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ABSTRACT: In this work, we outlined an experimental workflow
enabling the rapid assessment of primary and secondary nucleation and
crystal growth kinetics. We used small-scale experiments in agitated vials
with in situ imaging for crystal counting and sizing to quantify nucleation
and growth kinetics of α-glycine in aqueous solutions as a function of
supersaturation at isothermal conditions. Seeded experiments were
required to assess crystallization kinetics when primary nucleation is too
slow, especially at lower supersaturations often encountered in
continuous crystallization processes. At higher supersaturations, we
compared results from seeded and unseeded experiments and carefully
analyzed interdependencies of primary and secondary nucleation and
growth kinetics. This approach allows for the rapid estimation of absolute
values of primary and secondary nucleation and growth rates without
relying on any specific assumptions about functional forms of corresponding rate expressions used for estimation approaches based
on fitting population balance models. Quantitative relationships between nucleation and growth rates at given conditions provide
useful insights into crystallization behavior and can be explored to rationally manipulate crystallization conditions for achieving
desirable outcomes in batch or continuous crystallization processes.

■ INTRODUCTION
Crystal nucleation and growth are inexorably linked when
manifested in typical observations of crystallization behavior,
conspiring together to determine the final particle size and
shape distribution. While crystal growth rate measurements
have been relatively well established, based on single-crystal
growth observations or desupersaturation measurements in
seeded crystallization carefully controlled to minimize
nucleation, crystal nucleation kinetics measurements have
been more challenging.1 In order to observe primary
nucleation, crystal nuclei must grow to be large and/or
numerous enough to be detected and/or to induce secondary
nucleation, which rapidly generates further crystals that can
then be detected.2 There are several different approaches to
determine primary or secondary nucleation kinetics, based on
non-isothermal metastable zone width measurements,3,4

isothermal induction time measurements,5 particle counting,6,7

or particle sizing approaches.1 Each of these approaches relies
on certain assumptions about the process and underlying
models used to estimate primary or secondary nucleation rates.
In particular, it may be challenging to decouple primary and

secondary nucleation effects in agitated systems, where both
primary and secondary nucleation are sensitive to agitation
conditions7−9 and relative magnitudes of primary and
secondary nucleation rates are not known a priori.

Furthermore, it is important to account for crystal growth
kinetics to properly interpret induction times observed under
various conditions and decouple the effects of nucleation and
growth kinetics.
Crystal growth and nucleation rates generally follow power

law dependencies on supersaturation,10 and this leads to
observations of apparent dead zones11 or thresholds12 at low
supersaturations when kinetic data is plotted using linear
scales. However, this is often related to sensitivity limits of
experimental methods used, and care must be taken when
interpreting and presenting such results. For example,
isothermal induction time experiments can be conveniently
conducted at timescales from minutes to hours or days, which
requires a characteristic time of nucleation 1/JV on the
comparable timescales, so that only up to three orders of
magnitudes of absolute values of primary nucleation rates J are
practically accessible at a given volume scale V.
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Systematic workflow approaches to crystallization process
development and characterization have been presented in
recent literature7,13,14 based on a rapid experimental screening
using widely available crystallization platforms. These
approaches use small-scale experiments to provide data on
crystallization kinetics under a wide range of experimental
conditions. When such data are carefully analyzed accounting
for relevant kinetics interdependencies, corresponding primary
and secondary nucleation and growth kinetics can be
estimated. This then allows for the assessment of the
crystallization behavior in terms of relative magnitudes of
nucleation and growth kinetics in relation to relevant
characteristic times.15,16 It is important to recognize that
primary and secondary nucleation can have very different
magnitudes17 and that changing supersaturation will change
both nucleation and growth kinetics and also that nucleation
kinetics, in particular, can have a strong dependence on other
process parameters such as agitation. It is therefore paramount
that underlying kinetic effects are properly quantified and
decoupled as highlighted above. Resulting quantitative
relationships between nucleation and growth rates at given
conditions provide useful insights into crystallization behavior
and can facilitate rational manipulation of crystallization
conditions for achieving desirable outcomes in batch or
continuous crystallization processes.
In this work, we present a systematic workflow based on

small-scale experiments in agitated vials to estimate primary
and secondary nucleation kinetics as well as crystal growth
kinetics under isothermal conditions. In particular, we show
that all of these data can be, in principle, obtained from the
same crystallization experiment in a single vial. We carefully
analyze interdependencies of primary and secondary nuclea-
tion and crystal growth kinetics and the corresponding
crystallization behavior of α-glycine in aqueous solutions.

■ EXPERIMENTAL SECTION
Solubility and Metastable Zone Width. In this study, the

solubility and metastable zone width were determined using the
Crystal 16 (Technobis Crystallization Systems) instrument. This
setup enables precise control over the temperature cycling programs
of individual vials with built-in optical technology to measure a
change in transmissivity identifying the temperature where clear
points or cloud points are reached, related to complete dissolution or
initial crystal formation, respectively.

Individual vials at a given glycine concentration were prepared by
weighing a known mass of finely ground glycine powder directly into
the vials (VWR, total volume 1.5 mL). Once deionized water (1 mL)
was added, the vials were tightly sealed and placed into the reactor
system. The solution was first heated from room temperature to 70
°C to dissolve the solid glycine, and solutions were agitated using a
magnetic stirrer bar at 700 rpm. Complete dissolution is indicated by
a transmissivity value of 100% for the resulting clear solution. The
temperature was then decreased from 70 to 5 °C at a fixed cooling
rate (cooling rates were from 0.1 to 0.5 °C/min). As crystallization
begins, transmissivity decreases. Once transmissivity decreases below
50%, the corresponding temperature is recorded to indicate the
metastable limit under given conditions. Choosing another trans-
missivity value, such as 10 or 90%, results in similar metastable limit
temperatures which are all highly correlated to each other. Following
a hold period at 5 °C for 15 min, the sample was heated back to 70 °C
at a fixed heating rate (heating rates were from 0.1 to 0.5 °C/min),
and a change in transmissivity from 0 to 100% is observed on
dissolution of suspended crystals. The temperature at which the
transmissivity reaches 100% is taken as the clear point at the given
concentration and heating rate. Each cycle was completed three times.
Multiple heating rates were selected to account for the effect of the

dissolution kinetics on measured clear point values. Clear point
temperatures were then extrapolated to the zero heating rate in order
to estimate equilibrium solubility values.

Primary Nucleation Induction Times. Following determination
of the metastable zone width, 7 values of supersaturations (S) were
selected to determine the dependence of the induction time
distribution on S under isothermal conditions. All experiments were
carried out at 25 °C. The corresponding solubility of α-glycine used
to calculate supersaturation, S = C/Cs, was taken as Cs = 249.52 mg/g
of water, as this was thought to be the most accurate value available in
the literature for this system.18 Induction time measurements were
performed using the Crystalline (Technobis Crystallization Systems)
instrument at a 3 mL volume. Between 18 and 25 induction time
experiments were performed at each supersaturation. A series of stock
solutions of glycine in deionized water were prepared directly in
Crystalline vials at glycine concentrations, calculated in order to reach
the desired values of supersaturation at 25 °C. The vials were then
placed into the instrument, and the solid material was dispersed by a
magnetic stirrer at 700 rpm and dissolved at 55 °C for a period of 30
min. Complete dissolution was confirmed by the transmissivity value
reaching 100%. The temperature was then reduced to 25 °C at a
cooling rate of 5 °C/min. Once the temperature reached the desired
value of 25 °C, vials were held under isothermal conditions for a
period of 4 h with stirring continued throughout. The isothermal
induction time was recorded as a time elapsed from the start of the
holding period (designated as t0) until the transmissivity value
decreased below 50%. The Crystalline instrument’s built-in camera
was checked to ensure that the measured transmissivity was
representative of the state of recrystallization in the vials. This
procedure was cycled numerous times due to the stochasticity of
primary nucleation.

Estimation of Primary Nucleation Rates. Due to the stochastic
nature of primary nucleation events, a statistical distribution can be
expected for the measured induction times under given conditions.1,2

When determining primary nucleation rates from isothermal
induction time measurements, it is usually assumed that there is a
constant primary nucleation rate J, over the induction time
measurement period and that it does not vary significantly among
the different vials under identical conditions. As long as the
characteristic time of nucleation 1/JV, where V is the solution
volume, is comparable to experimental timescales used for induction
time measurements, it can be expected that there is typically a single
primary nucleation event in each nucleated vial, followed by a delay,
which corresponds to the time required for the nucleus to grow to the
size where the resulting crystal becomes observable. Under typical
agitation conditions, the nucleated crystal become observable
indirectly, when it grows sufficiently large to induce sufficiently fast
secondary nucleation, resulting in the formation of many small
crystals, which is recorded as the induction time. Assuming that there
is a single primary nucleation event in each nucleated vial, there is a
delay between the primary nucleation event and the induction time
detection (designated as growth time tg), which is the same in each
nucleated vial; the cumulative probability of induction times P(t)
follows the exponential distribution and can be described through the
following equation19

=P t JV t t( ) 1 exp( ( ))g (1)

The probability distribution P(t) can be estimated from repeated
induction time experiments under same conditions, as expressed
through eq 2

=
+

P t
M t

M
( )

( )
(2)

where M is the total number of experiments, while M+ is the number
of experiments in which nucleation was detected at the time less of
equal t. eq 1 was fitted to the measured distribution of induction times
through least-squares regression using the Levenberg−Marquardt
algorithm (OriginPro 2022b). The solution volume V was 3 mL,
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while both the primary nucleation rate and the growth time were
taken as fitting parameters.

Seed Crystal Growth and Characterization. Following
completion of the solubility and metastable zone width measure-
ments, the vials were removed from the Crystal 16 instrument and
placed directly onto the bench top located in a fume hood maintained
at 21 °C for crystal growth to occur without agitation.20 Once single
crystals were observed, they were removed from the vial and added to
a supersaturated solution for further growth in order to reach the
desired seed crystal size. The typical seed crystal size produced was
2.5 mm with the maximum seed-to-seed variations of ±1.0 mm. Single
crystals were removed from the vials using a spatula placed onto a
plastic Petri dish and allowed to dry in open air. Dry crystals were
analyzed with a Leica DM6000M 1 optical microscope, to confirm
their morphological features such as a typical bipyramidal shape, the
crystal size, and that a single crystal rather than an agglomerate is
present. This was followed by Raman analysis using a RXN1 Raman
Spectrometer and PhAT probe (Kaiser Optical Systems) on randomly
selected seed crystals. Comparison with literature Raman spectra21

showed that all seed crystals were the α-glycine polymorph, as
expected under agitated crystallization conditions in this system.20

Single-Crystal Seeding. For each seeded sample, a single-crystal
seed was added to a vial containing 3 mL of solution at the glycine
concentration required to obtain the desired supersaturation at the
experimental temperature of 25 °C. Before addition of the seed crystal
to the vial, a syringe was used to wash the seed crystal with pure water
to avoid initial breeding taking place. The vials were agitated at 700
rpm throughout, and the seed was added to an agitated solution at the
start of the isothermal holding period (time t0) once the temperature
reached 25 °C. From a single seeded experiment, it is possible to
rapidly determine both crystal growth and secondary nucleation
kinetics (see below), even under conditions where primary nucleation
would be too slow to measure and would not initiate crystallization at
convenient timescales. The in situ camera allows real-time monitoring
of the progress of the experiment. An example set of images are
displayed in Supporting Information (SI), showing the sample before
and immediately after seed addition, and once secondary nucleation
has taken place. The Crystalline instrument’s image analysis algorithm
enables data to be saved as both a number-weighted particle size
distribution and a particle count against time. From these two data
sets, it is possible to process the data in order to estimate both crystal
growth and secondary nucleation rates.

Secondary Nucleation Kinetics. The secondary nucleation rate,
defined by the rate of increase in the number of crystals in a given
volume, was measured over a range of experimental supersaturations
by preparing 3 or more individual samples at each experimental
supersaturation, adding a single seed crystal to each sample and
measuring the increase in the number of visible crystals over time.
From the primary nucleation induction times measured under the
same conditions (see above), we can select conditions to ensure that
no primary nucleation takes place during the secondary nucleation

measurements. Experiments were conducted in 3 mL volumes under
agitation by a magnetic stirrer using the Crystalline instrument,
obtaining the number of crystals in the observed volume from analysis
of images taken with the instrument’s built-in camera. All measure-
ments were obtained under isothermal conditions at 25 °C, i.e.,
matching the conditions of the induction time measurements.

The solution, at a given concentration to provide the required
supersaturation at 25 °C, was first heated to 55 °C and held for a
period of 30 min to ensure full dissolution. The temperature was then
reduced to 25 °C at a rate of 5 °C/min to reach the desired
supersaturation. At this point, a single-crystal seed of a known size
(2.5 ± 1 mm) was added to each vial while the solution was
constantly agitated. This size was chosen based on a balance between
ease of manipulation without damaging the seed and the convenience
of being able to fit the seed into the experimental vials. The
Crystalline instrument’s image analysis software provides a particle
count as a function of time. Particle counts below 10 were subject to
background effects, while the maximum number of particles in focus
to obtain an accurate particle count using the Crystalline imaging
software was found to be about 160−180. The crystal seed is subject
to growth once placed in the supersaturated solution, and it was
calculated that the change in solution concentration was less than 1%
of the overall solution concentration within the duration of data
collection for secondary nucleation and crystal growth rate experi-
ments under conditions used here. A calibration curve was previously
determined for estimation of the particle number density in the vial
from particle count data.7 The time window to be used was selected
by consideration of the limits of the image analysis, and the secondary
nucleation rate was determined over a period of time where the
particle count increased from 10 to 160. The secondary nucleation
rate (B) was calculated from the rate of change of the particle number
density in time.7

Crystal Growth Rates. The growth rates of α-glycine crystals as a
function of supersaturation were also determined from image analysis
of the camera output of the Crystalline instrument,7 which was
monitoring the population of new crystals formed by secondary
nucleation, while the original seed crystal would not be normally
captured by the camera. The image analysis software determines
visible particle sizes, and for each time-stamped image, it produces a
number-based size distribution histogram in 99 bins, linearly spanning
the size range from 3 to 300 μm. Seeded experiments were completed
at a range of experimental supersaturations. A MATLAB script was
used to convert the number-weighted particle size distribution data
into volume weighted d90 values. The d90 value gives the size where
90% (by volume) of the particles are smaller than this value.
Following the onset of nucleation and above 10 particles present in
the image, the change in d90 was then plotted against time until the
maximum number of 160 particles in the image, and the growth rate
was estimated from the change in size over time given by the slope.
While the overall particle size distribution is also affected by
nucleation, we are using d90 to effectively monitor the size of the

Figure 1. Overview of the workflow used to rapidly assess the crystallization behavior through estimation of primary and secondary nucleation and
growth kinetics at given crystallization conditions.
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largest particles present in the system, which should not be directly
influenced by nucleation. By following the seeding procedure
previously outlined, it is possible to estimate both secondary
nucleation and growth kinetics from the same experiment in a seeded
vial. Significantly, the approach used in this study enables measure-
ment of both crystal growth and secondary nucleation rates from the
same experiment even in unseeded vials, where the initial crystal is
produced via primary nucleation.

Crystallization Kinetics Assessment Workflow. The schematic
outlined in Figure 1 provides an overview of the experimental
workflow proposed in this work to rapidly screen and quantify
primary and secondary nucleation and crystal growth kinetics. This
approach illustrates how a few small vial experiments could be used as
a starting point in crystallization process development and provide
initial estimates of nucleation and crystal growth kinetics offering
useful insights into crystallization behavior and aiding crystallization
process design.

■ RESULTS AND DISCUSSION
Solubility and Metastable Zone Width. Solubility of α-

glycine in water was estimated from clear point temperatures
measured at several different heating rates between 0.1 and 0.5
°C/min over a wide range of glycine concentrations. For
concentrations up to about 400 mg/g of water, there was good
reproducibility from three repetitions (±0.5 °C) of clear point
temperatures over repeated experiments, and dependence of
clear point temperatures on the heating rate is shown in Figure
2a. Dissolution of suspended crystals during heating is
kinetically limited, usually through mass and/or heat transport
limitations, and therefore it is desirable to check the
dependence of clear point temperatures on the heating rate
and extrapolate to the zero heating rate in order to get an
estimate of the solubility temperature corresponding to the
thermodynamic equilibrium.
Estimated solubilities of α-glycine in water for concen-

trations up to 400 mg/g are shown in Figure 2b. They are in
good agreement with previously reported values for solubility
of α-glycine in water.22 Also shown is a temperature
dependence of α-glycine solubility based on a thermodynamic
model from Rowland, which is thought to be the most accurate
value available in the literature for this system,18 albeit only
applicable for temperatures up to 40 °C. It can be seen that the
solubilities estimated from clear point measurements in this
work tend to be slightly higher than those from Rowland,
which may be caused by the limited sensitivity of the
transmission-based method to very small amounts of

suspended solids shortly before the equilibrium solubility
temperature is reached.23

The difference between the solubility temperature and the
cloud point temperature can be taken as an indication of the
metastable zone width. It can be seen in Figure 2b that the
metastable zone is relatively wide at this scale, corresponding
to about 20 °C for the cooling rate of 0.1 °C/min and 35 °C
for the cooling rate of 0.5 °C/min. This is somewhat wider
than what has been previously reported in the literature for the
1 L scale (about 10 and 20 °C for the cooling rate of 0.1 and
0.5 °C/min, respectively).24 However, the solution volume
used here was 1000 times smaller than that used in the
previous literature, and thus slower nucleation and wider
metastable zone would be expected, assuming that the overall
primary nucleation rate is proportional to solution volume.
The metastable zone is expected to be wider still for the much
higher cooling rate of 5 °C/min which was used for primary
and secondary nucleation studies in this work, although all
concentrations investigated are well within the metastable zone
for the slowest cooling rate of 0.1 °C/min. The complete data
set for clear and cloud point temperatures is shown in SI,
where it can be seen that cloud point temperatures from
repeated experiments are widely distributed, which indicates a
significant stochastic element due to primary nucleation under
cooling rates deployed here.

Induction Times and Primary Nucleation Kinetics.
Induction time measurements provide information on the
likelihood of primary nucleation in the metastable zone under
isothermal conditions. Figure 3 shows induction times
recorded at each supersaturation (S), together with the
percentage of vials that have nucleated within a 4 h time
frame. At the highest S of 1.18, all of the vials nucleated within
60 min. However, at the lowest S of 1.06, the earliest vial
nucleated after about 100 min, and only 15% of the vials
nucleated within 4 h.
The induction times shown in Figure 3 demonstrate a

typical stochastic nature of primary nucleation.25 It can be seen
that there is a significant delay between reaching the isothermal
conditions (corresponding to the time of zero in Figure 3) and
the earliest induction time. This delay is indicated by a line
showing a theoretical growth time tg. The line corresponds to
the time required for a nucleus (following its formation at t0)
to reach the minimum size to initiate secondary nucleation
(estimated to be 152 μm irrespective of supersaturation, see

Figure 2. (a) Clear point temperature dependence on heating rate for glycine solutions with concentrations between 225 (red circles), 250 (dark
blue circles with black border), 275 (yellow circles), 300 (light blue circles), 350 (green circles), 375 (dark blue circles), and 400 mg/g (orange
circles). Solubility temperatures were estimated by extrapolating to the zero heating rate using linear regression, as indicated by dotted lines. (b)
Estimated solubility temperatures and metastable zones of α-glycine in water. Temperature dependence of α-glycine solubility in water based on a
thermodynamic model from Rowland18 is shown as a solid black line, and the van’t Hoff equation has been used for fitting the experimental data
(solid blue line). Approximate metastable zone boundaries in agitated 1 mL vials at cooling rates of 0.1 and 0.5 °C/min are shown as dashed and
dotted lines, respectively. Error bars are displayed in terms of confidence intervals from the solubility temperature estimations.
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Figure 5) applying the estimated growth rate as a function of
supersaturation using the power law fit from Figure 4.
Taking the growth time offset into account, we can see that

the induction times are distributed over tens to hundreds of
minutes, which gives us an order of magnitude insight into the
primary nucleation rate, as the JV term in eq 1 should then be
on the order of 0.001−0.01 s per minute. In other words, the
likelihood of a primary nucleation event in a given vial is on the
order 0.001 to 0.01 in any given minute across the range of
supersaturations considered here.
The probability distributions of induction times P(t) were

fitted with the exponential distribution functional form from eq
1; see the SI for plots showing data and fits. Table 1 displays
the estimated values of primary nucleation rate J and growth
time tg for different supersaturations.
As expected, the primary nucleation rate J increases with

increasing supersaturation, varying by an order of magnitude
across the range of supersaturations investigated here. It can be
seen that estimated primary nucleation rates do not strictly
follow a monotonous trend with respect to supersaturation

(the values of J for S of 1.15 and 1.16 are lower than the one
for S of 1.13). This is most likely due to stochastic fluctuations,
which are expected for nucleation processes at small volumes,
especially for a relatively modest number of induction time
experiments. However, even with a moderate number of
induction time experiments,26 such as that used for the rapid
assessment workflow here, there is a consistent and robust
estimate of the order of magnitude of the primary nucleation
rate across the range of supersaturations investigated here. It
can be seen that the growth time tg decreases with increasing
supersaturation, which is also expected, as the crystal growth
rate (and also the secondary nucleation rate, which contributes
to rapid indirect detection of the first grown crystal at
induction time) increases with supersaturation, and thus it
takes a shorter time to progress from the primary nucleation
event to the corresponding induction time. A similar order of
magnitude (0.001−0.01 mL per minute) nucleation rates have
been previously reported in literature8,25,27 for glycine aqueous
solutions, albeit at somewhat higher supersaturations, and it
should be noted that crystallization volumes, temperatures,
agitation conditions, and solution preparation procedures were
different in each case.

Crystal Growth Kinetics. The overall crystal growth rates
of α-glycine estimated from in situ imaging in agitated vials are
presented in Figure 4a, for both unseeded and seeded
experiments. The number of experimental data points varies
between different conditions as only those vials which
nucleated under unseeded conditions could yield crystal
growth information.

Figure 3. Induction times recorded at 7 different supersaturations (S)
between 1.06 and 1.18 for α-glycine in water at 25 °C. Between 18
and 25 samples were measured per each supersaturation in 3 mL vials.
Percentages show the proportion of the vials where nucleation was
observed within 4 h. Solid line shows a theoretical growth time it
takes to reach the estimated minimum crystal size to initiate
secondary nucleation (see Figure 5) using the estimated growth
rate as a function of supersaturation using the power law fit from
Figure 4 (see text for further details).

Figure 4. Overall crystal growth rates for α-glycine in water vs supersaturation (in terms of S-1) at 25 °C. (a) Measurements from seeded (open red
diamonds) and unseeded (open blue squares) experiments at 9 values of supersaturations S ranging from 1.02 to 1.18. On a linear scale, it appears
that there is a growth rate threshold below around S = 1.05, indicated by a black oval. (b) Same results from seeded (open red diamonds) and
unseeded experiments (open blue squares) are compared with values taken from the literature using various methods21,28−31 with growth rate and
supersaturation now plotted on a log scale, demonstrating a power law dependence across the whole range of supersaturations investigated rather
than a growth rate threshold or dead zone.

Table 1. Estimated Primary Nucleation Rates J and Growth
times tg from the Unseeded Induction Time Experiments at
25 °Ca

S-1
primary nucleation rate J
[particles/(mL min)]

growth time tg
[min]

0.08 1.3 × 10−3 (±8.5 × 10−5) 37 (±4.1)
0.10 2.2 × 10−3 (±1.8 × 10−4) 29 (±4.7)
0.13 5.0 × 10−3 (±4.0 × 10−4) 17 (±2.7)
0.15 4.2 × 10−3 (±1.5 × 10−4) 10 (±1.4)
0.16 3.3 × 10−3 (±1.4 × 10−4) 20 (±1.9)
0.18 2.0 × 10−2 (±1.7 × 10−3) 8.7 (±0.81)

aThe reported standard errors were obtained from the regression in
OriginPro.
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Figure 4a shows estimated crystal growth rates vs super-
saturation (in terms of S-1) on a linear scale. It is notable that
the range of estimated growth rates from repeated experiments
at a given supersaturation can be up to one order of magnitude
(see Figure 4). This is not surprising in principle, as it is well
known that individual crystals (of glycine and very likely other
systems) can have a wide range of overall growth rates,32 and
there are of course different growth rates for various crystal
faces.33 As we used an ensemble-based in situ imaging method
to estimate overall growth rates from relatively limited data in
this work, it can be reasonably expected that the resulting
estimates have somewhat limited accuracy.
Importantly, Figure 4b shows there is a good agreement,

across almost three orders of magnitude from 0.1 up to 100
μm/min, between the overall crystal growth rates measured in
this study and literature values that have been obtained using
far more time-consuming techniques, such as in situ micro-
scopic observations of single-crystal growth by multiple
authors.21,28−31 It can be seen in Figure 4b that single-crystal
growth rate measurements reported in the literature at the
highest supersaturations appear to be somewhat lower than
those obtained in this work. This may be due to increasing
transport limitations at very high growth rates where agitation
in our experiments enhances the mass transport from bulk
solution to the surface of rapidly growing crystals compared to
other experimental conditions.
It can be seen that there is a power law dependence between

the overall crystal growth rate and S-1, as expected for typical
crystal growth rate mechanisms,10 see Figure 4b, with a power
law exponent of 2.86, typical of the birth and spread model.10

It can be also seen in Figure 4b that some other data subsets
from the literature may be better described by a power law
dependence with power law exponents closer to 2, but further
investigation of this is beyond the scope of the present work.
In any case, a power law dependence with exponents

between 2 and 3 (or higher) leads to an apparent dead zone for
crystal growth, for S below about 1.05, when growth rate data
are plotted on linear scales, as can be seen for circled data in
Figure 4a. When the same data (also circled) is viewed on log
scales in Figure 4b, it is clear that there is no abrupt change in
the trend, but instead, it is just a feature of plotting power law
dependencies in linear scales. In fact, using linear scale plots
highlights the range of values measurable using a particular
technique or approach. In particular, when magnitudes of
experimental quantities are below the sensitivity limit of the
technique, such conditions can be potentially misinterpreted as
kinetic dead zones.11 Therefore, kinetic dead zones, cutoffs, or
thresholds for either crystal growth or nucleation kinetics,
when they exist in reality, cannot be reliably identified solely
based on linear scale plots.

Crystal Growth and Induction Time Offset. Induction
times in unseeded isothermal experiments are statistically
distributed reflecting an underlying likelihood of primary
nucleation. However, the distribution of induction time is
subject to an offset that corresponds to the time elapsed from
the nucleation event to its detection using a particular
measurement technique. This can be expressed as the growth
time tg in the cumulative probability distribution equation (eq
1), and it approximates the minimum induction time (MIT)
obtained through measurements. Since for the system
investigated here primary nucleation rates are relatively low
(the likelihood of a primary nucleation event in a given vial is
on the order of 0.001 to 0.01 in any given minute) and crystal

growth rates are relatively high (on the order of 10 μm/min),
it is most likely that there is only a single nucleus formed via
primary nucleation in any given vial before it grows to a size
where it can be detected at the corresponding induction time.
In the agitated system considered here, the detection of
induction time is based on extensive particle formation, which
is detected as an abrupt increase in turbidity or particle counts
from in situ imaging. In the case of relatively low primary
nucleation rates and relatively high growth rates, this is likely to
be due to secondary nucleation. This is further supported by
the observation that the secondary nucleation rates per single
seed crystal are much higher than primary nucleation rates in
the vial for the system considered here as can be seen below,
and this is also the case for other crystallization systems.17

Therefore, the initial single nucleus needs to grow to a crystal
of sufficient size to initiate secondary nucleation at a sufficient
rate to be detected, and the time it takes to do so is responsible
for the induction time offset. Of course, there are some systems
where primary nucleation rates are likely to be similar to or
faster than secondary nucleation rates, for example, in mixing-
controlled supersaturation in antisolvent and/or reactive
crystallization,23,34,35 where the single nucleus mechanism
may not be applicable.
In Figure 5, the induction time offset, represented by either

the minimum induction time (MIT) recorded or the growth

time (tg) estimated from the distribution of induction times at
a given supersaturation, is plotted against the inverse of the
estimated growth rate at the corresponding supersaturation.
Overall, there is an approximately linear relationship between
the inverse of the growth rate and the induction time offset,
which implies that the minimum crystal size required to initiate
secondary nucleation at a sufficient rate to be detected is
approximately constant across the range of supersaturations
examined here.
By fitting a linear function passing through the origin (see

Figure 5), it is then possible to estimate the minimum size
required to initiate significant secondary nucleation, as the
minimum size is the growth time times the growth rate for, and
therefore the minimum size is equal to the slope of the linear
function. The estimated minimum size is 169 μm based on the

Figure 5. Relationship between the induction time offset for unseeded
experiments and the inverse of the estimated growth rate (using the
power law fit from Figure 4) at corresponding supersaturation values.
The induction time offset is represented by either the minimum
induction time (MIT) recorded or the growth time (tg) estimated at a
given supersaturation. This allows estimation of the minimum size
required to initiate secondary nucleation (169 μm based on MIT
compared to 152 μm based on the growth time).
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minimum induction time recorded compared to 152 μm based
on the growth time. This indicates that the single nucleus
resulting from primary nucleation needs to grow to about
150−170 μm in order to initiate secondary nucleation at a
sufficient rate. This in turn implies that in crystallization
processes relying on secondary nucleation for generation of
new particles, seed crystals need to be of sufficient size to yield
significant secondary nucleation.

Secondary Nucleation Kinetics. Secondary nucleation
kinetics was assessed from both seeded and unseeded
experiments. Figure 6a shows an example of particle counts
over time recorded by the Crystalline instrument for both
seeded and unseeded experiments. While induction times for
unseeded systems are widely stochastically distributed, there
are much shorter delay times between the single seed crystal
addition and the observed onset of extensive particle
formation. It is important to clearly distinguish the induction
time in unseeded experiments (see above) from the delay time
in seeded experiments (see below), as they are related to
different combinations of underlying physical phenomena
(primary and/or secondary nucleation and crystal growth).
While the particle count in Figure 6a indicates the number

of particles per image at a given time, in order to quantify
secondary nucleation rate, we need to determine the
corresponding particle number density in the vessel, i.e., the
number of particles per unit volume. We therefore convert the
particle count per image to particles per unit volume using a
calibration relationship previously developed7 for the Crystal-
line instrument.

Figure 6b shows how the secondary nucleation rate (B) is
obtained from the slope of the particle count per unit volume
vs time within a relevant time window, which is set by the
limits of the particle detection and counting technique, as
discussed in the secondary nucleation kinetics. Estimated
secondary nucleation rates (reported per vial volume of 3 mL)
are displayed as a function of supersaturation in Figure 7. We
note that the secondary nucleation rates were obtained from
the same experiments that provided the growth rates in Figure
4, highlighting the multitude of data that can be extracted
simultaneously from rapid small-scale seeded experiments
following the approach outlined here.
Secondary nucleation rates for seeded experiments show an

overall power law trend in terms of S-1 with an exponent of
3.5. Similarly to the case of growth rate discussed above, a
power law dependence with such an exponent results in an
apparent dead zone or secondary nucleation threshold when
secondary nucleation rate data are plotted on linear scales
(Figure 7a). However, when the same data are plotted on
logarithmic scales (Figure 7b), it is again clear that there is no
abrupt change in the trend at low supersaturations, and there is
no physically meaningful secondary nucleation threshold.
However, there is always a limit where the secondary
nucleation becomes too slow to be measurable by a given
method (in this work, it is about 100 particles per mL per
minute).
Figure 7b shows a comparison of secondary nucleation rates

estimated from seeded and unseeded experiments at the same
supersaturations. Secondary nucleation rates for seeded

Figure 6. (a) Example of particle counts per image recorded for seeded (red circles) and unseeded (blue circles) experiments for S = 1.15. All
seeded experiments resulted in rapid generation of new crystals detected after a short delay time (within 15 min), while unseeded experiments
resulted in stochastic induction times. (b) Number density for one of the seeded experiments showing the delay time and the estimation of the
secondary nucleation rate from the number density dependence on time.

Figure 7. Secondary nucleation rate for α-glycine as a function of solution supersaturation expressed as S-1. (a) Secondary nucleation rate
determined from seeded experiments plotted on a linear scale. (b) Secondary nucleation rate determined from both seeded and unseeded
experiments plotted on a log scale. Data for seeded experiments at 10 different supersaturations between S = 1.04 and S = 1.20 (red circles) show
an overall power law trend in terms of S-1. Data for unseeded experiments at 8 different supersaturations between S = 1.08 and S = 1.20 (blue
circles) show significant variability, but their overall magnitude is comparable with those from seeded experiments.
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experiments at 10 different supersaturations between S = 1.04
and S = 1.20 show an overall power law trend in terms of S-1.
Secondary nucleation rates from unseeded experiments show
higher variability than those from seeded experiments at
corresponding supersaturations, but the overall magnitude is
comparable with those from seeded experiments.
This is perhaps unsurprising, given that (under the single

nucleus mechanism framework36,37 which is relevant for
unseeded experiments here) primary nucleation results in the
formation of a single crystal followed by crystal growth until it
reaches a minimum size required to initiate secondary
nucleation at a sufficient rate and then acts as a seed for
secondary nucleation in the “one to many” effect. There is
likely to be a greater variability of crystals formed through
primary nucleation under unseeded conditions compared to
seed crystals externally introduced under seeded conditions,
and since the secondary nucleation rate depends on the seed
size,7 the variation of crystal sizes inducing secondary
nucleation can lead to a broader distribution of unseeded
secondary nucleation rates. It should be noted that this method
of determining secondary nucleation kinetics is appropriate for
systems in which the rate of secondary nucleation is much
higher than that of primary nucleation. In the case where
primary nucleation kinetics are of similar or higher magnitude
than those of secondary nucleation, the rate of change of the
number density of crystals will reflect both primary and
secondary nucleation kinetics.
Figure 8a displays the supersaturation dependence of the

delay time between the seed crystal addition and the time at
which the particle count begins to rise steeply (see Figure 6),
which is a manifestation of particle formation due to secondary
nucleation. It can be seen that there is a significant variability
of delay times from vial to vial, especially at lower
supersaturations. Overall, the delay time decreases as super-
saturation increases, but it does not seem to approach zero at
higher supersaturations. Figure 8b shows the mean delay time
plotted against the inverse of the estimated growth rate at
corresponding supersaturations.
From the linear fit to the data in Figure 8b, it can be seen

that there appears to be a minimum delay time of about 5 min,
corresponding to the intercept of the linear fit at the limit of
the inverse of the growth rate reaching zero. This indicates that
at relatively high supersaturations, where the growth rate is
high, there is a certain period required for the secondary
nucleation to be initiated after the seed crystal is introduced in
the supersaturated solution. This may be because the seed
requires a certain time to establish a well-developed growth

regime with a corresponding boundary layer in the solution
adjacent to the growing crystal interface. The formation of
such an interfacial solution layer may be required for secondary
nucleation driven by fluid shear at the surface of a growing
crystal.38

Furthermore, the linear fit to the data in Figure 8b suggests
that there is a further delay time related to the time required
for new crystals formed by secondary nucleation to grow to
about 9 μm (corresponding to the slope of the linear fit). This
is consistent with sizes of newly formed particles observed at
the earliest detection of secondary nucleation in seeded
experiments. Corresponding particle size distributions are
shown in Figure 9 with principal modes of number-based
particle distributions between 5 and 9 μm.

The delay time required for crystals formed by secondary
nucleation to the detectable size (around 5−10 μm using the
detection approach used here) should be also accounted for in
the analysis of unseeded experiments, which would slightly
decrease the minimum crystal size required to initiate
secondary nucleation at a sufficient rate to be detected. Also,
in the above analysis, we have assumed that all crystals grow at
the same prevalent rate at a given supersaturation, although it
is well known that there is a significant dispersion of growth
rates between individual single crystals.32 Therefore, estimates
of minimum crystal sizes above are necessarily approximations
within the limits of relevant assumptions.

Figure 8. (a) Delay time for detection of secondary nucleation following single seed addition measured over a range of supersaturations. The
horizontal line is to illustrate that the delay time reaches a minimum value around 4 min at higher supersaturations. (b) Secondary nucleation delay
time (each point represents an average of the points in panel (a)) plotted against the inverse of the estimated growth rate calculated from the power
law fit (Figure 4) for equivalent supersaturation in seeded experiments.

Figure 9. Number-weighted particle size distribution at the point of
the earliest detection of secondary nucleation (>10 crystals in focus
per image) in seeded experiments. Each symbol corresponds to a
specific supersaturation, as described in the legend.
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Crystallization Behavior Assessment. Crystal growth
and nucleation are often studied and presented as two
conceptually separate processes. Our approach allows us to
directly investigate relationships between the growth rate and
the corresponding primary and secondary nucleation rates
under same experimental conditions, based on the consistent
measurement and analysis framework. The well-defined
quantitative relationship between growth and nucleation
kinetics is expected based on the power law dependence on
supersaturation that they both tend to follow. This is also
related to potential mechanistic relationships, where, for
example, the secondary nucleation induced by fluid shear is
related to the solution boundary layer at the surface of a
growing crystal in contact with the supersaturated solution,
where loosely bound clusters are swept from the boundary
layer and serve as crystal nuclei.
For the case of crystallization of α-glycine from aqueous

solutions in magnetically agitated vials, as shown in Figure 10,
the secondary nucleation rates are up to 6 orders of magnitude
higher than the primary nucleation rates. It is important to
note that in systems where secondary nucleation rates are
much higher than primary nucleation rates,17 the single
nucleus mechanism is expected to be an appropriate
conceptual framework for interpretation of nucleation behavior
and analysis of nucleation experiments.
A general assessment of crystallization behavior can be

presented in terms of the nucleation rate dependence on the
corresponding growth rate, as shown in Figure 10a. In this
diagram, every point corresponds to nucleation and crystal
growth rates determined at a particular supersaturation under
given crystallization conditions. When using any particular
method to estimate magnitudes of nucleation and growth rates,
it is important to keep in mind what the range of values that
can be measured using a given approach. For example, when
primary nucleation induction times can be measured over
certain periods of time, only a certain range of JV magnitudes is
accessible. If induction times can be measured between
minutes and hundreds of minutes, then the corresponding JV
values are on the order 0.001 to 0.1 per minute. That implies
that neither slower nor faster primary nucleation rates would
not be practically measurable by this approach. Similarly, when
secondary nucleation rates are assessed based on a certain
range of the number of particles in an image over times ranging
from minutes to seconds to hundreds of seconds, only a certain
range of B magnitudes is accessible. It is important to consider
what effects processing conditions have on primary and
secondary nucleation and crystal growth kinetics, as illustrated

in Figure 10b. First of all, as supersaturation increases, both
crystal growth and nucleation rates increase in tandem,
regardless of the system, as indicated by the corresponding
arrow in Figure 10b. Furthermore, as the agitation rate
increases, the primary nucleation rate increases significantly for
this system,8,9,26 and the secondary nucleation rate is expected
to increase as well,39 while the growth rate may also increase
somewhat due to enhanced convective mass transfer. This
would be expected to move the dependence of both the
primary and secondary nucleation rates on the growth rate
upward, as indicated in Figure 10b. Also, it is worth
considering the effect of seed crystal size, where the secondary
nucleation rate increases with crystal size,7 while the effect of
crystal size on the growth rate is expected to be much less
significant. This would then be expected to move the
dependence of the secondary nucleation rate on the growth
rate upward, as indicated in Figure 10b. These relationships
can be explored to rationally manipulate crystallization
conditions for achieving desirable outcomes in batch or
continuous crystallization processes.
As previously proposed,15,16 it is possible to classify

crystallization behaviors into four categories in relation to
their growth (slow or fast) and nucleation (slow or fast)
kinetics. These categories can be based on a chosen
characteristic time (τ), which may be based on a relevant
process residence time and a characteristic length (L), which
may be based on a target crystal size, where the crossover
nucleation and growth rates would be 1/τ and L/τ,
respectively.
While we illustrated the workflow for rapid assessment of

nucleation and growth kinetics for small-scale magnetically
agitated vials, a similar approach can be used across multiple
scales, where estimates of primary and secondary nucleation
and growth rates can be obtained as well. For example, primary
nucleation rates were investigated across scales recently in both
sub mL quiescent systems25 and agitated systems up to 10 L,40

where it can be seen that either J or JV values have similar
orders of magnitude across a wide range of scales.
More generally, in order to identify conditions suitable for

particular crystallization processes, certain combinations of
crystal nucleation and growth rates are required to provide
desirable crystallization outcomes, such as crystal size and
yield, at reasonable residence times.41 For example, it is
instructive to consider what orders of magnitude are required
for nucleation rates at the steady-state operation of a single-
stage continuous stirred tank (or mixed suspension mixed
product removal) crystallizer. Relationships between the

Figure 10. (a) Assessment of crystallization behavior of α-glycine based on nucleation and growth rates at corresponding crystallization conditions
in magnetically agitated vials. Each point represents both the nucleation and estimated growth rate at the same supersaturation. Seeded secondary
nucleation rates (per single seed crystal in a 3 mL vial) are shown in red, and unseeded primary nucleation rates (per 3 mL vial) are shown in blue.
(b) Schematic of crystallization behavior assessment showing expected dependencies of nucleation and growth rates on the supersaturation,
agitation, and seed crystal size represented by respective arrows indicating the direction of increasing magnitude.
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steady-state solid volume fraction ϕ, the (volume weighted)
mean crystal size d4,3 and the corresponding crystal growth rate
G and the (overall) nucleation rate B at the steady-state
supersaturation and the mean residence time τ can be
described for cubic crystals as follows41

= BG6 3 4

=d G44,3

From this, we can express the desired values of B and G in
terms of ϕ, d4,3, and τ as follows

=B d32 /3 4,3
3

=G d /44,3

Taking some typical values, ϕ = 0.1, d4,3 = 10−4 m, τ = 1000 s,
we get B = 6.4 × 104 /(mL min) and G = 1.5 μm/min. From
the data shown in Figure 10, we can see that such a
combination of nucleation and growth rates, in terms of orders
of magnitude, may indeed be accessible for the system
investigated here, when secondary nucleation is considered.
The required supersaturation S, based on the desired value of
G, would be around 1.06 (based on the power law fit from
Figure 4b), so the corresponding value of B for a single seed
crystal would be around 103 to 104/(mL min) based on data
shown in Figure 7b. Based on the rapid kinetic assessment of
this system, it would therefore be plausible to guide the process
development for a single-stage stirred tank crystallizer to
operate around S = 1.06 and assess the secondary nucleation at
a suitable scale around this supersaturation. We note that the
primary nucleation kinetics at these conditions is likely to be
extremely slow, around 10−3 to 10−4 /(mL min), so it would
not be practical to rely on unseeded experiments in small
volumes to estimate relevant crystallization kinetics data.

■ CONCLUSIONS
This study has outlined the development and validation of an
experimental workflow enabling the rapid assessment of
primary and secondary nucleation and growth kinetics, using
an example of cooling crystallization of α-glycine from aqueous
solutions in magnetically agitated vials.
First, an assessment of primary nucleation kinetics based on

unseeded experiments was conducted, and suitable conditions
for seeded experiments were determined. Single-crystal seeded
experiments were then used to assess secondary nucleation
kinetics. An image analysis algorithm provided particle counts
and size distributions for both seeded and unseeded experi-
ments and allowed quantification of secondary nucleation and
crystal growth rates. Primary nucleation rates were determined
from distributions of induction times obtained from unseeded
experiments. Interdependencies of primary and secondary
nucleation and crystal growth kinetics were carefully
considered and quantitatively analyzed to clearly distinguish
and decouple their respective kinetics.
It was found that secondary nucleation rates were several

orders of magnitude higher than primary nucleation rates in
the magnetically stirred vials used here, and therefore the single
nucleus mechanism is appropriate to interpret and analyze
nucleation behavior in this system. Crystal growth rates
estimated from in situ image analysis were comparable with
data from previous literature based on single-crystal growth
measurements across three orders of magnitude. Both growth
rates and nucleation rates show power law dependencies on

supersaturation and neither indicates any dead zones or
thresholds which misleadingly appear to be present when data
is plotted on linear scales. This highlights the need to use
logarithmic scale plots when analyzing such data and consider
sensitivity (what is the minimum value measurable using a
given approach) and limitations of any particular method used
to determine nucleation or growth rates.
Here, we illustrated the workflow for rapid assessment of

nucleation and growth kinetics for small-scale magnetically
agitated vials, which can also be used to quantify the effects of
agitation and seed crystal size on crystallization kinetics. A
similar approach can be deployed across multiple scales, where
estimates of primary and secondary nucleation and growth
rates can be obtained as well, in order to facilitate scale-up of
crystallization processes.
We used experimentally observed primary and secondary

nucleation and growth rates to present a quantitative
assessment of crystallization behavior, which revealed clearly
defined quantitative relationships between nucleation and
growth kinetics determined at given crystallization conditions.
These relationships are based on power law dependences on
supersaturation that both growth and nucleation kinetics tend
to follow. Such relationships therefore provide useful insights
into the crystallization behavior. They can also be explored to
rationally manipulate crystallization conditions for achieving
desirable outcomes in crystallization processes, as certain
combinations of crystal nucleation and growth rates are
required to provide desirable crystallization outcomes, such as
crystal size and yield, at reasonable residence times.
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