UNIVERSITY OF LEEDS

This is a repository copy of On-line measurement of the real size and shape of crystals in
stirred tank crystalliser using non-invasive stereo vision imaging.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/91195/

Version: Accepted Version

Article:

Zhang, R, Ma, CY, Liu, JJ et al. (1 more author) (2015) On-line measurement of the real
size and shape of crystals in stirred tank crystalliser using non-invasive stereo vision
imaging. Chemical Engineering Science, 137. 9 - 21. ISSN 0009-2509

https://doi.org/10.1016/j.ces.2015.05.053

© 2015, Elsevier. Licensed under the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International
http://creativecommons.org/licenses/by-nc-nd/4.0/

Reuse

Unless indicated otherwise, fulltext items are protected by copyright with all rights reserved. The copyright
exception in section 29 of the Copyright, Designs and Patents Act 1988 allows the making of a single copy
solely for the purpose of non-commercial research or private study within the limits of fair dealing. The
publisher or other rights-holder may allow further reproduction and re-use of this version - refer to the White
Rose Research Online record for this item. Where records identify the publisher as the copyright holder,
users can verify any specific terms of use on the publisher’s website.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

| university consortium eprints@whiterose.ac.uk
WA Universities of Leeds, Sheffield & York https://eprints.whiterose.ac.uk/


mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

On-line M easurement of the Real Size and Shape of
Crystalsin Stirred Tank Crystalliser Using Non-

Invasive Stereo Vision Imaging

Rui Zhand? Cai Y. M&, Jing J. Lid and Xue Z. Wantf"

! School of Chemistry and Chemical Engineering, South China University of Technology, Guangzhou
510640, China
Z Institute of Particle Science and Engineering, School of Chemical and Process Engineering, Uaiiversity
Leeds, Leeds LS2 9JT, U.K.

* Correspondence author:
Professor Xue Z. Wang

China One Thousand Talent Scheme Professor
School of Chemistry and Chemical Engineering
South China University of Technology

381 Wushan Rd, Tianhe District

Guangzhou, PR China 510641

Tel: +86 20 8711 4000, Fax: +86 20 8711 4000
Email;{ xuezhongwang@scut.edy.cn

&

Personal Chair in Intelligent Measurement and Control

Institute of Particle Science and Engineering

School of Chemical and Process Engineering

University of Leeds

Leeds LS2 9JT, UK

Tel +44 113 343 2427, Fax +44 113 343 2384, Bmail x.z.wang@leed$.ac.uk



mailto:xuezhongwang@scut.edu.cn
mailto:x.z.wang@leeds.ac.uk

Abstract

Non-invasive stereo vision imaging technique was applied to monitoring a cooling crystallisation
process in a stirred tank for real-time characterisation of the size and shape of needle-like L
glutamic acid (LGA)B polymorphic crystals grown from solution. The instrument consists of two
cameras arranged in an optimum angle that take 2D images simultaneously and are synchronised
with the lighting system. Each 2D image paiprocessed and analysed and then used to recanstruc

the 3D shape of the crystal. The needle shaped B@Am crystal length thus obtained is found to

be in good agreement with the result obtained from off-line analysis of crystal samples, and is about
three times larger than that estimated using 2D imaging technique. The result demonstrates the

advantage of 3D imaging over 2D in measurement of crystal real size and shape.

Keywords. Stereo vision imaging, image analysis, crystallisation, 3D reconstruction, crystal size,

L-glutamic acid



Introduction

Crystallisationis an important operation widely used in industry to produce various particulate

products such as pharmaceuticals and fine chemicals. The size and shape of crystals aréykey quali

measures(Lovette et al., 2008) that should be measured on-line in real-time for the plirpose o

effective process optimisation and advanced control. The most widely studied process analytical
technology (PAT) for on-line and real-time characterisation of crystal size and shape is focused-
beam reflectance measurement (FBRM) that is based on laser light backscattering ands measure

particle cord length distribution (CLD). CLD can be used to estimate particle size distri (Li et

al., 2014(Mangold, 201YNere et al., 2006)but the error can be large if the particles deviate far

from being spherical. Effort was also made to extract particle shape information from FBRM CLD

measurements such as the imaginative work of (Ma et al.,| pGhamoto et al., 2002), but

concern remamon the magnitude of error that is introduced in the conversion from CLD to crystal
shape. Microscopy imaging is considered as probably the most promising technique for measuring

particle shape since one can see the shape of the particles, as a result has attractezhtimrcinatt

recent years De Anda et TI. (Calderon De Anda et al., ‘1ﬁﬁﬂderon De Anda et al., 200%be

Anda et al., 2005), Wang et al. (Wang et al., 2007) and Larsen|et al. (Larsen andyR2@A09

Larsen et al., 2006, 20p7) usadsSK imaging system with non-invasive high-speed camera to

record images and monitor the particle shape and size in a stirred batch crystalliser. Zhou et al.

Zhou et al., 201flZhou et al., 2009) used image analysis to automatically extract the maximum

possible information from in situ digital particle vision and measurement (PVM) images, which was

employed to monitor particle shape and size distribution on-line.

Considering the fact that crystals in a stirred tank crystalliser undergo continuous rotation and
motion, characterisation of the size and shape of crystals based on 2D images can hawes big err
unless the crystals are close to sphere. Takimgedle-like crystal as an example for which we are

mainly interested in its length. three dimensional Cartesian coordinate system, with origin O
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and axis lines X, Y and Za particle can randomly rotate, the probability of the needle-like
perpendiculato the camera’s optical axis is extremely small over all of the possible orientations.
As a result, the 2D imaging technique cannot precisely measure the real size and shape; and the

obtained size (i.e. length) is likely to be smaller than the real size.

Li et al.[Li et al., 2006)made probably the first attempt to obtain 3D crystal shape information based

on on-line obtained images of crystallisation and presented a camera model for integrating both

crystal morphological modelling and on-line shape measurement using 2D imaging. The 3D shape

of crystals was predicted using the morphological modelling software HABIT(Clydesdale|et al.,

199€), then 3D shape rotation aadamera model were used for projecting 3D crystah@b

plate to generate a library of 2D images, finally matching between images in the &bdatie

processed on-line images to identify the corresponding crystal with 3D sizes. Wang et al. proposed

to use|(Wang et al., 20P8) two or more synchronised cameras to firstly obtain two or three 2D

images of the same moving crystal from different angled then reconstruct its 3D shape from the
2D images using a 3D reconstruction algorithm. (Bujak and Bottlinger, 2008) used the same

principle to measure particle real 3D shape although their system is for measuring dry particles

rather than particles in a slurry. Borchert ef al.(Borchert et al.,|2014) proposed an analogous

estimation methodology to reconstruct the 3D crystal shape by comparing Fourier descriptors of the
2D crystal projection in pre-computed database with the Fourier descriptors of on-line measured 2D
images. However, the size and shape information of crystals collected from a single direction is
frequently incomplete, especially for shape estimation. Because of the small crystal thickness, the

estimation for the crystal orientation is higtsensitive to the finite image resolution causing an

inaccurate shape estimatlon(Borchert et al., 28t additional camera can help provide more

accurate 3D shape information of the crystal, which will mitigate this problem and increase the
accuracy of shape estimation. Therefore, for suspension crystallisation processes, stereoscopic

imaging, i.e., photographing the same particle from multiple view directions, is a promising method



to overcome the isstie(Bujak and Bottlinger, 20088ng et al., 2008). A method of photographing

from vertical directions using a single camera but two mirrors the same particles that flow #hrough

cell was presented by Mazzotti and co-workers(Kempkes et al.{|3@h0rsch et al., 2012). The

system was further improved based on their early work, i.e., replacing the mirrors with a second

camera(Schorsch et al., 2014jultidimensional particle size distribution is measured using the

image acquisition setup. However, the particles are captured by two cameras whéovihey
through the cell rather than a stirred tank crystallizer. In addition, the concentration of saution i
not measured on-line during the crystallization processes, and kinetics of crystal grawth
presented.

Some other techniques were investigated to characterise 3D crystal shape in recent years such as
tomography and optical sectioning. Tomography refers to imaging by sections or sectiotirgg via

use of penetrating wave. Different images can be captured faomdeection, and all collected

images are used to reconstruct 3D crystal slhape(Gonzalez and Wooc|1|sMi2@18/ et al., 200[).

Magnetite that ranges from decimetres to micrometres in size were identified and quantified to

obtain crystal size distributions (CSDs) using X-ray tomography(Pamukcu and QGualda,

201Q).Larson et gl.(Larson et al., 2002) developed a differential-aperture X-ray migroscop

technique to make microstructure and stress/strain measurements with sub-mécpmimeto-
point spatial resolution in three dimensions. Another approach for directly measuring 3D crystal
shape, optical sectioning is popular in modern microscopy since it allows 3D reconstruction for a

sample from images obtained at different focal planes. This technique is employed to analyse rock

o

and mineriI(Higgins, 200@erram and Higgins, 20{Jderram et al., 200Ketcham and Carlson

2001), as it can obtain the inner information of crystal by splitting a 3D dbjacitiple2D slices.

A non-destructive technique with sectioning is the application of confocal optical micrpscope

which was reported in detail by Webb(Webb, 1{996). This microscope using optical sectioning

technique is successfully applied to reconstruct the 3D shape of final crystal product(Castfo et al.,

2004 |Conchello and Lichtman, 200%ingh et al., 201:13Wilson, 2011).However, all the method




sreviewed abaw in this paragraph require a sample preparation, which is time-consuming and
costy. And these technologies therefore are generally used for off-line imaging of dry sangple
suitable for online measurement of the 3D shape of crystalsuspension.

In summary, previous work on 3D imaging of the shape of growing crystalshasoftiied and

slow technique such as confocal microscopy, or been restricted to a small volume vial with no
stirring, rather than stirred tank crystalliser. In addition, in previous work of on-line crystallisation

imaging, solution concentration was not measured and no attempt was made to derive faceted

crystal growth kinetics. Our previous wofk (Wang et al., 2007) measured solution concentration

and derived growth rates but it was based on 2D imaging. In this study, an non-invasive on-line

stereo vision imaging system, StereoviSlpmas used to measure real crystal size and shape. In a

previous study|(Wang et al.,, 2008), a stereo vision imaging configuration involving two

synchronised cameras was proposed. The work presented here builds upon the previous idea,

focusing on estimating the real crystal size and validation in practical crystallisation process. The

instrument, Stereovisidhis a product of Pharmavision Limitdd (Stereovision, accessed il 2014)

and is based on fixing two cameras in an optimum angle and that are synchronised with the lighting
system. It is non-invasive since it plays the cameras and lighting systems outside the glass walled
crystalliser, avoiding some practical problems associated with directing contact with the slurry such
as crystals sticking to the camera head. The collected 2D image series of nedigslj@orphic
L-glutamic acid crystals were processed to reconstruct 3D crystal shape using theisgieteov
software also developed by Pharmavision Ltd. To verify the reliability of this method, the off-line
imaging instrument, Morphologi G3 from Malvern Instruments Ltd., was applied to analyse the
product size (here length) distribution. The results of 3D on-line imaging, 2D on-line imaging and

off-line imaging are compared.



Experiments

Materials

L-glutamic acid (L-GA) selected forighstudy, GHgNO,, is one of the 20 known amino acids

The L-GA crystals are known to have two polymorphs(Davey et al., |1R@&mura and Ishizu,

2000Q), the prismatic. and the needle-likf forms. -form L-GA crystals was crystallised in this

research to demonstrate 3D reconstruction by the stereo imaging technique. Since it is of needle-

like shape only one characteristic size, i.e. the lengtiis(tynsidered in this article. The solubility

of B-form L-GA crystals can be estimated by Eq.|(1)(Li et al., 2008), and the relative

supersaturation can be calculated by Eq. (2).
C*=2.204-0.07322*T+0.00893%10.000148183*1+0.00000134069*T (1)

S=C/C*-1 (2)

where S is the relative supersaturation, T is the temperature in Celsius, C is the concentration and
C* is the solubility in g/L. The solid L-GA crystals were purchased from Van Waters and Rogers

(VWR) International Ltd.

Experimental System Setup

The 1L rig used for the cooling crystallisation process is shown in Figutevlas also used to
prepare seeds usirgycooling recrystallisation process. A Julabo FP50-HE thermodiath was
employed to control temperature by oil circulation and a pitched four-blade stirrer rota#bg at

rom was used to provide the reactor stirring. The temperature was measured using a platinum
resistance thermometer (PT100). Solution concentration was monitored using attenuated total

reflectance-Fourier transform infrared (ATR-FTIR) instrument, ReactIR 4000 from Mettler Toledo

Ltd. PLS methog(Ma and Wang, 201@a and Wang, 2012PNold et al., 200[L) was used to

develop the model. The model was built using calibration data include temperature from 4@, to 80



and concentration range 3-60 (g-LGA/L-water). The data was divided into two sets, the training

dataset (47 spectra) for calibration model development and the test dataset (16 spectra) for model

verification. In this work, the modelas from the literaturgs(Ma and Wang, 20{lR&a and Wang

2012h). Because these instruments (1 L crystallizer, the Julabo FP50-HE thermostatic bath, the

stirrer and ATR-FTIR)and L-GA applied to the experiments are the same as the literature.
Additionally, the operation conditions including temperature and concentration are also within the
calibration data. Therefore, the model in the literature is suitable to this work.

The on-line imaging system employed in the experiments is depicted in Figure 1. The system
consists of two Basler avA1000-120km cameras (camera 1 and camerath2)jdewtical
specifications. The CCD camera fitted with Truesense Imaging sensor is employed for image
acquisition with a maximum frequency of up to 120 images per second with a pixel resolution of
1024x1024 and a field of view with 2.82mmx2.82mm dependent on calibrated lenses employed. |
this study, it was set to capture 1 image per second. The 60 images in one minute were used for
estimation of the mean length size of3A crystals for one specific time interval. A ring LED light
source was used to provide illumination. The recorded image/ideo format were sent to a PC
running Stereovisidll software for acquisition, storage and management of the frames, and the
measurement relative error of StereoviSlds less than 2%. It is worth noting that when applying
the non-intrusive optical imaging system to a cylindrical reactor, the variation of refraction index of
the medium in the reactor over temperature change, and the curved surface of the reactor may affect
the quality of the captured images. However, the limited change of medium refraction against
temperature variation (for example about 0.03% refraction index change of watefCfor 1
temperature variation), the exactly same configuration, hence the same optic paths, of the two
cameras and lenses, and the low curvature of the reactor surface over the small incident spot area
indicate that their effects on the image quality and 3D reconstruction are very limited, which is

indirectly supported by the measurement relative error of less than 2%.



In this work, seeds were added in the cooling crystallisation prdoesgibit the secondary
nucleation and the formation of tiny crystals. Théorm seed crystals were produced by slow
cooling crystallisation and then washed, dried and sieved to provide the good initial size distribution
for seeds. To carry out the experiment, a slurry was prepared with 13.5 g of L-GA in 500 mL of
fresh distilled water. The solution was then heated quickly € 8@dd held at the temperature for

an hour with a constant agitation of 250 rpm. After one hour, the ATR FTIR measured solution
concentration was found to have kept cons#&it3.5 g, which was consistent with the amount of
added solids. In addition, it can be found from the captured images that the solution was clear
without any solids at this moment. Therefore, it was reasonably believed that the solids were
completely dissolved in the solution. The solution was then cooled dowiiGoa#a relatively fast

rate of £C/min. Two polymorphs of L-GA can be produced by controlling the cooling rate in batch

crystallisation(De Anda et al., ZOTﬂougin et al., 200R). Onlg-form crystals can be generated at

cooling rate of 3C/min, while a-form transformed intop-form at cooling rate of 0.5 and

0.25’C/min respectively(Calderon De Anda et al., 2Q@Galderon De Anda et al., 20(113De Anda

et al., 200%), which indicates that a slow cooling rate should be used to pHtaim L-GA

crystals.To investigate needle-likg-form crystals during crystallisatio;form L-GA seeds were

added at the temperature®@5according to the Metastable Zone ofGlA{Borissova et al., 2008

Chao Y. Ma, 201PR), and a slow cooling rate of 8dmin was selected in the experiment. At the

temperature of 4&, 0.27 g of seeds (2% of the solute(Chung et al., |IRABota et al., 204))

were added to the supersaturated solution, then the solution was cooled down at a cooling rate of
0.05C/min within one hour. Observation and recording of process operation conditions
(temperature, concentration and supersaturation) were conducted in real-time, as shown in Figure 2.
Obviously, the growth off-form L-GA crystal happened with the decrease of the solute
concentration during the cooling crystallisation. For estimation of crystal size, the temperature
range used was from 45 to°€2and the corresponding relative supersaturation range was from 0.50

to 0.61.



In order to further investigate the product shape and size information of final product, the solid
products were quickly filtered with filter paper having pore size of 80 -0 then dried in
vacuum oven for about 24 hours at a constant temperature’©f #e dried samples will be
measured with Morphologi G3. The filtration and vacuum drying processes used in this study can
minimise their effects on the crystal size distribution. The 2D crystal shape and size distribution
data were collected using the Morphologi G3 particle size and particle shape analyser from
Malvern. The Morphologi G3 measures the size and shape of particles using the technique of static
image analysis. Fully automation with integrated dry sample preparation makes it the ideal
replacement for costly and time-consuming manual microscopy measurements. The measurement
process can be described as follows: at first, the dry sample is prepared and uniformly dispersed on
the measurement slide kg dry powder disperser. Next, the instrument captures images of
individual particles by scanning the sample underneath the microscope optics, while keeping the
particles in focus. Then, advanced graphing and data classification software provide a range of
morphological analysis for each particle. Due to the effect of gravity, the needle-Gke-form
crystals intend toi¢ on the measurement plate. Therefore, it can be reasonably assumed that most
particles dispersed on measurement plate are perpendicular to optic axis of the lens, therefore the
Morphologi G3 can provide relative accurate size.

For on-line imaging of particles in suspension, image analysis is more complex and difficult
compared to off-line imaging method. The main reasdhe continuous motion of the slurries with
constant agitation, which leads to the variation of distances between the camera lens and particles.
As a result, some particles outside focal length of camera were quite blurred. Furthermore, the light
effect and temporal changes of hydrodynamics within the reactor may result in varied brightness in
the image background. In previous work a multistep multi-scale method was developed to extract

objects from the image background in images from the GSK on-line microscopy system and off-line

equipmenr(CaIderon De Anda et al., 20p5b).There are other methods developed in literature. The

tool used in this study was developed by Pharmavision Ltd that has integrated various traditional
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image segmentation methods and newly published algornithms(Calderon De Anda et al 2005b). For

3D reconstruction of particle size, the StereoviSisoftware employed in this work was developed

S in Pharmavision Ltd. The reconstruction approach mainly comprises five steps (Ma et al., 2014):

multi-scale segmentatior (Calderon De Anda et al., 2005b) of objects from the image background

region-filling and finding the centroid of objects; matching the particles from two cameras

according to setting parameters in the program; defining the vertices of matched crystals; and

D

finally, calculating 3D coordinates of the crystals by triangulation method (Emanuele and

Alessandro, 1998Richard and Andrew, 2003 he 3D reconstruction procedure will be discussed

below with the detailed algorithms for image segmentation (first step) being found in literature

Calderon De Anda et al., 2005b).

Using the multi-scale segmentation method (Calderon De Anda et al.,[2005b), the crystals from

each image of a stereo image pair are identified and numbered with the blurred crystals being
automatically removed during the segmentation step and exdiudedher processing steps. The
reason to exclude blurred particles is because the size estimation is based on the assumption that the
particle is at the focus. Inclusion of blurred particles will lead to error size estimation. By
calculating the central coordinates of the identified crystals, and then comparing them in each
image, the crystal pairs from the two images in an image pair can be identified. During this process,
the crystals that are not paired will be automatically removed. The identified crystal pairs will then

be processed for the purpose of corner/edge detection using methods in literature (Canny, 1986

Chris and Mike, 198|8 Gonzalez and Woods, 2008) and feature-based matching algorithm

Gonzalez and Woods, 2008) to establish the feature (in this study, corner) correspondence. With

the coordinates of corresponded corners, the reconstruction of the crystal can be achievked using

Ll

Rige8d and

triangulation method that is described in literatire (Emanuele and Alessandr

Andrew, 2003). With the current configuration of the imaging system, the stereo @anpgktwWeen

the two camera optic axes, the total distance (L) between a subject and camera including the lens

working distance, lens length and camera flange focal distance, the magnification of the lenses (A)

10



and the resolutiond) have fixed values. The coordinates ¥ Z) of a corner in 3D space &
function ofa, Lo, A, and the coordinates of the two 2D images ¥ %, y»), etc. and can be

calculated by

L S sin(a/2)
e R 00 0 1| wa
y|= 0 Y12 0 1 3)
7 cos(a/2)

[ 0 0 a+(x;—xq) %J o5

with a= 54.5 mm, A =2, o= 0.00465mm, a= 22 degrees. Using the reconstructed 3D coordinates,

the crystal shape and size, and their distributions can be estimated.

Results and Discussion

Off-line Measurement of Real Crystal Size

We will first introduce the off-line characterisation method that is used for validation of the on-line

3D imaging technique. In this study, Morphologi G3 was employed as the off-line characterisation
method. It measures the morphological characteristics(size and shape) of dry cyydiseising

the crystals on a plate. The particles dispersed on the measurement plate are automatically scannec

by a camera in the measurement process. As the most stable position of a crystal in space should

have the lowest free energy,(Ma et al., 2012) the needleBlfeem L-GA crystals intend to

position themselves in such a way that the largest {010} face is perpendicular to the vertical axis,
i.e. the optical axis of the microscope. Hence size of the measured crystal is consideaédizs,

which will be used to compare with crystal size obtained by online measurement in the next section.
The size distributions of the added seeds and the dried final prodfiefoan L-GA crystals
obtained at the end of the crystallisation process were adalgghg MorphologiG3 software and

are shown in Figure 3. Figures3a and 3c show the shape and size distribution of crystal produ
Figure 3 also shows an overlapped particle. Overlapped particles were treated as sinigle ones

estimation of mean size distribution leading to measurement error. Figure 3(d) shows such an

11



example that two individual crystals of the length around 31g2and 313.9Jum respectively

gave a length of about 626,98 if the overlapped object is treated as a single particle. Therefore
during dispersion, maximum power was set in order to minimise poor particle dispersion. This
phenomenon might explain some large particle sizes observed in Figure 3(c) in the range from 400
to 65Qum. In addition, ensemble particle sizing methods usually provide data on what is known as
volume basis and number basis. On volume basis, the contribution each particle makes is
proportional to its volume- large particles therefore dominate the distribution and sensitivity to
small particles is reduced as their volume is so much smaller than the larger ones, while on number
basis, the contribution each particle makes to the distribution is the same; a very small particle has
exactly the same ‘weighting’ as a very large particle. In Figure 3(c), the size distribution was based

on volume weighting, hence bigger particle has larger effect on the distribution and bi-modal
distribution appeared. While based on number weighting, as shown in Figure 3(e), theke is onl
mono distribution in the size distribution. Figure 3(e) also shows the size distribution of the final

product particles, indicating a mean of 2653.3 um. It can be seen that the fraction of the size

between 40@um and 60Qum is lower than 0.1, which indicated that the effect of the large particles

(i.e. particles possibly due to overlapping in dispersion) is small on the size distribution. .

Online Measurement of Real Crystal Size

In this work, the particles in the crystaliiswere simultaneously captured by two camerasfrom
different orientations. The real size of crystals is the calculated after integrating imaging
information obtained by the two cameras. The experiment lasted for one hour, hence 3600 images
were recorded during this period. To reduce the time cost and estimate crystal size acoumtely
image every two seconds was selected containing a total of 1800 high quality images to réconstruc

3D size of crystal.

12



Figures4 to 7 show images captured using on-line imaging system, processed images and the 3D
reconstruatd crystal size at four different time (t=0s, 764s, 2544s and 3600s).It can be observed
that many crystals were captured by on-line imaging system each time, and some patrticles within
focal length of cameras were clear, vice versa. In practice, the particles can bedesdydat a
finite resolution on a CCD-chip. The size of particles depends on their pixel coordinates on the
images. In order to precisely match the same particle on the images from two cameras, the
difference between two pixel coordinates of the particle on the X and Yreixi® iimages have
been calibrated in advance according to the relative position of two cameras. Sterégviftivare
will automatically match the crystals in pictures captured by two cameras based on thearalibrati
parameters (error and the difference of pixel coordinates). The number of crystals reconstructed
successfully is uncertainaeh time, which depends on the contrast between particles and the
background of images. Here we only present a few typical examples of crystals retsshstruc
demonstrate this process. In Figure 4e-7e, the crystal sizes obtained from 3D reconstruction are
76.85um, 277.34um, 298.8@um and 311.80m at t=0s, 764s, 2544s and 3600s respectively, which
indicates crystals grow gradually during the cooling crystallisation.

It is an apparent that it is impossible to capture the same crystals at different time intervals due to
the continuous motion and rotation of the suspensi@raactor. Therefore, in order to statistically
estimate the variation of the crystal size with time, a moving time window approach was employed,
the width of the time window is 20 seconds. Every time a new image is acquired, the earliest image
in the window will be taken out to keep the window width at 20 seconds. All the particles in the
current time window are analysed to give the size distribution information. The number of collected
crystals (on the average) was around 25 at each time window. Figure 8 displays the mean size
distribution at different times based on analysed images from camera 1.As can fversdégure
8, the mean size grew with time, and a linear function was used to curve-fit the datdbeitigR
0.90, the corresponding linear growth rate being 0.53m18 In addition, the size distribution at
the 764th s, 2544th s and 3600th s are illustrated in Figure 8a-c respectively. It needs to point out

13



that the crystal size distribution at each time instant is calculated based on images collected in the
last 60s until the time constant. In other words the time window is 60 seconds. It can be observed
that the size distributions exhibit narrow size distributions in Figure 8a and Figure 8b, which
indicates thathe sizes during these two periods are more uniformly distributedcdfesponding

mean sizes are 37.2dn and 49.1m, respectively. However, the size distribution in Figure 8c is
wider than that of Figure 8a and Figure 8b, which shows that there is a relatively shagtifinc

at this period. The reasons leading to this phenomenon are still not clear since there is not sufficient
information to explainit from these figures. However, some reasons might have caused the
oscillation, such as breakage and agglomeration of crystals during the crystallization prodssses. It
worth mentioning that this explanation is only an assumption rather than decisive. Nevertheless, we
still report the data here as it was collected. It is also to note thatighbeemaximum value and

the minimum value at the 3600th s, as shown in Figure 8, which may be caused by the continuous
motion of suspension. The crystals were easily broken by stirring blade with the size increase,
which can result in the appearance of small crystals. On the other hand, the recorded much large
crystals on the 2D image may be emerged as a result of the overlapping crystals. The same method
was used to analyse images from camera 2, as shown in Figure 9. Obviously, they have the same
trend for the mean size against time as Figure 8. Correspondingly, the distributions were both
narrow in the previous 20s at 764s and 2544s (see Figure 9a-b), while a wider size distribution was
observed in Figure 9c. Furthermore, the gtovatewas 0.68x1Fm/s usinga linear function to

curve-fit the relationship between the mean size and time WitheRg 0.91in Figure 9.Figure 10

shows the relationship between mean size and time after 3D reconstruction. The standard deviations
of the size distributions are almost same as the results from camera 1 and camera 2 in the previous
60 s at 764 s, 2544s and 3600 s, respectively.

Additionally, a linear function was also used to curve-fit them wittb&ng 0.90 in Figure 10 as

well as Figure 8 and Figure 9, hence the ghorate was 1.86xIdm/s after 3D reconstruction,

which is much larger than the growth rate from either camera 1 or camera 2. It cames¢ingtéo

14



compare the results with the work in the literafure(Kitamura and Ishizu}|R208nd Wang, 2012b

Mougin et al., 200@Wang et al., 2007).In this study, the change in crystal length was investigated,

so the comparison is shown in Table 1 for the length direction only. Given the fact that these
experiments were carried out in different operating conditions and using different measurement
methods, the results can be regarded as having a good agreement. The growth rates in Figure 8,
Figure 9 and Figure 10 were all obtained using the least-squares method to fit the mean size and
time. The linear regression may be not good because of the sharp fluctuation of the mean size at the
last 100 s. If the data during this perisdexcluded from the resultg, can be believed that the

fitting results may be much bett However, in order to more realistically shéws situation, these

data are still retained in these figures.

From Figure 8-10, it can be found that the estimated 3D crystal sizes are about three times larger
than the calculated crystal sizes when only based on 2D imagesafsangle camera, which
corresponds to the difference of their growth rates. Actually, only taking into account camera 1 or
camera 2 is equivalent to 2D on-line imaging measurement. Noting that the estimated particle sizes
depend on the orientations in space for 2D measurement, and the obtained size can be much
smaller than the real size in most cases. Therefore, if the crystal can be projected on two imaging
plane, which may resolve the problem of the orientation dependence. In addition, it is interesting to
find that the mean size sharply decreases at about the 3200th s and then rapidly rises again after 10C
s, and beames much larger at the time range from 3500 to 3600 s in Figure 8 and Figure 9. Similar
findings can be found for the variation of the mean size in Figure 10 after 3D reconstruction. This
phenomenon may be caused by crystal breakage and agglomeration during the crystallisation
process. The longer crystals are more likely to be broken by the stirring blade, which ieaads to

size decrease. Furthermore, these broken crystals may be easier to overlap, which can result in the
wider size distribution at the end. Overlapping crgstetre found from images photographed by

the on-line imaging system (for space consideration no figures will be given here). It is worth

mentioning that this conclusion is not decisive, rather, it is only an assumption. Actually, if the time
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window calculating the mean size is set to be bigger, for example, 40s or 1min,the oscillation can be
effectively reduced. However, we did not do that in order to objectively describe the case.As shown
in Figure 10, the mean size is 238.89for the final product with the aid of 3D reconstruction
method, which was found to be consistent with the size of 2063am obtained from the off-line
measurement with Morphologi G3.According to the working principle of the Morphologi G3, the
needle-like particles gi-form L-glutamic acid are perpendicularthe camera’s optical axis in the
measurement process. Therefore, the measured particle size using the instrument is considered ac
real size, which indicates that the size of crystal measured by stereo vision imaging candszlre

as real size. The measurement method for 3D crystaissizere reasonable and reliable compared

to on-line 2D imaging technique.

Conclusion

As anticipated the 3Dn-line imaging system gives larger length for the needle flikerm L-
glutamic crystals than 2D imaging, qualitatively proving the need to replace 2D imagin@Dsing
Quantitatively the 3D on-line measurement is validated by taking samples out of the reactor, letting
the crystad lay down on a plate before analysing them using an instrument called
MorphologiG3that can analyse a population of particldse crystal size measured by the 3D
imaging system is in good agreement with that from the off-line system, whilst the calculated sizes
based on 2D images are much smaller. Future work will investigate more complex shaped crystals
using the on-line non-invasive stereo vision imaging techniguketerminate crystal growth rates

of individual facets and also apply in on-line monitoring and control of crystallisation processes.
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Notation

L-GA = L-glutamic acid
FBRM = focused-beam reflectance measurement
PVM = patrticle vision measurement

ATR-FTIR = attenuated total reflectance-Fourier transform infrared
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Figure 4.0n+line images from the stereo vision imaging system at t=0 s, (a) camera 1, (b) camera 2; a typical
example of matched crystal images, (c) image from camera 1, (d) image frara@n(e) the

matched 3D reconstruction crystal size, length=76r85
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(e)
Figure 5.0n-line images from the stereo vision imaging system at t=764 s, (a) camera 1; (b) camera
2; a typical example of matched crystal images, (c) image from camera 1, (d)fnorag

camera 2; (e) the matched 3D reconstruction crystal size, length=2if1.34
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Size vs Time(Camera 1)
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Figure 8.Evolution of crystals size from camera 1, the mean size in time window of 20 s (®), the estimated
mean size after the least-squares method fitead) (growth rate=0.53x1%m/s, and the images
from camera 1 at different time,(a) crystal size distribution during tbeiqurs 60 s at t=764 s,
mean size=37.21um; (b) crystal size distribution during previous 60 s at t=2544 s, mean
size=49.11um; (c) crystal size distribution during the previous 60 s at t=3600 s, mean size=53.96
um.
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Size vs Time(Camera 2)
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um.
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Size vs Time(3D reconstruction)
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Figure 10.Evolution of crystals size after 3D reconstruction, the mean size in time window of 20 s (e), the
estimated mean size after the least-squares method fihg growth rate=1.86x10dm/s, (a)

crystal size distribution during the previous 60 s at t=764 s, mean size=180,710) crystal
size distribution during the previous 60s at t=2544 s, mean size=2h7Qc) crystal size
distribution during the previous 60s at t=3600 s, mean size=23829
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Table 1 Contrast of growth rate far-form L-GA in the length direction at supersaturation of 0.5

References

Growth rate Crystallisation conditions Instrument

(m/s)

(Kitamura and| 1.3x10°

[Ishizu, 2000)

(Mougin et al.| 3.10x10°

[2003)

(Wangetal., | 2.997x10

[2007)

(Ma and | 3.37x10°

|Wang, 2012]3)

This work

1.86x10°

Isothermal crystallisation at X5; single crystal Microscope and video
growth in a flow cell TV system

Cooling crystallisation with a cooling rate « Ultrasizer (Malvern
0.1°C/min; marine-type turbine (200 rpm); 3 Instruments Ltd.)
sample chamber; 2 wt% solution concentration

Cooling crystallisation with a cooling rate ' On-line digital video
0.1°C/min; retreat curve impeller (300 rpm); 0.5 microscopy system
glass jacketed batch reactor; 6.3 wt% solul

concentration

Cooling crystallisation with a cooling rate « PVS830 microscopy
0.1°C/min; retreat curve impeller (250 rpm); 1 system and ATR-FTIR
glass jacketed batch reactor; 2.7 wt% solul

concentration

Cooling crystallisation with a cooling rate « Non-invasive Stereo
0.05°C/min; retreat curve impeller (250 rpm); 1 Vision imaging system
glass jacketed batch reactor; 2.7 wit% solut and ATR-FTIR
concentration

29



