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Taylor Vortex Effect on Phase Transformation of Guanosine 5S-Monophosphate in
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A continuous Couette—Taylor (CT) crystallizer exploiting a Taylor vortex was developed to promote the
phase transformation of guanosine 5-monophosphate (GMP). In drowning-out crystallization, amorphous GMP
is initially generated and then transformed into hydrate GMP crystals via the consecutive dissolution of the
amorphous GMP and nucleation and growth of hydrate GMP crystals. Because of the intensive mixing of the
Taylor vortex, the dissolution of the amorphous GMP and growth of the hydrate GMP crystals were both
markedly promoted, allowing the phase transformation to be completed within a mean residence time of 5
min, even with a high GMP feed concentration of 150 g/L. and moderate rotation speed of 300 rpm This
result was at least 5 times faster than the phase transformation in a mixed suspension, mixed product removal
(MSMPR) crystallizer under the same crystallization conditions. The phase transformation efficiency of the
Taylor vortex over the turbulent eddy in the MSMPR crystallizer was explained in terms of the effectiveness

of the turbulence for the mass transfer at the solid—liquid interface.

1. Introduction

The hydrodynamic conditions play an important role in
crystallization, as they influence the generation of supersatura-
tion, crystal nucleation, crystal growth, phase transformation,
polymorphs, and agglomeration/breakage of crystals. Thus, the
hydrodynamic conditions are often a key design factor when
developing a crystallization process to achieve crystals with
certain properties, covering the size distribution, shape, structure,
and purity.'?

A Couette—Talyor fluid motion is one of the most interesting
and well-defined flow regimes, due to its unique flow behavior
and features. First, a lamina Couette fluid motion is induced in
coaxial cylinders when rotating the inner cylinder; however,
this motion changes to a unique turbulent motion, called a
Couette—Taylor vortex, beyond a certain rotation speed of the
inner cylinder, called the critical Taylor number, due to
hydrodynamic instability. As a result, this radial vortex com-
bined with a small axial dispersion, as shown in Figure la,
provides a homogeneous intensity of turbulent mixing, allowing
many beneficial applications, including polymerization,” ceramic
membranes,* photocatalytic,’ filtration,® and biological systems.”
For example, a continuous Couette—Taylor reactor can achieve
the complete polymerization of polystyrene within a short mean
residence time.*> An intensive Taylor vortex is also effective in
the production of a narrow distribution of small-sized polysty-
rene particles without agglomeration. Furthermore, the use of
a Couette—Taylor reactor in ceramic processes allows a high
mass transfer coefficient and large specific interface area to be
achieved between the gas—liquid phases.*

In the area of crystallization, a Taylor vortex has already been
applied to the gas (CO;)—liquid (Ca(OH);) reaction crystal-
lization of calcium carbonate to promote gas (CO,) absorption.®”
Here, because of the strong and homogeneous mixing of the
vortex in this continuous crystallizer (called a continuous
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Couette—Taylor (CT) crystallizer), the gaseous reactant is
quickly absorbed to induce a high and uniform supersaturation
around the inlet region of the crystallizer, resulting in a narrow
size-distribution and uniform-shaped crystals in the product
suspension of the outlet steam. In addition, the promotion of
CO, absorption by the vortex changes the calcite morphology
when increasing the rotation speed. Thus, since the CO,
absorption at a low rotation speed falls short of a stoichiometric
reaction with Ca(OH),, the excess Ca®* jons remain as an ionic
additive during the crystal growth, resulting in spindle calcite.
Meanwhile, the crystal shape shifts to a rhombohedron when
increasing the rotating speed, as the reaction conditions approach
stoichiometry.'®!!

Crystals frequently undergo a phase transformation during
crystallization, especially in the case of organic material
crystallization, for example, pharmaceuticals and food additives.
Plus, since the physical —chemical properties of crystals, includ-
ing their solubility, hardness, stability, and bioavailability,
depend directly on their crystal structure, phase transformation
is an essential crystallization process to achieve certain crystal
structures among various polymorphs.'>™'* Thus, the accurate
control of phase transformation is highly desirable to produce
the desired polymorphic crystals in crystallization, and many
studies of phase transformation have already been carried out
based on varying the crystallization parameters, such as the
seeding, solvent/antisolvent, temperature, additive/impurity,
humidity, concentration, and agitation.'>>

However, in most cases of crystallization, the phase trans-
formation is a time-consuming process, due to the intrinsic mass
transfer property of the materials. For example, in the drowning-
out crystallization of guanosine 5-monophosphare (GMP) in a
stirred batch crystallizer (working volume of 23 m?), the phase
transformation of amorphous GMP solids into a crystalline GMP
hydrate requires more than 6 h (technical report of CJ Co.,
Korea). Also, the transformation of sulfamerazine crystals from
form-I (metastable phase) to form-II (stable phase) in an
acetonitrile solution takes more than 14 days in an agitated
crystallizer, due to a slow mass transfer for the dissolution of
the metastable crystals and growth of the stable crystals.?***
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Figure 1. (a) Schematic drawings of Taylor vortices (1, stationary outer cylinder; 2, Taylor vortices; 3, rotating inner cylinder) and (b) experimental system
for CT crystallizer (1, dc motor; 2, pump StepDos; 3, GMP feed solution; 4, methanol solution; 5, damper; 6, analysis).

Accordingly, the present study applies a Taylor vortex to the
continuous drowning-out crystallization of guanosine 5-mono-
phosphare (GMP) to facilitate the phase transformation. The
drowning-out crystallization of GMP is involved in the initial
precipitation of amorphous GMP solids and their subsequent
transformation into hydrate GMP crystals via recrystallization.
During the investigation of the Taylor vortex effect on the phase
transformation and crystallization, the rotation speed of the inner
cylinder, mean residence time of the crystallizer, and GMP feed
concentration are all varied. In addition, the contribution of the
Taylor vortex to the phase transformation in the crystallization
is evaluated in terms of the mass transfer of the dissolution of
the amorphous GMP and growth of the hydrate GMP crystals
and then compared with that of a turbulent eddy in a mixed
suspension, mixed product removal (MSMPR) crystallizer.

2. Experimental Section

The Couette—Taylor (CT) crystallizer was composed of two
annular cylinders, where the inner cylinder was made of stainless
steel and the outer made of Lucite acrylic plastic to allow visual
observation of the Taylor vortices. As summarized in Table 1,
the crystallizer geometry (d/r;) was fixed at 0.25, where d was
the annular gap between the inner and outer cylinders and r;
was the radius of the inner cylinder. The working volume of
the CT crystallizer was 1.1 L. As shown in Figure 1b, the
crystallizer was placed horizontally to eliminate any effects of
hydrostatic pressure, and three sample ports for taking suspen-

Table 1. Dimensions of Couette—Taylor Crystallizer

radius of outer cylinder, r, 5x107%°m
radius of inner cylinder, r; 4x10?m
gap between two cylinders, d 1x107%m
length of cylinder, Lc 40 x 107°m

sion samples were installed in the outer cylinder along the axial
direction of the crystallizer. To induce a Taylor vortex, the inner
cylinder of the crystallizer was rotated using a dc motor, where
the rotation speed was controlled from 300 to 700 rpm

The raw GMP solid (99.9% purity) supplied by CJ Co.
(Korea) was used without any further purification. The GMP
feed solution was prepared by dissolving the raw material in
distilled water at 60—150 g/L. Also, methanol (ACS grade,
Duksan Pure Chemical Co., Korea) was used as the antisolvent.
The CT crystallizer was initially filled with distilled water, and
the GMP solution and methanol were then simultaneously
injected into the crystallizer through two opposite inlet ports
using pumps (StepDos 08, KNF, Germany) with an equal flow
rate. The flow rate of the feeds was varied from 18.8 to 1 130
mL/min to change the mean residence time of the CT crystallizer
from 1 to 60 min.

For the comparison, a conventional MSMPR crystallizer was
also designed using a standard Rushton tank.>> The MSMPR
crystallizer (working volume of 0.8 L) was made of Lucite
acrylic plastic and equipped with four baffles and a six-blade
turbine impeller for effective mixing. The MSMPR crystallizer
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Figure 2. Solubility of GMP polymorphs in methanol—water solvent.

was run at the same agitation speed, GMP feed concentration,
and mean residence time as the CT crystallizer.

Samples of the product suspension were taken from the
crystallizer in a steady state and quickly filtered using a vacuum.
The sample solids were then dried in a dry desiccator for 1 day
and analyzed with regards to the crystal fraction of the solid
and mean crystal size. Meanwhile, the GMP concentration in
the solutions was analyzed to estimate the GMP solid recovery.
Here, the crystal fraction and mean crystal size of the sample
solid were measured using a Fourier transform-infrared (FT-
IR) (Perkin, System 2000) and optical microscope’ (IT System,
Sometech), respectively, while the GMP concentration in the
sample solution was monitored using a UV—vis (JASCO,
V-570). In addition, an X-ray diffractometer (XRD, MAC
Science, M18XHF-SRA, CuK, line, Japan) was used to confirm
the solid structures of the amorphous GMP and hydrate GMP
crystals.

3. Results and Discussion

3.1. Characterization of GMP Pseudopolymorphs. The
solubility of the GMP pseudopolymorphs was measured in a
water—methanol mixture, as shown in Figure 2. Because of its
structural stability, the amorphous GMP was always more
soluble than the hydrate GMP crystals in all the mixture
compositions, indicating a monotropic behavior between the two
forms of GMP solid. As such, this solubility difference was a
driving force of the phase transformation of the amorphous GMP
into hydrate GMP crystals in the solution.

Since the GMP pseudopolymorphs were primarily the result
of the different intermolecular interactions in the molecular
arrangement of the solute and different lattice incorporation of
the solvent, distinct IR characteristic bonding peaks were
produced for each form. Thus, as shown by the FT-IR spectra
in Figure 3a, the characteristic peak in the amorphous GMP
occurring at 1694 cm™ ', corresponding to the C=0 stretching
vibration of the amide group, shifted to 1677 cm™ " in the crystal
GMP hydrate due to the different intermolecular hydrogen
bonding strengths of the carbonyl groups in the two different
solid structures. That is, in the case of the hydrate GMP crystals,
the water molecules incorporated into the crystal lattice induced
a strong hydrogen bonding of the carbonyl groups between the
molecules, resulting in a position shift of the characteristic peak
for the C=0 bonds to a lower frequency.”® Here, it was
interesting to note that the peak intensity of the C=O bonds
was directly dependent on the fraction of hydrate crystals in
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Figure 3. FT-IR spectra for various solid mixtures of amorphous GMP
and hydrate GMP crystals: (a) characteristic peaks of GMP solid mixtures
and (b) calibration curve of GMP solid composition.
the solid mixture. Meanwhile, the reference absorption bond at
1540 cm™ ', corresponding to the C=C stretching vibration, was
linearly proportional to the quantity of GMP molecules, regard-
less of the GMP solid structure. Therefore, based on Beer’s
Law,”’ the peak ratio (11677/11540) between the C=0 and C=C
bonds was used to calibrate the structural fraction between the
amorphous GMP and the hydrate GMP crystals in the mixture
solid, as shown in Figure 3b. This calibration was then used to
estimate the mass fraction of hydrate GMP crystals, hereafter
referred to as the crystal fraction, in the product suspension.
3.2. Crystallization in Couette—Taylor Crystallizer. The
drowning-out crystallization occurred spontaneously when
injecting the GMP feed solution and methanol antisolvent into
the CT crystallizer. The typical transient behavior of the
crystallization in the crystallizer was then monitored in terms
of the GMP concentration in the solution, crystal fraction, and
mean crystal size of the GMP solids in the product stream, as
shown in Figure 4a. During the initial stage, the GMP
concentration in the solution increased rapidly above the
solubility of the amorphous GMP (called the metastable
solubility) and then quickly decreased to the solubility of the
hydrate GMP crystals (called the stable solubility) due to the
extensive crystallization of GMP solids. After 5 times the mean
residence time (7 min), the GMP concentration remained almost
invariant, implying a steady state of crystallization in the CT
crystallizer. This steady state of crystallization in the CT
crystallizer was also confirmed by the invariant dynamic profile
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Figure 4. Typical dynamic profiles of GMP crystallization during drowning-
out crystallization at 25 °C with 300 rpm rotation speed for the inner
cylinder, 150 g/L GMP feed concentration, 7 min mean residence time,
and 5:5 feed ratio (GMP solution—methanol): (a) dynamic profiles of GMP
concentration in the product solution and crystal fraction of GMP in the
product solid and (b) dynamic profile of mean crystal size of product solid.

of the crystal fraction after 5 times the mean residence time.
Here, it was interesting to note that, during the early stages,
the GMP solid product was mostly amorphous and then quickly
became completely crystals when reaching the steady state,
indicating that the 7 min mean residence time was sufficient
for the complete transformation of the amorphous GMP into
hydrate crystals in the CT crystallizer.

When the crystal size is measured during the transient period
(Figure 4b), the mean crystal size increased monotonically,
eventually reaching about 70 um in the final steady state. It
should be noted that only the hydrate GMP crystals were
counted for the mean value, as it was not technically possible
to define the characteristic dimensions of the amorphous GMP.

The morphological behavior of the GMP solids in the CT
crystallizer was optically observed using a video microscope,
as shown in Figure 5. While a significant amount of amorphous
GMP solids was generated during the early stage of crystal-
lization (Figure 5a), the amorphous GMP then partially disap-
peared and small rod-shaped GMP crystals appeared (Figure
5b). Thereafter, in the steady state, the GMP crystals appeared
without any amorphous solids (Figure 5c¢). These microscopic
observations were consistent with the above transient profiles
of the GMP concentration, crystal fraction, and mean crystal
size. Here, it should also be mentioned that the amorphous and
crystal forms of GMP in the product suspension were both
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Figure 5. Typical morphology of GMP solid in product during crystalliza-
tion at 25 °C with 300 rpm rotation speed for inner cylinder, 150 g/L GMP
feed concentration, 7 min mean residence time, and 5:5 feed ratio (GMP
solution—methanol): (a) at 1.6 times the mean residence time, (b) 2 times
the mean residence time, and (c) 5 times the mean residence time.

confirmed using power pattern XRD. Meanwhile, on the basis
of a thermogravimetric analysis (TGA), the GMP crystals were
found to lose 23% of their weight within a temperature range
of 30—150 °C, indicating 7-hydrate crystals (Figure S1 in
Supporting Information). In addition, the residence time distri-
butions of liquid and GMP crystals in the Couette—Taylor
crystallizer were the same (Figure S2 in Supporting Informa-
tion).

The influence of the crystallization conditions on the crystal
fraction, mean crystal size, and GMP recovery at the steady
state of the CT crystallizer were investigated by varying the
rotation speed of the inner cylinder, GMP feed concentration,
and mean residence time. As shown in Figure 6, the GMP
crystallization varied significantly according to the mean
residence time of the CT crystallizer. With a short mean
residence time of 1 min, only a small amount of amorphous
GMP was converted to hydrate GMP crystals, resulting in a
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Figure 6. Influence of mean residence time on GMP crystallization at 25
°C with 300 rpm rotation speed for the inner cylinder, 150 g/L. GMP feed
concentration, and 5:5 feed ratio (GMP solution—methanol): (a) crystal
fraction of GMP in product solid and (b) mean crystal size and recovery in
product solid.

low crystal fraction (30%) in the product solids, although the
GMP recovery reached 94%. Here, the GMP recovery was
defined as the mass ratio of GMP solids actually obtained to
the ideal amount corresponding to the concentration difference
between the GMP feed solution and the stable solubility. Thus,
the recovery would be 100% when the solid GMP is equilibrated
with a stable solubility.

When the mean residence time is increased, the crystal
fraction and recovery of solid GMP were rapidly enhanced and
reached 100% after only a 5 min mean residence time. Thus,
when considering that the practical drowning-out crystallization
of GMP in a batch crystallizer has a holding time of 6 h (CJ
Co. in Korea), completing the phase transformation within a 5
min mean residence time in a continuous mode in the CT
crystallizer was certainly effective.

The phase transformation of GMP in drowning-out crystal-
lization is practically based on the principle of recrystallization
in a solution.”®?° That is, since hydrate GMP crystals grow
under metastable supersaturation conditions, representing the
range between the metastable and stable solubilities, the
amorphous GMP is simultaneously dissolved to balance the
metastable supersaturation consumed by the growth of the
hydrate crystals. Thus, in the present study, the direct depen-
dence of the phase transformation of the GMP solids on the
mass transfer processes was clearly strongly influenced by the
fluid motion of the Taylor vortex. As shown in Figure 7, the
dependency of the phase transformation of the crystal fraction
on the fluid motion (Taylor vortex) in the CT crystallizer was
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Figure 7. Influence of rotation speed and feed concentration on GMP
crystallization at 25 °C with 1 min mean residence time and 5:5 feed ratio
(GMP solution—methanol): (a) crystal fraction of GMP in product solid,
(b) GMP recovery in product solid, and (c) mean crystal size in product
solid.

most clearly demonstrated with a short mean residence time of
1 min. The crystal fraction of the product solid with a high
feed concentration of 150 g/L improved from 30% to 53% (75%
enhancement of crystal fraction) when increasing the rotation
speed of the inner cylinder from 300 to 700 rpm (Figure 7a).
However, the influence of the vortex on the crystal fraction of
the product solid was attenuated when decreasing the feed
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concentration, although the crystal fraction consistently remained
at almost 100% with a feed concentration of 60 g/L. Also,
increasing the rotation speed slightly promoted the recovery of
the GMP solids (Figure 7b).

The influence of the Taylor vortex on the crystal size of the
GMP hydrate is shown in Figure 7c), where the vortex in the
crystallizer promoted the dissolution of the amorphous GMP,
providing a rather high supersaturation level during the phase
transformation and resulting in a high nucleation of hydrate
crystals. Also, since crystal breakage can be caused by crystal
collisions and the turbulent shear in the vortex, the mean crystal
size was reduced when increasing the rotation speed and feed
concentration. Nonetheless, it should be mentioned that with a
mean residence time of 7 min, the phase transformation of the
amorphous GMP was always completed in the crystallizer, even
at the lowest rotation speed of 300 rpm and highest feed
concentration of 150 g/L. However, the dependency of the GMP
recovery and mean crystal size on the vortex was quite similar
to that with a mean residence time of 1 min, although the
recovery was always higher than 95% and the mean crystal size
reached 70 um.

The crystallization profiles in the axial direction of the CT
crystallizer were also examined in the steady state, as shown in
Figure 8. With a feed concentration of 150 g/L, rotation speed
of 300 rpm, and mean residence time of 1 min, the phase
transformation proceeded continuously in the crystallizer, result-
ing in a monotonous increase in the crystal fraction and mean
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Figure 9. Comparison of GMP crystallization dynamics in a continuous
Couette—Taylor crystallizer and continuous MSMPR crystallizer at 25 °C
when using 300 rpm rotation speed for the inner cylinder, 150 g/ GMP
feed concentration, 7 min mean residence time, and 5:5 feed ratio (GMP
solution—methanol): (a) dynamic profiles of GMP concentration in product
solution and (b) crystal fraction of GMP in product solid.

crystal size along the axial direction of the crystallizer. However,
the GMP concentration along the axial direction was reduced
based on consumption by the growth of the hydrate GMP
crystals. It was interesting to note that the GMP concentration
in the crystallizer always remained slightly below the metastable
solubility. Thus, the present results revealed a few interesting
facts, for example, the amorphous GMP was completely
drowned out around the inlet region of the CT crystallizer and
the phase transformation occurred along the axial flow. Fur-
thermore, the phase transformation was mostly rate-determined
by the growth step of the hydrate GMP crystals, as the
concentration difference for dissolution was smaller than that
for growth.

3.3. Comparison of Couette—Taylor and MSMPR
Crystallizers. The crystallization performance of the CT
crystallizer was compared with that of a typical MSMPR
crystallizer designed based on a standard Rushton tank with a
working volume of 0.8 L. As shown in Figure 9, when the
crystallization conditions were fixed at a mean residence time
of 7 min, feed concentration of 150 g/L, and rotation speed of
300 rpm, the CT and MSMPR crystallizers both reached a steady
state after 5 times the mean residence time. However, the
product suspensions from each crystallizer in a steady state were
quite different. For example, the GMP concentration in the
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MSMPR crystallizer was about 25% higher than that in the CT
crystallizer, implying a lower recovery of GMP solids from the
product suspension (Figure 9a). Furthermore, the crystal fraction
in the MSMPR crystallizer was only 50% compared to 100%
in the CT crystallizer (Figure 9b).

Figure 10 shows a comparison of the steady-state crystal-
lization in the CT and MSMPR crystallizers when varying the
mean residence time with a fixed rotation speed of 700 rpm
and GMP feed concentration of 150 g/L. The GMP crystal
fraction in the product solid from the MSMPR crystallizer was
always lower than that from the CT crystallizer and only reached
100% with a mean residence time above 25 min, which was 5
times longer than that required for the CT crystallizer (Figure
10a). Furthermore, the recovery of GMP solids from the
MSMPR crystallizer was always lower than that from the CT
crystallizer (Figure 10b). Therefore, the experimental results
highlighted the outstanding performance of the CT crystallizer
over the MSMPR crystallizer for the drowning-out crystalliza-
tion of GMP, due to the effective turbulent motion of the Taylor
vortex for the drowning-out and phase transformation.

The effectiveness of the Couette—Taylor vortex for the phase
transformation can be explained in terms of the mass transfer
involved in the dissolution of the amorphous GMP and growth
of the hydrate crystals. In general, the intensity of a turbulent
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motion can be quantitatively indicated by the energy dissipation
(power input per unit mass of the solution). Accordingly, the
energy dissipation®~?! in the CT and MSMPR crystallizers
was estimated in terms of the rotation speed (agitation speed)
and crystallizer geometry (inner cylinder radius, annulus gap,
and impeller diameter). On the basis of these correlations, as
shown in Figure 11, the energy dissipation in each crystallizer
was compared. With a fixed rotation speed (agitation speed),
the CT crystallizer was always 8—10 times more effective in
terms of dissipating the turbulent motion than the MSMPR
crystallizer (Figure 11a), as the large contact surface of the inner
cylinder in the CT crystallizer was more efficient for viscous
dissipation than the inertia-driven turbulence from the impeller
in the MSMPR crystallizer. Furthermore, when correlating the
mass transfers in the turbulent flows,>>>? it was found that, even
with the same energy dissipation, the mass transfer coefficient
in the CT crystallizer was always 4—8 times higher than that
in the MSMPR crystallizer (Figure 11b), representing the
primary reason why the phase transformation of GMP in the
CT crystallizer was so effective when compared with that in
the MSMPR crystallizer.

4. Conclusions

This study demonstrated that a turbulent Taylor vortex in a
CT crystallizer was highly effective for promoting the phase
transformation of GMP solids in drowning-out crystallization.
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Since both mass transfer steps in the phase transformation,
including the dissolution of the amorphous GMP and growth
of hydrate GMP crystals, were highly facilitated by the intensive
turbulent vortex, a purely crystalline GMP product was obtained
in the continuous mode CT crystallizer with a mean residence
time of 5 min. This result was quite surprising when compared
with the phase transformation in a continuous MSMPR crys-
tallizer, which required a mean residence time of at least 25
min.

The viscous shear of the rotating cylinder in the CT
crystallizer was more effective for the viscous energy dissipation
than the turbulent eddy in the MSMPR crystallizer. In addition,
when correlating the mass transfer at the solid—liquid interface
in the turbulent fluid motions, the Taylor vortex flow in the CT
crystallizer was shown to be more effective for promoting the
interfacial mass transfer than the turbulent eddy in the MSMPR
crystallizer, thereby representing the apparent primary reason
for the effective phase transformation in the CT crystallizer.
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