
Measured Growth Rates of Ibuprofen:
Comparing Single Crystal and Bulk
Suspensions Data

The design of industrial crystallization processes usually employs laboratory-scale
experimental data which must be correlated with the full-scale process for effec-
tive technology transfer. In this context, the measured growth rates of single crys-
tals of ibuprofen in stagnant ethanolic solutions are compared with data recorded
for a population of crystals crystallized in an agitated 7-mL reactor. The single
crystal growth rates are found to be rather close to those determined in the
agitated reactor, with both being also in good agreement with previously pub-
lished data at the 750-mL scale, suggesting that studies on single crystals can have
utility for the purpose of crystallization process design and optimization.
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1 Introduction

Understanding and characterizing the growth rate of crystals is
a key step in the design of crystallization processes and their
implementation into commercial manufacturing. Growth rate
anisotropy between the individual crystal faces (hkl) can
strongly influence the resultant morphology and surface chem-
istry of the particles produced [1] and hence through this affect
the physical properties of, e.g., solid, active pharmaceutical
ingredients (APIs), which in turn can influence important
product attributes such as their bioavailability, wettability, and
flowability. Variation in crystal size and shape associated with
crystal growth rate dispersion [2–4] can also play an important
role in terms of introducing variability into the performance of
crystals in many practical formulations. Hence, the measure-
ment of reliable crystal growth kinetic data in the early stages
of the drug product development process can be important in
terms of estimating the crystal shape, and size distributions,
and their dependence on process conditions during scale-up
from laboratory to manufacturing operations.

Growth rate data at the laboratory scale can be measured
both through single crystal growth rate experiments [1, 2, 5–7]
and through the assessment of crystal size distributions in
agitated suspension crystallization in batch vessels [2, 8–10].
Such correlation between measurements can provide a helpful
basis for the assessment of the scale-up of crystallization pro-
cesses by industry through the use of process modeling meth-
odology [11]. Single-crystal measurement methods, carried out
under well-defined conditions, provide an excellent baseline
assessment for studying the basic growth kinetics and associ-
ated crystal growth mechanism of a solution solute growth
system. In particular, these approaches avoid the impact of

process-dependent phenomena such as growth rate dispersion
and secondary nucleation [12] and attrition associated, e.g.,
with the collision of crystals with reactor internals or other
crystals, all of which may impact upon the crystallization pro-
cess and its growth kinetics.

However, industrial crystallization is usually carried out in
agitated batch reactors. In agitated crystallizers, direct measure-
ment of crystal growth rates can be challenging as the crystals
concerned are in continuous motion within the vessel and
hence can only be briefly viewed in their projected form
[13, 14]. Such measurements can also be adversely impacted by
the influence of the spatially varied hydrodynamic environ-
ments that are typically involved in industrial crystallizers
[15–18], e.g., heat and mass transfer which can vary signifi-
cantly within the crystallizer environment and can be affected
by agitation and mixing effects [19–21]. In particular, high
agitation intensity can promote nucleation in supersaturated
solutions which can reduce crystal size, whilst no or low inten-
sity agitation [22] may lead to poor mixing resulting in the
crystals settling within the reactor and not being able to freely
contact and develop within the bulk solution. Such variability
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can influence the crystal growth kinetics and hence, the resul-
tant crystal form through variation in the crystal habit, poly-
morphic form [8], and particle size distribution of the final
crystalline product.

A wide range of process analytical techniques have been
developed for measuring the growth rates of crystals including
microscopy techniques [6, 23–28], hot-stage microscopy
[2, 29], on-line high-speed imaging [30], in-situ particle viewer
[13, 31, 32], and focused beam reflectance measurement
(FBRM) integrated with Fourier transform infrared/attenuated
total reflectance spectroscopy (FTIR/ATR) [33, 34]. Despite
this, there have been surprisingly few studies so far that have
attempted to couple measurements of single-crystal growth be-
havior with related measurements of crystals grown in agitated
crystallizers [35, 36] for the same crystallization system. More-
over, the extent to which the performance of a crystallizer can
be predicted from single-crystal measurements alone is unclear.

Reflecting this context, this paper seeks to provide such a
cross-correlation between these two different process environ-
ments through parallel measurements of both the single crystal
growth of RS-ibuprofen in seeded ethanolic solutions and the
same when measured at the 7-mL scale within a bulk agitated
crystallizer as a function of supersaturation.

2 Materials and Methods

2.1 Materials

RS-Ibuprofen (2-(4-isobutyl-phenyl) propionic acid, C13H18O2,
M1) = 206.28 g mol–1, melting point 77–78 �C) is a nonsteroidal
anti-inflammatory drug (NSAID). RS-Ibuprofen (melting point
75–77 �C, purity ‡ 98 %) was obtained from Tokyo Chemical
Industry UK Ltd. The solvent used was 95 % ethanol/water
(azeotropic composition of a binary mixture of ethanol and
water) from Sigma Aldrich.

2.2 Experimental Apparatus

For single crystal growth measurements, the setup employed
[1] comprised an inverted optical polarizing microscope
(Olympus Optical IMT-2 or Leica/Leitz DM IL 090-131-002)
integrated with a CCD Lumenera Infinity 3.3 megapixel cam-
era, a PC with image analysis software to capture crystal images
during the growth process, a jacketed crystallization vessel
(34 mm inner diameter, 17 mm height), with a flat optical glass
disc at the top and the bottom connected to a Huber ministat
chiller.

For bulk suspension crystallization, the growth rate measure-
ments in agitated reactors were carried out in the Technobis
Crystalline platform [37] which is a laboratory platform includ-
ing eight temperature-controlled 7-mL scale reactors, each
fitted with a three-blade impeller. Each reactor is equipped with
a camera (2·magnification lens) which enables visual monitor-

ing of the crystallization process together with a turbidimetric
sensor for detecting dissolution and crystallization onset.

2.3 Experimental Methods

Experiments were designed based on previously reported solu-
bility data of RS-ibuprofen in the mixture of 95 % ethanol and
5 % water [1]. An amount of 7 mL of ibuprofen in ethanol at a
concentration of 0.98 g mL–1 was prepared and kept at a con-
stant temperature of 27 �C and 28 �C (supersaturation level of
0.157 and 0.105, respectively). Measurements were repeated to
check the reproducibility of the data.

The single-crystal growth rates of ibuprofen were measured
from seeded batch crystallization experiments within supersat-
urated solutions. The solutions were maintained at a constant
temperature of 27 �C and 28 �C, respectively, for 30 min to
ensure the temperature of the solution had reached thermal
equilibrium. Seed crystals were introduced to a stagnant solu-
tion and a sequence of crystal images was captured to measure
the overall crystal growth rate, using two to three crystals for
each experiment at a defined supersaturation.

Growth rate measurements in the agitated vessel were
derived also from seeded batch crystallization experiments
within supersaturated solutions. The solutions were heated to
10 �C above the saturation temperature for 1 h to ensure full
dissolution of the solute and then cooled to 27 �C and 28 �C,
respectively, at a cooling rate of 10 �C per minute and the sys-
tem was left at constant temperature for 20 min before adding
0.1 wt % of crystal seeds of the weight of ibuprofen in the solu-
tion. Images were captured frequently every 10 s. This allowed
images which captured clear and sharp crystal edges to be
selected for the growth rate estimation in order to obtain crys-
tal size distribution data and hence the overall crystal growth
rates.

2.4 Data Analysis

Since the thickness of the ibuprofen crystal in the x-direction is
far smaller than the other two (y and z) directions, the crystals
in the experiment were only visible normal to the x-axis.

For the single crystal growth experiments, the growth rate of
individual crystals was directly calculated from the dimensions
of the observed crystals notably a1, a2, b1, b2, h1, and h2 were
measured (Fig. 1).
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Figure 1. Schematic highlighting the method used for the cal-
culation of the projected area for single crystals, indicating the
critical dimensions measured during the data analysis steps for
the purpose of calculating the crystallite growth rate.

–
1) List of symbols at the end of the paper.
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The area and the area equivalent diameter of a crystal can be
calculated as:

A ¼ 1
2

a1h1 þ
1
2

a2h2 þ
1
2

a1 þ a2ð Þ
� �

1
2

b1 þ b2ð Þ
� �

(1)

From the calculated area of the crystals as a function of time,
the diameter D for the sphere with the same area as the particle
(the area equivalent diameter) versus time was calculated to
obtain the growth rate as a function of supersaturation.

D ¼ 2

ffiffiffiffi
A
p

r
(2)

For bulk suspension crystal growth rate measurements, image
analysis software [37] was used to calculate the projected sur-
face area of the crystals and from this the equivalent diameter of
a projected sphere having the same number of pixels and from
which the number-weighted mean diameter was determined.

In this, the number mean D was calculated by:

�D ¼
Pn

1 DixiPn
1 xi

(3)

where Di is the particle size given as equivalent diameter and xi

is the number of particles in each particle size range.
The crystal size based on the number weighted mean diame-

ter was plotted as a function of time and supersaturation. The
slopes obtained from the linear equations were used to deter-
mine the growth rates for each run and plotted as a function of
solution supersaturation.

3 Results and Discussion

An example of a sequence of images of crystals grown from
ethanol in a 7-mL non-agitated jacketed vessel at s = 0.157 is
displayed in Fig. 2 and the plots of the calculated spherical
equivalent diameter versus time are illustrated in Fig. 3, with
the data being summarized in Tab. 1 (column 2). Each line rep-
resents the growth rate of individual crystals over time.

The slopes of the linear plots reveal the values of the growth
rate and show that the particle sizes are similar for both experi-
ments starting at around 100–150 mm at the start of each data
collection. The crystal growth rates were found to display a
good linear fit with time for each crystal indicating that each
crystal appears to develop at constant growth rate for a given
supersaturation. However, some variation in the growth rates
between different single crystals growing under the same con-
ditions in a non-agitated vessel was observed in this study
(Figs. 2 and 3).

A sequence of images of crystals grown from ethanol solu-
tions in the agitated crystallizers is indicated in Fig. 4 and the
mean number particle size is given in Fig. 5 with the data sum-
marized in Tab. 1 (column 3).

The ibuprofen crystals obtained during these experiments
were of a plate-like hexagonal morphology, as illustrated in
Fig. 4, and were found to be consistent in shape with published
data [1, 23, 38–40]. The growth rate of the (001) and (011)
faces are responsible for defining the in-plane shape of the
crystals [1]. In addition, the online images demonstrate that
after 5–6 min from seeding the solutions in agitated reactors
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Figure 2. Series of optical micrographs of single crystal growth behavior in a stagnant 95 % ethanol and 5 % water solu-
tion at 7 mL after seeding at s = 0.157 captured every 20 min. From these data, the projected surface area of the crystals
and then the spherical equivalent diameter were calculated. Scale bar: 100 mm.
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the captured images rarely showed any crystals. However, fol-
lowing a period of time, there were more new nuclei produced
which formed a population of crystals in the crystallizers dur-
ing the crystallization process.

The data for the growth rate based on the number weighted
mean diameter for each supersaturation are given in Fig. 5 and
the average growth rates based on the number mean diameter
are summarized in Tab. 1.

The summary data of the calculated growth rates for single
crystal and agitated batch crystallized measurements are given
in Tab. 1 and show that the overall growth rate increases as a
function of supersaturation at s = 0.105 and 0.157 as expected.
This increase in the calculated growth rate trends as a function
of supersaturation and gives some confidence that the data
treatments are reliable. It was observed that the growth rate
measured for the agitated vessel using a number mean diame-
ter method correlated well with the single crystal growth data,
2.43 and 2.14 mm min–1, respectively at s = 0.157. This trend
was also observed for the lower supersaturation, s = 0.105, and
hence provides confidence in this analysis.

Furthermore, the growth rate of ibuprofen in absolute etha-
nol at 750-mL process scale was reported by Rashid et al. [9] to
follow a first-order dependence on supersaturation, i.e.:

G ¼ kGsn with n ¼ 1 and kG ¼ 15 (4)

where G is the linear growth rate (= dL/dt) (mm min–1), L is a
characteristic crystal size, here taken as the volume median size
of the distribution, and kG is the growth rate coefficient
(mm/min/unit of supersaturation s).

The growth rate of ibuprofen at
s = 0.157 and 0.105 was calculated
using the equation above, with
results included in Tab. 1 for com-
parison. It is clear that the growth
rate measured in the agitated vessel
using the number mean diameter is
of the same order as that of single
crystals in stagnant solutions at a
7-mL scale and also based upon the
calculated data extracted from
Rashid et al. [9]. It should be noted
that the data reported by Rashid et
al. were collected using a laser
diffraction technique and hence the
growth rate data were calculated
from a volumetric equivalent
diameter whereas the data in this
work were assessed from the area
equivalent diameter. However, a
comparison of the relative growth
rates, particularly at the same
supersaturation level, is invaluable
due to the lack of measured exper-
imental data in this field.

From the data presented in
Tab. 1, it can be seen that the
growth rate in the non-agitated
jacketed vessel is slightly higher

than that in the agitated reactors. On first examination, this
result may seem somewhat counter-intuitive due to the expec-
tation that agitation should accelerate mass transfer, diffusion,
and hence the growth process. However, in this case, this effect
is probably due to higher levels of secondary nucleation by
contact breeding for the agitated case compared to the non-agi-
tated case, resulting in the former crystallization environment
being more likely to de-supersaturate faster. This effect is also
perhaps a reflection of two growth kinetic processes proceeding
simultaneously within the agitated reactor, notably the contin-
uous formation of new crystalline particles from secondary
nucleation/growth and the growth of the seed crystals.

In this case, the online measurement of the particle size
through image analysis would be expected to provide an aver-
age of the constituent growth rates associated with crystal size
distribution from populations of both the new nuclei (much
smaller particles) and the seed crystals (larger particles). In
addition, the agitation process can be expected to lead to break-
age of the larger and more perfect single crystals, i.e., those hav-
ing the higher growth rates, with the resultant smaller attrition
fragments growing slower due to their being ‘‘less perfect’’ and/
or more strained due to the impact of the mechanical stresses
within the agitated reactor [41, 42].

This data highlight that the results of single crystal growth
rate experiments can be useful in representing the growth rate
of a population of crystals in an agitated crystallizer for this
particular chemical system.
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Figure 3. Calculated growth rate (in spherical equivalent diameter) versus time data from ex-
periments in a 7-mL non-agitated jacketed reactor at (a) s = 0.105 and (b) s = 0.157. The red
and blue lines are representative for two repeat runs at each supersaturation.

Table 1. Overall calculated growth rates obtained from single crystal growth experiments in
stagnant solutions using microscopy and the calculated growth rate based on the number mean
diameter size in the agitated crystallizer at various supersaturation levels, s.

s [–] Overall growth rates [mm min–1]

Non-agitated single crystals
data 7-mL scale

Agitated vessel data based on mean
number diameter 7-mL scale

Data after Rashid [9]
750-mL scale

0.105 2.52 ± 0.20 1.20 ± 0.10 1.57

0.157 3.02 ± 0.71 2.43 ± 0.45 2.35
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4 Conclusions

This paper seeks to report preliminary crystallization science of
scale data highlighting some encouraging observed correlations
between the measurements of the averaged projected area
equivalent diameter measured growth rates and the same when

measured with less precision but at
the same scale within an agitated
batch reactor. Pleasingly, the data
also show an acceptable degree of
correlation between the experimen-
tal setups for the two supersatura-
tions used in the measurements,
which in turn were of the expected
magnitude when compared to a
previously published correlation
which was developed at the
750-mL scale [9]. However, caution
is obviously needed in generalizing
the outcomes of this work, mindful
that the measurements presented
here are based on only a single
crystallization system and for just
two supersaturations.

Clearly, further work on other
crystallizing systems through mea-
surements carried out over a wider
range of supersaturations and pro-
cess scale sizes are needed to estab-
lish the generic significance of this
kind of approach as well as to an-
swer the question regarding the use
of this science of scale methodology
within routine process R&D, e.g.,
through its integration with popu-
lation balance modeling (see the
example [43]). It is hoped that the
work presented here will stimulate
additional interest and through this
perhaps provoke further work to
this overall aim.
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Figure 4. Real-time monitoring within the agitated vessel of the size distribution and number of
crystals grown in ethanol after seeding at s = 0.157 in an agitated reactor every 1 min (above);
enlargement of an image of population of plate-like ‘‘hexagonal’’ morphology ibuprofen crystals
(below). Scale bar: 500 mm.
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Symbols used

A [mm2] calculated area of the crystals
D [mm] diameter for the sphere with the

same area as the particle (area
equivalent diameter)

D [mm] number-weighted mean diameter
Di [mm] particle size given as equivalent

diameter
G [mm min–1] crystal growth rate
kG [–] growth rate coefficient
M [g mol–1] molecular weight
xi [–] number of particles in each particle

size range

Greek letter

s [–] relative supersaturation
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Figure 5. Crystal growth for ibuprofen in 95 % ethanol at supersaturations of 0.105 (a)
and 0.157 (b) within the agitated batch crystallizer calculated from the number mean
particle size distribution.
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