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Abstract A miniature optical probe (16 mm in diameter and 300 mm length) is developed for diagnostics of
crystallization processes. A probe volume is produced near the optical window at the end of the cylindrical
probe. The probe volume consists of a CW laser beam spot of about 50 micron diameter, which is viewed by
a photodetector. Crystals crossing an ellipsoidal region of 50 wm diameter and 100 wm length scatter CW
light into the photodetector. Increase in the photodetector output (caused by the light scattered off a crystal)
triggers a camera and a pulsed laser. The pulsed laser spot size and the camera viewing area are significantly
larger (~500 um in diameter) than the CW spot size, so the crystals are fully illuminated and imaged.
Multimode optical fibers are used to bring the CW light and the pulsed laser light to the end of the
cylindrical probe. A multimode fiber and an imaging fiber bundle are used to collect the scattered CW light
and the crystal image respectively. A thermistor is also located at the end of the probe for monitoring the
crystallizer temperature. All the measured data is transferred to a computer via IEEE 1394. A software
displays images in real-time and is capable of post-processing and displaying data in various forms, such as
correlation between crystal size and temperature. Measurements of a crystallization process have shown that
the sudden growth of crystallization nuclei is accompanied by a rise in the solution temperature due to the
heat of crystallization. Further, correlation between the measured crystal size and the aspect ratio is used to
predict the three-dimensional structure (habit) of the crystals. In the results reported here, a positive
correlation is found, i.e. aspect ratio increases with the effective particle size. This correlation is indicative of
rod-like crystals. A negative correlation is expected for plate-like crystals. In-situ determination of crystal
habit is valuable in pharmaceutical applications; e.g. plate-like crystals are suitable for making drug tablets
as they provide larger area for adhesion.

1. Introduction

This work is primarily concerned with the monitoring and control of the pharmaceutical
crystallization processes. Most drug substances in the pharmaceutical industry are purified by
crystallization from solution (Mullin 1993). The crystal size and shape (habit) can be easily affected
by the crystallization conditions, such as cooling rate, turbulence level etc. The crystal habit in turn
influences the efficiency of crystallization (Mullin 1993).

It is desirable in pharmaceutical manufacturing to produce crystals with an optimal size, as
very small crystals are hard to separate from the liquid; i.e. filtration time may be unduly long. On
the other hand, large crystals generally have poor mechanical compaction and thermodynamic
properties (Bandyopadhyay 1998 and Sun & Grant 2001). They tend to absorb excessive amounts
of impurities (Zhang & Grant 1999 and Gu & Grant 2000) and contain undesirable liquid inclusions
that cause caking of the final product.

Crystal shape is also important as it affects the powder properties. Recent studies have
shown that plate-like crystals have improved mechanical compaction properties over prism-shaped
and needle-shaped crystals (Bandyopadhyay 1998 and Sun & Grant 2001) and hence have better
tableting performance. Other processes, succeeding crystallization, that are affected by the particle
size and shape are pneumatic transport of the crystals (Yin et al. 1986), suspensions formulation
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(Tiwary & Panpalia 1999), filling of tableting die (Ridgway & Scotton 1970) and bulk solid
handling (Pitkin & Carstensen 1990).

Hence, availability of an instrument for in-situ crystal size and shape measurement will
enhance the performance and quality of subsequent process steps.

In-situ crystal measurement will also complement on-going work on the crystallization
mechanisms of conventional and modern materials. Efforts have been devoted to specifying the
desirable crystal habits for various applications (Haleblian 1975 and York 1983). There have also
been efforts to micro-control the size and shape of crystals (Lahay & Leiserowitz 1993 and Winn &
Doherty 1998).

Furthermore, there have been substantial developments on theoretical modeling of the
crystal size distribution (CSD). A summary of this work is given below to highlight the importance
of a complementary experimental method for in-situ measurement of CSD.

The continuous mixed suspension, mixed product removal (CMSMPR) mode of
crystallization is easier to model and was originally addressed by the modelers; however, batch
crystallization mode has distinct advantages in terms of operating cost, material quantities, and
flexibility of operating conditions (Tavare 1987). Theoretical models of CSD in a batch crystallizer
have been based on either a stochastic framework (Fan et al. 1987, Hsu & Fan 1987 and Hsu et al.
1988) or a deterministic framework (Rawling et al. 1993) that incorporates a single stochastic
variable to account for the measurement variability and noise.

A typical model consists of a differential equation that expresses the nucleation and crystal
growth rate as a linear function of the degree of supersaturation raised to some constant power.
After solving the differential equation (which may be done in Laplace domain, see Tavare &
Garside 1986), one ends up with several unknown coefficients that are shown to depend upon the
details of the crystallizer geometry (see e.g. Shimizu et al. 1995) and operating conditions. Several
authors have considered using experimental data to determine the unknown coefficients (see
Rawling et al. 1993, Garside et al. 1988, Qiu & Rasmuson 1991 and Dash & Rohani 1993). In this
respect, an instrument for time-resolved in-situ measurement of CSD is obviously a powerful tool at
the disposal of the modelers.

In order to address the needs discussed above, a backscatter imaging particle analyzer
(BIPA) is developed and packaged in a miniature optical probe (16 mm in diameter) as described
below.

2. Measurement System

The cylindrical probe has an optical window at the end. The optical probe volume is
produced very close to this window, in order to make sure that the first crystal next to the window is
measured. As shown in Figure 1, a CW laser beam is focused to a spot of about 50 micron, which is
viewed by the photodetector (an avalanche photodiode). A small detection volume is formed, which
is shown in gray. When a crystal arrives in the detection volume, photodetector output increases,
which triggers a camera and a pulsed laser. The pulsed laser spot size and the camera viewing area
are significantly larger (~500 pm) than the detection volume, so the crystals are fully illuminated
and imaged.
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Figure 1: Probe volume

Multimode optical fibers are used to bring the CW light and the pulsed laser light to the
end of the cylindrical probe. A multimode fiber and an imaging fiber bundle are used to collect the
scattered CW light and the crystal image respectively. A thermistor is also located at the end of
probe for monitoring the crystallizer temperature. All the fiber links and electrical leads of the
thermistor terminate in a control box, which houses lasers, photodetector, camera, thermistor bridge
and the processing electronics. Light scattering, imaging and temperature data are sent out of the
control box via Firewire to a computer. A Windows™ software is used to display the images and
other data. Particle images are processed in real time and their characteristics (size and aspect ratio)
are displayed and saved by the software.

As shown in Figure 2, Pulses Al coming from APD indicate the transit of a particle in the
measurement volume. The electronic system generates a trigger TG1 based on the user-specified
threshold Th1. It also measures the transit time based on the user specified thresholds Th1 and Th2.
Transit time output is a 24 bit integer representing the clock cycle of 128 ns; i.e. resolution of transit
time is 128 ns and the largest measurable value is about 2 s. Typical particle transit times in a
crystallizer are order of milliseconds. Hence, the above range and resolution are satisfactory.
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Figure 2: Relationship of the APD signal and the pulse to trigger laser

Events starting TG1 are as follows:

1. System electronics routes TG1 to the camera. The camera integration time is set long
enough to cover the laser pulse (15-300 ns).

2. After a delay (~100 ns), the electronics sends a TTL signal to fire the pulsed laser. The laser

pulse width is chosen by the user and lasts 15-300 ns.
A frame is grabbed from the camera. If frame is not available, the no-frame flag is set.
The thermistor reading is digitized.

5. The data package (camera frame + thermistor reading + transit time + peak height + time
stamp + no-frame flag + missed particle transit time + missed particle peak height) is sent to
the computer. The no-frame flag is reset.

The hardware system recognizes that it may not be possible to grab a frame for each particle
due to the limited frame rate of the camera (~1000 frames/second). However, it would be generally
possible to measure the transit time and peak height of each particle as the photodetector response is
very fast. The electronic system is built in such a way that we do not miss any particles that arrive
during frame transfer.

The basic monitoring of the APD and capturing of an image are controlled by the Digital Signal
Processing (DSP) chip, which is a Field Programmable Gate Array. An image can be captured in
one of the following operating modes:

1. Free running mode: camera grabbing frames continuously at the maximum rate;

2. A single frame capture based on a command from the computer;

3. Triggered mode: frame is captured when the APD signal crosses a programmable threshold.
These features make BIPA a versatile measurement system.

hal

3. Applications

BIPA probe can be used in a full-scale crystallizer as well as a laboratory-scale crystallization
experiment. An example of a laboratory experiment is shown in Figure 3. A small jacketed vessel is
used to grow lysine monohydrochloride crystals out of a 1:1 mixture of water and methanol.
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Figure 3: A laboratory-scale crystallization experiment using the miniature probe

We kept the solution at a high temperature for a while to ensure that all the crystallization
nuclei were fully dissolved. It was slowly cooled down to the saturation temperature by lowering
the temperature of water in the cooling jacket. The solution was placed on a magnetic stirrer and
was constantly stirred using a magnetic ‘fish’. At the saturation temperature, crystal size grew
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quickly and temperature increased by about 5 degrees, as shown in Figure 4. The heat of
crystallization caused the rise in temperature.
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Figure 4: Crystallizer temperature and the crystal size as a function of time

Another series of experiments were conducted with lysine monohydrochloride crystals
suspended in 111-trichloroethane, which does not dissolve them. Various solid volume fractions
were measured. These measurements show that the transit time provides a good measure of solid
volume fraction. Volume fraction near the probe agrees well with the bulk volume fraction if it is
smaller than 1%. For dense suspensions, a region of low particle concentration is formed near the
window.

Above measurements also show that it is possible to use two-dimensional images to infer
the three-dimensional structure of pharmaceutical crystals, which are generally divided into three
classes: plate-like, rod-like or prism-like (or rounded). In the case of plate-like crystals, there is a
negative correlation between the size and the aspect ratio based on the two-dimensional images.
This correlation is positive for the rod-like crystals, whereas no correlation is found for rounded
crystals. Figure 5 shows the correlation for the above experiments depicting that these crystals are
rod-like, which was verified by microscopic observations.
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Figure 5: Aspect ratio versus crystal size (Equivalent Diameter) validating rod-like crystal structure

4. Conclusion

A multi-purpose measurement system is reported for the investigation of crystallization
processes. A miniature probe is used to obtain simultaneous measurements of particle image,
particle transit time and the backscatter signal strength. It also monitors the local temperature.
Chemically resistant materials are used, so the probe can be used in a variety of pharmaceutical and
chemical processes. This system is suitable for both the laboratory and manufacturing applications.
Two-dimensional particle images are shown to be useful for a broad classification of the crystals
into plate-like, rod-like and prism-like crystals.
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