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Abstract: In this paper the effects of operating conditions including cooling rate, initial
supersaturation, and seeding temperatueee investigated on the morphology evolution of

B-L-glutamic acid(B-LGA) during seeded cooling crystallizatioBased on the results of-situ

image acquisition of the crystal morphology evolution during the crystallization pyrdcesss

found thatthe crystal products tend to be plate-like or short rod-like under a slow cooling rate,
low initial supersaturation, and low seeding temperature. In the opposite, the operating conditions
of a faster cooling rate, higher initial supersaturation, and higher seeding temperature tend to
produce long rod-like or needle-like crystals, and meanwhile, the length and width of crystal
products will be increased together withwidercrystal size distribution (CSD). The aspect ratio

of crystals, defined by the crystal length over width measured from in-situ or sample images, was
taken as a shape index to analyze the crystal morphologiesd®rcomparative analysis of the
experimeral results, guidelines on these operating conditions were given for obtaining the
desired crystal shapes, along with the strategies for obtaamagrower CSD for better product
guality. Experimental verifications were performedillustrate the proposed guidelines on the

operating conditions for seeded cooling crystallization of LGA solution.

Keywords: Seeded cooling crystallization, morphology evolution, L-Glutamic,amieérating

conditions, crystal shape, aspect ratio




1. Introduction

Crystal morphology relatindo crystal habit or shape is critical for the end-use product
quality and efficacy (e.g. bioavailability for pharmaceuticals), and affects the flawyadmid
filtrability of down-stream processing in engineering applications. Due to the fact that it was not
easy to measure the crystal shapes during a crystallization presedsation of crystal

morphology evolution during crystallization had beermainly simplified as estimating the

one-dimensioal crystal size distribution (CSD) in the literatul. With the development of

real-time process analytical technology (PAT) in the recent years, on-line measurement of crystal
morphology has become available and attracted increasing attentions to study the dynamic
evolution of crystal population during crystallizatiEl, 2].

L-glutamic acid (LGA) is a class of amino acid widely used in pharmaceutical and food
industries, which mainly includes two polymor: [Bktastable a form andstable 3 form. The
stablep-LGA crystal morpholog was primarily described as needle-like or rod-like form in the
existing references (e.EIH, 5]). However, little attenti@s devotedto the LGA shape evolution
in a seeded crystallization procebsfact, it has been recognized that fReGA crystals have a
few different morphologies, e.qg. needle-lig [3]. rod-l@a [6], Iozenqe@ea{ﬁj,plate-like@]

as shown in Figure Owing to that the needle-like shape crystal has a relatively fast growth rate

in the length directionanalysis of CSD fof-LGA crystals vas simplified to the estimation of

one-dimensional distribution, i.e. the length distribution, while the width distribution was

neqlectedL[ HI,_IHO]It has been recognized that the needle-like crystals with a high-aspect-ratio of

length over width bring difficultieso down-stream processing, thus undesirable for industrial
applications. Previous works had been mainly devatedne-dimensional CSD analysis and
shape control[1, 11]. Calderonet al. presented a multi-scale image analysis method for

monitoring the reatime shape evolution of LGA crysta. Huo et al. developed a synthetic

image analysis strategy for-situ crystal shape identificati Based on using a noninvasive
stereoscopic image acquisition system, multidimensional population crystal morphology analysis
was exploredin terms of image processing meth 14]. The influence of amino acid

additives on the LGA crystal morphologies was investigatetie reference 6]. Shaikh



al. simulated the crystal shape evolution using a polyhedral population balance modeBM) [17].
For the control of LGA crystal shape during a crystallization process, closed-loop feedback
control strategies@ﬂQ] were developed based on measurerhentpersaturation and
temperature.

However,little analysis had been devotemthe impact of operating conditions 6fLGA

crystal morphology, e.q. the cooling rate, seeding temperature, and initial supersatunr&icin.

these operating conditions have important effect on the physical properties and quality of final

products.Ni et al. @EL] qualitatively investigated the effects of seeding, cooling rate, material

of baffles, final temperature and solution concentration on the LGA polymorph during

crystallization, respectively. Tahet al. .Z. stressed the effeof solution agitation together with

the temperature amglpersaturation level on the LGA polymorply cooling crystallization. The

potential influence of the cooling rate and the seeding temperature on the supersaturation profile

and the evolution of CSWvas discused in the IiteratureEL]. Beclet al. @] found thathe

effect of initial supersaturation and temperature basically determines the polycrystatline (

spherulitic) growthof LGA and aromatic amine. Jiargal. Q] explored a temperature cycling

strategyto modify the crystal shape of monosodium glutamate (MSG), effectively improving the

CSD of final products. The dependence on initial supersaturation for producing the desired

crystal morphology was investigat@éad and Parimaladevi and Srinivas@[ZS] for spontaneous

crystallization of alpha-lactose monohydrate crystals.

To make clear the potential effects of different operatimglitions on the B-LGA crystal

shape evolution, this paper investigated the main operating conditions for seeded cooling

crystallization of LGA, including the cooling rate, seeding temperature, and initial

supersaturation. Experiments of different combinations on these operating condigens
conducted to studshe B-LGA morphology evolution during the seeded cooling crystallization.
Accordingly, some guidelines were summarized for obtaining the desired crystal shape in

end-products.



2. Experiments
2.1 Material and experimental €t-up

Thep form LGA crystals (produced bysigmg with a purity of at least 99% were taken as the
solute, and the distilled waterasused as the solution in this study.

The experimental set-up is shown in Figure 2, consistiregldf jacketed glass crystallizex,
thermostatic circulator (Julabo-CH4la Pt100 temperature probe and a PTFE four-paddle

Agitator. The ATR-FTIR spectroscopy with ReactlR15 software (madildayier-Toledd was

used to collect the absorbance spectra®Alsolution for concentration prediction. An-situ
noninvasive stereo imaging system with two high-resolution cameras (madeabyavisioh

was used to monitor the crystal shape evolution during crystallization. The cameras
(UI-2280SE-CHQ) with CCD sensors and USB Video Class standard were made by IDS
Imaging Development Systems GmbH, which is able to take maximum 6.5 images per second
with the pixel resolution of 24482050. An off-line confocal microscope (Leica DM2%Q00@as

used to check the crystal shape information of end-products.

2.2 Seed preparation

To prepare the seeding for cooling crystallizatidr, f-LGA crystal seesd (produced by
Sigmg were first milled, sieved, and washed by water. Then the wet crystals weretgut in
slightly unsaturated aqueous solution under stirring for one hour, so as to polish the crystal
surfaces and dissa@vthe fines. Subsequentlyhe crystals were taken out from the aqueous
solution, dried, and sieved to obtain the specific size range (58+iptr experiment. Figure 3
shows a snapshot of the seeds and the corresponding shape density distribution used for
experiment, by using the above noninvasive imaging system when these seeds were suspended in
the solution. By observing 2279 particles among the crystal seeds using the above imaging
system, it was verified that the shagensity distribution of these seeds approximatelythe

bivariate normal distributign with the mean values 083.0 um and 4.1 um and the

corresponding variances of 33.8 and 17.0 for the length and width, respectively. Note that the

image analysis method developed in our recent paper [13] was adopted to measure the crystal



lengths and widths, which was based amlibst-fit rectangle meth6] for each crystal shape.
Correspondingly, the aspect ratio used to describe the crystal shape in the resis[27, 28]
herein taken as a shape index, which is defined by

a=L/W (1.2)
where a denotes the crystal aspect ratio, the measured length (um) and W the measured
width (um) for each crystal.

The average aspect ratio for the above observed particles was computed as 1.73 based on the
above definition. Assuming that all the seeds have the same shape distribution as the above
observation, the shape density distribution for all the seeds was then deduced from the
corresponding weights among these seeds. Moreover, the same measurement method was made

for end-products by the cooling crystallization.

2.3 Experimental tests
The 1 L jacketed glass crystabizwith 500 ml distilled water was first heated up to about

75 °C and stirred at a constant speed of 200 rpm. Then, tipergde-form LGA crystals were

put into the crystallizer for about 120 min at 75 °C under the constant stirring, so as to guarantee
complete dissolutionSubsequentlythe solution was cooled down at a speed of 1 °C/min to the

seeding temperature, e.g. 45 °C. Accordingti® B-LGA solubility equation given in the

referenc], the solubility is estimatey
C,=2.204- 7.322 16xT+ 8.93 IT?

(1.2)
~1.4818% 10'xT%+ 1.34069 1OxT*

s=°

s

B

(1.3)

where ¢, is the solubilityof B-LGA in g/L, T the solution temperature in Celsiu§, the
supersaturatiorratio, and ¢ the solution concentration. For seeding, additional RUGA
crystal seeds are usedatdd in the supersaturated solution.

Based on the above initial preparation, different operating conditions including cooling rate,
seeding temperature and initial supersaturation are conducted for batch cooling crystallization, as

listed in Table 1. Three different cooling rates, slow (0.05 °C/min), moderate (0.1 °C/min), and
4-



fast (0.2 °C/min), were carried out for comparison, while the seeding temperature and initial
supersaturation were maintained constant, i.e. 45 °C and 1.2, respectively. The tegial on
supersaturation were performed by changfirigppm a relatively low value of 1.tb the maximum

of 1.3, while the cooling rate and seeding temperature were maintained constant as in the cases of
B1 and B2 shown in Table 1, so as to make companstimA2. In addition, the tests on seeding
temperature were investigated in the cases of C1 and C2 shown in Table 1, which can also be
compared with AS3.

It should be noted that the cooling rate and the initial supersaturation should not be taken
much faser or higher. Otherwise, undesired secondary nucleation will be provoked, leading to
crystal agglomeration and a mass of fines. For example, it can be easily verified that taking the
initial supersaturation of 1.3 with a cooling rate of 0.2 °C/min and a seeding temperature of 55 °C
for crystallization would result in bimodal product distribution accompanied with a significant
account of fines. Besides, the higher the seeding temperature, the narrower the operating range of
initial supersaturation.

All the above experiments were performed for the same duration ahi@0tes for
comparison, with the above noninvasive imaging acquisition system for monitoring the crystal
morphology evolution. A scenario of product snapshot captured by the above imaging system was
shown in Figure 4. The crystal shape distributi@as counted by using the in-situ image analysis
method developed in our recent pa [].the end of each crystallization experiment, the
crystal products were sampled from the crystallizer, and then filtered and driedf-foreo

analysis using the confocal microscope.

3. Results and discgsons

Table 2 lists the experimental results based on measuring the lengths and widths of over
2000 samples from each test. It is obviously seen from the means of crystal length and width and
the averaged aspect ratios that there is a common trend on the crystal size and shape by
manipulating the cooling rate, seeding temperature, and initial supersaturation, i.e. the crystal

length and aspect ratio are monotonically increased by takgigrhwalues of cooling rate,



seeding temperature, and initial supersaturation, and vice versa. Further analysis on the crystal
shape evolution is detailed below.

(1) Crystal shape

The offline microscopy images of crystal products by using different operating conditions
are shown in Figure 5. It is seen that the produced crystals are inclined to be the platgdke sha
under the operating conditions &1 and C1, or short rod-like shape under the opemti
conditions of A1l and A2. In contrast, long rod-like crystals with a l@ghspect ratio were
obtained under the operating conditions of A3, B2 and C2. By comparing the results listed in
Table 2 under the operating conditions of A1, A2, A3, it is found that seslmwling rate yields
short rod-like crystals with a lasv aspect ratio, with respect to the moderate seeding temperature
(i.,e. 45 °C) and initial supersaturation (i.e. 1.2). Comparing the results under the operating
conditions of B1 and B2, it is seen that a éownitial supersaturation yields plate-like crystals
with a lower aspect ratio, with respect to the moderate cooling rate (i.e. 0.1 °C/min) and seeding
temperature (i.e. 45 9CComparing the results under the operating conditions of C1 and C2, it is
seen that a loar seeding temperature yields plate-like or short rod-like crystals with er low
aspect ratio, with respect to the high cooling rate (i.e. 0.2 °C/min) and moderate initial
supersaturation (i.e. 1.2).

The above results indicate that the desired LGA crystal shapesbe obtained by

manipulating the cooling rate, seeding temperature, and initial supersaturation for cooling
crystallization. Table 3 shows the increasing trend of the averaged aspect ratio withtoetysec
changes of the cooling rate (see Al, A2, A3) and the seeding temperature (see C1,, A3, C2)
respectively, in terms of the same initial supersaturation (i.e. 1.2). In contrast, Table 4 shows the
increasing trend of the averaged aspect ratio with respect to the changes of the cooling rate (see
Al, A2, A3) and initial supersaturation (see B1l, A2, B2), respectively, in terms of the same
seeding temperature (i.e. 45 °C).

In addition, t can be seen from Table 3 that the crystal products had a relatively low aspect
ratio of 2.45 under the seeding temperature of 35 °C. In contrast, relatively high aspect ratios

(4.05 and 4.31yvere obtained under the seeding temperatures of 45 °C and 55 °C, respectively,



based on the same cooling rate (0.2 °C/min) and initial supersaturation (1.2). This indicates that
given the cooling rate and initial supersaturation for cooling crystallization, a lower seeding
temperature facilitates yielding plate-like or short rod-like crystals.

Based on the above analysis, some guidelines on the operating conditions for obtaining the

plate-like, rod-like, or needle-like crystals are given below:

(a) Taking the cooling rate slower than 0.2 °C/min, the seeding temperature below 45 °C
combined with the initial supersaturation lower than 1.1, or the seeding temperature
below 35 °C combined with the initial supersaturation lower than 1.2, the crystal
products tend to be plate-like or short rod-like, with an averaged aspect ratio smaller
than 2.45. Moreover, taking a lower seeding temperature yields more plate-like crystal
products with a lower averaged aspect ratio;

(b) Taking the cooling rate no slower than 0.2 °C/min, the seeding temperature no lower
than 45 °C, and the initial supersaturation nodothian 1.2, the crystal products tend to
be long rod-like or needle-like, with an averaged aspect ratio higher than 4.05.
Moreover, taking a lower seeding temperature towards 45 °C vyields more rod-like

crystal products with a lower averaged aspect ratio.

(2) CSD and crystal shape distribution (CShD)

CSD has been mainly used to characterize the crystal products in industry, based on
one-dimensional measurement or estimation of crystal size or shape. Little result, however, had
been cultivated for the CShD related to crystal aspect ratio during crystallization, due to the
limitation of measurement and available PATs. With the developmentiaie imaging systes
for real-time monitoring of crystallization processes, it has become possible to measure the
shapes of partickeduring a crystallization process, and therefore increasing efforts have been
devoted to the crystal shape control in the recent years [1, 2].

Figure 6 shows the CShDs under different operating conditions, based on using the in-situ
imaging analysis method [13]. Comparing the results shown in Figure 6(a) under the operating

conditions of Al, A2, A3, it is found that a faster cooling rate increases the length and width of



crystal products, anavidens the range of CShD while the densify(&)) center is moed

towards an area of higher aspect rawhich is in coherence with the changesigfstal length

and width together with the variances listed in Table 2. Similar conclusions can be drawn from
Figure 6(b) and (c) for comparing the results of changing the initial supersaturation (see B1 and
B2), or the seeding temperature (see C1 and C2), respectively. A general guideline for expediting
the crystal growth is therefore given as taking a relatively faster cooling rate, or a relatively
higher initial supersaturation, or a relatively higher seeding temperature to increase the length and
width of crystal products, when the remaining operating conditions are prescribed.

Figure 7 shows the CSD of crystal products in length under seven different operating
conditions. It is seen that the length distributions of A3, B2 and C2 are wider than thidse of
B1 and C1. This is because faster crystal growth were obtained under the operating conditions of
A3, B2 and C2. In other words, a narevCSD can be produced by takiaglower cooling rate,
or a lower initial supersaturation, or a levseeding temperature, and vice versa. Hence, in order
to obtain a narrow CSD, a guideline is to take a relativeesloaoling rate, or a relative lower
initial supersaturation, or a l@aw seeding temperature for crystallization, when the remaining
operating conditions are prescribed. However, one disadvantage is that the crystal growth rate
will become slover by taking such operating condition, thus at the cost of longer time to obtain
larger crystals. For example, the crystatan length of Bl is 149.6 um with the initid
supersaturation taken as 1.1, almost only a half of the crystal mean length268B21m) with
the initial supersaturation taken as 1.3.

In addition, it was found by the experimental study that the LGA product shape and quality
are closely related to the seeds quality, including the seed size, shape, and surface smoothness.
For example, shaggy seeds with coarse surfaces are inclined to provoke crystal aggregation even
under a relatiig low supersaturation, and therefore affect the product quality. Moreover, a
narrow seed size (shape) distribution with uniformity in the seeds is necessary for obtaining
larger and uniform products from a size-dependent crystal growth process like the seeded cooling

crystallization.



4. Experimental verification

To verify the above conclusions and guidelines for seeded cooling dpadtail, tvo
experiments were carried out with the operating conditions listed in Table 5. The experimental
set-up and seeds were the same as the previous experiments. Figure 8 shows the offline
microscopy images of the crystal products. The analysis results are summarized in diaiolg 6,
with comparisons on the averaged aspectsafiarystal products shown in Tables 3 and 4.

It is seen from Figure 8 that plate-like crystals were obtained under the operating condition
of E1 as expected, corresponding to a low average aspect ratio of 2.37 shown in Table 6. In
contrast, taking the operating condition of E2 results in the expected long rod-like crystals
corresponding to a high average aspect ratio 4.68. Both of them are consistent with the above
analysis results. Meanwhile, it is seen from Table 6 that smaller variances of the crystal length
and width were obtained under E1, corresponding to a flatter CShD compared to that of E2. On
the other hand, E2 led to faster crystal growth compared to E1. The comparison results shown in

Tables 3 and 4 well demonstrate the above conclusions and guidelines.

5. Conclusions

This paper has investigated the effects of operating condition$L&BA crystal shap
evolution during seeded cooling crystallization, including the cooling rate, seeding temperature,
and initial supersaturation. Different experiments covering the possible ranges of these operating
conditions were performed for analysis, respectively. It was found that the crystal products tend
to be plate-like or short rod-like undarslow cooling rate, low initial supersaturation, and low
seeding temperature. In the opposite, the operating conditions of a faster cooling rate, higher
initial supersaturation, and higher seeding temperature tend to produce long rod-like or
needle-like crystals. Guidelines on these operating conditions has been given for obtaining the
desired crystal shapes in practice. Concerning3th&A crystal shape evolutiont was found
that a faster cooling rate, or a higher initial supersaturation, or a higher seeding temperature

increases the length and width of crystal products, vanéns the range of CShD while the

density center is moved towards an area of higher aspect@aidelines are therefore given for




how to expedite the crystal growth in the length and width, or slow down the crystal growth to
obtain a narrower CSD for better product quality. Experimental verifications have well
demonstrated the proposed guidelines on the operating conditions for obtaining the expected

crystal shapes in end-products in terms of the seeded cooling crystallization of LGA solution.
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Tables and Figures

Table 1. Operating conditions of batch cooling crystallization experiments

Table 2. Image analysis results of crystal products under different operating conditions

Table 3. Averaged aspect ratios of crystal products under the initial supersaturatiolevel of
1.2

Table 4. Averaged aspect ratios of crystal products under the same seeding parature
45 °C

Table 5. Operating conditions of verification experiments

Table 6. Image analysis results of verification experiments

Figure 1. Different -LGA crystal morphologiesrecognized in the literature: (a) rod-like; (b)

plate-like; (c) needle-like; (d) lozenge-like

Figure 2. Experimental set-up for in-situ image monitoring of seeded cooling crystallization

Figure 3. (a) Snapshot of crystal seeds by an in-situ imaging system; (b) Shape density

distribution of crystal seeds

Figure 4. Snapshot of crystal products by an in-situ imaging system

Figure 5. Microscopy images of crystal products by different operating conditions

Figure 6. Plots of CShD under different operating conditions: (a) cooling rate; (b) initial
supersaturation; (c) seeding temperature

Figure 7. Comparison of crystal size distributions in length under different operating
conditions

Figure 8. Microscopy images of crystal products by verification experiments
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Table 1. Operating conditions of batch cooling crystallization experiments

Batch Cooling rate Seeding Initial
No. (°C/min) temperature°C) supersaturation
Al 0.05 45 1.2
A2 0.1 45 1.2
A3 0.2 45 1.2
Bl 0.1 45 11
B2 0.1 45 1.3
C1 0.2 35 1.2
C2 0.2 55 1.2

Table 2. Image analysis results of crystaroducts under different operating conditions

Run Number of Mean length Mean width Variance in Variance in  Average aspect
No. sampled particles (um) (um) length (-) width (-) ratio (-)
Seed 2279 83.0 48.1 33.8 17.0 1.73

Al 2641 173.9 60.7 78.4 32.2 2.86

A2 2243 197.1 63.5 81.2 38.5 3.39

A3 2084 333.9 82.3 102.3 51.4 4.05

Bl 2497 149.6 62.5 63.5 31.8 2.39

B2 2790 238.5 65.3 101.2 45.4 3.65

C1 2748 155.1 63.1 70.3 33.0 2.45

Cc2 2584 401.4 93.1 124.9 69.0 431

Table 3. Averaged aspect ratiosf crystal products under the initial supersaturation level of 1.2

Seeding
temperature  35°C 45°C 55°C
Cooling rate
0.05°C/min 2.86
0.1°C/min 2.37* 3.39
0.2°C/min 2.45 4.05 4.31

* Experimental verification result
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Table 4. Averaged aspect ratios of crystal productsnder the same seeding temperature 4%

Initial
upersaturation 11 12 13
Cooling rate
0.05°C/min 2.86
0.1°C/min 2.39 3.39 3.65
0.2°C/min 4.05 4.68*

* Experimental verification result

Table 5. Operating conditions of verification experiments

Run No. Cooling rate Seeding Initial
(°C/min) temperature°C) supersaturation
El 0.1 35 1.2
E2 0.2 45 1.3

Table 6. Image analysis results of verification experiments

RUN Number of  Mean Mean Variance  Variance  Average
sampled length width inlength  in width aspect
particles (um) (um) ¢ ¢ ratio (-)

El 2012 139.2 58.7 59.1 26.9 2.37
E2 2103 395.7 84.5 118.4 65.0 4.68
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Figure 1. Different B-LGA crystal morphologies recognized in the literature
(a) rod-like; (b) plate-like; (c) needle-like; (d) lozenge-like
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Figure 2. Experimental set-up for in-situ image monitoring of seeded cooling crystallization
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distribution of crystal seeds

Figure 4. Snapshot of crystal products by am-situ imaging system
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Figure 5. Microscopy images of crystal products by different operating conditions
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Figure 6. Plots of CShD under different operating conditions: (a) cooling rate; (b) initial
supersaturation; (c) seeding temperature
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Figure 7. Comparison of crystal size distributions in length under different operating
conditions

Figure 8. Microscopy images of crystal products by verification experiments
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