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Abstract: This work aims at the production of uniformly sized, equant shaped crystals using a direct
nucleation control (DNC) strategy to help achieve enhanced manufacturability and bioavailability
of the active pharmaceutical ingredients (API). A crystallization system equipped with in-situ and
external wet-milling devices was used. The experiments were conducted using mefenamic acid
(MFA) in mixed solvents of 2-butanol and heptane with a mass ratio of 90:10. Firstly, a linear cooling
crystallization was conducted as reference case and also to identify suitable DNC set-points, which
were then implemented using closed-loop feedback control based on the measurement of the FBRM
counts. The in-situ and external wet-milling based DNC approaches were compared in terms of
temperature cycling efficiency and final crystal size and shape. This integrated wet-milling crystal-
lization systems demonstrated enhanced control over the crystal size distribution (CSD) and mor-
phology compared to the conventional cooling crystallization processes. In addition, the expansion
of design space was achieved by integrating wet-mill to DNC crystallization compared to the cool-
ing crystallization only process. Also, enhanced control of the rate of nucleation and attrition is ac-
complished through combing wet-milling and DNC operations.
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1. Introduction

Crystallization is a key purification process which commonly follows the synthetic
process where the active pharmaceutical ingredients (APIs) are produced [1-3]. However,
obtaining the crystalline product with consistent/reproducible purity, size, shape, and yet
better-quality pharmaceutical manufacture is always challenging. Traditional batch crys-
tallization is subject to inconsistent product quality which translates into inconstant crys-
tal size and shape distribution which may affect the downstream processing such as fil-
tration and drying. mefenamic acid (MFA) exhibits high hydrophobicity and a propensity
to stick to surfaces [4], which may cause significant fouling and blockage issues. Also,
MFA shows poor water solubility and slow dissolution rates leading to significant chal-
lenges to achieve adequate bioavailability. Many efforts were made to produce MFA
nanocrystals using antisolvent precipitation by accelerating nucleation rate in the pres-
ence of additives [5]. However, these additives can further cause a problem of impurity
removal. This paper describes the application of the Direct Nucleation Control (DNC) of
a combined crystallization and wet-milling system to fine tune crystal size and shape dis-
tribution of MFA. The rotor-stator type of wet-milling has been widely used in the man-
ufacturing process of API. This method is preferred as it can modify the crystal morphol-
ogy more effectively compared to changing the solvents or seeking effective additives that
may cause further purification or bioavailability issues. For years, the wet-mill has been
used for size reduction and continuous seed generators. However, in-depth understand-
ing of the mechanisms of wet milling is still very limited.
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Firstly, the linear cooling crystallization of MFA in 2butanol/heptane was studied
with a batch crystallization platform which is subject to crystal agglomeration. Secondly,
the DNC of a crystallization was studied under different targeted counts to investigate
the crystal size and CSD. Finally, the DNC of a combined crystallization and wet-milling
process was then experimentally investigated in both external and in-situ wet-milling. The
DNC with integrated crystallization and wet-milling aimed at reducing particle size and
improve the size distribution. One of the key objectives was to investigate ways to use
fluid shear imparted by the wet-mill to influence nucleation and breakage kinetics,
thereby controlling the size and shape distribution of the crystal product. The wet-mill
was either incorporated in a recycle loop with a one-stage MSMPR or used as an in-situ
devise that promotes nucleation and attrition operation. Process analytical technologies
(PAT) were used to monitor the solute concentration, particle count, morphology and size.

2. Material and experimental method

2.1. Materials

The API used in this study was MFA from Sigma-Aldrich with a purity 98+%. The
crystallization was intended to operate with an initial solvent mass ratio of 2-butanol (pu-
rity = 99%, ACROS Organics, Fisher Scientific) and heptane (purity>99%, ACROS Organ-
ics, Fisher Scientific) of 9:1. The batch linear cooling crystallization indicated that no other
polymorphs crystallized in the 2-butanol/heptane system except the stable a form.

2.1. Experimental setup

The experimental rig was built using a batch crystallizer (400 mL) combined with an
in-situ or external wet-mill device, as presented in Figure 1.
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Figure 1. Schematic of the experimental set-up for (a) in-situ wet-mill crystallization unit; (b) external wet-mill crystalliza-

tion with recirculation.

The process temperature in the jacketed glass crystallizer (Labtex Limited) was meas-
ured by a Pt100 thermocouple and controlled by a water bath (Ministat 230, Pilot ONE
Huber). The PAT tools were applied to monitor the process variables. A Mettler Toledo's
G400 Focused beam reflectance measurement (FBRM) probe (icFBRM software, version
4.3.377) was used to measure the crystal chord length distribution (CLD) and the number
of crystals; the measurement interval was set as 15 seconds. A V918 particle vision and
measurement (PVM) probe (Mettler Toledo PVM image acquisition software, version 8.3)
with a high-resolution camera to record crystal images.
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The particle size was analyzed by postprocessing the captured images in real-time
using a built-in Blob image analysis method to detect particles, extract the particle size,
aspect ratio (AR), and particle number (counts/s). The analyzed results were obtained
from Lasentec PVM Stat Acquisition 6.0 software for frame edge lengths which provides
information about the size and AR from the particle projection. Solute concentration was
monitored using the intensity of a specific peak in the spectra measured by an ATR-
UV/vis probe (MCS651 UV, Carl Zeiss Microcopy). The UV/vis measurements interval
was 5.3 seconds and data were collected through a LabVIEW based software. The real-
time data were integrated and controlled through a LabVIEW based software, Crystalli-
zation Monitoring and Control (CryMOCO) [6]. The in-situ and external devices consisted
in a wet-mill of IKA ULTRA-TURRAX T25 basic and wet-mill of IKA Magic Lab Module
ULTRA-TURRAX. The external wet-mill used a medium type of generator has two rows
with a gap thickness of 0.5 mm. The working rotor diameters are 25 mm and 30 mm for
the external wet-mill and 13.4 mm for the in-situ mill. The gaps between rotor and stator
are 0.5 mm and 0.25 mm for external and in-situ mill individually. The slurry is circulated
from the crystallizer to external mill unit using a peristaltic pump (MasterFlex L/S,
Thermo Fisher Scientific).

2.1. Experimental methods

The initial solute concentration for experiments LC-1, LC-2, LC-3, DNC-1 and DNC-
2 in Table 1 was prepared at a saturation temperature of 60 °C, based on 0.35 kg 2-buta-
nol/heptane solvent ratio at 90/10 for all experiments. The starting solution was heated up
to 10 °C above the saturation temperature to ensure the dissolution of all MFA particles
and cooled back to the saturation temperature without nucleation taking place. The effects
of different cooling rates, ranging from 0.3 to 0.8 K/min (LC-1 to LC-3) as well as DNC
crystallization with different final target counts of 5000 and 3000#/s on crystal habit, were
investigated in DNC-1 and DNC-2.

A lower initial concentration was chosen for the mill-aided DNC experiments, as milling
increases significantly the number of crystals in the system which may degrade the parti-
cle image capabilities due to overlapped particles, leading to inaccurate size and shape
measurement. In this case, the experiments IMDNC-1 to IMDNC-2 and EMDNC were
prepared at a saturation temperature of 40 °C. The wet-mill was conducted throughout
the whole DNC heating and cooling cycles. The initial solution temperature was set at 40
°C for IMDNC-1, while it was forced to cool down to 10 °C at static conditions for IMDNC-
2. The in-situ milling speed was set to 2# gear of 9500 rpm and the overhead stirring speed
at 400 rpm. Both IMDNC1 and IMDNC2 were carried out by setting the target counts at
25000 #/s and the temperature range from 40 to 10 °C with the heating and cooling rates
of 1 °C/min. EMDNC was carried out with a milling speed of 9600 rpm and 200 ml/min
flowrate of the recirculation loop. EMDNC also used the same target counts of 25000 #/s
but with a temperature ranging from 45 to 10 °C at heating and cooling rates of 1 °C/min.
The list of the experiments conducted in this work is shown in Table 1, along with the
crystallization methods, as well as a brief description of the target counts settings for DNC
runs.

Table 1. Process conditions for the crystallization experiments.

Experiment  Crystallization method Operating T (°C) Ramp rate (K/min) Target counts (#/s)
LC-1 Linear cooling 60-20 0.3 -
LC-2 Linear cooling 60-20 0.5 -
LC-3 Linear cooling 60-20 0.8 -
DNC-1 DNC 60-20 1 5000
DNC-2 DNC 60-20 1 3000
IMDNC-1 In-situ Milling DNC 40-10; initial T =10 1 25000
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IMDNC-2

EMDNC

In-situ Milling DNC 40-10; initial T = 40 1 25000
External Milling DNC 45-10; initial T =45 1 25000

Process temperature (°C)

60 °C to 20 °C with a ramp rates of 0.3, 0.5 and 0.8 K/min

3. Results and discussions

3.1. Batch crystallization

To investigate the impact of the different cooling rates on batch cooling crystalliza-
tion, linear cooling rates of 0.3, 0.5 and 0.8 K/min were used. Figure 2a shows that the
nucleation temperatures are 50.1, 49.5 and 49 °C respectively. This indicates a very narrow
metastable zone with (MSDW) for MFA in the 2-butanol system. The temperature at
which nucleation occurs decreases with the increased cooling rates, and as a result, the
system nucleates at a higher supersaturation at faster cooling rates. Consequently, higher
nucleation rates and larger FBRM counts were obtained at faster cooling rates of 0.8
K/min. The PVM images of the crystals obtained with the different cooling rates depicted
in Figures 2b-d show that elongated and slightly agglomerated crystals are formed in all
cases. However, the crystal shape evolves plate-like to from elongated crystals with the
increased cooling rates. This indicated that the crystal growth of MFA is supersaturation
dependent relying on the depletion rate of solute concentration [7]. These observations
are consistent with the FBRM results where higher FBRM counts were observed with
more elongated crystal habits obtained for faster cooling rates such in in LC-3 (Figure 2d)
while lower FBRM counts with more plate-like crystal habit correspond to slower cooling
rates of LC-1 (Figure 2b).
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Figure 2. (a) Temperature —, FBRM counts — and concentration — profiles for experiments LC-1 to LC-3 at different
cooling rates of B 0.3 K/min, ® 0.5 K/min, and 4 0.8 K/min; PVM image of final product crystals of (b) LC-1; (c) LC-2; and

(d) LC-3.

3.2. DNC

The standard DNC approach aims at the control of the number of counts of particles
to achieve a target value (or set-point) during the crystallization through the implementa-
tion of heating and cooling cycles. Thus, the number of counts is controlled by manipu-
lating the operating conditions on either side of the solubility line to effectively control
the dissolution of fine crystals during the heating cycles while promoting growth and pre-
venting nucleation during the cooling cycles. The temperature, solute concentration, and
the FBRM particle count profiles associated with the DNC experiment are shown in Figure
3. The DNC controller made the system converge to the target counts of 5000 #/s after two
dissolution cycles, corresponding to a 3-hour batch time (Figure 3a). A different set point
of 3000 #/s was set to reduce the fine particles further.

Moreover, the fine particles were removed from the product and there is evident
growth between the heating and subsequent cooling stages after 3 dissolution cycles for
approximately 4 h (Figure 3c). Hence more uniform CSD can be achieved by lowering the
targeted counts from 5000 to 3000 #/s by comparing the PVM images shown in Figure 3b
and 3d. As mentioned in section 3.1, The supersaturation dependence growth mechanism
facilitates larger MFA crystals' growth, hence the shape. Thus, the DNC approach enabled
the production of less elongated crystals with fewer fines compared to the standard linear
cooling of LC-1 to LC-3.
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Figure 3. (a) Temperature —, FBRM counts — and concentration — profiles for experiment DNC-1 with target counts of
5000 #/s and (b) PVM image of final product crystals of DNC-1; (c) Temperature —, FBRM counts — and concentration —
profiles for experiment DNC-2 with target counts of 3000 #/s and (d) PVM image of final product crystals of DNC-2.

3.3. Mill-aided DNC

The DNC operating cycles, crystal size and habit were compared in both in-situ and
external mill-aided DNC crystallization. In-situ mill-aided DNC seems to reach a pseudo-
steady-state where the FBRM counts fluctuate between 3000-4000 #/s, which is more than
the preset target margin of 10%, 25000 + 2500 #/s.

Both in-situ wet-mill aided DNC crystallizations can achieve a very uniform distri-
bution with relatively small crystals. IMDNC-1 and IMDNC-2 with different starting tem-
peratures show slight differences in their crystal habits. IMDNC-1 started with a lower
initial temperature of 10 °C involving a higher-level supersaturation leading to a lower
AR than that of IMDNC-2, starting with a saturation temperature of 40 °C.
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Figure 4. (a) Temperature —, FBRM counts — and concentration — profiles for experiment IMDNC-1; and (b) PVM image
of final product crystals of IMDNC-1; (c) Temperature —, FBRM counts — and concentration — profiles for experiment
IMDNC-2; and (d) PVM image of final product crystals of IMDNC-2.

The external wet-mill aided DNC run targeting 25000 #/s is shown in Figure 5. The
upper temperature of 45 °C chosen here is slightly higher than the saturated temperature
due to the elevated nucleation rate triggered by the high dissipation rate of the external
wet-mill, where the rate of dissolution cannot match the rate of nucleation and attrition.
The preliminary experimental trials proved that 40 °C is not enough to carry on the DNC
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Temperature (°C)

runs to regulate the final counts within the set of target counts at 25000 + 2500 #/s during
the first heating cycle.

The external mill-aided DNC can further reduce particle sizes and narrow the particle
size distribution, as shown Figure 5b. The final product of EMDNC has fewer fines than
those in IMDNC-1 or IMDNC-2 (Figure 4). Also, the AR of the crystals is smaller with a
more equant particle shape. By comparing the two types of wet-mills, as mentioned in
section 2.1, the working rotor-stator diameter for the external mill is doubled hence the
mill tip speed, as it is proportional to the rotor diameter. Therefore, the milled-aided DNC,
can accomplish the size reduction and improve the shape of the MFA crystals by setting
a higher target count.
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Figure 5. (a) Temperature —, FBRM counts — and concentration — profiles for experiment EMDNC-1 with final target
counts of 25000 #/s and (b) PVM image of final product crystals of EMDNC.

Figure 6 shows the particle size distribution for all the experiments. It can be seen
that experiment DNC-2 displays the maximized particle size, and EMDNC shows the
minimized particle size. More fines have been observed showing bimodal size distribu-
tion for the experiments IMDNC-1 and IMDNC-2. In these two experiments, the pseudo-
steady-state crystal products consisted of the first peak from crystal breakage and second-
ary nucleation due to milling and the second peak of larger crystals grown during the
DNC cooling cycles. The experiment EMDNC presents relatively uniform CSD due to the
larger dissipation rate, which enabled milling most of the large-sized particles. Hence,
large crystal size and enhanced AR can be obtained by optimizing an unseeded DNC op-
erating parameters, setting a different target count, and adjusting temperature ramp rates,
while small particle size can be obtained by tuning the milling speed and solution flowrate
through the mill device.
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Figure 6. (a) Particle size distribution for experiments LC-1—, LC-2—, LC3—, DNC-1—, DNC-2—, IMDNC-1—, IMDNC-
2—, EMDNC—.

The quantile particle sizes of D10, D50 and D90 and ARs were also estimated from
image analysis of the PVM pictures as summarized in Table 2. These data show that orig-
inal cooling crystallization from 2butanol/heptane solvents favours the crystal growth at
major facets of (00 1) which is related to the degree of elongation [8,9]. MFA crystals
grown from nonpolar solvents result in needle-shape crystals, polar aprotic solvents result
in elongated plate-shaped, and polar protic solvents result in hexagonal cuboid-shaped
crystals. In this work, 2-butanol has the nonpolar side of -C4H9 and a polar side of -OH.
The linear cooling MFA product crystals LC-3 show mixtures of elongated and plate-like
crystal shapes. For the standard DNC, the growth of facet (1 1 2) is favoured; hence low
AR crystals under a lower level of supersaturation for the rest of the cooling cycles after
the first dissolution of DNC crystallization. Product crystals of DNC-1 and DNC-2 from
standard DNC crystallization show larger particle sizes D90 than the linear cooling crys-
talline products of LC-1 to LC-3, which is consistent with the final FRBM counts. All three
mill-aided crystallization experiments have a similar medium size, but crystals from in-
situ mill aided crystallization showed a broader distribution with bimodal distribution a
shown in Figure 6.

Table 2. Process conditions of crystallization experiments.

Experiment LC-1 LC-2 LC-3 DNC-1 DNC-2 IMDNC-1 IMDNC-2 EMDNC
D10 (um) 72 34 30 71 87 23 24 22
D50 (um) 177 84 78 213 245 50 54 41
D90 (um) 320 162 148 435 436 161 171 65

AR 2.3 2.8 3.0 2.7 2.5 1.9 2.0 1.9

4. Conclusions

Much greater control over aspect ratio and crystal size distribution was demon-
strated through DNC crystallization alone and in the presence of wet-milling. The wet-
milling helped produce initial crystals with a reduced aspect ratio and minimal particle
size by breaking the elongated crystals along their major axis. The supersaturation de-
pendence growth rates at different facets of MFA crystals provide the potential to use
DNC cycles to dissolve the fines and foster the directional growth to the minor axis of the
remaining large crystals. In the last set of experiments, an in-situ mill-aided DNC and
external mill-aided DNC were implemented and compared against normal DNC (without
wet-milling). The DNC significantly outperforms linear cooling crystallization, and the
control of both aspect ratio and particle size distribution proved effective using DNC to
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maximize size and minimize fines. Furthermore, combined DNC with wet-milling proved
effective to control particle size and particle size distribution. Hence the dissolution rate
of MFA can be greatly improved due to the minimizing particle size which can be
achieved by wet-milling and DNC which reduces crystal fines

Acknowledgments: The authors acknowledge funding from the UK Engineering
and Physical Research Council, for Future Continuous Manufacturing and Advanced
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