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Acoustic Emission: a new in-line and non-intrusivesensor for monitoring batch
solution crystallization operations
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Abstract: Acoustic emission (AE) is shown to provide compénd in-depth information on both the
liquid and the dispersed phases during batch apddiolution crystallization processes. Despite its
complexity, such information might be highly valleldor process monitoring and control purposes
owing to its non-intrusive features, its relativeeapness, and the very wide scope of its potential
applications. Basic crystallization phenomena sastthe onset of nucleation and the development of
crystal growth, several key-process variables the concentration of solid in suspension, and dvera
data describing the average particle size and dhéeat in impurities of the crystallization mediware
evaluated from real experimental data obtainetiatab-scale. AE is not claimed here to allow reipig
“usual” particle sizes sensing technologies likag® analysis or FBRM,; it is rather suggested that t
large amount of information contained in the acioudita is quite interesting and deserves further
investigation.

Keywords: Chemical industry, Sensors, Monitoring, Particlees Crystallization, Batch processing,
Calibration, Acoustic emission.

1 INTRODUCTION initiative  (Process Analytical Technology) aimed at

The pharmaceutical industry is more and more satnat
strong requests on behalf of both consumers andategy
agencies to improve the quality of its productsvadl as its
manufacturing practices (The latter are currengffienred to
as Good Manufacturing Practices, cGMPSs). Improviing
monitoring and control of industrial crystallizesstherefore
a major current industrial concern as it is cleanystrong
connection with the need for mastering the propsif solid
Active Pharmaceutical Ingredients (APIs.) (Sistate al.,
2005; Yu et al., 2004; Wu & Khan, 2010)

Crystallization of APIs is widely used as a separatand
purification process, and also as a means of ggngra
particles with specified end-use properties. Thigellaare
connected to the drug end-use properties, suchea€nystal
Size Distribution (CSD), crystal habit, chemicatipu.. and
are known to exert a significant impact on the dpeutic
efficacy of the APIs.

During crystallization many concomitant, changeabled

competitive phenomena take place such as primad/ a

secondary nucleation, crystal growth, attrition /and
agglomeration, which are likely to occur in a pgorl
reproducible way and can result in undesirabletbaiebatch

variability of the product.

One of the means of improving the quality of phazenaical
products is to apply process monitoring and corgh@tegies
which, obviously, rely on the development of effiai, robust
and practical sensors. Among others, this obsenvagid the
US Federal Drug Administration (FDA) to promote AT

encouraging the pharmaceutical industry to colieal time
process information, detect and control possibléesitable
variations of process operations and branch outmeans of
analyzing and correcting past operations.

In this context, measuring supersaturation hadlyfiteeen a
key-issue because supersaturation is the drivingefmf
almost all basic crystallization phenomena.
multipurpose and reliable methods for

mainly based on the use of in situ spectroscopbrtigues:
Mid- and Near-infrared, Raman, UV-visible, etc. Gadly,
measuring the CSD (Crystal Size Distribution) isiobsly a
major issue which, in contradiction with supersation
measurements, has not received flexible, reliabtel
“routine” conclusive answers. In addition to “stand’
particle sizing technologies (e.g. like laser ditfion
techniques, coulter counters) which all raise dicgunt
difficulties for in-line use, video imaging and pEssing
techniques are today the object of intense reseetfoints.
However, until today, the algorithms proposed ire th
fterature lack of generality, remain
computationally demanding and cannot provide qtetite
data in dense suspensions. Anyway, it is not thpqae of
this paper to compare image analysis with AE, whschtill
almost unexplored in the field of crystallizatioontrol and
remains quite an immature technology for industugd. The
goal here is rather to present some partial antinprary
analysis of features of the complex information téei
during crystallization phenomena.

Several
performing
supersaturation measurement were developed whieh ar

complex and



Acoustic emission is a non-destructive sensing oeetinat
has been used for real time process monitoringicgifuns,
especially in the field of material testing (Steetustry,
aeronautics, automotive industry, material scienbegdding
industry, etc). Even though applications of AE wdess
frequently reported in the case of pharmaceuticatgsses,
successful application of AE to monitoring variaiemical
engineering processes was reported in the pasth(@i al.,
2005; Boyd and Varley, 2001). These applicatiorduite
e.g. fluidized bed granulation, fluidized bed cogtipowder
compaction, etc (Wadley and Mehrabian, 1984; Savehddh
1985; Serris et al., 2002). Among applications éotipulate

reported elsewhere (Gherras & Fevotte, 2012), chestrics
(PLS: Partial Least Squares) allowed obtainingtesfs&tory
calibration model vyielding reliable and accurate
measurements of the solute concentration C(t) tkeshie
significant temperature variations applied durihg process.
It was thus possible to relate the evolutions obustic
signals to the development of the process.

An additional in situ imaging probe developed in the
University of Lyon (France) was also set in thgstallizer.
The probe allowed monitoring the dispersed crystalse, on
the one hand, and estimating the CSD off-line, fen dther
hand (Ahmad et al., 2011)

systems however, only few studies deal with the AE

monitoring of crystallization processes (Sawadalet1985;

Ersen et al., 2006; Lube and Zlatki989. It is the goal of
the present study to evaluate potential applicati@hAE to
the monitoring of crystallization.

2. MATERIAL AND METHOD

2.1 Experimental set-up

The crystallization of Ammonium Oxalate monohydréa®©

in the following) in water was selected as a model

solute/solvent system. A schematic of the cryzmiliis
shown in Fig.1. The initial temperature was aboiftGtand
the initial solute concentration was 0.1 kg/kg $oly the
solution was thus undersaturated in order to ensongplete
dissolution of the solute, as one can see in Fig. 2

Image acquisition
software& off-line
\— Il

image processing
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Fig. 1. Schematic of the crystallization setup pped with
ATR-FTIR, in situ image acquisition and AE testihgyvices.

The experiments were carried out with various capliates
until the final temperature of 10°C. As shown ig.Ri the
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Fig. 2. Concentration profiles during the cooling
crystallization of AO in pure water, measured usiiR in
situ spectroscopy.

2.3 The technique of acoustic Emission (AE)

The measurement is fully passive as it consist&earing”
the noise naturally emitted by on-going physicadgasses.
The AE equipment is therefore based on a transducer
acoustically coupled to materials undergoing dymami
changes. The sensor detects the elastic energgafstc
waves propagating from the physical source of AH tous
yields information about the dynamic changes takitage in
the AE sources (Grosse & Ohtsu, 2008). Thanksstoan-
intrusive and non-destructive features, and topbssibility
of developing multipurpose in-line applications,istshown
below that AE might be a very attractive technidfioe
monitoring batch cooling solution crystallizatiopeyations.
The objective of this work is thus to demonstrate potential

nucleation burst occurred during the batch unseedéar using AE in monitoring batch crystallizationogesses.

experiments at a temperature depending on thenzpadite.
Various cooling rates were applied between R=dF&t& -

30°C/h: the temperature of the reactor was comitatlo as to

track linear temperature trajectories of the reactmtent.

2.2 Instrumentation and experimental procedure

A basic concept behind AE crystallization monitgriis that
phase transitions occurring during crystallizatinnsolution
could induce physicochemical changes in the suspens
yielding release of energy. Acoustic elastic waweslld be
thus generated and propagate in the liquid medium.

The ATR FTIR technology (Attenuated Total Reflectan Meanwhile, as crystal particles are generated, efastic
Fourier Transform InfraRed) was used for measuringroperties of the dispersed phase change. Suctgebaof

supersaturation during the experiments (see e.gkdlioou

Suspension properties affect the acoustic emissiosed, for

et al. 2002). Since the early pioneering works man@xample, by the particle collision impacts and rigtarticles

successful applications of ATR spectroscopy

crystallization control were reported in the opiéerature. As

t@nd/or particles-wall frictions. The elasticity ofystals and

their kinetic energy are also affected by many othe
properties such as size, shape, hardness, deasifgrmity



of composition which can vary according to the mprocess Figure 4 shows the simultaneous time-evolutions the
operating conditions. acoustic signal represented by the measured absehargy
. . . . . and of the relative supersaturation computed froPRATIR
The AE equipment consists of a piezoelectric sefised on data. Supersaturation is expressed as the Ba@IC* where
the wall of the crystallizer. Coupling grease isedisto C* is the temperature dependent solubility coneditn. The

improve the transmission of acoustic signals betwde . DR )
jacket wall and the sensor. Acoustic emission wavegsOOIIng rate, dT/dt=30 C'h'l.’ was kept constantirguthe
atch experiment presented in Fig.4.

produced by crystallization events, such as nudeabr
crystal growth, are transmitted from the physicalirse of The development of the batch run in Fig. 4 can hbude
emission, via the solution and the crystallizer Iwtal the divided into five parts denoted by letters A to Buring
sensor where they are converted into an electsigial. The Phase A discrete-time early acoustic emission evermre
signal is then conditioned, amplified, filtered apbcessed recorded. Such detection is quite remarkable begdasthe
by a specific Data Acquisition System from EuroRt@is best of our knowledge, no sensor has already o ted to
Acoustics S.A connected to the probe. detect such kind of crystallization precursor esefte early
detection suggests that AE might be related to \magic

Rise Time !
: nucleation phenomena.
S5 ail - oy A clear “primary nucleation peak” takes place dgriphase
g " ", v = B. Again, the related insert in Fig. 4 shows thaichbefore
5 |, = reaching the so-called limit of metastable zone,rthcleation
s ) 15 (G rate is not nil, which is quite consistent with akoucleation
g ! 1 v g models. Phase C follows the decrease of concemirati
UL A nn A o Thresholdyy usually associated with the general notion of “m@iiyn
Ty nucleation burst” (i.e., attainment of some maximal

supersaturation value associated with the maxiratd of

¥ Counts [ nucleation). During Phase C, the acoustic emissgpears as

a continuous signal releasing increasing energgldevlihe

(hit) Duration ps] same signal increases exponentially during Phasetid a

relatively narrow peak is reached. During the fiR&lase E,

Fig. 3. Main characteristic parameters of a typical AE hit. the energy released decreases continuously antizetstat

an almost constant level.
A basic parameter used to characterize the levelcofistic
signals in the time domain is the root mean squaiee
(RMS) defined as follows wher#t) is pressure magnitude of
a continuous acoustic wave taken between timasd §:

In order to get an additional point of view abolte t
crystallization process, the suspension was alsaitored
using in situ video imaging. The images taken dyfthase
A show that though they are rare, AO crystals dready
- 1 ) present in suspension. The pictures highlight teebof the
Prvs :ﬁj‘t p(t)"dt (1) intensification of both nucleation and growth pres®s
2 1™ during Phase A, and also suggest that the AE ermnglg be
From a practical point of view, as displayed in.Bjg(t) is related to more and bigger crystals in suspension.
evaluated as an electrical voltag¢) emitted by the acoustic
transducer and amplified by the sensing device. Tt
amplitude is defined as the maximal voltage ofAlesignal .
divided by the reference voltage of the sensor leigua 1V.
So we have: 4 = 20 log(thaUrer)-
The frequency is the average ratio between the number ¢
counts Rounisand the duration of the burst=n.yyndd.

400 .

Lo, il
3000 s

e

300 -
The peak frequency, in kHz, is the point in the pow
spectrum at which the peak magnitude is observed, t
frequency centroid is the barycentre computed ftbensum
of the frequencies balanced by the amplitude ofwthge, it

is thus equivalent to a first moment of inertia.eTébsolute
energy, expressed in atto-Joule (1 aJ®1Y) is defined from
the integration of the output voltage u(t) of thensducer.
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3. CRYSTALLIZATION OF AMMONIUM OXALATE,

PRELIMINARY EXPERIMENTAL OBSERVATIONS, Fig. 4. Relative supersaturation rgeC/C* and absolute
energy measured during the cooling crystallizatioh

3.1 Energy of the acoustic signal of crystalliaati ammonium oxalate at a cooling rate of 30°C.h



It seems patent, from the previous observationat the performed in pure solvent. The recorded hits apeocucible
intensity of AE is related to the development ofe thwhether one considers the 3 main experimental geera
crystallization phenomena (i.e. crystal nucleatiand/or frequencies or their order and frequency of appeaa
growth). However, it turns out to be difficult tdantify a Moreover, the order and the frequency of appeardace
clear possibility of discriminating between the trdrutions ordered in the same way, whatever the experimanbther
of basic phenomena governing the batch processwd®ke. words, the bands which are referred below tawa® 15 in
For example, it was outlined above that despiteilaim Fig.5e appear successively during the batch tim# the
supersaturation levels, Phases D and E exhibit majeumber of hits characterized by a given frequenpyare
variations of the energy released through AE. Tpl@RrR increasing when index i increases.

such variations one could reasonably assume thasirhilar
supersaturation values, differences in the wayowiverting
the dissolved solute into solid phase might resuariations
of AE energy. It is likely for example that duriqpase E,
primary nucleation is replaced by secondary nuideais the
prevailing mechanism. However, such basic consiiers
about the relationship between the level of superaton
and the recorded absolute energy cannot explaipeh& of
energy observed at time 5500 s. This simple ob#erva 55 ‘
suggests that the solid generation process is htonly | - »aid
source AE. 32.5¢ - 8 5
301 : - S 'A.-,,
o o 315f e N o
3.2 Is crystallization the source of acoustic einis? - ‘

-

=}
ST
(4}

(a)

o
o

=
o
a

Relative Supersaturation g

(=]

H i NN\
5000 6000 7000 8000 9000

- ERe T

Amplitude

During crystallization, many potential sources niighuse 305000 | 4000 5000 6000 7000 8000 9000

the phenomenon of acoustic emission. In order terdene
if the development of crystallization generates amoustic
signal apart from any other phenomenon (i.e. stjrinter-
particle shocks or shocks of particles against lkepe or
reactor wall), the cooling crystallization procedumwas
performed without stirring. AE was found to takeaqs ‘ ‘ . : :
simultaneously with the development of crystali@ateven 3000 | 4000i 5000 6000 7000 8000 9000
though, without stirring, the “acoustic activity§ imuch less ! RS L gaamsn
intense. The recorded AE activity is also consisteith the '
observation of delayed onset of primary nucleationder
stirring, the first occurrence of AE is recordedeaf2888s
while without stirring the first AE event is reced after
5000s. This very basic experiment does not proat tihe 0
generation of crystal structure is the only sowt@E (i.e., —— ‘ ' ' . ,
under stirring, one may argue that a major partthef (e)
emission are due to stirring effect, particles/iffgseshocks, S0 e
in particular), but it demonstrates that some bas

crystallization processes have a noticeable aaosggthature. T — —
The latter could therefore be related to crystaflan [ - S e sesmcas mas psaces Eumay
phenomena and used for monitoring crystallizatimtesses. 0
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3.3 Evolutions of the AE frequency variables dgrisatch  fig 5. EA characteristic variables: frequency aretjiency
crystallization centroid (kHz), amplitude and number of counts @sgared
Typical AE parameters recorded during 5 batch ogoli with supersaturation time variations. All variablege
experiments performed at 4 constant set-point ngotates Computed as moving averages on 10 s time intervals.

of -30, -25, -20, -12 °C/h were compared. Two kiodsAE

variables were basically found to convey informatabout As shown in Fig.5, The AE emission starts at time3040s
the development of crystallization processes: while the limit of metastable zone is reached aheti
T,=3360s. Between timas, and,=3510 s the AE hits are
nc(Paracterized by single peaks. Times characterized by the
oniset of hits exhibiting multiple peaks. It sholld noticed
that around t=5500 s, the maximum number of corggshes
170, even though the average never exceeds 8 duitints
Every stage denoted by to 1% is thus characterized by the
appearance of a new frequency lasting until the @nthe

o Firstly, some frequency variables related thebAiEsts do
not seem to depend on the operating conditions a
therefore, suggest that such kind of informatiomeisited to
the dispersed solid features (may be size and 8haal to
the crystal structure itself which of course doesdepend on
the operating conditions. Figure 5e shows that & mpaak
frequencies are observed during the batch coolpegations



batch experiments: timesy to 1 are related to the
appearance of frequenciels =100, 125 and 285 kHz,
respectively. Unfortunately, as far as tintfedo 1% are set in
contrast with the time variations of supersaturafibig. 5a),
it remains difficult to give any clear explanatiaf the

appearance of new frequencies during the batchingpol

process, in connection with basic crystallizatitveipomena.

e Secondly, the AE variables corresponding to thergn
such as the averaged values of the amplitude, RKkIS
number of counts appear to depend on the develapohéme
crystallization process itself and, therefore, rhigi used for
monitoring purposes.

3.4 Some observations about quantitative paramedmted
to the energy of AE.

A detailed modelling work was previously reportémwing
that, in fact, the crystallization of ammonium atal in water
is characterized by two different nucleation anawgh
regimes occurring for dT/d{-5,-10°C/h] and dT/df [-20,-

30°C/h] (Gherras & Fevotte, 2012). Besides thes® tw

regimes, the crystallization observed for interragglicooling
rates (in particular for dT/dt=-12°C/h) was foumdhte quite
erratic and irreproducible. It is interesting totexdhat for
intermediate regimes, the AE variables were alsmdato be
erratic and irreproducible so that one may alsarassthat
the features of AE in this latter case could exprése
observed intermediate crystallization regime.

Fig.6 displays the results of the dynamic simulatid some
characteristic crystallization variables. The siation is

As already mentioned, the available ATR FTIR solute

concentration measurements C(t) allow computingtiime
variations of the crystallized solids). Such variations are
a good quantitative representation of the crygeiion
advancement:

Cs(t)=Co- C(1) )

4000

based on the measurements of supersaturation axl aus
Population Balance Equation (PBE) model

elsewhere (Gherras & Fevotte, 2012). As alreadyiraat,
the maximum of energy released (around time 55@0s
Fig.6a) does not correspond to the maximum ratsodifi
production (time 3500s in Fig. 6b). One can alste rbatr,
corresponds to a discontinuity of the solid genenaprocess:
at time 1,[B500s the first derivative d@t presents a rather
sharp peak related to a significant decrease of sthial
production measured thanks to ATR FTIR spectroscopg
next part present some results aimed at evaluatioge
precisely the relationships between the formatibsotid (i.e.
expressed as{l)) and AE energy.

4. ENERGY OF ACOUSTIC EMISSION AND BASC
CRYSTALLIZATION PHENOMENA

4.1 Measurement of solute and solid concentration:
Preliminary results

The dependence of AE features on the development
crystallization mechanisms can be more thoroughbhyaed
thanks to the examination of the many parametessriteng
the acoustic waves (e.g., number or amplitude a$, hi
frequency, duration, etc.) as a function of theetivariations
of the basic mechanisms occurring during the cgglirocess
(i.e. primary and secondary nucleation, crystaizgho etc.)
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Fig.6. Dynamic PBE simulation of kinetic variabletated to
the development of the batch process presentedyif3. Hy

is the number average particle size and Rn is tindeation
rate (dotted = primary and solid = secondary nuidaaates)

Actually, the indirect measurement ofg(€ provides a
worthwhile means of confronting the development A&t
signals with crystallization. Figure 7 displays thiene
variations of the cumulative number of counts ahdodute
energy as a function of the solid concentratiorpidal time

variations of @ are also given in Fig. 7a. The shape of the

trajectories shown by most measured AE variablesnidar
fodbm one experiment to another, but he range oftian of
changes significantly from batch to batch: thiglsarly due

to the way in which the piezo-sensor is stuck oe th

crystallizer wall (i.e. the sticking pressure, ttiéckness of
the layer of contact grease, etc, have a significapact on
the overall amplitude of signals).

Should the problem of the reproducibility of acaustignal
be solved (e.g. using an immersed piezo-sensocaustc
waveguide), then one could design a calibrationveur



relating the cumulative number of counts to theidsol

concentration and, therefore, develop a new means
measuring supersaturation. This assumption istifited in

Fig. 8 showing that until a concentration of satifi about

0.04 kg/kg (i.e. 80% solute conversion), the cotration of

solid — and consequently the supersaturatpr can be

estimated from the measured cumulative number wifitso

Fig.8 also shows that, consistently with the praesio
observation about the features of AE measuremerthén
intermediate regime, the previous calibration cuivenot

valid for experiments performed at cooling ratesveen -10
and -20°C/h. Moreover, it is clear that, accordiag the

operating conditions, the relationships Cszf() is no

more valid when the solid formation exceeds 80%.
possible explanation for this result is given ire thext

paragraph.

4.2 Monitoring both the liquid continuous phase and the
dispersed phase using AE.

The evolutions of acoustic energy versus time, ldigad in

Fig. 4, are similar for the various batch operaiperformed
between -20°C:hand -30°C.H. A first period of parabolic-
like increasing energy terminates with a sharpk felfowed

by a final period where the level of recorded abtoknergy
is almost constant. During the last part of the, rtime

integrated absolute energy vanishes.

Should the observed AE steps be related to crigtttn

phenomena occurring during the batch operationn the

nucleation and growth would be first involved. Aripd is
likely to follow the first “crystallization dominad” step
during which growth and inter-particle shocks cotitein
prevail. A last period where only shocks between ittany
particles present at the end of the batch wouldanenis
finally likely to take place, due to the cancebhati of
supersaturation. However, the previous assumptiares
rather speculative and do not seem to be so ealssirig to
light, as there is no clear correspondence betwien
development of basic crystallization events and dheve
mentioned AE phases. As displayed in Fig.3, onereaall
that there is no clear apparent correspondenceeketthe
AE and the supersaturation profiles.

One can presume of the possible basic physicalgrhena
generating AE: nucleation events, crystal
particles shock caused by stirring are thus clelikily to
lead to AE. The simultaneous contribution of the3e
phenomena might explain the rather non-trivial gpgarofile
presented in Fig.3 and the difficulty in relatirgetcourse of
supersaturation to the time evolutions of the réedr AE
profiles. In this spirit, the 3 following equatioase assumed
to describe the absolute enerda released from the
generation of solid:

- B,
t) = Ky Avom €XP| 720 | +

ky Aqy Cs(t) o(t)' e,

growthd an

d
o  EAs(t)=kg ;:ts 4)(
EA(t) =k, Np&, L*° (5)
EArga (1) = D EAL(1) (6)

¢=nucl ., growth, stirring

whereNg, is the particle number. is the average particle
size, Aom & sy and B, are usual nucleation parameters, i, k,
n are exponents argy is the stirring power. Indices N, G, S
refer to the contribution of nucleation, crystabgth and

stirring to the overall energy of the acoustic €itn waves.
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Equation (3) states that the contribution of nuibeato the
overall AE energy is proportional to both primaryda
secondary nucleation rates. The corresponding peteam

can be computed from the measured supersaturation

variations, as explained in Gherras and Fevottd Zp0The
nucleation kinetic parameters involved were repmbite the
same paper. The second energy compofeatrelates the



generation of solid (i.e., the growth of crystaly) EA
absolute energy release and Eq.(5) describes tkeegyen
generated by inter-particle shocks, as reporte@Gbinto et
al. (1993). The average particle size was compfrad the
Population Balance Equation Model (PBE) also preskm
Gherras and Fevotte (2012).

Equations (3) to (5), together with the measurddesof the
degree of supersaturatiogft) and the dynamic population

model above mentioned allows computing the overa

generation of acoustic energy. It was thus possiole
minimize a quadratic criteria expressing the ebetween the
measurements displayed in Fig. 3 and the “simulatetlies

presented in Fig.6.

Such an identification approach was finally suchésm
determining the four parameteks leading to the model-
predicted profile displayed in Fig. 9. Despite tredative
roughness of the modelling approach, these latsults are
quite encouraging as they unexpectedly fit the axpntal
AE data which, as explained above, appeared toatienr
difficult to predict from supersaturation measuretseonly.

Moreover, as far as the results presented in pdrtade
concerned, one can now explain why the “calibratiarve”
presented in Fig. 7 diverges for solid concentrstiabove
0.4 kg/kg. Indeed, as the number of particles mees with
time, the hypothesis stating that the number oht®and the
absolute energy could only be related to the amotisblid
present in suspension is less and less valid foreasing
solid content. In other word, one can only expeduot t
relationship between the solid concentration amdattoustic
absolute energy to be one-to-one when the emissaosed
by inter-particles shocks and particle/crystallinedl shocks
are negligible.

It is very interesting to note that from the expental data
of EAqg(t) it should be possible to invert (3) to (6) and(tC
being measured, to compute the average particke 8y
doing so, the AE techniques could allow estimaiimggral
CSD parameters such as average sizes and, thenafovale
highly valuable information on the time variatiohtbe CSD.

In a different way, such kind of measurement was@nted
recently by Gherras et al. (2011) who presentedliration
of the estimation of the average particle size frEa(t)

measurements. The calibration displayed in Fig. wids
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Fig. 9. Fit between the average time variationthefabsolute
energy recorded during the experiment presenteéign3

(dashed line) and the model predictions (dotted)liof the
acoustic signal obtained from the least-squardématbn of

parameters;kn Eqgs.(3) to (5).
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total mass of solid in suspension and averagectadize.

established using experimental AE data acquiredh wit

suspensions containing various solids concentratoal
particle of different sizes. Even though it cannog
considered as an accurate measurement tool, leds that
such empirical correlation might be very useful time
industrial practice to estimate and monitor themtegnds of
the particle generation process (i.e. average gharsize
and/or overall solid content).

Again, the results presented remain rather speceland
cannot be claimed to allow replacing usual sensi
approaches. However, it is our opinion that obtajnéven
approximate trends of the development of the clizdion
process without carrying out complex, costly antheti
consuming calibration models might be of greatrigde for
process monitoring purposes.

5. CONCLUSIONS

Thanks to the wide scope of information containedthie
many recorded acoustic data, acoustic emissiontrajgear
as a highly valuable and innovative measuremerinigoe
for monitoring solution crystallization processe3he
technique is all the more interesting that it idlyfunon
invasive and non destructive, and that acoustia dah be
recorded in a very straightforward way, even ugogtable

rchording equipments.

Strictly speaking, the preliminary experimental and
modelling results presented in this paper are meinded to
prove reliable and accurate new applications otéle@nique
to the control of crystallization processes. Howetlee early



detection of primary nucleation during cooling gimn Hussain, A.S. 2004Adv. Drug Delivery Reviews, 56(3),
processes, the on-line estimation of both thedsafid the p.349-369.

solute concentrations and some rough model-based

estimation of the time variations of the averageiga size

during the crystallization process are suggestebetonade

possible using in-line AE, without requiring sanmgli the

crystallization medium.

In the actual context of the lack of sensors fomitwring
crystallization systems, especially when one death the
in-line measurement of the CSD, the developmenABf
sensing strategies might bring new process infdonafhe
latter information deserves to be more deeply itigated
and might turn out to be complementary to the dcensing
technologies. At least, one can reasonably thirt the
preliminary results presented here suggest newitgtinaé or
“semi-quantitative” approaches of monitoring batch
crystallization systems. Such monitoring could lgasie
developed and applied in the industrial context.ofigother
examples, the early detection of nucleation, treduation of
detrimental effects of impurities on the developtmehthe
crystallization process (not shown here), some @pprate
monitoring of the solid generation process andetreduation
of rough quantitative parameters describing the (&8/@rage
particle sizes, breakage phenomena, etc) can béfidd as
valuable possible applications.
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