal size from well to
well (Figure 4), which could be caused by fluctuating flow from
peristaltic pumps.7 A recent joint academia-industry white
paper25 points out that no continuous-flow process can ever
actually operate at steady state due to disturbances and also
discusses the common misconception that steady-state
operation is the main objective of continuous operation.
Actually, it is impossible to drive fluctuations from steady-state
operation to zero, which is not an issue because what is
important is that the product crystals collectively meet
operational specifications or bioavailability specifications when
incorporated into the drug product.
By first selecting the ultrasonication power amplitude for

nucleation and then combining with slug flow for crystal
growth, product crystals were obtained with high size
uniformity, comparable with the best results from past
experiments that combined ultrasonication with subsequent
growth in slugs.3 Compared to a past study,3 this design
requires simpler experimental configuration for the slug-flow
section, with no fines dissolution equipment, by instead
generating tunable seed size with spatially localized ultra-
sonication. The one ultrasonic probe can be replaced by two
ultrasonic probes in series along the tubing with only one probe
in ultrasonic mode and the other in rest mode, alternating

Figure 3. Stereomicroscope images of product crystals obtained by
cooling nucleation without ultrasonication followed by slug flow in a
15.2 m long tube (experiment no. 1, with conditions in Table 1) for
slug numbers (a) 106−109, (b) 170−173, (c) 234−237, and (d) 298−
301. The detailed data collection procedure is described in section 2.3.
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between the modes of the two probes, to extend their lifetime.
This two-probe design does not significantly increase the
complexity of operation while facilitating scale-up, which is a
typical problem in ultrasonication-associated research.16

Table 2 compares the product crystals obtained from seeds
generated by spatially localized ultrasonication with product
crystals obtained from seeds generated using a radial micro-
mixer for the same conditions as experiment 4. The product
crystals generated by spatially localized ultrasonication are
about 28%−35% smaller in mean length and width and have
15%−23% narrower crystal size distributions based on smaller
coefficients of variation. The mean aspect ratios are similar.
An advantage of using ultrasonication to generate nuclei is

that the nucleation rate can be manipulated by the ultra-
sonication power, which is a control variable that can be
changed independently from the mass flow rate through the
tubular crystallizer. The nuclei generation rate produced by a
micromixer cannot be varied independently from the mass flow
rates of the inlet streams, regardless of whether the micromixer
is radial, coaxial, or dual-impinging-jet type. In a crystallizer that
uses a micromixer, any operating variable that affects the nuclei
generation rate also affects the crystal production rate. The

nuclei generation rate can be affected by changing the design of
the micromixer, but such equipment design parameters are then
fixed during operation.
The measured process yield (mass of product crystals/total

inlet mass of solute) for the slug-flow crystallizer with
ultrasonication nucleation (73.8%) was close to the theoretical
maximum yield of a batch cooling crystallizer of the same initial
concentrations and final supersaturation of zero (74.4%). In
contrast to employing micromixers that combine hot and cold
inlet solutions, applying ultrasonication to a single hot inlet
solution in a continuous crystallizer can better approach the
maximum yield obtainable in a batch cooling crystallizer. For
the slug-flow crystallizer, the maximum yield is obtained by
having a sufficiently long tube for maximum consumption of
supersaturation.
Another advantage of employing ultrasonication over

micromixers is that the former is less likely to clog. By using
a consistent inner diameter of tubing in the slug-flow
crystallizer, as in Figure 1, there are no constrictions available
to induce clogging. Although the potential for clogging in
micromixers can be reduced by employing computational fluid
dynamics simulations to improve the micromixer design,26 a
surer approach to avoid clogging is to replace the micromixer
by employing ultrasonication instead.
In a past study3 that also employed indirect ultrasonication

and crystal nucleation and growth in a liquid solution flowing
through a plastic tubing, primary nucleation occurs within 3 m
of plastic tubing placed inside of a sonication bath. The
ultrasonication power per unit volume varies widely with spatial
position inside of a sonication bath, and having crystals nucleate
throughout a long tubing length means that the crystals leaving
the sonication bath have widely varying residence time and
sizes. In particular, crystals that nucleate near the inlet of the
tubing enters the sonication bath have much more time to grow
in size than crystals that nucleate near the tubing outlet. This
article uses a sonication probe tip focused in a small spatial
location, which enables primary nucleation to occur within a
small section of tubing. The much narrower size distribution
that results is shown in Figure 5, which compares product
crystal size distributions (CSDs) obtained in ref 3 with the
product CSD obtained in this study.
Another difference with a past study3 is that the experimental

system in this article uses a simpler single solution stream
instead of two streams and so has one less pump and less

Figure 4. Stereomicroscope images of product crystals obtained at an
ultrasonication power amplitude set point of 50% followed by slug
flow in a 15.2 m long tube (experiment no. 4, with conditions in Table
1) for slug numbers (a) 108−110, (b) 180−182, (c) 252−254, and (d)
324−326. The product crystal size and shape statistics are reported in
Table 1. The detailed data collection procedure is described in section
2.3.

Table 2. Comparison of Product Crystals Obtained Using
the Nucleation Conditions in Experiment No. 4 of Table 1,
with Representative Images of Crystals in Figure 4d, with
Product Crystals Reported in ref 7a

nucleation method for slug flow
crystallization

micromixer
(radial mixer)

spatially localized
ultrasonication

crystal image Figure 11 in ref 7 Figure 4d
mean length (μm) 444 321
standard deviation, length (μm) 152 92
standard error, length (μm) 13.0 6.4
mean width (μm) 326 211
standard deviation, width (μm) 142 69
standard error, width (μm) 12.0 4.8
coefficient of variation in length 0.34 0.29
coefficient of variation in width 0.43 0.33
mean aspect ratio 1.46 1.60
aThe mean width and length are on a number basis.
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tubing and does not require a mixer to combine two liquid
streams. The experimental apparatus in ref 3 has higher
flexibility of operation but also has higher complexity. Instead
of applying ultrasonication to liquid solution for a half minute
or more as in past studies,13 this article exposes the liquid
solution to ultrasonication for a much shorter time (e.g., a few
seconds), to reduce heating of the solution and widening of the
CSD.

4. CONCLUSIONS
This article presents a slug-flow crystallizer that employs
indirect ultrasonication to continuously generate seed crystals.
The ultrasonication probe is pressed up against a tube to
generate a localized ultrasonication zone within supersaturated
solution in the tube for the generation of crystal nuclei (Figure
1). The ultrasonication design with an intermediate power
amplitude (Figure 2d) continuously generated a larger number
of uniform-sized seed crystals than using micromixers or direct
cooling in a past study,7 with minimal aggregation for a solute−
solvent combination known to have a high tendency toward
aggregation. The ultrasonication design also enables the seed
generation rate to be varied in real time independently of the
production rate, providing an additional degree of freedom that
can be used in feedforward and/or feedback control design.
The ultrasonication-assisted nucleation design was imple-

mented into a continuous slug-flow crystallization process to
generate uniform-sized product crystals within each slug
(Figure 4). The ultrasonication-assisted slug-flow crystallizer
was operated at sufficiently high supersaturation for the entire
crystallization to have a residence time of only ∼8.5 min,
without inducing significant secondary nucleation. The overall
production rate can be increased by operating at a higher inlet
mass flow rate while using a longer tube for crystal growth. The
crystallizer can be operated continuously for a long time period
with equipment of similar complexity, such as by placing two
ultrasonic probes in series along the tubing with only one probe

in ultrasonic mode and the other in rest mode, alternating
between the modes of the two probes, so as to extend the
probe lifetimes.
By increasing size uniformity, the indirect ultrasonication-

assisted slug-flow crystallizer has potential as a final
crystallization step to produce crystals for use in direct
compression tableting,27 which would remove the need for
milling and/or granulation steps from the drug product
manufacturing process chain. The use of indirect ultra-
sonication, as demonstrated for segmented-flow crystallization
in a past study,3 avoids the potential for sample contamination
from metals detaching from the ultrasonication equipment,6,21

which can be a significant concern in pharmaceutical
applications. The use of an ultrasonication probe, in contrast
to an ultrasonication bath used in a past study,3 allows the
ultrasonication zone to be more spatially localized, which can
produce a narrower size distribution of seed crystals (Figure S1
in the Supporting Information, Table 2), and hence narrower
product crystal size distribution (Figure 5, Table 2).
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