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ABSTRACT: Rifapentine (RPT), a critical antituberculosis active
pharmaceutical ingredient (API), faces persistent supply shortages
compounded by crystallization challenges. Conventional antisol-
vent crystallization often produces RPT crystals with high aspect
ratios (>7) and sizes outside the preferred 5S—20 ym range. RPT’s
strong adhesion to solid surfaces further increases fouling risk, and
makes conventional milling impractical due to equipment damage.
To avoid fouling, prior processes have relied on low supersaturation
(<1.5), resulting in long residence times of 4—6 hours. This study
introduces a modular, continuous, fouling-free crystallization
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process that simultaneously addresses these limitations by codesigning precise antisolvent injection, controlled supersaturation,
and dynamic noncontact ultrasonication within a tubular slug-flow platform. We establish design criteria enabling reproducible
antisolvent (water) injection into flowing RPT solution slugs (in tetrahydrofuran) via continuous droplet formation and merging,
minimizing needs for feedback control or complex operation. Guided by simplified semiempirical models and rapid droplet/slug
tests, noncontact sonication is strategically applied at three stages—nucleation, growth, and breakage—to suppress fouling and
enhance uniformity, without needing milling. Within 0.5 hour of residence time, these steps collectively reduce crystal dimensions
while maintaining small variations (e.g., length from 81 ym to 6 um, coefficient of variation or CV; ~ 0.20; aspect ratio from 33 to
3.5, CVug ~ 0.29) and 100% form purity. This integrated approach offers a scalable pathway toward reliable RPT crystallization and

supply resilience.

1. INTRODUCTION

Rifapentine (RPT) is a long-acting antibiotic against
Mycobacterium tuberculosis." Global demand for RPT reached
$300 million (87.2 t) in 2024, up from $200 million in 2021,
and is projected to grow to $500 million by 2027.” But supply
in 2024 met only $150 million (43.2 tons), constrained by
profit and productivity.””* With chemical synthesis cost
already reduced by 30%, one potential solution is to reduce
cost and operation time of downstream processes such as
crystallization.*

RPT crystallization are mainly carried out by adding
antisolvent,”® with multiple common and inter-related issues
on crystal quality and process consistency and efficiency. (1)
Needlelike crystal morphology. As observed for many
molecules, needlelike morphology often leads to poor solid
filterability,”® powder flowability,” bulk density,'”'" and
ultimately low dosage consistency and process efficiency.”'”
The solid forms and corresponding morphology of RPT
include most often the thermodynamically stable nonsolvate
form (“Form I” in literature, needlelike crystals with aspect
ratio, AR > 5.0), and sometimes amorphous (spherical
aggregates), or organic solvates (needlelike). >~ Large aspect
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ratios are typically reduced through wet or spray milling, but
these methods prolong processing, increase yield loss, and
demand significant expertise.”'’"*' (2) Large size or
morphology variability. Crystal variability also reduced product
quality and process efficiency.”” Even the same needlelike
morphology can demonstrate large coefficients of variability
(CV) in dimension or aspect ratio, e.g., CV; ~ 0.55, CVy, ~
0.27, and CV,x ~ 0.41 for RPT crystals.® Such variability arises
from simultaneous phenomena during crystallization—nucle-
ation, growth, attrition, aagglomeration—and their nonuniform
spatial distribution.”*”*° Continuous crystallizers aim to
reduce variability, yet antisolvent injection still depends on
operator experience. Near the injection point, local antisolvent
concentration is higher than farther away, creating super-
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Figure 1. (a) Bond-line structure of RPT, (b) Solubility of RPT at room temperature in different solvents (acetone, ethanol, and THF), and at
different mass fractions of the same antisolvent (water). Metastable limits (dashed line) in THF solvent with and without sonication are shown in

olive and magenta, respectively.
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Figure 2. Schematic of process codesign for RPT antisolvent crystallization in slug flow with 3 sonication modules. Module M1: Formation of
uniform slugs containing RPT solution and antisolvent, with sonication-aided nucleation; M2: Sonication-aided deagglomeration during crystal
growth; and M3: Aspect ratio reduction for needle-shape crystals in ultrasonic bath.

saturation “hot spots” for secondary nucleation. Moreover,
rapid solution flow requires subsecond feedback control,
making precise injection challenging.

(3) Fouling. Fouling reduces yield, productivity, quality
consistency, and operation supersaturation for batch or
continuous crystallizations.”” ">’ Wall fouling can result from
multiple factors, including fast precipitation from high local
supersaturation,” increased molecule-wall contact time from
insufficient agitation and/or undesired morphology (e.g.
needlelike),*"** or from high molecular stickiness, 34 ete.
Sonication bath has been explored to increase agitation and
improve supersaturation uniformity, with limited success on
fouling mitigation.”**° (4) Long residence time. Extended time

increases recovery, but reduces productivity, and increases the
chances of fouling or thermal degradation. As in Table
1,>9!3151637 RPT crystallization from common initial super-
saturation (S = 1.2—1.4) to avoid fouling or amorphous solids
often needs 4—6 h to achieve reasonable recovery (e.g,
28%).>° Increasing crystallization temperatures (e.g., S0 °C) to
increase kinetics and solubility risk molecular thermal
degradation. Such intertwined issue of fouling-recovery for
RPT was insufficiently addressed.

This study aims to intensify the antisolvent crystallization
process to address multiple challenges—Iarge aspect ratio, size
variability, fouling, and long residence time. RPT molecules
that would otherwise foul surfaces or crystallize uncontrollably

are redirected toward synchronized, accelerated nucleation,
followed by controlled growth and aspect ratio reduction to
yield uniform crystals. Specifically: (1) We derive design
criteria to realize continuous, precise antisolvent injection into
uniform solution slugs without needing feedback control or
complex operation. (2) We codesign antisolvent crystallization
with noncontact sonication in these slugs to ensure nonfouling
nucleation and growth, producing uniform crystals (pure form,
minimal degradation), even for large aspect ratios. (3) We
extend this codesign to break down elongated crystals into
uniform crystals with acceptable aspect ratios (3—7), guided by
a simplified prediction model and optimized sonication time
from rapid droplet/slug testing.

2. MATERIAL AND EXPERIMENTAL METHODS

2.1. Solvent Selection and Solubility Measurement

Rifapentine (RPT, MW 877 g/mol, 97%) was purchased from AA
Blocks LLC and identified as Form I by XRD. The molecular
structure of RPT is shown in Figure la. Acetone (Certified ACS) was
obtained from Fisher Chemical, while ethyl alcohol (EtOH, 99.5%,
ACS reagent) and tetrahydrofuran (THF, >99.9%, anhydrous) were
purchased from Sigma-Aldrich. Commercial RPT was used as a
reference standard for crystal characterization by XRD, DSC, TGA,
and particle size distribution (Figure S1).

Tetrahydrofuran (THF) was chosen as the solvent for crystal-
lization, for two reasons: (1) it was used in upstream synthesis,
minimizing solvent exchange; and (2) despite its higher price ($7.6/L
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Table 2. RPT Antisolvent Crystallization Conditions at Different Initial Supersaturations S; Crystallization Residence Time

Tfe
Experiment  Initial conc ~ RPT solution Tyes t
(# for S;) (mg/g) volume (mL)  (min) (min) L (um)
SF 1.75 23.8 0.16 60 0 39.1 £ 2.5
SF 2.0 27.2 0.16 60 0 50.5 + 8.0
SF 2.5 34.0 0.16 60 0 61.4 + 13.5
SF 3.0 40.8 0.16 15 0 81.7 + 104
B 3.0 40.8 20 15 0 55.6 + 214
SF 3.0 SF 40.8 0.16 15 10 6.1+ 12
SF 3.0 40.8 60 15 10 6.3 + 1.5
_scale up

«» or Postcrystallization Sonofragmentation Time t,. w,, = 0.5 for All Crystallizers (SF for Slug Flow, B for Batch)

Recovery  Crystal
v, W(m)  CVy AR CVis (%) image
0.06 33+ 1.1 0.33 142 + 4.0 0.28 1.7 Figure
S3a
0.15 3.1+£07 0.23 17.0 £ 43 0.25 8.3 Figure
S3b
0.22 22+ 05 0.23 284+ 72 0.25 37.8 Figure
S3c
0.13 24+ 03 0.13 33.8 £ 5.6 0.17 62.9 Figure
6b, S3d
0.38 2.7+ 0.8 0.30 22.3 + 11.0 0.49 61.5 Figure 6b
0.20 1.9 £ 0.33 0.17 34+ 10 0.29 63.0 Figure
S4a
0.23 1.84 + 0.36 0.20 3.52 £ 09 0.26 61.6 Figure 8a

for THEF vs $4/L for zicetone),38'39 THEF offers twice the solubility at
pure solvent and more than twice the recovery at room temperature
(e.g, concentration change 35 mg/g THF vs ~15 mg/g acetone at
50% antisolvent mass fraction in Figure 1b), reducing solvent cost per
unit crystal mass. Room-temperature was used for crystallization, as
thermal degradation of RPT was observed at 50 °C (used in prior
studies to increase solubility), e.g, HPLC-UV purity decreased from
~97% to 80—90% after 1 h for both acetone and THF.

The solubility of RPT was evaluated in acetone and THF at room
temperature using HPLC, across water mass fractions of 5—78 wt %
for THF and 5—70 wt % for acetone. The metastable limit was
determined visually by adding water dropwise to THF solutions at
RPT concentrations of 3, 10, 20, 30, and 40.8 mg/g. For each
solubility or metastable data point, 10 mL of solution was placed in a
50 mL round-bottom flask with an 8 mm magnetic stir bar, stirred at
500 rpm, and titrated with 50 uL water droplets at 60-s intervals.

2.2. Antisolvent Crystallization in Tubular Slug Flow

The slug-flow crystallizer (Figure 2) consisted of a solution feed
channel, an antisolvent (deionized water) feed channel, a gas inlet,
and three sonication units (two probes and one bath). Fluorinated
ethylene propylene (FEP) tubing was selected for its compatibility
with THF and its hydrophilic surface properties. An inner diameter of
3/32” was chosen to ensure stable slug formation. RPT—THEF
solutions of various concentrations (Table 2) were prepared and
filtered through a PVDF syringe filter prior to use. The RPT solution
and DI water were delivered at 0.8 mL/min and 0.72 mL/min,
respectively, using syringe pumps (New Era Pump Systems, Model
NE-4000). Nitrogen gas (N,) was introduced at 3 CCM via a mass
flow controller (FMA-2617A, Omega). Residence times ranged from
1S to 60 min were controlled by adjusting the tubing length.
Supersaturation profiles with initial S; = 3.0 were established based on
momentary solid recovery and RPT solution concentration measured
or calculated at selected residence times (0.1—15 min) in Table S2.
Transmitted-light intensity measurements used to determine 7,,;,, T;s
and fouling behavior were extracted from video snapshots and
analyzed using Image].

2.3. Sonication Designs for Slug Flow

As in Figure 2, (1) the first sonication probe (VCX750, Sonics &
Materials Inc, USA) was positioned 1 in. downstream of the T-
junction for antisolvent injection to promote nucleation and mixing.
(2) The second probe was placed near the tubular reactor point
corresponding to the metastable limit to enable continuous
deagglomeration of RPT needle-flower particles. Both probes
operated at 20 kHz with 750 W input power and amplitudes of
80% and 100%, respectively; an 8.5mm gap between probe and
tubing preserved slug integrity during acoustic mixing. These probes
enhanced slug mixing and nucleation, facilitating the formation of
uniform particles with high aspect ratios. (3) The third ultrasonic bath
(Branson CPX3800H, Bransonic Inc, USA) was installed at the
reactor outlet to reduce crystal aspect ratios. It operated at 110 W and

40 kHz, corresponding to a sonication intensity of 0.9 W/cm® An
exposure time of approximately 10 min for aspect ratio reduction was
selected based on preliminary screening with a few slugs. The
uniformity and reproducibility of slug flow ensure consistent crystal
dimensions and time scales for larger-scale crystallization, even when
scaling up by 4—6 orders of magnitude in slug number."***=>* This
sonication residence time can be adjusted without altering slug flow
patterns by simply varying the length of tubing submerged in the
sonication bath."”*" Crystal slurry slugs were collected at tubing exit,
via vacuum filtration using 7 cm filter paper, washed with DI water,
and dried at 50 °C under vacuum for 12 hours.

2.4. Crystal Characterization

Crystal morphology and variation were quantified using optical
microscopy. Slurry samples were imaged with an optical microscope
(NMM-800TRF, Amscope) equipped with a digital camera (DMK
37BUX250). Individual crystals were analyzed in Image] to determine
their length and width, from which crystal-size statistics and aspect-
ratio distributions (Tables S1—S3) were calculated. Crystalline forms
were identified using powder X-ray diffraction (Rigaku MiniFlexII,
Cu—Ka radiation, 4 = 1.5406 A), and normalizing diffractograms with
the (0,1) method. These forms were then confirmed by differential
scanning calorimetry (DSC Q1000, TA Instruments) with a heating
rate of 10 °C/min from 40 to 200 °C. Solvate or hydrate states were
evaluated using thermogravimetric analysis (TGA Q500, TA Instru-
ments) from 20 to 200 °C at the same heating rate of 10 °C/min
Figures 6 and 8.

3. RESULTS AND DISCUSSION

3.1. Develop Design Criteria for Continuous Precise Slug
Injection of Antisolvent

The interval between adjacent slugs—only millimeters apart
and moving at centimeters per second—is subsecond,
imposing stringent requirements on in-line feedback control.
Therefore, we focus on an intensified design to achieve precise
control of solution composition, supported by in-line imaging.
Rather than limiting injection to the brief exposure of slugs at
the injection point, we also leverage interval time between
adjacent slugs. Specifically, instead of targeting flowing slugs
for continuous antisolvent injection, we generate discrete
antisolvent droplets and merge each with its corresponding
solution slug. This design satisfies three critical conditions for
uniform size and stability: (1) Hydrodynamic stability of slugs
before and after injection (e.g, total slug count remains
unchanged); (2) Volumetric stability and reproducibility of
injection droplets prior to merging; and (3) Precise timing of
slug-droplet merging, ensuring the next slug reaches the
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Figure 3. (a) Schematic and video snapshot of precise antisolvent injection to flowing slugs, with key variables labeled. (b) Length regimes of
uniform-size stable slugs. (c) Change of antisolvent droplet height (H) and corresponding Bond number (Bo) over antisolvent injection time at an
injection rate of 0.72 mL/min, based on in-line video snapshots.

injection point as the droplet reaches a defined volume, such as
when contacting the tubing bottom.

1 Hydrodynamic stability of flowing slugs before and after
injection. We categorize the stable slug-flow regime
reported in literature®~** (gas and liquid flow rates),
into practical subregimes of uniform slug lengths (e.g,
Figure 3b), based on preliminary tests showing that slug
length for a given tubing also depends on gas and liquid
flow rates. Although these regimes were originally
developed for gas—liquid systems without liquid

injection, our experiments indicate that final slug length
is primarily determined by the total liquid-to-gas mass
ratio (Figure S2b), regardless of whether liquid
originates solely from the solution (L) or includes
injected liquid (Lj,,). For stability confirmation, we
adopt the stable slug-flow regime for injection, defining
U, as the effective liquid velocity based on total liquid
mass. While maintaining slug stability with the total
liquid, the internal liquid ratio—such as the antisolvent
mass fraction (w,g)—can be adjusted to meet super-
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saturation or solubility requirements. For example, after
specifying w,s = 0.5 based on solubility (Figure 1b),
solution slugs can be generated continuously within the
“short slug regime” (0.3 <L ,,;/d < 0.6 for tubing LD. of
2.38 mm), ensuring stability even after injection-induced
volume increase, or within the “long slug regime”
(canonical Taylor regime, 0.8<L;,./d<12). In
practice, slugs were produced by controlling gas and
liquid flow rates via pumps or mass-flow controllers (e.g.,
Qg = 1.5 = 3 mL/min, Q; ., = 0.8 — 1.2 mL/min, and
Qi = 072 — 1.1 mL/min), corresponding to the
“purple” and “green” regimes in Figure 3b for solution
and solution—antisolvent mixture slugs, respectively.

2 Volumetric stability of droplet before merging. At a
constant injection flow rate (fixed @), the droplet at the
injection inlet grows in diameter and height (H) until it
either contacts the opposite tubing wall (H & d) or falls
under gravity when surface tension can no longer
counteract it (Bond number Bo > 1), whichever occurs
first. This time is recorded as 7y Quick but
reproducible in-line video tests based on small number
of droplets show that droplets grow until touching the
opposite wall (Figure 3c), following an empirical
correlation of H(t) = A8 for 0 < t < Tpy Where Ay,
and B are fitting coeflicients. For example, at a
volumetric injection rate of 0.72 mL/min (ULM =27
mm/s), H(t) = 1.74t*%, and 77y # 0235 s for H=d =
24 mm (Bo = 0.8). Ty can be increased without
changing equipment configuration by reducing the liquid
injection rate. The power B = 0.5 also aligns with
theoretical analysis in literature, indicatin§ the droplet
pinch-off was dominated by liquid inertia.”

3 Precise timing for droplet merging. The next solution
slug (Tslug after the prior one) shall reach the injection
point before the antisolvent droplet contacts the
opposite wall (Tfa” after the prior merging), satisfying
Taug/ Tan < 1. Ty, comprises the time for a solution slug
to traverse the gap between adjacent solution slugs
(~L¢) and the injection zone (L;,), at a velocity of
(UL,sul + UG)) thus Tslug = (LG + LL,sol)/(UL‘sol + UG) The
slug lengths were correlated to pumped gas and solution
flow rates as in literature,"®"” where L = d[1 +
O'OS(UL,sal/UG)] [UL,sol/(UL,sol+UG)]l and LG =
0.16d(Uy .1/ Ug) ™. Both 7, and 74 were confirmed
with in-line imaging (Figure 3a,c). The injection
precision is confirmed with small coefficients of variation
CVy, both in solution slug volume (0.014), and slug
volume increase after injection (0.013). As in Figure S2a,
slugs before injection have an average length of ~0.9
mm, and volume of 4.2 uL, and after injection a length
of ~1.8 mm, and volume of 8.4 uL.

3.2. Codesign Sonication and Supersaturation for
Nonfouling Uniform Nucleation and Growth

The precise injection strategy described above ensures that
each slug experiences identical physicochemical conditions
during crystallization. To achieve a nonfouling process that
avoids needlelike morphology, we focus on the codesign of
flow, supersaturation, and noncontact sonication within a
representative slug. For proof-of-concept, supersaturation is
increased once through a single antisolvent injection, making
the peak (initial) supersaturation the primary design variable.
Because fouling typically initiates near peak supersaturation

during nucleation, this section focuses on preventing fouling at
the nucleation stage. Process parameters were first screened in
small-scale tests (0.16 mL, 4 slugs, to determine sufficient
sonication time; and 2 mL, ~50 slugs, to evaluate fouling at
peak-supersaturation locations) and then validated in larger-
scale production (e.g., 60 mL).

Uniform nucleation without fouling: (1) Supersaturation
design: Uniform nucleation requires spatially uniform super-
saturation and the elimination of local supersaturation
hotspots. This is achieved by ensuring that nucleation does
not begin until mixing is complete (i.e., satisfying 7, <
Tya)- Induction time decreases with increasing initial
supersaturation, but higher supersaturation also increases
fouling propensity. Conversely, higher supersaturation accel-
erates crystallization kinetics and improves recovery (Table 1),
creating a design trade-off. The initial supersaturation is
controlled by adjusting the antisolvent mass fraction. S; = 3.0
was selected based on estimation from a simplified fouling
model for crystallization at different slug flow rates*”*° (Figure
4), that fouling is negligible for S; < 3.0 at 0.017 m/s and for S;
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Figure 4. Fouling situation predicted by the supersaturation-based
fouling rate model in Appendix Al, validated through visual
inspection and normalized overall transmitted-light intensity from
in-line video snapshots. Transmission intensity reduction indicates
fouling. Two slug velocities (0.011 and 0.017 m/s) were evaluated.
The fouling threshold (fouling rate F, = 0) is indicated by the dotted

line.

< 2.5 at 0.011 m/s. (2) Sonication design: Sonication is
applied immediately after antisolvent injection, when the risk
of local supersaturation hotspots is highest. The hypothesis is
that brief sonication reduces mixing time more significantly
than induction time, thereby satisfying tmix < 7,4 and
preventing premature nucleation at the slug wall. Preliminary
tests at S; = 2 support this hypothesis: sonication reduced
mixing time by ~20-fold (37 s — 1.7 s) but reduced induction
time by only ~2-fold (e.g., 150 s — 75 s), as in Figure Sa. This
differential reduction enables controlled nucleation without
fouling.

Figures 4 and 5 confirm the nonfouling performance and
reproducible nucleation behavior. Fouling was observed ~5 s
downstream of the antisolvent injection point for S; = 3.5 (w,g
= 0.6), but not for S; < 3.0. At S; = 3.0, 7,,; and 7,,,, were 70
and 36 s, respectively. With sonication, mixing time decreased
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Figure 5. (a) Mixing and induction times in representative slugs, with error bars indicating standard deviations from triplicate measurements. (b)
Example analysis corresponding to panel (a), based on visual inspection and changes in normalized transmitted-light intensity from in-line slug
video snapshots. Measurements were taken at six locations within each slug (BT: bottom tail; TT: top tail; TH: top head; BH: bottom head; C:
center; and overall, for the target slug). Mixing time is defined as the point at which intensities at different locations converge, while induction time
corresponds to the first observable appearance of solids within the slug.”’ The background light intensity before and after 38 s (~mixing time) was

different.

by 18-fold while induction time decreased by 2.2-fold, realizing
Tmix < 0.17;,5. The resulting nuclei (Figure 6b) exhibited low
size variation (CV = 0.1) with an average size of ~3 um.
Achieving S; = 3.0 at room temperature eliminates the need for
elevated temperatures (e.g,, 50 °C), reducing thermal degra-
dation risk.

Uniform growth design: Preliminary tests (Figure 6a—b)
show that needle-shaped crystals form across a wide super-
saturation range (S; = 1.75—3.0). At S; > 2.5, agglomeration
becomes significant, broadening the particle size distribution
even in slug flow. This likely arises because growth and
agglomeration occur simultaneously but with different kinetics
and morphological pathways. Reducing §; to 1.75-2.0
suppresses agglomeration (Figure SS), but at the cost of
reduced recovery and productivity. Sonication can break
agglomerates, but batch sonication fields are spatially nonuni-

form, leading to inconsistent breakage (Figure 6¢). To achieve
uniform growth, the slug flow tubing is placed within a
sonication field (probe or bath), leveraging the inherent
uniformity of slug volumes to generate effective, uniform,
noncontact “milli-fields” within slugs.*>*" Sonication is applied
briefly (e.g, 3 s per slug), and shortly after agglomeration
begins to form and when the concentration approaches the
metastable limit. This timing prevents loose agglomerates from
densifying into aggregates®” that are more difficult to break and
that broaden the size distribution (Figure 6b,c). In this work,
agglomerate-breaking sonication was applied ~5 min down-
stream of the first sonication, based on preliminary studies of
agglomeration and supersaturation dynamics using 4—S slugs.

With the flow—supersaturation—sonication codesign, crys-
tals produced at S; = 3.0 exhibit good uniformity (CV, = 0.13,
CVy = 0.13, and CV,z = 0.17) without fouling or
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Figure 6. (a) Supersaturation time profiles and three sonications for representative slugs Microscopy images of deagglomeration product crystals
(2nd sonication) are shown for residence time of 1.5, S, and 10 min. (b) Microscopy images from representative slugs in (a) and batch
crystallization at same initial supersaturation of 3.0. (c) Particle length and number density at different residence times for (b), with statistics in
Table S2. For growth comparison, aggregates composed of multiple crystals are treated as one particle.

agglomeration, even at large sizes (average length ~82 pm)
and high aspect ratios (average ~34). The residence time
required to reach theoretical recovery is reduced to 0.25 h
(Figure 7), compared to 4—6 h reported in the literature. The
spatial uniformity of both peak supersaturation and sonication
fields results in crystals with less agglomeration and narrower
size distributions than those produced in batch under identical
supersaturation conditions, despite faster kinetics and larger
crystal sizes in slug flow (Figure 6c). Although batch
crystallization produces more total crystals (Figure 6b),
many are agglomerates counted as single particles with large
surface area, reducing the apparent number density and
slowing apparent growth rates. The high aspect ratios and

uniformity achieved here motivate the development of a
uniform breakage process, described in the next subsection.

3.3. Design Noncontact Sonication in Slug Flow for
Uniform Crystal Breakage

The goal is to reduce crystal dimensions—length, width, and
aspect ratio—while maintaining uniformity across the
population. Uniform crystal breakage is achieved by applying
sonication to uniform-size flowing slurry slugs, for a similar
reason for spatial uniformity as described in the previous
subsection. Sonication may be introduced through either a
sonication bath or a noncontact probe. From preliminary
observations (Figure 8a), the width of needle-shaped crystals
changes very little during sonication, whereas the length
decreases by more than 80% within 10 min. Because the
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Figure 7. (a) Actual RPT recovery at different antisolvent mass fractions (w,g) or supersaturations (S; = 1.75—3.0), compared to literature values
and theoretical recovery (dashed lines). (b) Actual and theoretical recovery at different residence times, using the same symbols as (a).
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Figure 8. (a) Representative microscope images of RPT crystals in slug flow under sonication, at varying exposure times. (b) Crystal length and
aspect ratio for (a), from model predictions (dashed line) and experiment validations.

crystals remain significantly longer than they are wide, the
assignment of “length” and “width” for each crystal remains the
same throughout the process. Thus, we treat length reduction
as independent of width and assume that total crystal length is
conserved during breakage. The model is therefore formulated
for length only. Following the scaling analysis detailed in
Appendix A2, the number-average crystal length within a
representative slug can be approximated using a population-
level breakage model based on two assumptions: (i)
sonofragmentation produces binary fragments within the
range 0.3—0.7, and (ii) the breakage probability is proportional
to the square root of crystal length (statistical interpretation of
Griffith’s scaling).”™>°

Under these assumptions, the number-average length obeys
the differential equation dL/dt = —aL*?, and its analytical
solution: L(t) = 1/[(a/2)t + L,"/?]?, where L, is the initial
number-average length, and a is one lumped parameter
capturing effects of surface tension, sonication intensity, defect
crystal density, and fracture strength.”>™>° This expression
reflects the same scaling behavior as the characteristic size in a
self-similar breakage population, where the number-average
length follows the same time dependence as the single-crystal
breakage law. The analytical form of L(t) indicates that length
decreases more rapidly than width, because the breakage rate
scales with L*/%. The model also predicts a practical “stabilized”
length: once the residence time becomes large enough that
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doubling it changes L(t) by less than ~10%, further sonication
yields diminishing returns. This plateau is not a true physical
asymptote but an engineering threshold arising from the ¢
decay.

Because parameters such as defect density and local acoustic
intensity are difficult to measure directly, the value of
parameter a (e.g, 0.135 um~2 min7!) is estimated from
small-scale calibration experiments using a few slugs at several
time points (e.g, 0, 1, and 2.5 min) using the same platform.
Based on uniformity in slug flow, the fitted value of a is
assumed constant over the relevant residence-time range for
each slug. Once calibrated, the model can be used to predict
crystal length and width at other sonication times. This
“scaling down” flow design was supported by earlier
demonstration with scalable reaction crystallization in slug
flow,"® by running the same process (e.g., reactant flow rates,
solution concentration) for different time while maintaining
each slug the same (variation of <0.02 among slugs). Here we
replace two reactant streams with solvent and antisolvent
streams.

Sonicating slurry slugs enables rapid and reproducible
reduction of crystal length and aspect ratio to target ranges
(e.g, from 81 to 6 ym in length; aspect ratio from 33 to 3.5),
while maintaining 100% Form I (Figure S4). The final values
obtained in a 60 mL slug-flow system (Figure 8b) closely
match both small-slug experiments (<0.2 mL) and model
predictions. The dynamic trends also agree with the model:
length decreases much faster than width, and it approaches a
practical stabilized value beyond which additional sonication
produces minimal change. With negligible changes in crystal
width over the residence times tested, the aspect ratio exhibits
decay dynamics similar to those of crystal length. Deviations at
intermediate or extrapolated times may arise from changes in
the effective parameter a,, such as evolving defect density or
increasing crystal number density. With the narrow residence-
time distribution characteristic of slug flow,"***™>* crystal
dimensions converge rapidly (within ~10 min) to their
stabilized values with small variation (e.g, CV, ~ 0.20, CV},
~ 0.17, CV;z ~ 0.29). In contrast, batch sonofragmentation
requires roughly twice the time (~20 min) to reach similar
sizes. This improvement likely arises from more uniform
acoustic exposure and more efficient energy delivery within
each slug compared to a stirred tank.

4. CONCLUSIONS

We developed a scalable, nonfouling continuous antisolvent
crystallization process by integrating precise antisolvent
injection, fouling-free supersaturation control, and strategically
timed noncontact sonication within a tubular slug-flow
platform. To achieve subsecond, reproducible antisolvent
dosing into individual slugs, we generated discrete antisolvent
droplets that merge with solution slugs at precise intervals—
eliminating the need for faster feedback control. We
established design criteria that ensure uniformity and
reproducibility: (1) maintaining hydrodynamic slug stability
before and after injection by tuning the total liquid-to-gas flow-
rate ratio, enabling consistent formation of short solution slugs
(0.4 < Ly ,/d < 0.5) that expand into longer mixture slugs (0.8
< Ly ,u/d < 1.0); (2) ensuring reproducible droplet growth
and stability via inertial scaling of droplet height, H(t) = Ayt'?,
such as timing just before H(t) reached the tube LD.; and (3)
synchronizing droplet predetachment formation with slug
arrival by adjusting slug spacing and velocity to satisfy 77,/ 7.,

> 1. This design achieves highly consistent antisolvent
injection with minimal volume variation (CV = 0.014),
enabling reproducible nucleation, growth, and breakage,
demonstrated here using rifapentine.

To achieve uniform nucleation and growth without fouling,
we codesigned flow conditions, supersaturation control, and
noncontact sonication. The inherent uniformity within and
between slugs was leveraged to generate spatially uniform
acoustic “milli-fields.” For nucleation, sonication applied
immediately after antisolvent injection—where supersaturation
peaks and fouling risk is highest—reduced mixing time far
more than induction time (e.g., a 10-fold greater reduction at S,
= 2.0), achieving 7,,;; < 7,y and eliminating local super-
saturation hotspots. Experiments validated model predictions
that S; < 3.0 prevents fouling and yields uniform nuclei (L = 3
um, CV = 0.1). For growth, a second sonication step dispersed
early agglomerates and maintained narrow size distributions
even as crystals grew to 81 um in length with an aspect ratio of
33. This codesigned strategy reduced crystallization residence
time from 4—6 to 0.25 h while approaching the theoretical
63% recovery for an antisolvent mass fraction of 0.5. Future
work may further increase recovery and reduce aspect ratio
while preserving crystal uniformity.

For uniform crystal breakage, we applied noncontact
sonication to flowing slurry slugs. Preliminary results show
that sonication reduces crystal length by more than 80% within
10 min while leaving width nearly unchanged, enabling a
simplified length-only breakage model. Assuming binary
fragmentation and L'? scaling of breakage probability, the
number-average length follows L(t) = 1/[(a/2)t + Ly /*]%,
indicating a t > decay and an engineering “stabilized” final size
within practical operating times. Owing to the uniformity and
reproducibility of the codesigned system, a small-scale (0.16
mL) calibration experiment at selected times was sufficient to
determine a and accurately predict breakage outcomes (length,
width) and required processing times for both other time
points and a larger 60 mL volume. In practice, slug-flow
sonication rapidly produces uniform, shortened crystals (e.g.,
81 um — 6 um; aspect ratio 33 — 3.5; CV ~ 0.20, CVy, ~
0.17, CV,z ~ 0.29; 100% Form I) with narrower size
distributions and faster convergence than batch sonication.
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B ABBREVIATIONS

AR Crystal aspect ratio (L/W), dimensionless

A lumped breakage parameter, yum™"/*min

Bo  Bond number (0394pgD?/y), dimensionless

max Max Bond number, dimensionless

C Solute concentration, kg/m?

C*  Saturated solute concentration, kg/m?

Calibration constant for matching deposition rate unit,

0.413 kg®S/m®.s24.K05

C, Solubility, mg/mL or kg/ m>

CV  Coefficient variation, dimensionless

CV,r Coefficient variation of particle aspect ratio, dimension-
less

CV. Coefficient variation of particle length, dimensionless

CVy  Coefficient variation of liquid slug volume change,

dimensionless

Coefficient variation of particle width, dimensionless

tube inner diameter of main reactor, mm

Growth rate, gm/min

Antisolvent droplet diameter (height), mm

Critical droplet diameter (height) for detachment of

droplet on inlet, m

] Nucleation rate, ml™-s™!

I Postoperation transmitted light intensity, a.u.

Iy Preoperation transmitted light intensity, a.u.

L RPT particle length, ym

L;  Gas slug length, mm

L;,; Preinjection liquid slug length, mm

L; .ix Postinjection liquid slug length, mm

L, Initial length of RPT particle, ym

Particles number density, Particles/mL

-1

S
S

RNl

crit

Qg Volumetric flow rate of gas, mL/min

Q;  Volumetric flow rate of liquid, mL/min

Qi Volumetric flow rate of antisolvent, mL/min
Q1 Volumetric flow rate of solution, mL/min

Qur Volumetric flow rate of total liquid (sol+anti), mL/min
S Relative supersaturation (C/C*), dimensionless
ultrasonic exposure time, min

Ug;  Superficial velocities of gas, m/s

U,  Superficial velocities of liquid, m/s

Uy Superficial velocities of antisolvent, m/s

U, Superficial velocities of RPT solution, m/s
Liquid slug volume, uL

Superficial velocity of slug flow, m/s

W RPT particle width, ym

wys  Antisolvent mass fraction, dimensionless

€ Liquid and gas flow rate ratio, dimensionless
Tn The time of droplet falling out, s

7,4 Induction time, s

Slug macro-mixing time, s

mix
Tqyg  Slug residence time or time interval between adjacent
slugs, s
T,s  Crystallization residence time, min or h
17 Ratio of solvent to antisolvent mass flow, dimensionless
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