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Abstract.

Acoustic Emission (AE) which has been successytlylied for monitoring a rather wide variety of
solids elaboration processes was almost never dedlua the field of industrial pharmaceutical
crystallization. Few papers reported that solutagstallization processes give rise to acoustic
emission signals that could be related to the dgweént of the basic crystallization phenomena.
This study is intended to demonstrate new perspescibpened up by the possible use of Acoustic
Emission (AE) as a non-intrusive and non destrectgnsor for monitoring solution crystallization
with a particular focus being put on the presencengdurities in real industrial processes. The
wealth of acquired AE information is highlighted aids suggested that such information could
allow the design of innovative multipurpose senstrgtegies. It is shown notably that AE provides
a very early detection of nucleation events, musfoie the onset of the so-called “nucleation burst”
It is also shown that AE brings new insight inte #&ffect of impurities on both the development of

the crystallization process and the quality of¢hestallized product.

Keywords: Acoustic emission, Crystallization, In du sensors, Impurities, Nucleation,

Monitoring.
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1. Introduction

The pharmaceutical industry is set against strammests on behalf of both consumers and
regulatory agencies to improve the quality of iteducts as well as its manufacturing practices. As
most Active Pharmaceutical Ingredients (APIs.) dedivered in solid forms, improving the
monitoring and control of industrial crystallizasstherefore an important current industrial concer
(Sistare et al., 2005; Yu et al., 2004, 2007; Biathal., 2005). In fact, it is well known that
controlling the particulate properties of APIsnsstrong connection with mastering the properties o

solid Active Pharmaceutical Ingredients (APIs.)

Crystallization is widely used as a separation pmdfication process, and also as a means of
generating particles with specified end-use progertMany particle features are connected to the
drug end-use properties, such as the Crystal Seteiliution (CSD), crystal habit, chemical purity,
crystallinity, polymorphic state, etc. These latpgpperties can exert a significant impact on the
therapeutic efficacy of APIs. However, despiteapparent simplicity, crystallization is a complex
process as many concomitant, changeable and cdivpgithenomena take place simultaneously
during its progress. Basic mechanisms such as pyi@ad secondary nucleation, crystal growth,
attrition and/or agglomeration are likely to ocaura poorly reproducible way during crystallization
operations, and can result in undesirable batdbatoh variability of the product. In particular,ist
recognized that the unavoidable presence of impsrih industrial crystallization media can cause
major irreproducibility in both the developmentarystallization operations and in the quality of th

final solid products.

One of the possible means of improving the qualitypharmaceutical products is to apply
advanced process monitoring and control strategvbgch, obviously, strongly rely on the
development of efficient, robust and practical seasAmong others, this observation explains why
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the US Federal Drug Administration (FDA) promotdtie tPAT initiative (Process Analytical
Technology) which aimed at encouraging the pharotezad industry to collect real time process
information, detect and control possible undesealariations of unit process operations and branch
out new means of analyzing and correcting pastadipeis. As far as crystallization control is
concerned, it can roughly be said that two kindmehsurements were developed during the past 15
years: measurements of variables characterizing lithgd continuous phase, among which
supersaturation is a parameter of great importaaice, measurements of variables describing the

dispersed solid phase, the size distribution ofiglas notably.

Acoustic Emission (AE) is widely used as a nondesive sensing method, it has been applied
to a wide variety of real time process monitorirgplecations, even though it was less frequently
envisaged in pharmaceutical process industry. Manig various chemical engineering processes
was reported (Boyd and Varley, 2001) includingdimed bed granulation (Leskinen et al., 2010),
fluidized bed coating, drying (Vervioet et al., 201 powder compaction (see e.g. Wadley &
Mehrabian, 1984; Sawada et al., 1985; Waring €1387; Serris et al. 2002). However, few studies
deal with the AE monitoring of crystallization pesses (Sawada et al, 1985; Ersen et al., 2006,

Lube & Zlatkin, 1989)

The AE equipment is based on a transducer acollgticaupled to materials undergoing
dynamic changes. The sensor detects the elastigyené acoustic waves propagating from the
physical source of AE and thus acquires informatibout the dynamic changes taking place in the
AE sources (Grosse & Ohtsu, 2008). Thanks to itsintvasive and non-destructive features, and to
the possibility of developing in-line applications,is shown below that acoustic emission (AE)
might be a very attractive technique for monitorbajch cooling solution crystallization operations.
The objective of this work is thus to evaluate pla¢ential for using acoustic emission to monitoring

polythermal batch crystallization in pure solveauts! in the presence of impurities.
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A basic concept behind AE monitoring of industnmbcesses is that the phase transitions
occurring during crystallization in solution indulzeal physicochemical changes in the suspension
yielding release of energy (Wade, 1990). Acoudaistee waves are thus generated and propagate in
the liqguid medium. Meanwhile, as crystal particke® generated, the elastic properties of the
dispersed phase change. Changes of suspensiont@®@dfect the acoustic emission caused, for
example, by the generation of new crystal phasaticfe collision impacts and inter-particles and/or
particles-wall frictions. The elasticity of crystahand their kinetic energy are also affected byyman
other properties such as size, shape, hardnessitydemiformity of composition which can be

affected by the many process operating conditions.

2. Material and method

2.1 Experimental set-up

The solute selected for the study is Ammonium Ceataonohydrate referred to as AO in the
following. AO was commercially available from Acr@rganics with a purity level of 99+%. The
powder was used without further purification. Cajstation experiments were performed in
distilled water, AO was dissolved in water withancentration of 0.1 kg/kg solution. A schematic of
the crystallizer is shown in Fig.1a while Fig.1llegents a 3D representation of devices inserted in
the glass vessel. The initial temperature was ald@eC, a temperature at which the solution was
undersaturated. Figure 2 displays the solubilitweuThe experiments were carried out with various
cooling rates until the final batch temperatur20fC was reached. Nucleation occurred during the
batch unseeded experiments at a temperature degeodithe cooling rate, as shown in Fig.2. In
order to evaluate the effect of operating condgiom the crystallization process, varying constant

cooling rates were applied during the experimeRts:dT/dt= -2;-5;-7;-10;-20;-25 and -30°C/h. A



schematic of the experimental setup is presented-ign 2. More details about the overall

experimental design were reported by Gherras andttee(2012).

100

Image acquisition

B sofiwared off-line
image processing
=

‘1' 1\ Fibre Condenser

Mid IR Spectrometef Optics %
In situ image

. acquisition probe

_ ATR__ -~ (CCD camera)
Diamond TN+t erere e sa st sssense s e saena s ssassansesaen] >
Probe - i
I T
H
¥ ; M < Heating/cooling bath

- MISTRAS ; ~TNT ) 3 blades for remote crystallizer
) . 3Bl

- A c:oustic " profiled temperature control
Piezo Sensor propeller &
baffles

(b)

Piezo AE \
Seng(ﬂ Video Probe
*— Baffle
Profiled pale
Reactor ani __—> propellei
jacket glass wall — "
Cooling coll

105 Figure 1. (a) Schematic of the lab-scale crystatian setup: temperature controlled batch
crystallizer equipped with ATR-FTIR probe, in dittage acquisition probe and acoustic emission
testing devices. (b) Drawing of the set of equipgmerside the reactor, the piezo-sensor is stuck on

the glass reactor wall with coupling grease.
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Figure 2. Typical concentration profiles measurethgsATR FTIR in situ spectroscopy during the

cooling solution crystallization of AO in pure watdhe solubility curve C* was also measured
using ATR FTIR .

The volume of the glass vessel was 2.5 L. The oeashs equipped with a jacket and a
condenser. The temperature in the reactor wasaiteatrby manipulating the set-point temperature
of a heating bath containing water and glycol. Téraperature control error was about + 0.05°C. The
jacket was baffled in order to increase the floveraf the fluid circulating in the thermostatedhat
and thus, to improve the heat transfer capaciintiss steel baffles and a high efficiency pragell
(Mixel TT TM) were set in the crystallizer so asn@intain a good homogeneity of the particles in
suspension. The whole operating device was instntgdeand computer controlled to track linear
temperature trajectories.

The initial solution was prepared by dissolutionA@ (0.1 kg AO/ kg water) in 1.8 L water.
A temperature of 50°C was then maintained during Iurs in order to ensure complete dissolution
of the solute. Batch experiments were carried oyture water and with varying dissolved Nickel
Sulphate concentrations (0.5%, 1% and 5.4% in vieigie crystals were withdrawn at the end of

the process, filtered, washed with acetone andi dhiging 24 hours at about 35°C.
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2.2 Instrumentation

The ATR FTIR technology (Attenuated Total ReflecanFourier Transform InfraRed
Spectroscopy) was used as an in situ sensor egadlipersaturation monitoring during solution
crystallization since about 1995 (Dunuwila and Beng, 1997; Fevotte, 2002; Togkalidou, 2001).
Since the early pioneering works many successfupliegiions of ATR spectroscopy to
crystallization control were reported in the op#arature. With the present system, calibrating the
sensor for solute concentration measurements priavied a rather heavy task, especially because of
the non-isothermal operating conditions. Indeed, $lemsitivity of the spectral variations to
temperature variations, the presence of, @ad water in the atmosphere, or possible displanén
of the probe required to be cautiously taken intcoant. As reported elsewhere (Gherras and
Fevotte, 2012), chemometrics (PLS: Partial LeastaBxg) together with preprocessing of the
spectral data allowed obtaining a satisfactory beation model , and reliable and accurate
measurements of the solute concentratft) were thus computed from the acquired ATR FTIR
data. Measurements of the time variation<{) together with the acquisition of AE signals were
then performed to investigate the development tffbaooling solution crystallization operations. It
was thus possible to relate accurately the evolstminacoustic waves to the development of the
crystallization process. Typical measurements oktilete concentratio@(t) are presented in Fig. 2.
These measurements allowed computing the time tiarga of supersaturation which is defined

through the following relative expression:

A)=(C(1)-C*(1))/C*(1) (1)

whereC*(T(t)) is the solubility at temperatufiglt)

The “EZProbe”, an in situ imaging probe developedhe University of Lyon (France) was

set in the crystallizer. The probe allowed monitgrihe dispersed crystal phase, on the one hand,
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and estimating the Crystal Size Distribution thartks “home-developped” image processing
softwares, on the other hand. The 2D size measusnmepproach which was developed for

monitoring specifically the AO crystallization wesported by (Ahmad et al.; 2011)

2.3. Acoustic emission
The AE measuring equipment consists of a pieza#esensor fixed on the wall of the

crystallizer. Coupling grease was used to imprdwe transmission of acoustic waves from the
crystallizer to the sensor. AE signals producedphysical events such as nucleation or crystal
growth are transmitted from the physical sourcemission, via the solution, the crystallizer wall
and the heating/cooling external fluid, to the senshere they are converted into an electronic
signal. The acoustic signal is then conditionedpléiad, filtered and processed by a specific Data
Acquisition System (DAS from EuroPhysical Acousti§sA) connected to the probe. Table 1

summarizes the mains features of the EA equipments.

Table 1: Characteristic and set-up parameters fax AE acquisition.

Instrumentation Characteristics and set up
DAS unit AEDSP 32/16 - 2
Channel number required for the test 1
Threshold (O dBAE Ref. 1 IV/sensor) 25
Sensor type: nano 30
Frequency (kHz) 300
Preamplifier filte (kHz) : 20 -1200
Preamplifiers 40dB
PDT-HDT-HLT (us) : 10-10-20

The acoustic emission can be considered as a ssgjoéfrhits”. The main features of hits are

described in Fig.3. In order to differentiate sfgraint hits from noise, a reference level of energy
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(about 600 atto-Joules) and a threshold power vaiioe (30 dB) were first determined from “blank”
measurements performed to get rid of insignificamgnals emitted by the electromagnetic
environment, the stirring and the flow of coolamthe jacket of the crystallizer.

A significant amount of AE parameters, such asinbtegrated absolute energy or the number
of counts (the amplitude of 18 peaks exceed thestimid value in the typical hit displayed in Fig.3)
were recorded. The integrated Absolute Energy (IBE) measure of the true energy and is derived
from the integral of the squared voltage signald#id by the reference resistance (1b) lover the
duration of the AE signal. IAE provides a globalkwi of the phenomena occurring during
crystallization, it differs from the absolute engrgf hits which characterizes a physical event
generating a given acoustic emission.

A basic parameter used to characterize the levatofistic signals in the time domain is the

root mean square value (RMS) defined as follows:

—_ _ 1 tz 2
Prms = W/tz Tt Ll p(t)~dt (2)

wherep(t) is pressure magnitude of a continuous acoustic \waken between timeg andt,.

From a practical point of view, as displayed in.Bigp(t) is evaluated as an electrical voltage)
emitted by the acoustic transducer and amplifiedth®y sensing device, such thai(t) O p(t).

Eq.(2) can therefore equally be applied in terma wbltage-RMS.
The amplitude is defined as the maximal voltagthefAE signal divided by the reference voltage of

the sensor equal to 1 pV. So we have:

Aqp = 20l0g(Umax/ Uref ) (3)

The average frequency is defined as the average ratio between the nuwfbesuntsn and the

duration of the burst:
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f=n/d (4)
The peak frequencyf expressed in kilohertz, is defined as the poinhépower spectrum at which

the peak magnitude is observed, and the frequeactrad f , also in kilohertz, is the barycentre

computed from the sum of the frequencies balangedhb magnitude of the wave, it is thus

equivalent to a first moment of inertia:

F:zfiEi/zEj (5)
i i

The absolute energy, in atto-Joule (1 aJ¥11) is defined from the integration of the outpalttage
u(t) of the transduceq being inversely proportional to the electricalistence of the measuring

circuit :

Eabszaju(t)zdt (6)
The cumulative absolute energy, referred belovvsté B abs is obtained through the integration of

E aps OVer the time period=0to t:

[ Eapdt) = | EapslT)I7 @)

10
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Figure 3. Main characteristic parameters of a tygdi&E hit.

3. Results and discussion

The relationship between the AE variables and tleldpment of crystallization
mechanisms can be more thoroughly investigated thémkhe scrutiny of the many parameters
describing the acoustic waves (e.g., number or i&mael of hits, frequency, duration, etc.) These
parameters can be analyzed as a function of thela@went of the basic mechanisms occurring
during the cooling process. Meanwhile, the latmn be simulated using both the PBE (Population
Balance Equation) model and the solute concentratieasurements (i.e. primary and secondary
nucleation, crystal growth, etc.) The PBE modelagproach was reported in a previous paper
(Gherras & Fevotte, 2012.) In particular, using @available solute concentration measuremexty

it is easy to compute the time variations of thgstallized solidCs(t) which is a good quantitative
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indication of the crystallization advancement, &éinerefore to make use of a worthwhile means of

confronting the development of AE signals with tevelopment of the solid generation process:

C4t)=Co- C(t) 8

3.1 Crystallization of pure ammonium oxalate, prelminary experimental observations.

Preliminary experiments were carried out to spethfy features and origins of the different
acoustic signals emitted during the cooling cryig@ion of AO aqueous solutions. The ability of
AE to detect the generation of the solid phasendudrystallization was also evaluated. Figure 4
shows the simultaneous time-evolutions of the aoousbsolute energy and of the relative
supersaturation computed from in situ ATR FTIR dathese experimental data were collected
during the cooling crystallization of oxalate ammonimonohydrate in pure water. The cooling rate
R= dT/dt=-30°C.H, was kept constant during the batch, until a teatpee of 20°C was reached.

The development of the batch run can roughly beddd/into five parts denoted by letters A
to E in Figs 4 and 5. Surprisingly, during Phasali&crete-time early acoustic emission events were
recorded. Phase A precedes significantly the cofsie primary nucleation burst. To the best of our
knowledge, no sensor has already been reportetbtadp such an early detection of crystallization
precursor events, which suggests that AE mightelsed to very basic nucleation phenomena. The
so-called “primary nucleation peak” takes placamyPhase B. The insert in Fig. 4 shows that much
before reaching the so-called limit of metastalileez the nucleation rate is not nil, which is quite
consistent with the classical nucleation theory,andtably, is predicted by the PBE model
mentioned above. Phase C follows the concentratemmease which is usually associated with the
general concept of “primary nucleation burst” (i.attainment of some maximal supersaturation
value corresponding to the maximal rate of nuakatimmediately followed by significant solute

consumption resulting from the growth of newly ¢ayized particles). During Phase C, the acoustic

12
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emission appears as a continuous signal releagpmnentially increasing energy levels. At the end
of phase C, a relatively sharp peak of absoluteggnes reached. During the final Phase D, the
acoustic energy decreases continuously and reachateau. At first glance, the latter decrease
(between times 5500 and 6000 s) cannot clearlela¢ed to any particular supersaturation variation
and, consequently, cannot easily be attributedhiobasic crystallization phenomenon. During the
final batch period, a rather constant level of aticuabsolute energy is observed together with low
constant final supersaturation value.

In order to get an additional point of view on trgstallization process, the suspension was
monitored using in situ video imaging; typical pics are displayed in Fig. 5. The images taken
during Phase A (Figures 5a and 5b) show that thoep are rare, ammonium oxalate crystals are
already present in suspension. Pictures 3¢ andBdspond to the onset of the primary nucleation
burst (time= 3360 s). The pictures highlight the onset of digant intensification of both nucleation
and growth processes. Figure 3e shows that dunedinal period D, bigger crystals are present in
suspension.

To conclude the preliminary qualitative analysigtté batch experiments, it appears that the
energy of AE is undeniably related to the developima crystallization (i.e. crystal nucleation
and/or growth), even though it seems difficult ttentify any clear relationship between the
contributions of basic phenomena governing thehbptocess and the recorded acoustic signal. In
particular, it was outlined above that despite Emsupersaturation levels, the time variations of
energy released through AE exhibit major differendaring phases C and D. One could reasonably
assume that, for similar supersaturation value$grdnces in the way of converting the dissolved
solute into solid phase might result in the obsgéwvariations of AE energy. For example, it is likel
that during phase D primary nucleation is replatgdsecondary nucleation as the prevailing
nucleation mechanism while, due to the almost emmssupersaturation level, the growth rate is

expected to be rather constant. Moreover, duringsétme final batch period, it is likely that inter-



particle shocks play a key-role in the emissiora@dustic signals, due to the significant amount of

285 solid in suspension.
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Figure 4. Relative supersaturation rat@measured using ATR FTIR spectroscopy and absolute
acoustic energy measured during the cooling criigitlon of ammonium oxalate. The cooling rate
290 was dT/dt=-30°C.1h

O

D) c | LS

Figure 5. In situ video pictures acquired duringetdifferent phases of the batch crystallization
operation presented in Fig. 4.
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3.2 Is crystallization the source of acoustic esgion?

The previous experimental results raise an obvioysortant preliminary question: it could
be argued that many potential sources might caliseekperimental phenomenon of acoustic
emission and, consequently, that no specific anldabée crystallization information could be
inferred from the AE data. To answer this essempigstion, it should firstly be underlined that, as
explained above, AE not only precedes the stadfngystallization, but announces it earlier that n
other means of detection. This observation has beste for the many batch experiments performed
during the study. It is therefore reasonable tatesthe onset of AE signals to the process of solid
generation, including the very first moments of phgnary nucleation process.

Now, in order to determine if the development ofstallization generates an acoustic signal
apart from any other phenomenon (i.e. stirringeriptarticle shocks or shocks of particles against
impellers or reactor wall); the cooling crystallioa procedure was performed as previously, except
stirring was turned off. Figure 6 shows the recdrdeoustic emission expressed as the absolute
energy of discrete-time waves. AE takes place ganebusly with the development of
crystallization even though, without stirring, ttecoustic activity” is much less intense than with
stirring: as displayed in Fig.6, the average |lefeAE absolute energy is only of the order of 12or
aJ while it was about 100 aJ in Fig.4. In the absenf stirring the level of AE was obviously
expected to be significantly weaker: both the naas$heat transfers involved by the growth of solid
are drastically limited by diffusion. In other wardwvithout stirring the acoustic emission is expdct
to be significantly reduced firstly because shobk$ween particles are suppressed and secondly
because the solid generation process is significadwed down due to the poor mass transfer
capacity. This observation is also consistent il delayed onset of primary nucleation: under
stirring, the first occurrence of AE is recordeteaf888s while without stirring the first AE evest

recorded after 5000s.
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It should also be outlined that the very basic expent performed without stirring does not
mean that the generation of crystal structureasathly source of AE (under stirring, one may argue
that a major part of the emission is due to styeffects, particles/impeller shocks, in particylaut
it clearly demonstrates that some fundamental alizdtion processes give rise to a noticeable
acoustic activity. Provided that some emission iigeto the crystallization process itself could be
extracted from the overall signals, this prelimjnabservation suggests that AE signals could be

related to the advancement of basic crystallizgtieenomena.
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Figure 6. Absolute energy versus time during amouonoxalate crystallization performed at a

cooling rate of -30°C.fwithout stirring.

Figure 6 shows that the acoustic emission of westircooling crystallization process is
characterized by two main sustained frequenciestédolcaround 100 kHz and 300 kHz. Actually, it is

shown below that all the batch operations perforonader stirring are also characterized by the same
16
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two continuous frequencies, plus another frequdranyd located around 125 kHz. As shown below,
stirred and unstirred experiments have in commonfdlce that identical peak frequency values
dominate the AE. However, no straightforward conoclngan be drawn from the observation of the
frequency peaks in question as they partly resalnfthe transfer function of the sensor (i.e. the
measurements result from the convolution of thee'ticrystallization emission with the propagation
of the wave through the suspension and the reactrand with the dynamic/frequency features of

the sensor.)

3.3. Evolution of AE characteristic variables durng crystallization.

The AE parameters presented above were recordedgdbatch solution experiments
performed with varying constant set-point coolimges. Two kinds of AE experimental variables
convey information about the development of cryigt@ion processes: frequency and acoustic
energy variables.

It seems reasonable to argue that the AE varialgieded to the energy of hits might conceal
quantitative information about the time-developmehthe crystallization; in particular the solid-
generation process itself and, through inter-pl@rsbocks, features of the dispersed solid.

As outlined above (see e.g. Fig. 4), the measunee variations of most AE features confirm that
the first manifestations of acoustic emission ocsignificantly earlier than the time at which the
limit of metastable zone is reached (i.e. the mdméren the burst of nucleation, usually referred to
as the limit of metastable zone, takes place.) Mmdetine this point, Fig. 8 displays the time
evolution of 4 important acoustic variables meaduwtaring the operation presented in Fig. 4. A
comparison between the variation of supersaturatiome recorded amplitude, peak frequency,
frequency centroid and number of counts, confirtret the onset of acoustic signals takes place

earlier than the nucleation burst.



In addition to AE measurements and ATR FTIR sugaradon estimates, simulated information
was also available during this study. The simulatesults and the concentration measurements can
be useful to understand the development of AE:ithe evolutions of AE can be analyzed in the
365 light of crystallization parameters that cannotnibeasured (e.g. nucleation rates) but are predimted
the simulation model. The detailed dynamic simalatmodel in question was reported by Gherras
and Fevotte (2012), it is based on the mathematarahalism of Population Balance Equations

(PBESs) and allows, notably, to simulate the timelation of the Crystal Size Distribution.

370
3.3.1. Experimental evolutions of AE frequency variables

3.3.1.1 Crystallization in pure water

A magnification of the scatter plot of the time-yiag values of peak frequencies is presented
375 in Fig. 7. As already observed (see Fig. 6), tisergite-time values of the computed peak-frequencies
are related to the natural frequency responseeo$ensor. However, the computation of time moving
averages of the recorded discrete-time frequenqe@mades a continuous measurement of the AE hit
frequency which might be related to the developn@nthe crystallization process. Two typical
trajectories of the average peak frequency togetitartime variations of the frequency centroid are

380 thus displayed in Fig. 9, in the case of pure sulve
Figure 7 shows that the same 3 constant peak fm'qauﬁi are observed during batch

cooling operations performed with different coolireges. The moment of onset of the three peak
frequency clusters differs slightly with the ratecooling while the order of onset of the different

frequencies and the relative number of occurreriche same frequencies follow the same order,

385 whatever the experiment considered. In other wdids bands which are referred tomgsto 13 in

18
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Fig.8 appear successively during the batch timethadhumbers of hits corresponding to a given

frequencyrs are increasing with index i.
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Figure 7. Time evolutions of the peak frequency Jadifferent batch experiments performed at

varying cooling rates in pure water (the differemarks correspond to dT/dt=-20, -25 and -30°C/h).

Another view on the frequency features of the AEadibtained after the batch run presented in
Fig. 4 is shown in Fig.8. Figure 8a displays thpesgaturation profile measured using ATR FTIR
during the same experiment. The AE emission sirtenep=3040 s while the limit of metastable
zone is reached at time=3360 s. Fig.8d shows that the AE bursts are cteiaed by single peaks
(one count exceeding the threshold) between tipendm=3510 s. Timayp is characterized by the
onset of bursts exhibiting several counts. It cannloticed that around t=5500s, the maximum
number of counts reaches 170 (the discrete-tim@ati@ns of the number of counts is not shown
here), even though the average number of peaks eggeeds 8 counts/hit (see Fig. 8d). Every time

1y to T thus corresponds to the appearance of a new freguoamd lasting until the end of the batch
experiments: timesy to 1 are related to the appearance of frequen&jeﬂoo, 125 and 285 kHz,

respectively. Moreover, timag andTp are related to increasing number of counts wigldoes not
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410

415

clearly correspond to any discontinuity, neithethe number of counts, nor in the supersaturation
profile displayed in Fig.8a. Fig.8c also shows timathe average, the frequency centroid increases
with the batch time. This feature is fully consigtevith the development of the three main frequency
bands outlined in Fig.7.

As already explained, in addition to supersaturatimeasurements, model-estimates of the main
basic crystallization phenomena were computed usiRBE approach. The PBE model was based
on kinetic estimates of nucleation and growth kagebf ammonium oxalate published elsewhere
(Gherras and Fevotte, 2012). Comparing the modalipted time variations of nucleation and
growth phenomena might help in understanding, f@n®le, the shape of the acoustic absolute
energy displayed in Fig.4. From this point of vietus interesting to note that the variationgd4f)
exhibit a rather sharp and unexpected peak>i(0s. Indeed, putting in contrast the time variei

of Eaps With either the simulated nucleation rate or thte rof solid generation (not shown in the
present paper), does not allow explaining the oné¢he peak in question. Further work should
therefore be undertaken to relate the observed Afablas to the development of basic

crystallization phenomena.

20



(@]

-

(&)

T
<
—_
Q

~—

i

o
-
T
A
—
1

S ERCts WS s S

0 /MW

3000 4000 5000 6000 7000 8000 9000

T

Relative Supersaturation 8

33.5
33 U ST S
32,5
32 =
Y SR LS A
31 - Y

30.5 B 2 I i i i
3000: 4000 5000 6000 7000 8000 9000

Amplitude

T
¥
[}

250 ! ! ,' | !
200

150

Freq. Centroid

3000 4000 5000 6000 7000 8000 9000

Counts #

3000 4000 5000 6000 7000 8000 9000
400 T T T T T T

300

200

Frequency

100+

H ! I i
3000 4000 5000 6000 7000 3000 9000

420 Time [s]

Figure 8. Time variations of AE variables durindgatch cooling crystallization in pure solvent: (e)
Peak frequency and (c) Frequency centroid (kHz), Amplitude and (d) Number of counts as

compared with the time-variations of (a) Supersation.



425
3.3.1.2. Crystallization in the presence of digsd impurities

In order to investigate more deeply the physicalmreg of the AE peak frequencies,
identical batch cooling experiments were perfornrethe presence of Nickel Sulfate as dissolved
impurity. Nickel Sulfate was in fact selected owiiogts well-known and well-documented ability to

430 inhibit the crystallization of Ammonium Oxalate (8aval and Palczynska, 2000; Sangwal and

Mielniczekbrzoska, 2004; Sangwal, 2007). The tiragations of both the frequency centroid and
peak frequencyf were measured and compared for two experimentsnpeel in pure solvent and

two other experiments performed in impure solveet (vith 0.5% dissolved NiS{ The results of

the computation of moving averages ofand f are displayed in Fig.9. The same cooling rates

435 were applied (i.e. dT/dt=-20 and -30°C/h) during fnesented unseeded crystallizations operations,

Figure 9a shows that while the average frequencyraie f remains almost constant when the

crystallization is performed in pure solvent (i.E.=180 kHz), f falls close to zero from the very
beginning of the crystallization performed in thesence of impurities. Obviously, from a physical
point of view, measuringc~ =0 has no clear meaning. Such a value actuallgafrem the fact that,

440 with impure solvent, so many bursts exhibit a viamited number of counts that the EA signal
appears to be almost continuous. The acquisitiongssing system is thus overburdened and relates
nil frequencies to uncharacterized hits.

In impure solvent, the AE measurements present&igindb also reveal that, when compared to the
experimental results obtained in pure medium, thek geequency bands are significantly altered

445  with respect to the measurements obtained in paterwin the presence of impurities, most acoustic

events are related to very low values of the fregyecentroid and the main observed frequency

bands are very fuzzy and distorted. Again, considethe detrimental effect of the impurity on the

22



crystal sizes and shapes, these results suggestefaequency measurements might be indicative of

the quality and/or of the CSD of the final produShould they be more clearly interpreted, such
450 results could obviously be highly valuable for isttial quality monitoring purposes. For example,

one could envisage the delivery of early diagnos$ighe granulomeric quality of the product, of its

chemical purity and perhaps of some crystal sheatifes, during the batch process.
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Figure 9. Time variations of the moving averagestjfrency centroid and of the peak frequency for
experiments performed with two different coolingesatwith and without the presence of dissolved

impurity. Legend: ¢ & #) for dT/dt=-30°C/h; @& v) for dT/dt=-20°C/h.
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Figure 10. Typical video pictures of ammonium otalerystals in suspension. (a) Pure water; (b)

Water containing dissolved Nickel Sulfate as imguri

In order to support the preceding assumptions, Higpresents two typical pictures taken
during crystallization operations performed in psmvent and in the presence of impurities. The
pictures were obtained thanks to the use of theersed video probe presented in Fig.1; they
undeniably show that, as a whole, the quality oftig@s grown in the presence of Nip@
impaired: the crystal surface is rough and coverigd small broken pieces of crystals. It can also b
observed that the regular shape of monocrystalwrgio pure water is lost. The significant changes
in the frequency features of AE could thereforerbkated to the degradation of the quality of
crystals. Again, it can be expected that AE measargs could be used as a means of monitoring the

properties of particles.

3.3.2. Evolution of AE energy variables

In addition to frequency variables, the acoustidssman can be quantitatively evaluated
through the many characteristic parameters whiehdaectly or indirectly related to the energy of
the acoustic signal. Among these variables, foyrartant parameters are displayed in Fig.11, for 4
different batch cooling experiments performed veittd without dissolved impurities.
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First of all, it is worth noting that the range \edriation of most measured AE variables changes
significantly from one experiment to the other. Bwariability can reasonably be attributed to the
very irreproducible way of sticking the piezo-semsa the crystallizer wall (See Figure 1b.) In
particular, it makes no doubt that the stickingsptege and the thickness of the layer of contact
grease is not batch-to-batch reproducible. To enablcomparative viewing of the acoustic
measurements, the experimental data displayedgid Fwere thus normalized with respect to their

maximal measured value:

|Eabdt)|= Eabs(t)/ max(Eps)) 9
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Figure 11. Time variations of important charact®igsAE parameters acquired during batch cooling
crystallization experiments performed with varyicapling rates, with and without the presence of
dissolved impurity. The experimental data were radizad with respect to their maximal value.

Generally speaking, erratic variations of mostansineous AE variables can be observed. A

typical example of such variations lies in the tinagiations of absolute energy and number of



counts displayed in Figs1lb and 11d. However, bwthvariations of the cumulative absolute energy
500 and of the RMS exhibit rather regular evolutiond ahapes which appear to depend on the presence

or absence of impurities during the crystallizatidihese features are quite interesting because, as

previously observed, they allow discriminating beémn batch operations performed with and

without impurities. Indeed, as displayed in Fig.,lttee integral of the normalized absolute energy

released through AE increases more rapidly wherurii@s are present in solution than when the
505 crystallization takes place in pure solvent. In shene way, Figllc shows that the time evolutions of

the RMS are much steeper in the presence of inigsirit

Now, considering that the release of acoustic gnexgults mainly from the process of solid

generation leads to think that the effect of impesi on the time variations of the cumulative

absolute energy should better be analyzed throogipliot of anbS againstCgq(t) (the amount of

510 solid in suspension), rather than against time. E@p presents such plots obtained after two
different cooling rates were applied to the batgfst@llizer with and without dissolved impurities.
Fig.12a displays the corresponding time variatiohghe solid concentration computed from ATR
FTIR measurements. As expected, the rate of sotidyction changes significantly when either the
impurity content or the cooling rate are changeol &ample, it is not surprising that without

515 impurities (i.e. in the absence of inhibiting etf¢ the highest cooling rate results in the highate

of solid generation (see curve 2). Now, Fig.12bwshovery clearly that the shapes of the
trajectorie%. EabS(CS(t)) are similar for similar concentration of dissolvetpurities, whatever the
cooling rate (see curves 3’ and 4’). From a phygcat of view, it is therefore reasonable to think
that measuring the time variations of the acoupticameterj EabS(CS(t)) might allow some
520 evaluation of the solid generation process in itk without inhibiting effects of impurities presen
in solution. For example, it is well known that iorfiies present in industrial mother liquor entail

apparent final supersaturation thresholds and,emprently, lead to the reduction of the yield oidol
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(Kubota et al., 2003; Kubota, 1997). In such a exiatAE might provide data for estimating the
inhibiting effects of impurities on the overall stgl growth and, therefore, allow designing

appropriate feedback control policy for reducingskes of final solid.
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Figure 12. (a) Time variations of the solid coneahbn measured using ATR FTIR spectroscopy
during batch operations performed with varying éoglrate and impurity content. (time t=0 does

not correspond to the beginning of the crystalimat process, but to the onset of primary
nucleation). (b) Corresponding time variations bk tcumulative absolute enerq‘yEabS(t)as a

function of the solid concentration.

4. Conclusions

The present study shows that several interestindicapipns regarding the industrial
monitoring and control of solution crystallizatipnocesses are made possible by the development of

acoustic emission as in-line sensing techniqueeddd the experimental results presented here
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suggest that AE might be valuable for the contrfoindustrial crystallization as, in addition to its
invaluable non-intrusive features, it provides mation on both the liquid and the dispersed solid
phase evolving in suspension. Among other featuhesfollowing attractive potential applications

have been suggested in this paper:

- The generation of acoustic signals occurs sigafily earlier than the onset of the primary
nucleation peak (i.e. before reaching the so-caliett of metastable zone.) Considering that,
according to the classical nucleation theory, #tiet should not be confused with the first nuateat

outbreaks, this fact clearly demonstrates that,entban other usual sensors, AE is undeniably

sensitive to basic phenomena arising from the aticle of the dispersed solid phase.

- The experimental results obtained in both pukkiarpure media suggest that the parameters of the
AE measurements provide information on the chenpaaity of the crystallizing medium. It might
therefore turn out to be possible to obtain eagbl time information on the crystal purity durirgget
process. As industrial pharmaceutical batch criyatdilon processes are always performed in the
presence of unavoidable impurities, this lattetuismof AE would be particularly valuable for the

development of innovative monitoring policies of laRrystallization.

- The cumulative absolute energy and the RMS vasblere shown to exhibit specific time
trajectories related to the crystallization advanest and depending on the presence of dissolved
impurities. This experimental observation also opepsthe perspective of designing new in-line
sensing approaches allowing to assess the impaabmirities of the kinetic advancement of the

crystallization process and on the final qualitycofstallized APIs.
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