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Abstract
Purpose Glycine has been widely used as pharmaceutical excipients and synthesis reagents, and commercial glycine has a
significant amount of aggregation and wide particle size distribution. A simple but reproducible process for generating uniform
glycine crystals is always desired for both product quality and process efficiency purposes.
Methods Continuous cooling crystallization of glycine has been carried out in air-liquid slug flow in millimeter ID tubing,
starting from solution without using seeds. Slugs were formed by combining air and liquid streams, then went through the crash
cooling zone of varying lengths (tubing length in contact with ice bags). The operational boundaries of crash cooling times were
evaluated: natural cooling (lower bound, no crash cooling), maximum cooling time for pure α-form without aggregation (upper
bound), and beyond upper bound.
Results Non-aggregating pure α-form glycine crystals were continuously generated within ~ 10 min, feasible from multiple
conditions (combinations of crashing cooling time and starting concentration). When crash cooling time further increases (while
maintaining the starting concentration), crystal aggregations and/or γ-form crystals could appear. Reducing starting concentra-
tion can allow longer crash cooling time without widening product crystal size distribution or reducing crystalline form purity. At
proper conditions, even natural cooling in slugs can nucleate and grow non-aggregated pure α-form crystals. All cooling
conditions carried out in slug flow generally minimize needle-shaped crystals compared with corresponding batches.
Conclusion Glycine crystals of α-form and narrow size distribution can be continuously generated within 10 min from cooling
crystallization in millimeter-sized slug flow, without using external seeds nor adding solvent/additives. And, the operational
boundaries of crash cooling time (at proper starting concentrations) for pure α-form non-aggregating product crystals are
identified.
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Introduction

During industrial development and manufacturing, most phar-
maceutical molecules need to be processed into crystalline
form for purification and/or formulation, due to the process

robustness and low operational cost for crystallization [1–8].
The product quality consistency (e.g., dissolution rate and
bioavailability) and manufacturing and process efficiency
(e.g., blending and flowing) require the formation of uniform
crystals of a specific form and controlled size/morphology [4,
5, 9–12]. For generating crystals, one simple approach is
through cooling, whose strategies have been developed for
continuous crystallizers, with high efficiency and reproduc-
ibility [13–15]. For stirred tank-based mixed suspension and
mixed product removal (MSMPR) crystallizers [16, 17], liq-
uid at target-desired temperatures is circulated through the
crystallizer jackets. For pipe or tubular crystallizers (e.g., baf-
fled crystallizers [15, 18], unbaffled crystallizers with mixing
enhancer [19–21], laminar-flow crystallizers [7, 22–24], and
segmented/slug-flow crystallizers [25–29]), cooling can be
achieved through pipe/tube surface, such as pipe jackets
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[30], merging in temperature-controlled zones such as water
baths [25, 26], or natural cooling in air [25, 27]. While many
continuous crystallizers such as MSMPR still operate with
external/pre-made seeds, some tubular crystallizers can work
on solutions directly through in-line nucleation [14], such as
slug-flow crystallizer [14, 26, 31, 32].

Glycine has been used as pharmaceutical excipients in
more than 170 drug formulations [33, 34]. Glycine is
also widely used as a model compound for crystallization
(together with solvent water) because of its well-studied
solution and solid properties (solubility curve, polymor-
phism, etc.). The bulk pure glycine powder from com-
mercial sources can be in crystalline form, but often in-
cludes significant aggregations and has a wide particle
size distribution. Due to the large demands and various
product applications of glycine powders (mostly in crys-
talline forms), simple but robust and reproducible
methods for generating uniform glycine crystals are al-
ways needed. However, there are still challenges remain-
ing for crystallization of glycine: (1) The temperature-
sensitive solubility of glycine in water [35] allows using
simple cooling for crystallization, and crash cooling was
demonstrated in slug flow to nucleate and grow non-
aggregated α-form glycine crystals from solution without
using external seeds [25]. But, crystal uniformity (both
form and size) can be very difficult to achieve from
cooling alone. (2) The intrinsically fast growth rate of
glycine crystals makes the control of narrow crystal size
distribution more challenging [36, 37]. Specifically,
sometimes, needle-shaped crystals are formed in such
situations, which can significantly reduce process effi-
ciency or even product quality [1–8, 38]. (3) Additional
complexity from polymorphism of glycine crystals.
Among their 3 common polymorphic forms (α, β, γ)
at ambient temperatures, α-form is metastable but com-
monly available, and β-form is usually unstable, unless
at certain conditions such as space confinement [34] or
swift deep cooling [39]. The most stable γ-form is very
difficult to generate from cooling in water alone, unless
at relatively high starting concentrations and long resi-
dence time [40–42].

This article further explores the operational condition
of crashing cooling in slug flow. Towards approaching the
challenges, evidence is provided here answering these
questions: (1) whether pure-form uniform-size (no
needle-shaped crystals) glycine crystals can be generated
in slug flow rapidly by non-seeded cooling crystallization
alone (e.g., no antisolvent or additives—usually ending up
with wide particle size distribution), and how is product
crystal size distribution compared with batch experiments;
(2) what is operational regime (and practical bounds for
operational parameters, including cooling time and/or
concentration) for uniform-form crystals without

secondary nucleation nor aggregation; (3) whether γ-
form crystals can be generated rapidly from cooling alone
in aqueous slug flow without using additives.

Materials and Experimental Methods

Materials

Glycine was purchased from J.T. Baker (purity ≥ 99.5%), in α
crystalline form (Fig. 1f). The solvent was deionized (DI)
water. Prior to all crystallization experiments, saturated gly-
cine solution was made and stored at corresponding solubility
temperature, using the solubility expression of α-form below
(for 5–60 °C) [35]:

Csat Tð Þ¼0:563 T sat expþ9:836 ð1Þ

where Csat (T) is equilibrium saturation concentration, g/100 g
of water, and Tsat exp is experimental saturation temperature, in
the unit of °C.

Cooling Crystallization in Slug Flow

As in Fig. 1a, slugs (for crystal nucleation and growth)
were formed spontaneously by mixing hot glycine solution
and air streams. A syringe pump (New Era syringe pump,
model no. NE-4000) fed hot glycine solution from the
heat-preserved syringe to the T-mixer point (polypropyl-
ene, ID = 3.125 mm), where the solution is segmented by
another filtered air stream fed by a peristaltic pump
(Masterflex L/S Precision Pump, Easy Load II Pump
Head). The initial temperature, denoted as T0, was the
equilibrated temperature and maintained as the same in
the syringe. The outlet of the T-mixer was connected to
the 15-m tubular crystallizer (Masterflex, Platinum-Cured
Silicon, L/S 16, ID = 3.125 mm). The first 10 cm of the
tubular crystallizer was left in the air under room temper-
ature (RT), and the following 0–1.6 m of the tubing was
immersed in ice water bags (4 °C). All experimental con-
ditions are detailed in Table 1, with 2 main variables (the
starting concentration and crash cooling time), but we do
not mean to cover all possible combinations. The crash
cooling time was adjusted via changing the tubing length
in direct contact with ice water bags. With different cooling
times, the corresponding temperature profiles are different,
as in Fig. 1c and d. For slug flow, the time profile refers to
the same slug that goes through the length of the tubular
crystallizer. The temperature was monitored with an IR
laser thermometer to verify that every slug has the same
temperature trajectory. Other parameters such as flow rate
and residence time remain the same. The residence time is
10 min, at a linear flow rate of ca. 25 mm/s. The total
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solution volume for each slug-flow crystallization is
10 mL. At the exit of the ice water bag region, the tubing
sat in the air for the residual tubing length at RT (20 ±
2 °C).

Batch Cooling Crystallization

Corresponding batch crystallization of each SFC was
performed for comparison, respectively. Using the batch
experiment of B1-NA (counterpart of S1-NA) as an ex-
ample, 3.0 g glycine was fully dissolved in 10 g water in
a 10-mL conical Eppendorf tube (making the solution

concentration 0.30 g glycine/g water as in Table 1) and
kept at 40 °C initially. When the temperature reduced to
35 °C (the same temperature right before the nucleation
region in SFC process), the mixture was poured into a
shaken vessel with ice water wrapping (4 °C) for cooling
time t in Table 1 (t = ice water bag length / linear flow
rate). Then, the solution was poured back to its original
vessel immediately and shaken. The time profile of the
solution temperature (measured by IR thermometer) and
supersaturation (calculated based on solution concentra-
tion and measured temperature) inside the batch are
shown in Fig. 1c and d. For batch experiments, the time

Fig. 1 a Scheme of the slug-flow crystallizer with decoupled subpro-
cesses (including slug formation, nucleation, and growth and their related
main considerations [14]) and photos of corresponding equipment below.
A representative off-line microscope image (with polarizer) of product
crystals in slugs (top right). In this work, the longest dimension of each
crystal (e.g., aided by using an appropriate bounding box) is used for the
size (major axis, or “length”) of that crystal [43, 44], with width (perpen-
dicular dimension to length on the image) also quantified. Snapshot of a
representative slurry slug (containing crystals) separated by two slugs of
air (lower right). The boundary of the slurry slug was indicated in the
green line, and the inner tubing wall in yellow dash line [25]. b
Experimental conditions (starting concentration and crash cooling time)
for slug flow and batch crystallization experiments. Due to space

limitations, only experimental number of slug-flow crystallization is la-
beled, and the corresponding batch crystallization experimental number is
in Table 1c, d Representative time profiles of the temperature (blue) and
corresponding relative supersaturation (orange) in SFC and batch crystal-
lizers, under c crash cooling conditions (e.g., S2-NAwith cooling time of
40 s) and d natural cooling (S2-NC) conditions. The relative supersatu-
ration for the first 1 min was estimated, based on the measured tempera-
ture profile and solubility expression [35]. After 1 min, the assumption of
negligible crystal mass is not likely to hold anymore, and supersaturation
will be released (reduced) due to crystallization. eMicroscope image and
f XRD spectra of the commercial pure glycine powder, used as starting
material (solute) for all crystallization experiments here
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profile refers to the time evolvement of temperature in a
set location within the batch (e.g., near the wall) due to
heat transfer from the wall.

Crystal Characterization

For slug-flow experiments, all slugs are collected for quanti-
fying size statistics. The product was collected in a 96-well
plate with 2 slugs per well, followed by adding two droplets of
mineral oil immediately to suppress evaporation. Off-line im-
ages for these slugs in wells (Fig. 2) were taken immediately
after collecting the product, using AmscopeME520TAmicro-
scope equipped with an MU-900 camera. For batch experi-
ments, after 10 min (same residence time as the SFC), one
droplet of product slurry was collected from the upper and
bottom part of the vessel each, then placed onto a glass slide
and taken off-line images immediately. The rest of the batch
experiments are deduced by analogy. The crystal size statistics
(from analyzing off-line images using ImageJ) for slug-flow
crystallization (SFC) and batch experiments are summarized
in Tables 2 and 3, mainly for experiments without crystal
aggregation. The crystal size info for each slug of all experi-
ments is detailed in Figs. S1 and S2, and crystals can continue
to grow in collection well plates if supersaturation had not
been fully consumed during the short residence time
(10 min) of slug flow (Fig. S3).

Then, the product slurry was centrifuged (with the su-
pernatant discarded) before the crystals were dried in air
overnight and stored for structure (solid form) and yield
characterization. X-ray powder diffraction spectra (XRD,
Rigaku, MiniFlex ΙΙ, USA) were taken for glycine solids
of product from all experiments and starting materials
(Fig. 3). The solid forms were analyzed based on the
XRD spectra, with form portion (Tables 2 and 3) estimat-
ed based on the total integrated area of all characteristic
XRD peaks (Fig. 3a–d) as in literature [41, 45–47]. The
pure α- and γ-form spectra (reference XRD spectra) are
obtained from Crystallography Open Database (ID
7201582 and 2103307, respectively) [41, 45–47].

The actual yield (based on crystals collected by a certain
time, e.g., 10 min, as in this article) and theoretical yield were
calculated as follows:

Actual yield ¼ Dried crystal mass

Total solute mass
� 100% ð2Þ

Theoretical yield ¼ Ci − Cs@RTð Þ * Total solution mass

Total solute mass
� 100% ð3Þ

where Ci refers to the initial concentration (e.g., at elevated
temperature), and Cs@RT refers to the solubility of glycine at
room temperature.

Fig. 1 (continued)
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Result and Discussion

Fast Generation of Glycine Crystals with a Narrow Size
Distribution from Cooling in Slug Flow

Within 10 min of cooling the glycine solution (no seeds
used), the slug-flow cooling crystallization process under
certain conditions (as detailed later) can already generate
pure α-form crystals with narrow size distribution (Fig.
2), and without needle-shaped crystals nor aggregation.
The glycine solution was made from dissolving glycine
powder (starting material) in water, with the powder con-
taining large amounts of aggregation and crystals of a
wide size distribution (Fig. 1e, f). Effective factors for
tuning product crystal size distribution from cooling crys-
tallization are evaluated. As demonstrated with well-
studied batch experiments [6, 8, 48, 49], the outcome of
cooling crystallization can be improved by seeding [50],
or controlling the supersaturation time profile (e.g.,
starting concentration, temperature range, and cooling
rates) [4, 8]. For continuous cooling crystallization with-
out pre-made seeds, key factors (discussed in the “Lower
Bound of Crash Cooling Time: Natural Cooling” and
“Upper Bound of Crash Cooling Time for Pure α-Form
Without Aggregation” sections) include the starting

concentration (the dominating factor well recognized [6,
8, 48, 49]) and temperature range (or temperature-time
profiles, which can be adjusted with crash cooling time,
as in Fig. 1c, d). For the same cooling crystallization
conditions (residence time, cooling source), the product
crystals from slug flow and batch crystallizers have very
different sizes and even polymorphic form statistics. (1)
For most conditions tested, product crystals from batches
show at least two size populations (Figs. 2 and S2b), with
the small-size population sometimes in needle shape
(Figs. 5c and 2). The result is likely due to spatially
non-uniform supersaturation, due to surface cooling. In
comparison, product crystals from slug flow (Fig. 2) are
larger in average size, but less variation, especially no
needle-shaped crystals. Usually, situations with larger av-
erage size and fast growth are more difficult to maintain
narrow size distribution. In addition, the slug-flow statis-
tics are calculated using all nucleated slugs (~ 5–10 mL),
which tends to widen the apparent size distribution due to
possible crystal growth and nucleation while waiting in
collection wells (Fig. S1d). If using similar sampling vol-
ume as batch, then, crystals from slug flow will have even
much narrower size distribution. The reason is that the
current sampling volume of slug flow is about 50 times
larger than batch, and even double the current sampling

Table 1 Different conditions of slug-flow crystallization (SFC) and
batch crystallization. The total solution volume that is 10 mL for all
conditions is the same. Corresponding batch experiment for each SFC
process keeps the same residence time, initial temperature, and total vol-
ume. All conditions of slug flow have most experimental parameters the
same such as the linear flow rate (25 mm/s), residence time (tr, 10 min),
and the slug aspect ratio (0.8), but vary in the initial temperature T0,
concentration (C), and cooling region length (lcool), aka cooling time (t-
cool). The maximum relative supersaturation (Sr,max) was calculated based

on the temperature profile of SFC (e.g., Fig. 1c, d). As the α-form is the
major crystalline form of glycine product crystals, the supersaturation
estimation is based on the solubility of α-form glycine [35]. For the
condition numbers in the table, “S” and “B” refers to slug-flow crystalli-
zation and batch crystallization, respectively. Numbers after S and B
stands for different starting concentration. Abbreviations of natural
cooling, medium cooling, aggregation, and non-aggregation data points
are NC, MC, AG, and NA, respectively

SFC # lcool (m) Corresponding batch no. Cglycine (g/g water) T0 (°C) Sr,max tcool (s)

S1-NC 0 B1-NC 0.30 40 1.33 0

S1-MC1 0.4 B1-MC1 0.30 40 2.45 16

S1-MC2 1.0 B1-MC2 0.30 40 2.45 40

S1- NA 1.5 B1-NA 0.30 40 2.45 60

S1- AG 1.6 B1-AG 0.30 40 2.45 64

S2-NC 0 B2-NC 0.32 40 1.42 0

S2-MC 0.4 B2-MC 0.32 40 2.61 16

S2-NA 1.0 B2-NA 0.32 40 2.61 40

S2-AG 1.1 B2-AG 0.32 40 2.61 44

S3-NC 0 B3-NC 0.34 42.9 1.51 0

S3-MC 0.2 B3-MC 0.34 42.9 2.62 8

S3- NA 0.3 B3-NA 0.34 42.9 2.68 12

S3- AG 0.4 B3-AG 0.34 42.9 2.74 16

S4-NC 0 B4-NC 0.36 46.5 1.65 0

S4-AG 0.05 B4-AG 0.36 46.5 2.24 2

S5-NC 0 B5-NC 0.38 50.0 1.80 0
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size of batch (e.g., from 2 droplets to 4 droplets) would
evidently widen the size distribution, as indicated in Fig.
S2b. The continued growth and possible nucleation of
crystals inside collection wells are mainly due to remain-
ing supersaturation after 10 min inside the tubing and can
be reduced by increasing residence time (connecting cur-
rent tubular crystallizer to longer tubular crystallizer), or
accelerated growth using seeds at the beginning. These
possible modifications are separate topics, not the focus
of this article.

(2) At low starting concentrations and/or cooling time
(e.g., S1-NC and S1-MC1 in Table 3 and Figs. 1b and
2), slug flow can nucleate crystals when batches fail to
nucleate, likely due to the faster heat transfer in slug
flow [14, 26, 31, 32, 51]. As nucleation in small volume
is stochastic [25], the specific portion of slugs nucleated
can be affected by experimental conditions, as quantified
in Table 2. (3) As the starting concentration increases
within a proper range (0.30 to 0.34 g/g), both the crystal
average dimension (length and width) and short-term
yield from slug flow increase (Tables 2 and 3 and
Fig. 4), due to increased supersaturation (Fig. 1c, d)
and higher theoretical yield (from mass balance), as
discussed in the “Lower Bound of Crash Cooling Time:
Natural Cooling” and “Upper Bound of Crash Cooling
Time for Pure α-Form Without Aggregation” sections.
Batches do not show such a clear trend of average crys-
tal dimension with respect to the starting concentration,
likely due to the existence of non-uniform supersatura-
tion and uncontrolled secondary nucleation, as discussed
in the previous paragraph. (4) Most product crystals are
in α-form. Different polymorphic forms (α- and γ-
forms) from two crystallizers are discussed in the
“Beyond Upper Bounds: γ-Form Glycine Crystals
Generated from Cooling Aqueous Slugs” section.

In this specific case where cooling was used for both nu-
cleation and growth, the operational range of starting concen-
tration covers 0.30 to 0.34 g glycine/g water, with correspond-
ing crash cooling time in Fig. 1b. The operational range of
starting concentration is almost always bounded. For example,
overcooling (high supersaturation or long retention time under
supersaturation) can result in too many nucleation and aggre-
gation [4], while undercooling (low supersaturation or short
retention time under supersaturation) can result in non-enough
crystals or too long crystallization time. Thus, the lower bound
of concentration shall still be enough supersaturation for pri-
mary nucleation, and the upper bound shall not be too high
supersaturation for too much secondary nucleation nor tubing
fouling or clogging. If needed for manufacturing purposes, the
concentration range can certainly be extended with additional
tools, such as finer control of nucleation [22, 24] and temper-
ature profile along the whole crystallizer (tubing) length [28,
30, 52].

Lower Bound of Crash Cooling Time: Natural Cooling

Natural cooling usually reduces product quality [4] and causes
operational difficulty (e.g., tubing blockage), thus not recom-
mended for batch operations. The results here indicated that
there may still be some use of natural cooling in slug flow. For
example, at high starting concentration (e.g., 0.36 g/g water),
natural cooling in slug flow can still generate well-separated
crystals, when crystal aggregation would occur for the same
starting concentration using crash cooling. At lower concentra-
tions (e.g., 0.30 and 0.32 g/gwater), almost no nucleation occurs
in batch (Table 3, Fig. 2), while there is some nucleation from
natural cooling in slug flow (Table 2, Fig. 2). Considering the
much smaller volume for each slug (compared with batch) will
lower the nucleation possibility, the higher nucleation rate from
slugs (even with natural cooling) may come from the faster heat
transfer rate in slugs due to recirculation, so that the slug volume
ismore effectively cooled from surface (Fig. 1c, d) than in batch.
In other words, with a short period of cooling time with cooling
through the surface, only part of the batch volume has enough
supersaturation for nucleation. In addition, no secondary nucle-
ation has been observed from natural cooling crystallization in
slugs. In contrast, all batch experiments generate crystals with a
large variation of coefficient, even at a small average size, indi-
cating very different sizes (also confirmed in Fig. 2 showing at
least an order of magnitude difference in size) and secondary
nucleation. A possible reason is the spatially non-uniformity of
temperature and supersaturation (Fig. 1c, d) [6, 48, 49, 53],
which leads to spatially different nucleation and growth rates,
and different residence time of crystals.

At the same starting condition, a higher cooling rate (heat
transfer rate) can lead to higher supersaturation thus higher nu-
cleation and growth rates ([4] [1–3]). From Table 2, the nucle-
ated slug portion is always higher from crash cooling (NA) than
from natural cooling (NC). And, the same trend occurs for
batches based on the total number of crystals per sampling vol-
ume (Table 3). This trend and the difference in nucleation (nu-
cleus number) are more evident at lower starting concentrations
when the maximum supersaturation is lower, thus more difficult
to nucleate. Slug-flow experiments using both natural cooling

�Fig. 2 Microscope images of batch sample and representative slurry
slugs from cooling crystallization experiment, together with volume-
based cumulative crystal size distributions from these samples (red curve
for batch and black curve for slug flow), for a natural cooling (zero crash
cooling time), b 16 s cooling time, c 0.30 g/g starting glycine concentra-
tion, and d 0.32 g/g starting glycine concentration. Scale bar, 200 μm.
Experimental conditions and product crystal statistics are detailed in
Tables 1, 2 and 3, respectively. For cumulative size distribution, both
length-based andwidth-based distributions are included. For batch crystal
images, samples are 2 droplets combined from the upper and lower loca-
tion of the batch (using plastic pipettes). Representative images from
individual droplets are in Fig. S2b. For slug crystal images, all slugs are
sampled (e.g., 5–10 mL, or ~ 50 droplets), and each image is ~ 2 slugs (~
1 droplet)
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Fig. 2 (continued)
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(NC) and crash cooling (NA) start with the same conditions
(solution temperature, concentration) and end up at the same

final temperature (room temperature). Compared with natural
cooling, crash cooling usually has a faster initial cooling rate

Table 2 Size statistics of pure α-form non-aggregated product crystals
from slug-flow cooling crystallization experiments. Detailed conditions
are in Table 1. The size statistics are analyzed for experiments with the
outcome of pure-form crystals without aggregation, and other experi-
ments (e.g., with aggregation) are also listed in the same table for com-
parison purposes. The sampling volume for size statistics is the total
volume of all slugs nucleated, which is 1.5–10 mL. The real variation is
lower than in Table 2 (apparent variation), due to contribution from crys-
tal growth and nucleation in static collection wells with different mea-
surement waiting time (Fig. S1d). “SD” for standard deviation, and “CV”

for coefficient of variation, respectively. The 10-min yield is based on
crystal mass collected immediately at the tubular crystallizer exit (after a
residence time of 10min). Long-term yield always approaches theoretical
yield (based on temperature-solubility function as in Eq. 1), which are
29.7%, 34.1%, 38.0%, and 41.4% for starting concentrations of 0.30,
0.32, 0.34, and 0.36 g/g water, respectively. As with literature [41,
45–47], the polymorphic form portion (%) is approximated by the total
integrated area of all characteristic XRD peaks for α-form and γ-form
(Fig. 3). In another word, the total portion of α-form and γ-form is 100%

Condition
number

Cooling
length
(m)

% of
nucleated
slugs

Total number
of crystals, N

10-min
yield
(%)

Apparent
mean length
(mm)

Apparent
SD, L
(mm)

Apparent
CV, L

Apparent
mean width
(mm)

Apparent
SD, W
(mm)

Apparent
CV, W

~ %
α-
form

S1-NC 0 15 13 2.4 0.16 0.11 0.66 0.07 0.05 0.8 100

S1-MC1 0.4 89 299 17.8 0.28 0.16 0.55 0.09 0.06 0.7 100

S1-MC2 1 86 330 9.3 0.2 0.1 0.5 0.08 0.04 0.51 100

S1- NA 1.5 92 156 11 0.21 0.11 0.52 0.09 0.05 0.6 100

S1- AG 1.6 97 / / / / / / / / 100

S2-NC 0 58 99 11.6 0.25 0.1 0.41 0.13 0.06 0.42 100

S2-MC 0.4 98 279 19.2 0.31 0.16 0.53 0.18 0.1 0.57 100

S2-NA 1 95 171 22.5 0.29 0.18 0.65 0.17 0.11 0.66 100

S2-AG 1.1 100 / / / / / / / / 100

S3-NC 0 88 135 35.1 0.76 0.43 0.57 0.45 0.24 0.53 100

S3-MC 0.2 100 275 33.9 0.45 0.26 0.57 0.27 0.15 0.56 100

S3- NA 0.3 96 257 36.1 0.4 0.19 0.47 0.25 0.12 0.49 89

S3- AG 0.4 10 / / / / / / / / 80

S4-NC 0 94 187 6.8 0.48 0.36 0.75 0.3 0.24 0.8 100

S4-AG 0.05 100 / / / / / / / / 80

Table 3 Size statistics of product
crystals from batch experiments
corresponding to slug-flow ex-
periments in Table 2. Definitions
of all parameters are the same as
Table 2. The sampling volume is
70 μL (2 droplets), from upper
and lower locations within the
batch. Batches B1-NC and B1-
MC1 did not nucleate; thus, no
crystal data included

Condition
number

Cooling
time (s)

Total
number of
crystals,
N

10-
min
yield
(%)

Mean
length
(mm)

SD,
L
(mm)

CV,
L

Mean
width
(mm)

SD,
W
(mm)

CV,
W

~ %
α-
form

B1-NC 0 0 0 0 / / / / / /

B1-MC1 0 0 0 0 / / / / / /

B1-MC2 40 134 1 0.09 0.08 0.9 0.03 0.04 1.05 100

B1- NA 60 178 0.4 0.07 0.07 0.96 0.02 0.03 1.57 100

B1- AG 64 134 1.35 0.04 0.01 0.36 0.02 0.01 0.51 100

B2-NC 0 2 0 0.07 0.03 0.39 0.05 0.02 0.49 100

B2-MC 16 126 11.9 0.06 0.09 1.48 0.03 0.04 1.32 100

B2-NA 40 184 11.6 0.09 0.08 0.82 0.04 0.04 0.9 100

B2-AG 44 114 20.7 0.08 0.06 0.76 0.03 0.03 1.03 100

B3-NC 0 128 15.3 0.14 0.13 0.89 0.04 0.06 1.36 100

B3-MC 8 182 17.8 0.1 0.08 0.8 0.03 0.05 1.42 100

B3- NA 12 137 20.7 0.1 0.09 0.86 0.03 0.05 1.42 100

B3- AG 16 126 19.8 0.09 0.09 1 0.04 0.04 0.96 100

B4-NC 0 75 23.6 0.09 0.08 0.92 0.05 0.04 0.74 82

B4-AG 2 166 24 0.07 0.08 1.23 0.02 0.04 2.23 100
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Fig. 3 a–d XRD spectra of dried
product crystals at starting
concentration of a 0.30, b 0.32, c
0.34, and d 0.36 g/g water. The
characteristic peaks for γ-form
crystals [40, 44–46] are circled on
the XRD spectra. e, f
Representative microscopy im-
ages of glycine product slurry
containing γ-form crystals direct-
ly from e slug-flow crystallizer
and f batch crystallizer.
(The γ-form crystals are pointed
by arrows, based on comparison
with typical images in literature
[41], among α-form crystals
without arrows.)

Fig. 4 a, b Mean length (“size”)
of product crystals from a slug
flow and b batch crystallization at
different starting concentrations
and cooling time. Each
experiment in Table 1 is one data
point on the plot. (B1-NC and B1-
MC1 did not nucleate; hence, no
data showed.) The same concen-
tration data are connected with
dashed color lines of different
colors. c, d Mean width of
product crystals from c slug flow
and d batch crystallization exper-
iments at conditions in a and b.
Besides the size mean, other size
statistics (e.g., standard deviation
and coefficient of variation) of
product crystals are included in
Tables 2 and 3, respectively
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(slope in the temperature-time profile in Fig. 1c and d) thus
larger maximum supersaturation and higher nucleation rate [4].

Upper Bound of Crash Cooling Time for Pure α-Form
Without Aggregation

Crash cooling time was defined as the contact time of
the solution and cold surface at 4 °C (in ice bags). In
slug flow with an average flow rate of 25 mm/s, the
cooling time for each slug is translated into cooling
zone length as in Table 1. As the cooling temperature
(4 °C) is much lower than the end temperature, increas-
ing cooling time is expected to facilitate crystallization
(details in the “Lower Bound of Crash Cooling Time:
Natural Cooling” section comparing natural cooling and
crash cooling). For the same starting and ending condi-
tions (concentration, temperature), the longer the crash
cooling time, the longer the residence time at high and/
or maximum supersaturation, thus the larger portion of
slugs nucleated (Table 2). Longer cooling time is re-
quired for lower starting concentration to increase the
portion of nucleated slugs close to 100% (Table 2).
For example, at concentration of 0.30 g/g water, the
portion of nucleated slugs is 92% under 1.5 m cooling
length. When the starting concentration increased to
0.34 g/g water, 0.3 m cooling length will lead to 96%
of nucleated slugs.

There exists an “upper bound” for crash cooling time with-
out aggregation, beyondwhich “flower”-shaped crystal aggre-
gations (Fig. S4) appear. The transition of aggregation situa-
tion only occurs within a small change of cooling time, such as
a few seconds (Fig. 2). Compared with corresponding slug
flow, the excess cooling time induced aggregation for slug
flow did not cause aggregation in the batch crystallization
process. It is reasonable because the batch crystallization has
smaller maximum supersaturation in practice (Fig. 1c, d), due
to the smaller heat release rate. Figure 2 also indicates that this
upper limit (referred to as “maximum cooling time without
aggregation”) is directly affected by the starting concentration.
The higher the concentration, the smaller the maximum time,
and the narrower the cooling time range without aggregation.

The green dots in Fig. 5 indicate pure α-form and
non-aggregating crystals. These crystals were analyzed
earlier (e.g., Figs. 2 and 4, Table 2) to be in narrow
size distribution as well; thus, the “green zone” (com-
posed of green dots) can be viewed as the feasible op-
erational zone for slug-flow cooling crystallization of
glycine. Red dots in Fig. 5 indicate the existence of
either aggregation (among non-aggregation populations)
or form (among majority α-forms). Note that aggrega-
tion does not always come with a different crystal form.
For example, at low starting concentration (0.30 and
0.32 g/g water), all product crystals from batches and

SFCs are α-form, even when crystals aggregate (the
longest cooling time in Fig. 5a). When the starting con-
centration increases to 0.34 g/g water, γ-form appears at
short crash cooling times, before crystals start to aggre-
gate (condition S3-NA in Fig. 1b).

Beyond Upper Bounds: γ-Form Glycine Crystals
Generated from Cooling Aqueous Slugs

At a starting concentration of 0.30 and 0.32 g/g water,
with either zero or maximum crash cooling time (for
aggregation), the glycine crystals generated from SFC
or batch crystal l izers are 100% in the α-form
(Fig. 3a, b). When the starting concentration increases
from 0.32 g/g (increased supersaturation, Fig. 1c, d),
natural cooling still produces crystals 100% in the α-
form, but maximum cooling or longer time produces
some γ-form crystals among α-forms (Fig. 3, Tables 2
and 3). The existence of γ-form under certain crystalli-
zation conditions was confirmed using powder XRD,
and a few γ-form crystals were also identified in some
microscope images of the s lur ry (F ig . 3e , f )
immediately/directly from both slug flow and batch
crystallization, based on comparison with images of γ-
form crystals in literature [41]. The higher supersatura-
tion likely facilitates the overcoming of the energy bar-
rier to nucleation and grows γ-form crystals [33, 54],
besides the common metastable α-form.

All conditions here generate mostly (if not all) α-form
crystals, which is expected with literature [40–42, 55, 56]
and in commercial glycine (used as starting materials) [32]
(Fig. 1e, f). No β-form was observed, based on neither
XRD nor microscope images, even though β-form may
be generated together with α-form from pure aqueous so-
lution (e.g., through cooling) [41, 55]. The no-appearance
of β-form is likely due to its instability [41] and possible
transition to α- or γ-forms [45, 50]. The generation of γ-
form glycine after 10 min without the addition of additives
(by using cooling only) can be interesting. From literature,
the γ-form glycine crystals (trigonal-hexagonal structure)
are usually generated from water by evaporation [40, 56]
or adding additives, such as salt [41, 42] and acid [55].
Recent discoveries showed that certain concentration
ranges (e.g., 0.4–0.525 g/g water) [33, 54] and/or at range
(~ 0.3–0.35 g/g water) with residence time up to 1 h [37]
may help induce the generation of γ-form among α-form
(majority), without additives. And, our study not only
agrees with the existing studies but also shows that the γ-
form can be formed at a lower concentration (e.g., 0.36–
0.38 g/g water) or shorter time (e.g., 10 min), if in slug
flow. The larger characteristic peaks of γ-form for slug
flow than batches (Fig. 3c, d) also indicate a higher portion
of γ-form glycine crystals in the slug-flow process.
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Conclusion

Non-aggregating α-form glycine crystals were continu-
ously generated after 10 min, from cooling solution in
slug flow, without using pre-made seeds nor additives
such as antisolvent. The crystal quality (form purity,
narrow size distribution, and non-aggregation) can be
maintained for multiple operational conditions (combina-
tions of crash cooling time and starting concentration) at
the same fast production rate. The higher the cooling time
and starting concentration, the higher the probability of
primary nucleation, and the lower the maximum cooling
time without aggregation. When the cooling time further
increases beyond the maximum time, some “flower-

shaped” crystal aggregations and γ-form crystals appear.
At proper starting concentrations, natural cooling was also
shown to be able to nucleate and grow non-aggregated α-
form crystals in slug flow. Most cooling crystallization
conditions carried out in slug flow generally lead to more
uniform and larger crystals (and minimizes needle-shaped
crystals) than in corresponding batches. At low starting
concentrations and/or cooling time, slug flow can nucleate
crystals when batches fail to nucleate. In the future, the
molecular mechanism for these interesting phenomena
will be explored.

Acknowledgments Virginia Commonwealth University is acknowl-
edged for the financial support.

Fig. 5 a Diagram of product
crystal quality (polymorphic
form, aggregation situation, and
needle-shaped existence) from a
slug-flow crystallization and b
corresponding batch crystalliza-
tion. Their experimental condi-
tions are detailed in Table 1, such
as the starting solution concentra-
tion and crash cooling time.
Green dots are for non-
aggregating α-form with narrow
size distribution (including natu-
ral cooling), and red dots for ag-
gregation and/or γ-form. The
yellow line inside the dots indi-
cates the presence of needle-
shaped crystals. Aggregations (for
slug-flow products) are indicated
with “-AG” in the condition label
of Fig. 1b and Tables 1, 2, and 3,
with microscope images in Fig.
S4. Needle-shaped crystals are
indicated with red dots with a
backward yellow slash symbol. c
Representative microscopy im-
ages zoomed in for product crys-
tals from batch, indicating the ex-
istence of needle-shaped crystals.
With the same zoom in double
check, there are no tiny crystals
observed from slug-flow results
in Fig. 2
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