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In this paper, we report the effects of mixing intensity, seeding, composition of baffle material and final
temperature on meta-stable zone width (MSZW) and crystal polymorph in solution crystallization of an
industrially important compound, l-glutamic acid, in an oscillatory baffled crystallizer (OBC). The results
show that the MSZW decreases with increasing of mixing; meta-stable � crystals are transformed into
stable � crystals with enhanced mixing intensity. Seeding meta-stable � crystals in operational conditions
olution crystallization
inear cooling rate
eeding
scillatory baffled crystallizer
eta-stable zone width

-Glutamic acid

that promote � crystals leads to the formation of � crystals allowing co-existence of both forms; while
seeding stable � crystals in conditions that favour � form allow � crystals prevailing in all conditions.
Smoother surface of baffle material in OBC exhibits larger MSZW and favours meta-stable crystals, while
rougher surface has smaller MSZW with stable crystals dominating. The meta-stable crystals gradually
change into the stable form when final cooling temperature is closer to its nucleation temperature. The
outcomes from this work indicate that by controlling process parameters desirable crystal polymorph

C.
can be obtained in the OB

. Introduction

Solution crystallization is a relatively simple process; however,
he underlying science is not well understood and industrial oper-
tion still heavily relies upon operators’ experience. Fig. 1 is a
chematic diagram describing a solution crystallization process.

hen a hot and under-saturated solution is cooled, it crosses the
olubility curve as shown in Fig. 1 and becomes supersaturated.
rom a scientific viewpoint, supersaturated solutions exhibit a
eta-stable zone that provides an allowable level of supersatura-

ion for each crystallization process. In other words, until a certain
egree of supersaturation has been reached (via further cooling in
his case), spontaneous nucleation is not likely to occur within the

eta-stable zone. Crystal growth takes place with further cooling,
hile the concentration of the solution decreases. The main cooling

ycle must be within the meta-stable zone. It should be noted that
n order to obtain desirable crystal specification, industrial-scale
atch crystallization operations have to follow the “crystallization
ath” of the bold arrow shown in Fig. 1.
While solubility of a compound in a solution can be determined
xperimentally, the super-solubility (Fig. 1) or the meta-stable limit
s thermodynamically not found and kinetically not well defined,
epending on temperature, rate of generating supersaturation,
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solution history, impurities, fluid dynamics, scale, etc. [1]. This
means that the super-solubility curve in Fig. 1 changes when reac-
tor’s mixing/operation/process conditions vary and when scale up
of laboratory to industrial operation is involved. This is partially
why it is very difficult to mimic laboratory crystallizations onto
industrial-scale batch operations involving stirred tank crystallizer
(STC), the workhorse of industrial crystallization.

The added complication is that our ability and understanding
in scaling up STC is limited. Moreover there is no agreement on a
set of parameters to be kept constant in scale up, e.g. tip impellor
velocity [2], rotational speed of impellor [3,4], stirred tank Reynolds
number [5], power input [4,6], ratio of impellor to vessel diameters
[7], volume-averaged shear rate [8], mass transfer coefficient [9,10],
mean droplet size [11], gas hold-up [12], mixing time [13] and com-
putational dynamic simulation [14] have all been used as the scale
up parameter in STC. This further worsens the controllability of
industrial crystallizations in STC.

On the heat transfer side, while linear cooling profile is rou-
tinely used in laboratories, it is still impossible to be implemented
in any industrial batch STC due to the fact is that the specific sur-
face area per volume (m2 m−3) for heat transfer in STC decreases
dramatically with scale.
From fluid mechanic perspective, while good mixing can be
attained in lab scales, mixing gradients are often found in large
scale operations, with better mixing at and near the impeller
regimes, poorer elsewhere [15–17]. This leads to the fact is that
mixing cannot linearly be scaled up. In terms of crystallization

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:x.ni@hw.ac.uk
dx.doi.org/10.1016/j.cej.2009.10.045
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yet dissolved in the solution. When the temperature increases over
a certain point, a sharp rise in transmittance is seen, where the cir-
cled “points” are generally referred as the start of dissolution. As
the dissolution of crystals further intensifies with increasing tem-
Fig. 1. General schematic of a typical solution crystallization process.

rocess, mixing gradients cause concentration gradients that have
irect impact on crystallization science, e.g. supersaturation and
eta-stable zone width. Clearly, a crystallizer with linear scale up

apability, excellent heat transfer characteristics and uniform mix-
ng would be desirable, alleviating/eliminating the aforementioned
cientific and operational problems in crystallization involving STC
nd allowing benefits realized in laboratories to be directly applied
o industrial crystallizations. The work reported in this paper is the
ontinuation of our investigation on the suitability of oscillatory
affled crystallizer (OBC) in solution crystallization due to its linear
cale up capability [18,19]. l-Glutamic acid was the model crystal
ompound used in this work of research. Previously we reported the
ffect of solution concentration and cooling rate on crystallization
arameters [20], in this paper the effects of mixing, seeding, mate-
ial and final temperature on solution crystallization of l-glutamic
cid are presented.

The OBC consists of a column containing periodically spaced
rifice baffles superimposed with oscillatory motion. Mixing in an
BC is provided by the generation and cessation of eddies when
ow interacts with baffles. With repeating cycles of vortices, strong
adial motions are created, giving uniform mixing in each inter-
affle zone and cumulatively along the length of the column. The
uid mechanical conditions in an OBC are governed by two dimen-
ionless groups, namely, the oscillatory Reynolds number (Reo) and
he Strouhal number (St), defined as

eo = 2�fxo�D

�
(1)

t = D

4�xo
(2)

here D is the column diameter (m), � the fluid density (kg m−3), �
he fluid viscosity (kg m−1 s−1), xo the oscillation amplitude (m) and
the oscillation frequency (Hz). The oscillatory Reynolds number
escribes the intensity of mixing applied to the column, while the
trouhal number is the ratio of column diameter to stroke length,
easuring the effective eddy propagation [21].

. Experimental set-up and procedures

.1. The oscillatory baffled crystallizer

Fig. 2 shows a schematic set-up of the oscillatory baffled crys-
allizer (OBC). The OBC was made of a jacketed glass column of
.05 m internal diameter and 0.5 m tall, making a total volume of

L. The OBC was flanged onto a metal frame with a supporting

tructure in order to minimize external mechanical vibrations. The
BC was operated in batch mode at atmospheric pressure and room

emperature. The jacket inlet and outlet were connected to a tem-
erature controlled water bath (Techne RB-12A, UK). An inbuilt
Fig. 2. The schematic of the experimental set-up (not drawn to scale).

pump ensures a steady flow of water through the jacket of the
crystallizer. The water bath was controlled through an external
computer.

A set of three equally spaced orifice baffles was used to generate
mixing in the OBC, and supported by two 5 mm diameter PTFE rods.
The baffle set was oscillated by an electrical motor/gearbox unit
(Leroy Somer Ltd.) with an inverter for speed control (Eurotherm
Drives 601). Oscillation frequencies of 0.2–10 Hz can be obtained by
varying the rotational speed of the motor; and peak-to-peak oscil-
lation amplitudes of 1–40 mm by adjusting the eccentric position
of a connecting rod in a stainless steel coupling wheel.

2.2. Meta-stable zone width

Meta-stable zone width (MSZW) is a nucleation kinetic limited
parameter that is highly dependent on process conditions [22–28].
In this work, the MSZW is determined by turbidity measurement
using a fibre optic probe designed and built in-house. The turbidity
measurement is based on a principle that solution transmittance is
inversely proportional to concentration of crystals within the solu-
tion [29]. The details of procedures of calibration and operation can
be found elsewhere [20].

Fig. 3 is a typical profile of solution transmittance as a function
of temperature obtained in the OBC. Initially the signals of trans-
mittance are low (the square symbols), indicating crystals are not
Fig. 3. A typical profile of solution transmittance as a function of tempera-
ture in crystallization of l-glutamic acid in OBC (concentration = 30 g L−1, cooling
rate = 0.5 ◦C min−1).
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Table 1
Properties of l-glutamic acid.
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Molecular
formula

Molecule
weight

Density
(kg m−3)

Isoelectric
point (pH)

C5H9NO4 147.13 1.538 3.22

erature, a maximum transmittance signal is recorded, suggesting
clear solution free of solid.

By controlling the decrease of solution temperature, a controlled
ooling, i.e. a linear cooling profile, is created, and a sharp drop
n transmittance is noticed. The nucleation is initiated in a small
egion where the signal starts to fall; and crystallization takes place
hen the transmittance readings have dropped to a pre-defined

alue (e.g. 20% in this study, see the dotted line in Fig. 3) from the
aximum [30]. The meta-stable zone width (�Tmax) for a particu-

ar operational condition is then defined as

Tmax = Tsat − Tcry (3)

here Tsat is the saturation temperature (◦C) and Tcry the crystal-
ization temperature (◦C) as shown in Fig. 3. It is clear that the MSZW
s dependent on operational conditions.

.3. l-Glutamic acid

l-Glutamic acid (� form 99% CAS 5686-2, EEC 200-293-7) was
urchased from Sigma–Aldrich Co. Ltd. in the form of white pow-
ers and the physical properties of l-glutamic acid are given in
able 1. l-Glutamic acid crystals have two polymorphic forms:
eta-stable � and stable � forms. The former has a distinctive

rismatic morphology, which is easy to filter, generally preferred
or industrial purposes, whereas the latter is of needle-like form,
hich is difficult to filter and generally requires further process

teps before usage. The solubility of � l-glutamic acid crystals is
igher than that of � form at any given temperature [31], as shown

n Fig. 4.

.4. Experimental procedures

A known amount of l-glutamic acid was dissolved in 1-L dis-
illed water to give a specific solution concentration. The solution
as heated up and kept at 10 ◦C above its saturation temperature

or about 30 min in order to ensure complete dissolution of the
olute material. For each solution concentration and given experi-
ental condition, the corresponding supersaturation for alpha and

eta crystals can be calculated according to Sakata’s equations [31].
◦
he solution was cooled to a final temperature of 10 C and held for

0 min. Crystals were then filtered, washed using a 95% ethanol
olution and dried in an oven at 80 ◦C overnight. The dry crystals
ere used for the analysis of crystal polymorphism using scanning

lectron microscope (SEM). Three samples for each condition were

ig. 4. Solubility curves for � and � forms of l-glutamic acid in water (Sakata [31]).
Journal 156 (2010) 226–233

selected for this purpose, the numbers of � and � crystals within
each frame were counted and averaged over the sample numbers
using a computer software. This provides some indication on which
polymorph was dominating at a corresponding experimental con-
dition. These information are then used in the subsequent sections
and discussions. For limited samples, X-ray diffraction (XRD) tech-
nique was also employed to verify crystal polymorph. Crystal size
distribution was determined using Malvern Master Sizer (Malvern
Instrument Ltd.), but for � crystals only. In addition, 10% of the
total experiments under each operating condition were repeated
for repeatability, from which the experimental error on turbidity
measurement, hence MSZW data was found around about 11%.

3. Results and discussions

3.1. Effect of mixing intensity on nucleation kinetics

There are generally two stages in the formation of crystals:
nucleation and growth. The nucleation involves the formation of
new crystals in a crystallizing environment [32], and is further
divided into primary and secondary nucleation. The primary homo-
geneous and heterogeneous nucleation processes have very fast
kinetics, often too fast to control in a reliable manner. Taking Fig. 3
as an example, when the turbidity probe registered noticeable
changes in the transmittance during cooling, the nucleation process
has in fact come and gone, i.e. the probe can only detect post-
nucleation events. The secondary nucleation by definition occurs
only in the presence of a stable parent crystal [33,34], and can be ini-
tiated through either attrition or seeding, although there are other
different nucleation mechanisms. The mechanism of attrition is due
to fluid dynamic induced collision between a crystal and another
crystal or between a crystal and any other solid object, e.g. the walls,
impellers and baffles of a crystallizer, leading to fresh nuclei being
produced [35].

The crystal growth consists of layer-by-layer addition of solute
to the nuclei and can be either mass transfer controlled or sur-
face integration controlled process [32,34,36]. For mass transfer
controlled solution crystallization, one of the mechanisms of trans-
porting the solution to crystal surfaces and then taking part in
surface crystallization process is by turbulent mixing [37]. Conse-
quently, the state of mixing in a given crystallizer is an important
factor in controlling the uniformity of crystal sizes as well as serving
to keep crystals in suspension throughout the process. In addition,
local supersaturation levels and consequent crystallizer perfor-
mance are very sensitive to mixing conditions, particularly when
the supersaturation generation is fast and the vessel size is large.
Under local high supersaturation conditions, spontaneous nucle-
ation occurs that lead to fine crystals with poor filtration properties.
Good mixing helps even distribution of supersaturation within a
given vessel and avoids spontaneous and excessive nucleation [38].

The effect of mixing intensities on crystallization of l-glutamic
acid in the OBC was examined using various oscillation intensities
covering the oscillation frequencies of 1–3 Hz and oscillation ampli-
tudes of 15, 20 and 30 mm at two linear cooling rates of 0.5 and
2.0 ◦C min−1 and two concentrations of 30 and 35 g L−1, totalling
36 experiments. Fig. 5 shows the MSZW against the oscillatory
Reynolds numbers for the two cooling rates and concentrations;
and the MSZW data from our previously studies [20,39]. It is clear
that the MSZW decreased with the increase of oscillation intensity
for both concentrations and cooling rates. This is expected [32] that

a solution with increased mixing intensity is close to its solubility
curve, hence it has a reduced MSZW. It can also be seen that at the
same solution concentration, the larger the cooling rate, the wider
the MSZW. This is within our expectation, as faster cooling rate
creates a higher supersaturation rate within the same time scale
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Fig. 5. Meta-stable zone width vs. oscillation Reynolds number.

40], longer relaxation time is required to achieve a quasi-steady
tate distribution of molecular clusters and allow the appearance
f the first nuclei cluster even at the same concentration. Hence
he MSZW becomes wider, and acts effectively as a barrier for crys-
allization [32]. In addition, the MSZW changed little for the two
oncentrations at a fixed cooling rate, which agrees with the pre-

ious study [26].

The MSZW data from our previous studies are also compiled
nto Fig. 5. At similar mixing conditions, the slope of decrease in

SZW at 45 g L−1 (symbol ×) [20] is steeper than that at 30 and
5 g L−1 (symbols © and ♦), while at much higher oscillation inten-

Fig. 6. SEM images crystals (cooling rat
Journal 156 (2010) 226–233 229

sities [39], the changes in MSZW are less (symbol �). It should be
noted that at the solution concentration of 45 g L−1, � crystals were
exclusively obtained. In contrast, the predominant polymorph at
solution concentrations of 30 and 35 g L−1 was �.

3.2. Effect of mixing intensity on polymorphism

Fig. 6 shows the selection of SEM crystal images obtained at
35 g L−1 and at a cooling rate of 0.5 ◦C min−1. At this cooling rate, �-
crystals were seen at lower oscillation conditions (the top left hand
corner), and transferred to �-type with the increase of oscillation
frequency (the vertical dotted line) at a fixed amplitude, as well as
with the increase of oscillation amplitude (the horizontal dotted
line) at a fixed oscillation frequency. Using X-ray diffraction (XRD)
with intensities of characteristic peaks of 4.84 Å for � and 4.14 Å
for �, the percentages of � crystals were determined and seen to
increase from 10.85% to 42.43% for increased oscillation intensi-
ties (see Fig. 6). This validates the qualitative SEM observations. At
a higher cooling rate of 2.0 ◦C min−1, � to � transformation was
less with more � crystals appearing. It should be noted that the
transformation is common for this type of crystal. Kitamura [41]
reported that � l-glutamic crystal tended to nucleate and grow in
stagnant bottom region of a STC, which relates to less mixed area
with lower mixing intensity. The SEM photos suggest that mixing

plays an important role in controlling crystal polymorph, with the
higher the oscillation intensity, the more the �-crystals.

Fig. 7 is the corresponding SEM image arrays for the concentra-
tion of 30 g L−1 at 0.5 ◦C min−1. The transformation from � to � was
much less and � crystals dominated at this and 2.0 ◦C cooling rates.

e = 0.5 ◦C min−1, conc. = 35 g L−1).
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Fig. 7. SEM images of crystals (coo

For �-crystals, crystal size distribution (CSD) was measured
sing a Malvern Master Sizer, from which mean crystal size can
e determined. Fig. 8 shows the averaged crystal size as a func-
ion of the oscillatory Reynolds number. The general trend is that
he mean crystal size decreased with the increase of the oscillatory
eynolds number. This is in line with the previous studies [42–44].
he decrease of the mean crystal size with the increase of mixing
ould be attributed to erosion and attrition that were suggested by
ome researchers [45–48], whom observed breakage and splitting
rom surfaces of the parent crystals.
.3. Effect of seeding on polymorph

When a hot and unsaturated solution is cooled, it enters the
eta-stable zone and becomes supersaturated. Nucleation takes

Fig. 8. Mean crystal size of l-glutamic acid vs. oscillatory Reynolds number.
ate = 0.5 ◦C min−1, conc. = 30 g L−1).

place within the MSZW via either induction or seeding. The latter
is an external means of influencing polymorphism of crystals and
is widely used, in fact, almost becomes a pre-requisite procedure
in modern pharmaceutical practice. In order to study the effect of
seeding on crystal polymorph in the OBC, seeds of either � or �
crystals of a mean size of 100 �m [42] were used in experiments
for two cooling rates of 0.5 and 2 ◦C min−1 and three concentra-
tions of 30, 40 and 45 g L−1 while at the fixed oscillation frequency
of 2 Hz and amplitude of 20 mm. A considerable amount of seed is
necessary when crystallization condition cannot yield the desired
form [49–51]. Based on the previous studies [49,52], 2 g seeds were
added into each 0.4 L batch solution just before nucleation takes
place. For example, the crystallization temperature at the concen-
tration of 45 g L−1 and the cooling rate of 0.5 ◦C min−1 was found to
be 60 ◦C without seeding. For the seeding experiments, the seeds
were added when the temperature reached 61 ◦C, just before its
nucleation temperature [53]. This was the experimental protocol
used for seeding in this work. Alpha seeds were produced in a
beaker in a 30 g L−1 solution, which was cooled using ice water
and held for 10 min. The crystals were then dried, examined under
microscope and confirmed by SEM and XRD. Beta seeds were pro-
duced in the similar way in a 48 g L−1 solution, which was cooled to
40 ◦C at 0.5 ◦C min−1 and held for 1 h. Once again, the polymorphism
was confirmed by SEM and XRD.

As � crystals are of stable form, operational conditions with fast
cooling rates, high solution concentrations and strong mixing allow
� crystals to be the dominant polymorph. For meta-stable � crys-

tals, on the other hand, the combination of slower cooling rate,
lower solution concentration and gentle mixing would be the oper-
ational conditions that favour � crystal formation. The strategy of
the seeding experiments was structured so that operating condi-
tions that promoted � crystals were used for seeding � crystals, and
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Table 2
Effect of seeding on predominated polymorph of l-glutamic acid crystals.

0.5 ◦C min−1 2.0 ◦C min−1

Before seeding After seeding Before seeding After seeding
X. Ni, A. Liao / Chemical Engin

ice versa. In this way, the effect of seeding on crystal morphology
s maximised. It should be noted however that seeding with meta-
table � form may reduce meta-stable zone width and induce the
rowth of the meta-stable crystals but it will not prevent transfor-
ation to a more stable form if the system is allowed to run for

ufficient time. Equally the stable beta form will never transform
o alpha, no matter how much seed is present. Seeding with stable
orm will promote formation of the stable and transformation of
he meta-stable to stable form.

Fig. 9 shows the SEM images of crystals comparing the effects of
efore and after seeding. At the concentration of 45 g L−1, � crystals

ere the dominant form (>90%) in the OBC for all cooling rates and
ixing conditions. Seeding � crystals at this condition assisted the

reation of �-crystals, allowing co-existence of both � and � crys-
als at the two cooling rates tested. At 40 g L−1, significantly more �

Fig. 9. SEM images of crystals showing the effect of seeding.
30 g L−1 � � � � + �
40 g L−1 � � + � � � + �
45 g L−1 � � + � � � + �

crystals were seen for both cooling rates, indicating that the effect
of seeding became stronger at the lower solution concentration.

On the other hand, �-form was the leading polymorph at the
concentration of 30 g L−1 for all cooling rates; seeding �-form led
to much more �-crystals within the OBC. As � crystal is the sta-
ble form that has the lowest energy state, the effect of seeding �
crystals on the change of polymorph was much stronger than the
opposite case. Table 2 summarises such effects, showing that seed-
ing assisted either partial or total changes in polymorphism in the
crystallization process.

3.4. Effect of baffle materials on MSZW and polymorph

It was reported that the material of a stirrer influenced nucle-
ation in crystallization of l-glutamic acid in a STC [25]. In order
to examine whether this effect would exist in the OBC, different
material compositions of baffles were tested, e.g. stainless steel
(SS) and polyvinylidene difluoride (PVDF), together with various
combinations of supporting rods, e.g. SS baffles with PVDF rods
with or without threads, in each of the baffle sets. The inclusion
of mixed materials was to cover the effect of the spectrum of mate-
rial selections on this crystallization process. The crystallization
experiments were carried out at a fixed solution concentration
of 35 g L−1, a fixed oscillation frequency of 2 Hz and amplitude of
20 mm. Table 3 lists the MSZW data together with polymorph for
the two cooling rates in the OBC. It seems that the MSZW varied lit-
tle with the hybrid materials, e.g. SS baffles with PVDF rods; PVDF
baffles with threaded SS rods; modified PVDF with PVDF rods, while
the changes in MSZW were noticeable for single material arrange-
ment, i.e. either SS or PVDF. Previous studies show that a fourfold
increase in crystal count for a stainless steel stirrer than a polyethy-
lene impeller was found in crystallization of MgSO4·7H2O [54]; a
factor of five reduction in the actual nucleation rate constant in ice
crystallization was reported when a crystallizer was coated with
neoprene and RTV silicone rubber [55]. The probable reason for the
reduced nucleation was related to the mechanism of contact nucle-
ation, i.e. the plastic yields on contact with crystal and some of the
energy is absorbed by the impeller or coated surfaces, leading to
a smaller amount of energy left for action on the growing crystal
[54,55]. As energy impact depends on contact angle between solute
and surface, contact angle on a rough surface was found smaller
than that on a smooth surface, giving a smaller MSZW [25,56]. This
would imply that the contact angle, in turn energy absorption, on
the stainless steel surface would be smaller than that on the PVDF.
To verify the hypothesis, we employed a similar set-up as the previ-
ous studies [24,31], i.e. an optical microscopy together with a CCD
camera; and measured the contact angles using a testing liquid of a
concentration 18 g L−1 according to the previous study [24]. These
were 78◦ and 58◦, respectively for the PVDF and SS baffles, indi-
cating that the contact angle on the PVDF was much larger than
that on the SS surface. The smaller MSZW for the SS baffles is thus
confirmed.
Table 3 also summarises the polymorphs of l-glutamic crystals
for the materials and their combinations at the two cooling rates.
The change of polymorph through the selection of contact materials
is clearly seen in the crystallization of l-glutamic acid in the OBC,
and � form was noticeably associated with smoother surface.
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Table 3
Effect of materials on MSZW and predominated morphology (conc. = 35 g L−1, f = 2 Hz and xo = 20 mm).

Table 4
Predominated crystal morphology for different final temperatures (conc. = 35 g L−1,
f = 2 Hz and xo = 20 mm).

b Final temperature

◦ ◦ ◦ ◦ ◦
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5 C 10 C 20 C 35 C 40 C

1.0 ◦C min−1 � � � � + � �
2.0 ◦C min−1 � � � � + � � + �

.5. Effect of final temperature on polymorph

So far in this work, a final temperature of 10 ◦C was used in
he experiments. In order to examine the effect of final tempera-
ure on crystal polymorph, the following sets of tests were carried
ut by varying the final temperature from 5 to 40 ◦C at a fixed
olution concentration of 35 g L−1 and at two cooling rates 1 and
◦C min−1, respectively while keeping the rest conditions, such
s mixing intensity, the starting temperature, the nucleation tem-
erature, unchanged. At each cooling rate, the slope of cooling or
emperature profile was also the same, the only variable was the
nd point or temperature. Table 4 summarises crystal polymor-
hism for various final temperatures. As the solubility of � crystals

s always higher than that of � form [31], the dissolution of � crys-
als would be more favourite at higher temperature, promoting the
ransformation from � to � form. Ono et al. [57] also reported that
he dissolution rate of �-form l-glutamic acid was fast at 50 ◦C,
nd the higher the final temperature, the higher the transforma-
ion rate. The final temperature would also affect supersaturation
chieved in the system, hence influences the final crystal form. The
ata in Table 4 clearly demonstrate the transformation of meta-
table � to stable � form when the final temperature was 35 ◦C or
igher that is closer to its nucleation temperature. We also see that
nder the operation conditions, the lower the final temperature,
he more the � crystals. As a result, controlling final temperature in
rystallization of l-glutamic acid is another parameter influencing
rystal polymorphism.

. Conclusions

The results from this work show that the MSZW is decreased
ith the increase of mixing; such an effect was stronger for
igher cooling rates and the meta-stable � crystals were trans-

ormed into the stable � crystals with enhanced mixing. Seeding
crystals in experimental conditions with predominantly � form

aused the formation of � crystals allowing the co-existence
f both forms; while seeding � crystals in conditions that
avour � form led to much intensified polymorph transforma-

ion.

Our results also show that the materials of baffles affected the
rystal polymorph. The smoother surface exhibited larger MSZW
nd favoured for the meta-stable crystals, while the rougher sur-
ace had smaller MSZW with the stable crystals dominating. The

[

[

effect of final cooling temperature on polymorphism is that meta-
stable crystals gradually changed into the stable form when it was
closer to its crystallization temperature. The outcomes of this study
suggest that by controlling process parameters desirable crystal
polymorph can be obtained.

Nomenclature
D column diameter (m)
f oscillation frequency (Hz)
Reo the oscillatory Reynolds number
St the Strouhal number
Tsat saturation temperature (◦C)
Tcry crystallization temperature (◦C)
xo oscillation amplitude (m)
� fluid viscosity (kg m−1 s−1)
� fluid density (kg m−3)
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