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Abstract

In situ ATR-FTIR spectroscopy coupled with situ image acquisition measurements were used
to determine the solubility curve and to investigdlhe metastable zone width (MSZW) of
ammonium oxalate monohydrate (AO) aqueous solutiom$er polythermal conditions. The
experimental data allowed estimating the MSZW amduction time of the system and the
results were compared with published literaturau@alfor the same system (Sangwal, 2009).
“Pseudo” induction time estimation techniques basegolythermal methods showed that AO
agueous solutions exhibit two nucleation regimgsgedding on the cooling rates.

Even though they are based on rough and quest®@asumptions, induction time and MSZW
estimation methods are often considered as eskdotiathe development of industrial
crystallization processes. However, both the releyaand the physical meaning of the results
provided by these methods is uncertain. In theahstwlustrial context where many advanced
measurement techniques and modeling tools becaaikalae, the present paper intends to call

into question the outcome of the notions of MSZW arduction time.

Keywords: Al. Nucleation, Al. Industrial crystallization,1AMetastable zone, Al. Induction

time, B3. Sensors
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1. Introduction

Present in all heterogeneous transformations.eatioh has an essential and specific character
in the field of industrial crystallization. It i "first” process which determines the overall
number of crystals during a given operation andsegaoently the evolution and final properties

of the obtained solid particles, in the first rasflkwvhich the size.

Aiming at obtaining partial information on the neation kinetics, many different methods have
been reported in the literature [1-8]. The formatimf a new solid phase can be detected in
several different ways, for example, through theespance of crystals or through changes of the
solution properties (turbidity, refractive indeX-11]. The method used for detecting the onset
of nucleation has an influence on the result ofkimetic estimation, in particular because the
time required for the critical nucleus to grow taletectable size [12] depends on the technique
used.

In the present work, ATR-FTIR spectroscopy amditu image analysis were used to determine
solubility curves and to help characterize the eattbn properties of the material. As an
extension of an earlier work [1] devoted to thestajlization of Ammonium Oxalate (AO), the
effect of cooling rates on the MSZW is studied aodleation parameters are calculated using

different approaches and compared to those obtdip&iangwal [1].

The goal of the comparison is to put into questioa “historical” methods mentioned above
which are all based on rough assumptions. This woedso aimed at preparing the report of a
more in-depth study [13] of nucleation phenomenaepkesd during the batch cooling
crystallization of Ammonium Oxalate (AO) monohydrah water. The major objective of the
overall study (i.e. the present paper and [13]joissuggest that thanks to the use of PATs
(Process Analytical Technologies) and PopulatiolaBze Equation (Referred to as PBE in the
following) modeling, time has come for a wider intfigd use of advanced methods allowing to
determine the many possible nucleation mechanismsriaeg during industrial crystallization

and to estimate the “true” related kinetics.



2. Theoretical approaches of metastable zone width andduction time measurements

According to the nucleation theories, the nucleatate J depends on the relative supersaturation
S, and there is a threshold value of relative sgiaration §.x beyond which the metastable
phase precipitates spontaneously into the new estg@iblase, The MSZW qualifies this

supersaturation domain.

Overviews of published MSZW correlations are avadédan the literature [14-16]. In a recent
series of papers, Kobari, Kubota et al. [17] pragba unified approach of the many methods
and experimental data related to the notions of WSZnd induction time [8, 17, 18].
Experimental and simulation results were systeralyicanalyzed; it was shown that the
different approaches reported in the literaturecamgsistent and allow understanding features of
the nucleation process. However, it remains unddmidnat many physical aspects of nucleation
are not rigorously taken into account by the meshioadquestion. It is clear for example that the
role played by crystal growth during the time spkafore the end of the so-called induction
period should explicitly be taken into account (g¥his not the case). The usual implicit notion
of steady-state nucleation rate is also questienbbktause, as supersaturation changes (even
during a limited time period) the total number afctei cannot be clearly defined. This is
obviously true for methods based on constant coaitgs but also for constant supercooling
induction time measurements. Another important ganof the lack of physical rigor of the
definition of the induction time is the meaningtbé “detectable amount” of nucleated patrticles.
The latter is known to depend on the “sensitivigf’ the technique used to monitor the
crystallization process during its very preliminateps: measuring unambiguously the initial

number density of primary and secondary nuclebispossible today.

Two main techniques are currently used for detemginihe metastable zone width, the

polythermal technique [19] which is perhaps moddely used, and the isothermal method also



called induction time method. Supersaturation dan be generated applying constant cooling

rate, as proposed by Kim and Mersmann [15] , apdaéxed in more details below.

The first method refers to Nyvlt's equation invelgitwo parameters (the “apparent nucleation
order”, m and the “mass nucleation rate constak)t’which have no real physical meaning.
Nyvit's equation has been extensively used in thst jfor the analysis of experimental data on

nucleation kinetics.

More recently, Sangwal and coworkers [1,20] prodos&o approaches for explaining the
dependence of the MSZW on various factors. The dirshese latter approaches is based on the
classical three dimensional nucleation theory wthike second method is based on power-law

relationship between the nucleation rate and theman supersaturation g«
2.1. Nyvlt's approach

Using the classical nucleation theory (CNT) andiaseg that the nucleation rate at the onset of
primary nucleation corresponds to some constamatit-state” supersaturation for a limited
time period (i.e. the variations &iC)/dt and dC*/dt are assumed to be equal), the ggzgm

nucleation rate J (#s™) is assumed to obey the following basic empiraker law [12]:

I=k(ACHan)" (1)

Where kis the mass nucleation rate constantkg®™> s*

), m is the apparent nucleation order
andACnaxis the absolute supersaturation (kg)min the following, the nucleation temperature is
denoted as Jax and T refers to the solubilization temperatufd,axis therefore the difference

between Fand Thax

From Eq.(1), Nyvit expresses the MSZW in termsAdf,.x as a function of the linear cooling
rate R=-dT/dt for a given saturation temperatiiree following expression can be demonstrated,

where dC*/dT is the slope of the solubility curve:

IN AT max = {(%— jln[%J —%In k} +(%) InR (2)



The plot of In(R) vs. IMTmax) is expected to give a straight line, with ghepe yielding the
apparent nucleation order m. The mass nucleatite canstant, k, is estimated from the

intercept. The number nucleation rate constanbearalculated using Eq. (3) as follows:

?j—l:l =k(aC)" =k'ap r}(ac)" 3)

Where N is the number of formed nuclei and k is th&ss nucleation rate constant, k’ the
number nucleation constantthe volumetric shape faciqr the mass-based crystal density and r
is the size of detectable nuclei at the maximumeggiuration, which is usually assumed to be

10 um [10, 21].

2.2. Sangwal’s interpretation of MSZW
2.2.1 Self-consistent Nyvlt- like equation

Sangwal [1] simplified the complicated units of N§& Nucleation constant k, by expressing the

nucleation rate J (# fis™) using the following power-law relationship:

(4)
J=K(nSax)™
where, K is a new nucleation constant (#s1), m the apparent nucleation order and S, as
above, is the relative supersaturation.

Using the theory of regular solutions to expressSig, and approximating the primary

nucleation rate J as a function of the time vaoiai of S, Sangwal obtained a relationship

between the dimensionless maximum temperdilirgx/To and the cooling rate R:

In[ATI_maXJ:¢'—,8InT0+,8InR:¢+,8InR (5)

0

where ¢ -BInT,=¢; p=1/mg=1/, and ¢ :1;nmln(RA_|l__ls J+ilnf— ,

g ' max



AHgs is the heat of dissolution 4Rs the perfect gas constant and f is a constepressed in
number nuclei/m

As Eq. (2), Eq. (5) therefore predicts a lineaatiehship between INTo{To and In R.

2.2.2 Classical three-dimensional nucleation thempyroach (3D-CNT)

The lack of clear physical meaning for both parareK and m, led Sangwal to propose the
other following approach. According to the claakitucleation theory, the nucleation rate J (in

#.m>s™) is given by the following equation [21]:

J=Aexg— B (6)
F{ (LNSpax) 2 ]
with B= %‘ [%J (7)

Where, A is a kinetic constant (#3s1), v is the solid-liquid interface energg, is the molecular

volume andi , the Boltzmann constant.

Using the same set of equations as above, Sangwiakedea new expression relating the

maximum supercooling and saturation temperatuteddinear cooling rate R:

2
To | —R[-mR+X+InTo]=F-FINR (8)
ATmax
R,T
Where, F=R(X+InTy), 1:1 Bfs | andx =In[ & Do mex |
Bl R, T f AH,

2
Eq. (8) predicts thaEAIO J decreases linearly when InR increases. F and Xedaed to B

(thermodynamic constant) and A (kinetic constantineée by the 3D CNT (Three-Dimensionnal

Classical Nucleation Theory).



2.3. Kubota’s interpretation
2.3.1. Metastable zone width

Kubota suggested another approach to account ®rdgpendence of the MSZW on the
detection technique for a given system. The MSZVdssumed to correspond to the point at
which the number density of grown nuclei reachéigexd, but unknown value [8]. The primary

nucleation rate in number basis J is approximayeithd® following expression:
J=kp(aT)" €)

The number density MV of accumulated crystals (grown primary nucléiying the time,

can simply be obtained by integrating the nucleatata as:

N

N, S N
= j d() = (10)

o t—.a’"

WhereNy, is the accumulated numbirof grown primary nuclei during the timg andV is the
working volume of the crystallizer. Assuming a c@ams$ cooling rate and constdqtin the

considered temperature range, Eq. (10) is convéotéte following equation:

1 N 1
09(ATn) = n+ 1IogHVk’“n j(“ n)} * (1+ n

WhereAT,, is the MSZW at which the number density of acclated crystaldN,/V reaches a

jlog R (11)

fixed value. This expression is similar to thatNofvlt, but the nucleation constakt cannot be
determined as the actual value Mf{/V depends on the detection technique and requires
additional experiments to be measured. Accordinlylersmann [21-22], when turbidimetry is
used, the detectable number density at the poimrevhucleation is observed in solutions is

about 18" #/n?* for particles with an average size of .

2.3.2. Induction time measurements

Nyvlit's theory does not give any insight into the ictitan time while, using the assumptions

presented above, Kubota expresses the inductianttipin the following equation:



N
t,, = —m AT
ind [anj (12)

2.4 3D-CNT approach for “pseudo” induction time neasurements:

The so-called “pseudo” induction time measuremesthod is based on the observation of
nucleation during cooling experiments (i.e., pserefers here to non isothermal operation). The
solution is first driven in the supersaturated zanél a given constant temperaturg(30°C in

the following) where it is supposed to reach adjesate. After stabilization, the solution is
cooled at constant cooling rate, until nucleati®mbserved. The induction period of nucleation
ting IS here defined as the time elapsed between thmemtowhen the supersaturated state is
reached in the old phase and the moment at whicapareciable amount of new solid phase
particles is produced [4]. If supersaturation isrfed at a constant cooling rate until the first
crystals are detected, the relationship betweemtttastable zone widthT 5« and the induction

time t,q is the following (50°C):
tha= 1/IV = (T - Tmay/R (13)

where Tis the initial stabilization temperature (50°C)jsvthe solution volume, J is the
nucleation rate.

Using Egs. (5), (6), (12) and rearranging, the atidun period is now given by the following

equation according to which a plot of m,against[(ln Smax)ZT,f]aX]_lyields a straight line:

2
|n(%j=|ntmd =In( 1 j+ l6my'Q . (14)
R AV )| 3K 3 (InSmax)’ T

max

3. Experimental design.
3.1 Materials

Ammonium Oxalate monohydrate (AO) was used is shusly without further purification. The

powder was available from Acros Organics with atguevel of 99+%.



3.2 Batch crystallizer set up and characterization teleniques

As displayed in Fig.1, a 3 L glass vessel equippitld a jacket and a condenser was used for the
experiments. Stainless-steel baffles and a higiieficy propeller (Mixel TT™) are used to
maintain a good homogeneity of particles in therrgluThe whole operating device is
instrumented and computer controlled to allow thenioring of setpoint temperature
trajectories. Cooling is ensured by means of heamsfer through the jacket wall. The
temperature in the reactor is thus controlled byipwating the set-point temperature of a 2 kW

heating bath containing water with an accuracy 6f @5°C.

Image acquisition
software& off-line
‘ ‘ | ” image processing

Fibre Condenser

Mid IR Spectrometer | Oplics I%
In situ image

_. acquisition probe

Diarond ™ “‘CDM>
Probe

I 0 k.
>

Heating/cooling bath

o
-

NV 3 prades for remote crystallizer
- profiled temperature control
propeller &
baffles

Figure 1: Experimental set up: temperature comdoland well-mixed batch crystallizer
equipped with ATR-FTIR and in situ image acquisitfmobes.

3.2.1Liquid phase monitoring

In situ solute concentration measurements wereopegd using the FTIR spectrometer
“MATRIX-F” manufactured by Brucker Optik GmbH, eguied with an ATR-diamond

immersion probe (diamond prism with two reflexiargkes of 45°). As shown in Fig.1, the ATR
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probe is connected to the spectrometer througltaiber. The measurement cell, the optical
conduit and the probe were purged with nitrogeretluce the sensitivity of the measurements to
the time variations of the concentration of wated aarbon dioxide in the ambient air. Detection

was ensured by a MCT detector cooled with liquidogien (endurance 12 hours).

Preliminary solution cooling crystallizations of Afere carried out to assess the time variations
of the recorded IR spectra during batch operatibng to the effect of temperature variations
during cooling and to the high absorption of solvemater) in the mid IR spectrum, air was

selected as a reference to compute the relativerladrsces.

3.2.2%0lid phase monitoring

In addition to the ATR- FTIR measurement of supensdion, the appearance of the new solid
phase was monitored using «EZProbe», an imaginigepdeveloped at the University of Lyon.
Typical pictures obtained by means of the CCD camaserted in the “EZProbe” during
crystallization processes are presented elsewhetensre details about the probe technical
characteristics and developed algorithm used fagenprocessing can be found in reference
[23]. Fig. 2 , shows the first detectable partiafiesing AO batch cooling crystallization. The
first image in Fig (2a) represents the very firstettion of one single moving particle in the
fixed background. In the following inserts, circlexlicate other early detected crystals with

sizes ranging from 7 to 15 um.
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2 (c) I B (d)

Figure 2: 2D images obtained using the in situ imggrobe: acquisition of the very first
observable crystals in the crystallizer after theeat of nucleation.

3.3Experimental procedures

3.3.1 ATR-FTIR calibration measurements

The temperature and concentration ranges used ioalli@ation experiments were dictated by
the solubility of Ammonium Oxalate monohydrate (A@alibration samples were prepared
through dissolution of AO monohydrate powder intitdext water so as to cover the
concentration range between 0 and 0.16 kg AO/kgmwdthe samples were heated and stirred
untiil a homogeneous undersaturated solution wasir@mt in the crystallizer. Complete
dissolution was assumed to be achieved when tmaréaf signal remained constant during a
period of 2 hours at a fixed temperature. The IRcspevere then collected in order to compute
a calibration model required to establish a relaimm between the dissolved solute
concentration and measured spectral features. dfieeence spectra were collected every 60 s
during 1 hour and averaged. Additional spectra vedse acquired for validation purposes. In
order to cover the whole range of process condititves procedure was performed at different
concentrations ranging from 0 to 0.16 kg/kg solutiy raising stages of 0.01 kg/kg and three

11



temperatures were set for each concentration (gityutemperature = 2°C). The temperature
range covered by the experiments varied betweenaf@ 65°C. Many spectra (32
scans/spectrum) were thus acquired with a resolaighcm™ for each experimental condition.
The collected spectra were then preprocessed @@ HO bands correction and vectorial
normalization of the spectra) and the values obdimnce were used to establish a calibration
relationship allowing the computation of the dis®al solid concentrations. The latter calibration
was designed using multivariable chemometrics madsled on Partial Least Square (PLS)

technique.

The calibration model was finally found to provide measurement of the dissolved solid
concentration with a relative uncertainty of theerof 0.3% in the investigated concentration
and temperature ranges. More details about ATR Fc€dRbration and supersaturation

measurements can be found elsewere [24-26].

3.3.2 Solubility measurements

Once a suitable calibration model was validated,siebility of AO in water was measured

using in situ ATR-FTIR spectroscopy. Two differenétimods were then applied.

Method 1: based on solubility data published byrfebland Novotny [27] AO was dissolved in
1.8L of bi-distillated water to obtain a concentatof 0.133 kg/kg solution. This solution was
kept at a constant temperature of 59°C during 2dhtmiascertain its complete dissolution. Then,
the undersaturated solution was cooled from theotliion temperature to 10°C, at a slow

cooling rate R=-dT/dt= 2°C/h. ATR FTIR spectra weodlected every 60 s.

Method 2: a suspension saturated with an excess of AO swigrial (0.16 kg/kg solution) was
heated from 10 to 60°C at a rate of 2°C/h, thedbwly dissolving the AO. The same solution
was also cooled with R=2°C/h from 60°C to 10°C ré¢fy slowly crystallizing the AO. Due to
the slow heating/cooling procedure, the suspengias assumed to be at equilibrium, i.e. the

liquid phase was always at its saturation conceatrgwhich was experimentally checked

12



posteriori). At 10, 20, 30, 40, 50 and 60°C, the temperawaes held constant for 3 hours to
make sure that equilibrium conditions were mairgdinluring the entire course of experiment.
Using the calibration model described above, th&RATIR spectra were then used to obtain
solubility values. The obtained solubility curvedsplayed in Fig.3 which also reports some
literature data [28-29]. It can be noticed thatrtbgults obtained by IR spectroscopy show a very
good agreement with published data (the averagativel difference between ATR
measurements and literature data is about 0.12B&)s®lubility curve T) was fitted with the
following polynomial equation (95% confidence forrameters fit, T in °C and Gn kg/kg
solution):

C'(T) = 2.27 10 (+6.7 10%) T? + 5.39 10" ((+5.6 10°) T+2.87 1% (4.8 10% (15)

=
N

| |
ATR- FTIR Solubility data / litterature data :

(kg/kgsolution)
o
o

e

= 01
g
4t'_JtS /‘J @ Menczeletal
B
g . ? @ Solubility method 2
g o
< 0,05 e E s o JRTPLLD Solubility method 1
o 4
© } o Seidel
Poly. (Solubility method 2)
0 | [
0 10 20 30 40 50 60 70

Temperature (°C)

Figure 3: ATR-FTIR Measurements of the solubilityxee of Amonium Oxalate using methods

1 and 2, and comparison with literature data (3¢&83 and Menzel et al., [29]).

Supersaturation was computed in the following fritr@ solute concentration measured using
ATR FTIR and the solubility determined from boththmds 1 and 2, assuming that the ratio

between the related activity coefficients are clmsene.
3.4.3 Linear cooling experiments

Ammonium Oxalate (AO) undersaturated solutions veepared by dissolving analytical grade
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monohydrate in 1.8 L distillated, de-ionized andjaksed water, heated several K higher than
the saturation temperature (50°C) and maintaindas at this temperature so as to reach a
concentration of 0.1 kg/kg solution. When both KER-FTIR spectrometer and the EZ-probe
indicated complete dissolution, linear unseededimg@xperiments were carried out at different
linear cooling rates, namely: R=5, 7, 10, 12, 20,ghd 30°C/h. For each cooling rate, a set of at
least 3 experiments was carried out to verify tygeratability of the process. All experiments
were stopped at 20°C and left for isothermal sitzdtibn during 3 hours.

Sangwal [1] investigated cooling rates ranging fréd °C/h to 57.6 °C/h. The temperature at
which first nuclei were observed with the naked exes taken as the limiting temperaturg, T

The maximum supercooling was calculated from saiturand limiting temperatures.

In the present study, the cooling rates used toshigege the MSZW ranged from 5°C/h to

30°C/h. For the induction time approach, an add#igate of 2°C/h was also investigated.

4. Results and discussio

4.1 Concentration and supersaturation profiles

The concentration and supersaturation profiles imp4fa) & (b) are similar for the three
experiments carried at a cooling rate of 30°C/h &t@/h. Before nucleation the concentration
remains constant in all cases which indicates ttiateffect of temperature on the spectroscopic
measurements is correctly taken into account. Aseebed, increasing cooling rates lead to
increased maximal supersaturation valuegs.x Bnd Sax were determined using the first

derivative of the relative supersaturation cus{g.
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Figure 4. (a) ATR-FTIR Measurements of solute cotregion during batch cooling
crystallization of AO for a cooling rate R= -dT/dB9°C/h. (b) Measured supersaturation profiles
for cooling rates R= 30 and 5°C/h.

4.2 Effect of cooling rate on MSZW

The experimental mean values of maximum super QAT . Obtained by the polythermal

method as a function of the cooling rate and astan saturation temperaturg=45.68°C are

15



presented in Fig. 5. The following statistical paeters were computed=0.3°C (Standard
deviation) and CV= 0.63% (Variation coefficient).i$ worth noting that every point in Fig.5
represents the average of 3 to 6 experimeAlal.x values. As seen from Fig.5 a & b, the
reproducibility of the experimental data is saistety. The estimates at R=10 °C/h and 25°C/h
exhibit a relatively large but reasonable scatted.73°C for 10°C/h and £ 0.76°C for 25°C/h).
As expected, the maximum supercoolfiBnax and supersaturation,s increase for increasing

cooling rates R.

ATmax (°C)

4 1 * (a)
3,5 . ‘ T . ‘ .
0 5 10 15 20 25 30 35
Coolingrate R (°C/h)

1,3
1,28
1,26
1,24
1,22

1,2
1,18
1,16

1,14 (b)

1,12

Smax

0 5 10 15 20 25 30 35
Cooling rate R (°C/h)

Figure 5. Variations of the maximal supercooliXifi,ax(a) and of the maximal supersaturation
Smax(b) with the cooling rate R (standard deviationdgperimental data is shown by error bars)

4.3 Estimated nucleation kinetics

In order to estimate the kinetic parameters reldatedhe different theoretical approaches

mentioned above, the metastable zone width musalcelated using the experimental data. Log
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plots of the cooling rate vs. the metastable zomkhafor Nyvit's theory, are shown in Fig.6a,
log plots of metastable zone width vs. the cooliate for Kubota's approach, are shown in
Fig.6b, and log plots of metastable zone width amling rate for Sangwal's approach, are
displayed in Fig. 6¢ for each solute concentration.

As explained above, the slope and intercept oftrityed line mapping the different calculated
coordinates (i.e. according to the various methal®w some estimation of the nucleation
parameters involved. Table 1 shows the estimatedeation parameters for the different
theoretical approaches applied to the set of exparial data. Depending on the method used,
the estimated parameters display a high degreerw@iiity. As a general rule, the value of the
apparent nucleation order lies between 0.98 andfd@.3norganic compounds [12, 28] and
between 1.65 and 4.5 for organic compoui28s30].

Depending on the four different approaches evatdljatee nucleation order m, n orlwere
found between 3.08 and 4.76 for ammonium oxalat@ater. These values are in rather good
agreement with previously published data for organaterials and quite reasonable for fairly

soluble compounds such as ammonium oxalate.

The nucleation kinetic parameters for thgvNs like approaches (Kubota and Sangwal),
expressed in number based units, differ signifigafktowever, despite the range of investigated
cooling rates (from 5°C/h to 30°C/h) and even thotige resulting maximum supersaturation
range differs from that studied by Sangwal (frenl0 to 50°C/h); one can conclude that the

results are consistent with Sangwal’s estimatedmaters.

Using Sangwal’'s 3D-CNT approach (see Table.2), kthetic parameter A (4.54 18 m* s?)
and the thermodynamic parameter B (0.038) obtaimekis study are lower than those obtained

by Sangwal [1], especially B: (A = 4.7 Fdm™ s* and B= 0.352).

The computation of these parameters requires va@lyeHs/RgT,..y) , Of the ratio F/ F and of
individual values of both constants; end F. These parameters are calculated from the
experimental data and are expected to stronglyradkpe the saturation temperature. The ratio F/

F1 (equal to 0.204 in our study and to 0.176, accgrdo ref. [1])andthe overall parameter
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AHs/RgTax (qual to 8.32 in our study and to 8.74 from i quite similar in both studies.
However, the individual values of F ang Bnd the resulting differences of X for both stsdie
leads to an important difference within nucleagpamameters estimation.

In addition, nucleation kinetic parameters providgdNyvlt and Kubota approaches, for the
same experimental data, appear to be much lower thase obtained using Sangwal’'s
approaches. More details about the calculationguhoe concerning Sangwal’s approaches and
nucleation parameters estimation using experimesd#d obtained after this study and those

obtained by Sangwal [1] are given in appendix {Bage.3 & 4).

Fig 7a. & 7b show the evolution of induction timefided in section 2.4, as a function of the
cooling rate and maximum supersaturatiohs expected, the induction time decreases
exponentially with increasing cooling rates andréf@e increasing supersaturation levels. It is
worth noting that the experimental range for theximam supersaturation (cf. Fig.5b)
investigated in the present study is included & shpersaturation/saturation temperature range

investigated by Sangwal in his previous studies{],

According to the 3D nucleation theory, a plot of togarithm of induction time against

1/(iInSmax)’ T2

- SUggests that the AO system is governed by twierdnt nucleation
mechanisms occurring respectively at low coolirtgsdi.e. low §a and high cooling rates (i.e.
higher $ay. The transition between the two possible nuabeategimes seems to take place in a
zone of cooling rates roughly located between 104d 20°C/h: this corresponds to maximum

supersaturation ratios ranging from 0.227 to 0.280Fig.7b & Fig.5b)
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Figure 6. (a) Apparent nucleation order and numeatonstant estimated from MSZW data
using Nyvit’ and Kubota’s methods, (b) slopes amdrcepts estimated from MSZW data using
the “self-consistent” Nyvit's method proposed byn&aal, (c) and slopes and intercepts
estimated from MSZW data using Sangwal’s “3D-CNppeoach.
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Figure 7. (a) Experimental relationship betweenitidkeiction time of AO in water and the
cooling rate, R=-dT/dt in °C/h. (b) Log plot of eeqpmental data according to Sangwal’s 3D-
CNT approach. Observation of two consecutive ntideanechanisms.

From a mechanistic point of view, as pointed by IMu[32], such a result could suggest a
transition from a heterogeneous nucleation mechaoscurring at low levels of supersaturation

(low cooling rates) to a homogeneous mechanisngaehsupersaturation.

20



From Fig.6b, the ratid between the slopes is about 6. Assuming thataaidbles expressed in
parameter B (EQ.(7)) are unchanged for both nuckeaegimes, except the interfacial energy,
should reflect the difference in the interfacial gyey at high cooling rates would thus be 1.82

times higher thay at low cooling rate (0.026 and 0.014 3/mespectively).

Using the 3D-CNT approach, Sangwal propose6.015 j/nf. This latter result suggests a
possible transition from a mononuclear nucleatioacimanism to a polynuclear nucleation
mechanism. Actually, according to Sangwal [33], tihéerfacial energy predicted by the
polynuclear nucleation model would be about 1.6efinhigher than that predicted by the
monomolecular nucleation model which relates tolsr@umes or low supersaturations [33].
From the intercepts, the calculated nucleation tigriactor for low cooling rates is 84 times

higher than that obtained with high cooling ratasleation regime.

A plot of the logarithm of induction time againstetlogarithm of Jax is expected to yield a
straight line which slope is supposed to allownaating the number of molecules in the critical
nucleus [34-35]. In our case, 20 molecules for mling rates regime and 42 molecules for
high cooling rates regime are assessed. The vafuaS,ax may suggest that the MSZW of AO
in water investigated by the polythermal methodaserned by different mechanisms depending
on the cooling rate. Primary nucleation could océor Sp.x >1.23. At lower levels of
supersaturation (i.e. formg< 1.217) secondary or heterogeneous nucleatiord ¢aké place but
the available experimental data do not allow deiteimg which mechanism is really involved.
Simulations of the cooling crystallization procedspotassium sulfate [17], showed that most
features related to the width of metastable zomketla@ induction time could be reproduced. The
authors also investigated the effect of secondacjeation on the MSZW. It was observed that
secondary nucleation was favored at low coolinggahus lowering the width of metastable
zone. Indeed, many authors have published reviéwWsanany possible nucleation mechanisms
which are likely to occur simultaneously and withrymag intensity when the crystallization
operating conditions change [36-37]. The simultaise@ccurrence of several nucleation

mechanisms was shown by Kobari et al. [17] to nthkecontribution of primary nucleation to
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the overall nucleation process difficult to evatuahs far as the AO/water system is concerned,

the pictures displayed in Fig.8 tend to confirm dlssumption of secondary nucleation.

Induction time and metastable zone width obviow#pend on the kinetics of the different
processes involved in crystallization: the nuctzatiate, which leads to the “birth” of crystals
and the growth rate of particles which determintes time required by a given number of
nucleus to produce a sufficient amount of solidbéodetected. Indeed, both the initial size and
mass of nuclei particles are too small to be datdet Consequently, it is worth noting that the
two regimes underlined above may also be relategrdaith kinetics which are not explicitly

investigated by the MSZW and induction time methaddressed in the present paper.

¥ 7

s

(b)

A

Figure 8. Pictures of AO crystals obtained in siier unseeded cooling crystallization (in situ
video acquisition). (a) Cooling rate R=5°C/h, R330°C/h.

(a)

4.4 Assessment of the nuclei number using the alied nucleation kinetics.

Some relative consistency of the results providgdhe different methods evaluated in this
paper should be outlined, but this does not helpMB&ZW determination techniques to appear
as rather “flimsy”. Several major implicit or exgli assumptions were outlined above among
which a key hypothesis should be questioned, ealheoivhen unsteady-state temperature
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variations are involved: what does “steady-stat@Cl@ation rate really means? Actually, to our
knowledge, this latter question is not rigoroustidiiessed in the literature. From this point of
view, as shown in appendix, the self-consistentItNike approach accounts for temperature
changes during the crystallization process (see @d)) but this does not mean that
instantaneous changes in the nucleation ratesppr@@iately taken into account. In fact, none
of the previously applied methods rigorously takéoiaccount the intrinsic unsteady-state
features of the nucleation process, especially wherhnighest level of supersaturation is reached
during the cooling process (i.e. when the soluteést system reaches the limit of metastable
zone). In this context, the objective of the pregmper is neither to present new experimental
results, nor to introduce a new version of the mame techniques used for evaluating the
MSZW or the so-called induction time. In other warthe standard MSZW or induction time
methods can provide some relative and partial aanhformation about the nucleation process
but, ideally, we suggest that one could expect semsors to provide more reliable information
on the “true” nucleation rate. As far as this is gk, the kinetics of the many possible
nucleation mechanisms involved simultaneously dyrimdustrial batch crystallization

operations can probably be more systematicallyyrately and deeply estimated.

With this idea in view, the present results wergeased in terms of predictions of the numbers
of particles predicted by the models above mentlofidhe number of crystals nucleated per
second during cooling crystallization performedhadin initial solute concentration of 0.1 kg/kg
from 50°C to 20°C was thus computed as a functiorsugfersaturation. For the sake of
simplicity, the related PBEs were not solved hehgcty, in turn, comes down to assume that no
solid is consumed by the nucleation process. Theltseare quite edifying and reveal that if the
maximal supersaturation is rather well predicted thg different models (i.e. the limit
supersaturation where the number of particles 4ai®’), the numbers of resulting nucleated

particles are not even comparable.
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According to the four investigated methods (i.e.vlyKubota, Sangwal “Nyvit like” and
Sangwal 3D-CNT) the approximate values @f.x are : 0.05; 0,032; 0,065 and 0.07,
respectively, but the corresponding number of platicomputed foo=0.005 (for example) are
the following: 800 ; 6.5 10; 4,2 16%; 4 10® #.m>s™, respectively. It therefore turns out that the
“induction time” methods which essentially intereddrovide data about the limit of metastable
zone should not reasonably be expected to yieldbiel estimates of the number of particles
generated per unit time at a given level of suggaration. Despite the very wide use of induction
time methods in the literature this observation esathe many published kinetic results quite
guestionable. Actually it can be mathematically shothat the relationship between the
induction time and the supersaturation profile bikbd by a given solute/solvent system is not
one-to-one [13], but depends also on the crys@aitr rate (which is quite obvious). In other
words, one can demonstrate that an infinite sehuafleation/growth kinetic parameters can
reproduce the same given experimental supersatorptdfile measured during a batch cooling
crystallization operation, even with “perfect” maemments. This is the object of ref [13]
showing that the only way to cope with the indeteamy of the "real" nucleation kinetic
parameters is to take into account some relevamtigaidve parameter of the CSD (e.g., the

final CSD or final mean size).

5. Conclusions:

From the above analysis, it may be concluded tpatication of the different polythermal
approaches developed to investigate the metastadmhe width describe rather well the

experimental data. However, it should be outlireat such description is rather limited.

Sangwal’s approaches provide useful informationualtloe physical processes and the kinetic
parameters involved in the nucleation process. Wewdor the system under investigation, our
results differ from Sangwal’s reported data concegnihe 3D-CNT approach, while a good

agreement is found when the self consistentif'$-like approach is used.
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Kubota’s approach for the estimation of the MSZWwuies kinetic parameters that rather well
predict the experimental “polythermal” inductionm& measurements. Induction time
measurements presented as a function of maximurarsatpration allow a better fit of the

experimental results and, contrary to the otherr@ghes, underline the existence of two
nucleation regimes depending on the cooling rat subsequent maximum supersaturation.
Such dependence of the nucleation mechanism olevkéof supersaturation was observed by
many authors. As far as understanding and modétaegiucleation kinetics is concerned, this

latter feature of the method is clearly valuable.

Due to their great simplicity and to the very rowgproximations made, the methods evoked in
this paper all provide relative and partial infotiraa on nucleation kinetics and, according to the

used approach, the estimated parameters can benensly different.

The results presented here therefore show thahdhien of MSZW should be handled with
caution as the parameter estimates depend sigmtiffoan the experimental method carried out
for their determination. In fact, it was outlinegl many authors that not the onset of nucleation
itself, but the appearance of a sufficient masscrgbtals is indeed detected by measuring
instruments, whatever their sensitivity. It is thaygdent that the crystal growth rate and possible
secondary nucleation phenomena play a key-roldénquantitative results, according to the
employed technique (optical, calorimetric, FBRM;)etSince distributed properties of crystals
are actually involved, bringing into play populatidoalance equations can reasonably be
expected to allow significant improvements of thecleation estimation techniques: the
computation of particle size distributions coupleith crystal growth kinetics can be performed
in order to allow more accurate and more robusttidneharacterization of the nucleation

phenomena occurring during the course of batchaltizmtion processes.
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Appendix :

Self-consistent Nyvlt- like equation

From Eq.(4), using the theory of regular solutioBangwal relates the maximum supercooling
AT maxto the corresponding maximum supersaturation. Jg.& expressed as follows:

NS, = |n(Cmaxj . [AHS Bl J (15)

C* Ry ToTmax

Assuming that the approximatidonS, ., = Oy inSmax = Tmax N0lAS, EQ. (15) can be written

in the form:

0 —_ ACmax —_ AHS ATmax (16)
max T Cx Ry ToTma

On the other hand, the primary nucleation ratenJoeaapproximated as a function of the change
in relative supersaturation with time:

~ - (17)
C* At C*AT At (R,T,., T,

g ' max

Jog ACus _ ¢ AC,, AT:f[ AH, Rj

Where the constant f is expressed in nuclei/velum

Substituting InS,, ... from Eqg. (8) in Eq. (7), one obtains:

AH, AT, \"
J]=K (
R,  ToTrmax (18)

Combining Eq. (17) and Eq. (18) yields the followireationship between the dimensionless
maximum temperatur@Tqax/ To @and the cooling rate R:

(1-m)
o _ (S )Vm AH, Im
To  \KT, Ry Tax (19)
. Tmax !
it follows that :  In T =@ —fInTy+ BInR = ¢+ BInR (20)
0

. . - AH

where: d=¢ —-BInT,, [3:i and ¢ -1 Min 2 +iln(f—j
m m RyTmax M (K

Eqg. (20) therefore predicts linear dependencegdrithm ofAT ./ To on the logarithm of R.
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Table.3 shows the calculation procedure for nuidagiarameters estimation using experimental

data obtained in this study and those obtainedamg®al in a previous study.

Classical three-dimensional nucleation theory apprach (3D-CNT approach)
According to the classical nucleation theory, theleation rate J is given by Egs.(6-7):

Combining Egs. (6) and (15) gives:

2 2
J=Aexg-B TmaxR—G To (21)
AHs ) | AT,

Finally, combining Eqg. (17) and Eq. (21), one olsai

2 2
exg B 1mefRe | [ _To :f(AH/ j R 22)
AHs ATm ax R g Tm ax ATO

Taking the logarithm of both sides of Eq. (22):

2
T
(AT:WJ =F,[-InR+ X +InT,] =F - F,InR (23)
AR_T
1( AH X = |n| 229 max
Where, F=F(X+InT,), F==| —>2-| and
l( O) ' B(RngaxJ Lf AHS

2
Eq. (23) predicts thr{[dlo J decreases linearly with increasing InR.

max

F and X are related to B (thermodynamic constamd) & (kinetic constant) of the 3D classical
nucleation theory.

Table.4 shows the calculation procedure for nuidagiarameters estimation using experimental

data obtained in this study and those obtainedamg®al in a previous study.
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Figures Captions

Figure 1: Experimental set up: temperature cordodind well-mixed lab-scale batch crystallizer
equipped with ATR-FTIR and in situ image acquisitfmobes.

Figure 2: 2D images obtained using the in situ imggrobe, “EZ-Probe”: acquisition of the
very first observable crystals in the crystalliaéter the onset of nucleation.

Figure 3: ATR-FTIR Measurements of the solubilityxee of amonium oxalate using methods 1
and 2, and comparison with literature solubilityadéSeidel [28] and Menzel et al.,
[29]).

Figure 4. (a) ATR-FTIR Measurements of solute caireion during batch cooling
crystallization of AO for the cooling rate R= -dT#d30°C/h. (b) Measured
supersaturation profiles for cooling rates R= 30 &rC/h.

Figure 5. Variations of the maximal supercooliXifi,ax(a) and of the maximal supersaturation
Smax(b) with the cooling rate R (The standard deviateoshown by error bars)

Figure 6. (a) Apparent nucleation order and numeatonstant estimated from MSZW date
using Nyvlt’ and Kubota’s methods, (b) slopes américepts estimated from MSZW
data using the “self-consistent” Nyvit's method prsed by Sangwal, (c) and slopes
and intercepts estimated from MSZW data using Saigw8D-CNT” approach.

Figure 7. (a) Experimental relationship betweenitioeiction time of AO crystallization in water
and the cooling rate, R=-dT/dt in °C/h. (b) Logtpdb experimental data according
to Sangwal’'s 3D-CNT approach. Two consecutive rat@@ mechanisms can be
observed.

Figure 8. Pictures of AO crystals obtained in sitier unseeded cooling crystallization (in situ
video acquisition). (a) Cooling rate R=-5°C/h, B3-30°C/h.
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Tables Captions

Table 1. Results from kinetics parameter estimatiging different Nilt - like
nucleation theories Calculations based on a minimum of 3 concentrations

with a 95% confidence levéhote that m=1/[3)

Table 2. Results from kinetics parameter estimatging 3D-CNT nucleation
theory at a 95% confidence level. Calculations dasea minimum of 3

concentrations.
Table.3 Results from kinetics parameter estimaiging self consistentyvlt-like
nucleation theory at a 95% confidence level. Calioohs based on a minimum of

3 concentrations.

Table.4 Results from kinetics parameter estimatging 3D-CNT nucleation

theory at a 95% confidence level.
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