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ABSTRACT: In this paper we report our recent studies into
why diﬀerent nucleation behaviors in cooling crystallizations
were observed in a stirred tank crystallizer (STC) and an
oscillatory baﬄed crystallizer (OBC). Using sodium chlorate
as the model compound and setting up a number of
hypotheses, we identiﬁed and veriﬁed diﬀerent nucleation
mechanisms for the above two systems: while under the same
operational conditions, secondary nucleation occurred exclusively in the STC where the product crystals bore the same
handedness as the seeds; a combination of primary and
secondary nucleation was displayed in the OBC where a mixture of left- and right-handed crystals coexisted when a singlehandedness crystal was seeded. Through further hypothesis, we established the vital link between the nucleation mechanisms and
the ways mixing is generated in the two systems and discovered that the scraping action between the baﬄe edge and the wall of
the crystallizer could be the main culprit for the unexpected primary nucleation generated. All of our data in this paper conﬁrm
that the ﬂuid mechanical environment in crystallizers plays a profound role on nucleation and subsequent growth.
sizes17 with signiﬁcantly enhanced ﬁltration rates.18 The
transition of a labscale COBC of typically 10−15 mm diameter
to a pilot/full-scale COBC of 40−80 mm diameter is a linear
process,19 which means that there is little variation in ﬂuid
mechanical conditions as well as the metastable zone widths,
and this facilitates a direct and smooth scale up operation. In
addition, analytical tools and monitoring techniques can be
used at all scales without modiﬁcation, enabling direct transfer
of knowledge and know how from lab to industrial volumes.
In recent studies of crystallization of active pharmaceutical
ingredients (APIs) in the OBC, some interesting results were
consistently observed. For example, higher nucleation temperatures and narrower MSZW was observed in an OBC than in a
stirred tank crystallizer (STC);20 rapid growth of crystals in an
OBC without entrainment of impurities was possible;21 also
seeding was not necessary in an OBC to obtain a certain crystal
speciﬁcation, while it was essential in STC for the same
operation.22 This current work aims to address the latter
ﬁnding.
Our hypothesis is that a diﬀerent nucleation mechanism
could be observed in an OBC compared to that in a STC due
to diﬀerent styles of mixing or mixing mechanisms, while all
other operational conditions remain constant, such as supersaturation, temperature, mixing intensity, etc. Diﬀerent
nucleation mechanisms may result in diﬀerent crystallization

1. BACKGROUND
Crystallization is an important separation technique in the
chemical and pharmaceutical industries. Although many
theories are available in the literature,1−5 the fundamental
science behind crystal nucleation and growth is not fully
understood and in an industrial setting operator experience
rather than sound scientiﬁc understanding often plays a major
role in the success or failure of a crystallization process. The
scale up of crystallization processes also poses further
challenges for chemical engineers and process chemists in
that although batch processes are well understood the scale up
is often marred with batch to batch variations with additional
problems not encountered in the laboratory scale. This is
largely due to diﬀerent ﬂuid mechanical conditions present at
diﬀerent scales of operation.6 It is widely accepted that
discrepancies in mixing and ﬂow patterns have a profound
inﬂuence on scientiﬁc parameters such as metastable zone
width (MSZW),7 nucleation, and growth mechanisms.8,9 This
consequently aﬀects the ﬁnal crystal speciﬁcations such as the
size distribution and morphology.10 A drive to minimize these
diﬀerences in ﬂuid dynamics at diﬀerent scales of operation has
led to the use of continuous crystallization by means of plug
ﬂow crystallizers such as the continuous oscillatory baﬄed
crystallizer (COBC).11−13 Due to the uniform mixing, plug ﬂow
characteristics,14 enhanced mass,15 and heat transfer rates,16
together with the ease and readiness of controlling temperature
proﬁles along the length of the crystallizer, this provides a
constant ﬂuid mechanical condition for nucleation and
subsequent growth of crystals. This has led to uniform crystal
© 2012 American Chemical Society
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Figure 1. Types of product crystals obtained in stirred solutions. Reprinted with permission from ref 27. Copyright 1972 Elsevier.

supported by Evans et al. (1974), who discussed that although
crystal−crystallizer collisions and crystal−crystal collisions
accounted for around 75% of the nucleation within an agitated
crystallizer the remaining 25% of nucleation was controlled,
speculatively, by ﬂuid shear.32 Ayazi Shamlou et al. (1990)
showed how secondary nucleation of potassium sulfate crystals
can occur due to “ﬂuid-dynamic-induced breeding”.33 A more
recent investigation by Liang et al. (2004) on the crystallization
of L-glutamic acid also highlighted the dependence of
nucleation on crystallizer hydrodynamics.34 What we learned
from these previous studies is that by studying the product
crystal handedness it would be possible for us to probe into the
nucleation mechanism when the hydrodynamic environment is
changed in diﬀerent crystallizers, provided that other process
conditions, such as supersaturation, temperature, mixing
intensity, etc., are kept constant. This is our strategy for the
ﬁrst study of this kind utilizing the OBC.

speciﬁcations, for example, secondary nucleation can be the
determinant parameter for ﬁnal average crystal size distributions as discussed by Mandare and Pangarkar (2003).23
Understanding and controlling these diﬀerences in nucleation
in an OBC would be essential in order to engineer crystals of
desired attributes with ease and conﬁdence. It is however nearly
impossible to observe nucleation directly due to the fact that
the event of nucleation is too fast to be recorded and the size/
concentration of nuclei is too small/low to be detected by any
modern measuring tools. The focus of this work was then
directed at ﬁnding a crystal compound whose enantiomorphism
or morphology in the solid state could be related to the
nucleation mechanism.
One such a compound is sodium chlorate, a nonchiral
substance that on crystallization produces crystalline solids
possessing either a left- or a right-handed enantiomorphism.24
As such, the crystalline solid will display optical activity, a
property that has been exploited in previous studies to
determine the handedness of the crystals based on the direction
of rotation of plane-polarized light.25,26 For the purposes of this
work we refer to the dextrorotatory crystals as “right handed”
and the levorotatory crystals as “left handed”.
Two relevant investigations into the nucleation mechanism
were reported in 1972 by Denk and Botsaris,27,28 where at a
supercooling of 3 °C and 350 rpm stirring a crop of product
crystals had 100% right handedness when seeded with a single
right-handed crystal (unﬁlled circles in Figure 1). The
equivalent outcome was reported for seeding with a lefthanded crystal. This would indicate that secondary nucleation
took place due to either dendrite coarsening or collision
breeding within the crystallizer, i.e., the entire product crystals
originated directly from the seed crystal. Again, from Figure 1 it
can be seen that without seeding and at higher supercoolings of
greater than 7 °C primary nucleation was observed. This was
shown from a mixture of 50:50 left- and right-handed product
crystals obtained (ﬁlled triangles in Figure 1). This would
suggest that if spontaneous nucleation occurred, a mixture of
both left- and right-handed crystals would be the evidence. This
outcome was also supported by Martin et al. (1996).29
Qian and Botsaris (1997)30 cited the work of Sung (1973),31
which suggested that ﬂuid shear had an eﬀect on the
production of secondary nuclei. This phenomenon was also

2. EXPERIMENTAL SETUP AND PROCEDURES
On the basis of the above explanations two types of batch crystallizers
were studied: the STC and the OBC. Each crystallizer was serviced by
a water bath and temperature monitoring tools.
Stirred Tank Crystallizer. Figure 2 shows the setup of the STC.
The STC consisted of a jacketed round-bottom glass vessel with a
volume of 500 mL. A stainless steel two-blade paddle-type stirrer was
driven by the motor. The stirrer was 70 mm in diameter, 15 mm in
width, and 10 mm in clearance from the vessel ﬂoor. With a volume of
500 mL, the height of the liquid in the vessel is approximately 80 mm,
as indicated in Figure 2. Rotation was adjustable from 50 to around
2000 rpm.
The power density of a stirred tank crystallizer is deﬁned by35
P ρN 3D 5
P
= O s S
V
VL

(1)

where P/V is the power density (W m−3), ρ the ﬂuid density (1456 kg
m−3 at 40 °C), Ns the speed of the stirrer (rps), DS the diameter of the
stirrer (0.07 m), VL the volume of liquid in the STC (0.0005 m3), and
PO the dimensionless power number of the agitator, which was
estimated as 2.7 based on data presented by Nienow and Miles36 for
this type of impellor.
Oscillatory Baﬄed Crystallizer. Figure 3 shows the setup of the
OBC. The OBC consisted of a jacketed glass column with an internal
diameter of 50 mm and height of approximately 500 mm. This gave a
working volume of 500 mL. The vessel was held in position by a
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where Nb is the number of baﬄes per unit length of OBC (15.38 m−1),
CD is the discharge coeﬃcient of the baﬄes (taken as 0.7), xo is the
center to peak amplitude of oscillation (m), f is the oscillation
frequency (Hz), and α is the baﬄe free area ratio (0.23 for this OBC).
The free area ratio, α, is deﬁned by the area of the oriﬁce divided by
the tube cross-sectional area.
Measurement Tools. Heating and chilling were provided to the
crystallizers by use of a Grant GP200R2 heater/chiller. The jacket ﬂuid
was water. Temperature was monitored using stainless steel T-Type
thermocouples and a 4-channel temperature display, which was
interfaced to a PC for recording.
As crystalline sodium chlorate will rotate the plane of linearly
polarized light, the method of analysis is polarimetry. A simple
polarimeter was constructed using a light source, two polarizers, and a
glass slide upon which the crystals can be placed, as schematically

Figure 2. Image of the STC setup (not to scale).

Figure 4. Schematic setup of the polarimeter.
illustrated in Figure 4. The light passes through the ﬁrst polarizer, the
sample, and into the second polarizer for observation. The rotating
mount rotates the second polarizer either clockwise or anticlockwise,
allowing the handedness of the crystal to be ascertained.
This setup was used for all crystals obtained. When the polarizers
were initially crossed, all of the dried crystals are transparent with a
pale blue color (Figure 5a). Rotating the second polarizer clockwise
revealed the right-handed (dextrorotatory) crystals as dark blue
(Figure 5b); with further rotation the crystals became orange (Figure
5c). The left-handed (levorotatory) crystals remained pale blue. The
left- and right-handed crystals can then be separated into separate
beakers for counting and weighing.
Reagents. The laboratory-grade sodium chlorate used for the
experiments was sourced from Fisher Scientiﬁc UK (99+% purity).
This is termed as the fresh material in later discussions. For some
experiments, recycled sodium chlorate from previous mother liquors
was also used. To obtain the recycled material, the mother liquor of
the seeded trials was collected and evaporated; the concentrated
solution was then cooled, ﬁltered, and dried to give what we refer to as
“the recycled starting material” in later sections. Recycling mother
liquor has become a common technique for not only meeting “green
chemistry” requirements but achieving the maximum possible yield
from a crystallization process.38 Distilled water was used in all
experiments, which had been ﬁltered using a Whatman glass ﬁber ﬁlter
(Grade GF/C, nominal pore size 1.2 μm). Qualitative analysis of the
purity of both the fresh and the recycled materials was attempted using
UV−vis spectrophotometry. Samples of 1 g mL−1 were made up with
distilled water and analyzed using a Hach DR/4000 spectrophotometer. The resulting data is shown in Figure 6.
Note that it is diﬃcult to identify the exact impurities in sodium
chlorate, but what we did learn from the recycling process and from
Figure 6 is that the impurities were reduced by around 28% in the
recycled material (based on the area under the curves presented in
Figure 6).

Figure 3. Schematic of the OBC setup (not to scale).
stainless steel ﬂange. The baﬄe string was comprised of 4 PTFE baﬄes
with an outer diameter of 48 mm, an oriﬁce diameter of 24 mm, and a
thickness of 3 mm. The baﬄes were spaced at 65 mm by stainless steel
spacers. The baﬄes were oscillated in the vessel by means of a linear
motor (Copley Controls Corp.), which was held by an aluminum/
plastic frame above the OBC. Frequencies of 0−10 Hz and amplitudes
of 0−50 mm were possible.
The power density of the OBC is estimated using the quasi-steady
ﬂow model proposed by Baird and Stonestreet (1995)37

2ρNb ⎛ 1 − α 2 ⎞ 3
P
3
=
⎜
⎟xo (2πf )
V
3πC D2 ⎝ α 2 ⎠

(2)
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Figure 5. Determination of seed handedness (a) initially crossed polarizers, (b) second polarizer rotated clockwise, and (c) further rotating second
polarizer clockwise.

Figure 6. Graphs of absorbance vs wavelength for recycled material [mean absorbance of 0.036, 374 nm with area under curve of 66.1 × 106 au]
(left) and fresh material [mean absorbance of 0.174, 370 nm with area under curve of 91.6 × 106 au] (right).

Table 3. Mixing Conditionsa

Using solubility data published by Seidell,39 the mass of sodium
chlorate required to prepare saturated solutions at 31 °C was
determined as shown in Table 1.

NS (RPM)
STC
OBC

Table 1. Solution Recipe from Seidell39 for 500 mL
Saturated Solution

f (Hz)

xo (mm)

P/V (W m−3)

0.4

32

11.9
12.0

57

a

TSAT
(°C)

C (g NaClO3/100 mL
satd soln)

ρ
(kg m−3)

mass of
NaClO3 (g)

vol. of H2O
(mL)

31

73.79

1435

369

349

NS is the STC stirrer speed (rpm), f is the OBC frequency of
oscillation (Hz), xo is the amplitude of oscillation (mm), and P/V is
the power density of the system (W m−3).
dissolved. After dissolution, the solution was ﬁltered using a Whatman
glass ﬁber ﬁlter to remove any foreign particles. The solution was then
cooled to the supersaturation point under controlled conditions. A
single seed crystal of known handedness was washed with cold distilled
water before being suspended by means of a wire in the crystallizing
solution for 3 min. The seed crystal was then removed from solution
and agitation stopped to allow product crystals to grow overnight at 30
°C with no mixing throughout to form larger crystals. Thereafter,
product crystals were collected and quickly washed with 20 mL of cold
HPLC-grade water and dried on ﬁlter paper. Analysis of the crystals
was performed using the polarimeter described in Figure 4. The leftand right-handed crystals were then counted, separated, and weighed.
Each experiment was repeated a further two times in order to establish
the margin of error within the data. The apparatus was thoroughly
cleaned between trials using household detergent at 60 °C followed by
three rinses with hot water. The apparatus was allowed to dry prior to
use.

Seeds. Seeds were prepared by naturally cooling a quiescent
sodium chlorate solution in a 250 mL conical ﬂask. Sodium chlorate
and water were ﬁrst mixed in the sealed ﬂask, which was then
immersed in a water bath at 30 °C. Once the material had dissolved,
the ﬂask was removed and allowed to cool to room temperature. After
leaving the solution overnight, crystals were extracted by ﬁltration
using a Buchner funnel and ﬁlter paper (Whatman grade 1). Crystals
were immediately washed with 20 mL of cold water to remove any
traces of mother liquor and then dried between ﬁlter papers. These
were the seed crystals stored and used for our trials. The handedness
of the seed was conﬁrmed by polarimetry as described previously.
Experimental Procedure. In order to test our hypothesis that a
diﬀerent hydrodynamic environment would alter the nucleation
mechanism, the seeded trials were conducted at a constant set of
process conditions, such as supersaturation, concentration, cooling,
etc., while only varying the mixing mechanism, i.e., in a STC and in an
OBC. This would allow comparison between the two types of
crystallizers. The conditions studied are displayed in Table 2.
The mixing conditions studied are given in Table 3, with the aim of
matching power densities in the two devices.21,40
The general experimental procedure involved weighing out the
required amounts of reagent within each crystallizer (values given in
Table 1). The solution was held at 40 °C for 1 h under the agitation
conditions given in Table 3 to ensure that all solid particles had

3. RESULTS AND DISCUSSIONS
Before presenting the main results, a couple of benchmark
experiments were performed where no mixing at all was applied
to the crystallizers. This was to verify our hypothesis that it is
the mixing mechanism that has an eﬀect on the secondary
nucleation. The ﬁrst set of benchmark tests was conducted with
seeds but in the absence of mixing.
When no mixing was applied before, during, and after
seeding, we see that all product crystals bore the same
handedness as the seed crystal in all experiments for both the
OBC and the STC. This indicates that secondary nucleation
was the only mechanism in these tests and implies that primary
nucleation did not take place. If primary nucleation had
occurred, a mixture of left- and right-handed crystals would
have been observed as primary nucleation yields both handed
product crystals as shown by the triangles in the Figure 1

Table 2. Conditions Studied in This Worka
TSAT (°C)

TCRY (°C)

ΔT (°C)

S

vol. (mL)

31

30

1

1.006

500

a

TSAT is the saturation temperature of the solution (°C), TCRY is the
seeding (supersaturation) temperature (°C), ΔT is the supercooling
(°C), S is the supersaturation, and vol. is the volume of solution in the
crystallizer (mL).
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presented earlier and some recent work presented by Vogel
(2011).41
In order to further verify that no spontaneous nucleation
could occur as a result of surface phenomena, the second set of
benchmark experiments was conducted in the same manner as
the ﬁrst set, except no seeds were used, but only a blank wire
was suspended in the solution. The crystallizers containing the
supersaturated solutions were left overnight, and it was found
that no crystals can be seen in either system, indicating that the
possibility of either the presence of a foreign body (the blank
wire) or entraining foreign particles to initiate heterogeneous
primary nucleation was not possible. The same outcome was
observed three times in each system. This suggests that seeds
are the only necessary means to cause nucleation in both
systems.
Following on from the benchmark experiments, mixing with
identical power density was applied to the two systems. Tables
4 and 5 display the outcome.

the opposite handedness to the seed. This is a very interesting
ﬁnding as it implies that the OBC could possess a means of
creating primary nucleation without the need for an external
stimulus such as ultrasonic42 or laser.43 Before we examine how
this could be possible, we want to further conﬁrm our ﬁndings.
We repeated the same tests as above using the recycled material
as explained earlier, and the following data was collected
(Tables 6 and 7).
Table 6. Results for the Recycled Material with RightHanded Seeds
trial
OBC
1
2
3
mean
SD
STC
1
2
3
mean
SD

Table 4. Results for the Fresh Material with Right-Handed
Seeds
trial
OBC
1
2
3
mean
SD
STC
1
2
3
mean
SD

mass right
(g)

mass left
(g)

total mass
(g)

similarity to seed
(%)

8.1
5.4
2.6
5.4
2.8

0.6
0.4
0.1
0.4
0.3

8.7
5.8
2.7
5.7
3.0

93.1
93.1
96.3
94.2
1.8

0
0
0
0
0

1.4
4.3
8.9
4.9
3.8

100
100
100
100
0

OBC
1
2
3
mean
SD
STC
1
2
3
mean
SD

Table 5. Results for the Fresh Material with Left-Handed
Seeds
trial
OBC
1
2
3
mean
SD
STC
1
2
3
mean
SD

mass right
(g)

mass left
(g)

total mass
(g)

similarity to seed
(%)

0.4
0.6
0.3
0.4
0.2

6.3
9.1
5.6
7.0
1.9

6.7
9.7
5.9
7.4
2.0

94.0
94.0
95.0
94.3
0.6

15.9
0.9
5.7
7.5
7.7

15.9
0.9
5.7
7.5
7.7

100
100
100
100
0

0
0
0
0
0

mass left
(g)

total mass
(g)

similarity to seed
(%)

0.8
6.9
4.8
4.2
3.1

0.1
0.2
1.4
0.6
0.7

0.9
7.1
6.2
4.7
3.4

88.9
97.2
77.4
87.8
9.9

1.0
0.5
1.4
1.0
0.5

0
0
0
0
0

1.0
0.5
1.4
1.0
0.5

100
100
100
100
0

Table 7. Results for the Recycled Material with Left-Handed
Seeds
trial

1.4
4.3
8.9
4.9
3.8

mass right
(g)

mass right
(g)

mass left
(g)

total mass
(g)

similarity to seed
(%)

0.4
0.4
1.3
0.7
0.5

7.2
6.3
6.9
6.8
0.5

7.6
6.7
8.2
7.5
0.8

94.7
94.0
84.1
90.9
5.9

0
0
0
0
0

0.3
0.5
0.4
0.4
0.1

0.3
0.5
0.4
0.4
0.1

100
100
100
100
0

The results are clear that the STC produced crystals always
of the same handedness as the seed while the OBC did not,
with the similarity to the seed being less with the recycled
material (87.8 ± 9.9%) than that with the fresh material (94.2
± 1.8%). This indicates that the recycled material promoted
more primary nucleation under the same conditions, a
phenomenon that was also observed in other crystallization
processes.44 Intuitively speaking together with our UV−vis
analysis shown earlier, the recycled material (produced by a
recrystallization process) has around 28% fewer impurities in it
than the fresh material of the identical compound. Fewer
impurities would correspond to fewer opportunities for
secondary nucleation and in turn, for more primary nucleation.
However, we do not yet have deeper explanations on this.
Nevertheless, the repeated data served the purpose of validating
our ﬁnding.
What has caused the primary nucleation in the OBC? There
are a number of possibilities, e.g., microcrystalline dusts or the
way the mixing is generated. A microcrystalline dust on the

From the results of three repeated runs, it is clear that under
the conditions studied in this work the STC consistently gave
product crystals with 100% similarity to the seed handedness.
On the other hand, the OBC was always ≤96%. As all of the
product crystals from the STC bear the same handedness as the
seed, it would appear that the nucleation mechanism was
exclusively secondary. In the OBC, the secondary nucleation
was still a dominant feature but some sort of primary nucleation
must have occurred in order to have the product crystals with
2529
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seed crystal could introduce either a seed of opposite
handedness to that intended or by chance a heterogeneous
foreign body through which a crystal of opposite handedness to
the seed could appear. This seems highly unlikely as not only
was the single seed crystal thoroughly rinsed with distilled
water prior to use but this eﬀect would have been seen in both
the STC and the OBC, not exclusively in the OBC.
On examination of the way mixing is achieved in the two
systems, i.e., stirring vs oscillating, one unique feature in the
OBC stands out: the likely scraping action on the wall of the
column when the baﬄes are moving up and down the liquid
phase. This interaction could cause suﬃcient friction to induce
primary nucleation which resulted in the mixture of left- and
right-handed crystals in the product. Could the scraping action
be the culprit for the primary nucleation?
In order to test this hypothesis we redesigned the STC and
OBC on purpose in that the stirrer in the STC was large
enough to cause the scraping eﬀect. Meanwhile, the baﬄe
diameter is smaller than the tube diameter, ensuring that the
scraping eﬀect would be eliminated in the OBC. If our
hypothesis is correct then the reverse results would prevail, i.e.,
100% of the product crystals from the OBC would bear the
seed handedness, while less than 100% similarity to the seed
would be seen in the STC.
For the consistency of material selections, both the scraping
baﬄes and the scraping stirrer were made of PTFE while the
vessels were of glass. In this way, any potential discrepancies on
the eﬀect of scraping due to material indiﬀerences45 are
eliminated. The results are shown in Tables 8 and 9.

Table 9. Results for the Fresh Material with Left-Handed
Seeds
trial

OBC with increased gap
1
0.2
2
0
3
0
mean
0.1
SD
0.1
STC with scraping stirrer
1
0.01
2
0
3
0
mean
0
SD
0.01

mass right
(g)

OBC with increased gap
1
2.5
2
4.4
3
4.7
mean
3.9
SD
1.2
STC with scraping stirrer
1
0.2
2
0.5
3
5.1
mean
1.9
SD
2.8

mass left
(g)

total mass
(g)

similarity to seed
(%)

0.01
0
0.07
0.03
0.04

2.5
4.4
4.8
3.9
1.2

99.6
100
98.5
99.4
0.8

0.01
0.01
0
0.01
0.01

0.2
0.5
5.1
1.9
2.7

95.2
98.0
100
97.7
2.4

mass left
(g)

total mass
(g)

similarity to seed
(%)

3.8
4.0
4.2
4
0.2

4.0
4.0
4.2
4.1
0.1

94
100
100
98.0
3.5

0.4
5.9
1
2.4
3.0

0.4
5.9
1
2.4
3.0

97.6
100
100
99.2
1.4

Table 10. Results for the Recycled Material with RightHanded Seeds
trial

mass right
(g)

OBC with increased gap
1
1.2
2
3.4
3
0.5
mean
1.7
SD
1.5
STC with scraping stirrer
1
0.1
2
0.2
3
2.0
mean
0.8
SD
1.1

Table 8. Results for the Fresh Material with Right-Handed
Seeds
trial

mass right
(g)

mass left
(g)

total mass
(g)

similarity to seed
(%)

0.4
0.5
0.1
0.3
0.2

1.5
3.9
0.7
2.0
1.7

76.1
87.2
82.3
81.9
5.6

<0.1
<0.1
0.2
0.1
0.1

<0.2
<0.3
2.2
0.9
1.2

71.5
83.0
90.8
81.7
9.7

Table 11. Results for the Recycled Material with LeftHanded Seeds
trial

mass right
(g)

OBC with increased gap
1
0.1
2
<0.1
3
0.1
mean
0.1
SD
<0.1
STC with scraping stirrer
1
<0.1
2
0.6
3
0.5
mean
0.4
SD
0.3

From the above data it can be seen that on introduction of
the scraping stirrer to the STC there are now instances where
the product crystals display less than 100% similarity to the
seed crystal (trials 1 and 2 in Table 8, trial 1 in Table 9),
although there are still a few cases where complete similarity to
the seed is maintained.
For the OBC where there was a gap between the baﬄe and
the tube, the results did show a shift in similarity to seed toward
the 100% level, as seen with the unscraped STC tests
performed earlier. These initial data are encouraging. In order
to further reinforce the outcome, we repeated the experiments
again utilizing the recycled starting material. The results from
these tests are shown in Tables 10 and 11.
The results are indeed interesting; they partially verify our
hypothesis, i.e., it is the scraping action in the OBC that was the

mass left
(g)

total mass
(g)

similarity to seed
(%)

2.0
3.9
2.1
2.7
1.1

2.1
4.0
2.2
2.8
1.0

95.3
99.1
95.0
96.5
2.3

0.5
3.7
0.9
1.7
1.7

<0.6
4.3
1.4
2.1
1.9

94.6
86.1
67.6
82.8
13.8

means of generating the primary nucleation. It should be noted
that it was diﬃcult to source a stirrer that would generate an
even scraping eﬀect on the internal wall of the STC due to the
uneven curvature. This may explain the smaller percentage shift
than compared to the original OBC trials. In addition,
increasing the gap between the baﬄes and the vessel wall in
the OBC eﬀectively reduced the overall mixing;46 this may
explain why a full 100% similarity was not achieved.
Our data presented here is complementary to the recent
work of Qian and Botsaris (2004). They investigated the eﬀect
of the morphology of the seed crystal on the observed
2530
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nucleation mechanism. Using their proposed embryo coagulation secondary nucleation (ECSN) model, where embryos of
both handedness can exist in the boundary layer of the seed
crystal,30 they found that the percentage of the product crystals
with the same handedness as the seed was highly sensitive to
the crystal surface of the seed as well as depending on the
supercooling. They concluded that the degree of supercooling
required to switch from conventional secondary nucleation, i.e.,
by attrition, to the ECSN model was dependent on the seed
preparation method.47 While Qian and Botsaris studied the
seeded crystallization of sodium chlorate with regard to seed
preparation and supercooling, we investigated the eﬀect of the
hydrodynamic environment of crystallizers on crystal similarity
and observed a change in the nucleation mechanism.
The ﬁnal set of three experiments that we performed
involved no seeds but kept the agitation running overnight in
both STC and OBC. This is to further consolidate our ﬁnding.
After agitating overnight at 30 °C, the STC had no product
crystals present as we would expect. In the OBC, however, it
was clear that nucleation had occurred; crystals were present in
the system. In one instance out of the three, the OBC had not
nucleated overnight; instead, it occurred after 2 days. At such a
low supercooling and fairly gentle mixing, we consider this
result reasonable. Analysis of the crystals’ handedness revealed
that there existed a combination of left- and right-handed
crystals, although actual quantiﬁcation was diﬃcult and time
consuming due to the small size of the crystals obtained. This
result once again supports our hypothesis that the scraping is
the cause of nucleation in the OBC.
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