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Miniemulsion polymerization has been extensively studied in the last decade due to its advan-
tages when compared with conventional emulsion polymerization. In this work, monomer
conversion and particle size are monitored during miniemulsion polymerization of styrene
using in-line near-infrared (NIR) spectroscopy and at-line Raman spectroscopy. Gravimetric
analysis and dynamic light scattering have been used as off-line reference measurements.
Good agreement has been found between off-line data and the values predicted by NIR and
Raman spectroscopy for conversion. The values of average particle size are well predicted from
the NIR spectra with the respective calibration model, but the predictions from Raman spectra
present some slight discrepancies for particle size. The results show a decrease of the average

particle size during the initial period of the polymerization,
indicating the occurrence of nucleation mechanisms other
than the classical droplet nucleation. These results indicate
that insightful information can be obtained by monitoring
miniemulsion polymerizations with the use of spectroscopic

techniques.

1. Introduction

The heterogeneous nature of the miniemulsion polym-
erization process involves the use of a smaller amount of
organic solvent when compared with bulk and solution
polymerization, making it more environmentally friendly.
Moreover, the apparent viscosity of the reactor content
in heterogeneous polymerization process is lower, thus
providing a better heat transfer when used in industrial
plants where heat exchange is usually a process limita-
tion. In addition, the environmental laws are more con-
cerned about polymers based on organic solvents and
there is a tendency to substitute solvent-based polymers
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by water-borne latex, increasing the importance of con-
ventional emulsion and miniemulsion polymerization.

In comparison with conventional emulsion poly-
merization processes, miniemulsion polymerization
presents clear advantages because polymerization takes
place inside the monomer droplets, which allows using
monomers and other highly hydrophobic components
in the formulation. Therefore, these components do not
need to diffuse in the aqueous medium as in emulsion
polymerization.*~4

The miniemulsion polymerization process starts with
the preparation of the monomer miniemulsion and,
after that, the addition of an initiator starts the polym-
erization. A standard miniemulsion formulation uses
water as continuous phase, monomer as disperse phase,
surfactant to stabilize the particles droplets, costabi-
lizer to avoid diffusional degradation (Oswald Ripening),
and buffer to stabilize the pH of the medium.[”! Con-
stant particle size, use of costabilizers, use of surfactant
below the critical micellar concentration, and inexist-
ence of mass transport through the aqueous phase are
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Figure 1. a) NIR spectra changes during miniemulsion polymerization, indicating the spectral region with chemical information and the
spectral region with physical information; b) Raman spectra changes during miniemulsion polymerization (horizontal axis: Raman shift,

vertical axis: Raman intensity).s]

the most important characteristics of the miniemulsion
polymerization.[®!

Ideally, miniemulsion polymerization would be domi-
nated by droplet nucleation, so that each initial monomer
droplet would be converted into a polymer particle. How-
ever, some works have reported that the final polymer
particle size distribution may significantly differ from the
initial size distribution of the monomer droplets, with
ratios Dg/Dp (between the initial average droplet size and
final average polymer particle size) lower than 1. This is
clear evidence that other nucleation mechanisms are
taking place. Similar results have been reported in the lit-
erature.”l The monitoring of droplet/particle size during
the miniemulsion polymerization process would allow to
detect and quantify these changes, thus shedding light
on the possible nucleation phenomena that are effective
under these conditions.

Spectroscopic techniques such as NIR (near-infrared)
and Raman spectroscopy have been shown to be
very effective for monitoring different chemical and
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polymerization processes. In special, in heterogeneous
polymerization processes, these techniques can be
useful to simultaneous monitoring different variables,
such as those related to chemical changes in the reac-
tion medium (e.g, monomer conversion) as well as
those related to the physical changes in the particles
(e.g., changes in particle size).B2°! Spectroscopy-based
sensors in combination with optical fibers allow the in-
line measurements and real-time monitoring of poly-
merization processes.[18-29]

For the particular case of heterogeneous polymeriza-
tion reactions, Raman and NIR spectra show two distinct
regions, as identified in Figure 1, where different char-
acteristics can be explored: (a) the spectral region that
permits to identify chemical information related to the
vibrations of the main bonds present in the components
(monomer and polymer) and (b) the spectral region with
physical information, where the spectrum baseline vari-
ation is related to physical properties, such as particle

diameter in this case.
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In this work, the monitoring of miniemulsion poly-
merization of styrene is studied using NIR and Raman
spectroscopy. Runs with different initial concentrations
of surfactant were performed. Monomer conversion
and average particle size are measured off-line by ref-
erence techniques (gravimetry and dynamic light scat-
tering, respectively) and NIR and Raman spectroscopic
techniques were employed for the monitoring of these
variables.

2. Experimental Section

Miniemulsion of styrene in water was prepared using a rotor-
stator system (T25 Ultra Turrax equipped with a S25N-25G dis-
perser element), which provides high shear rate to produce small
monomer droplets, around 300 nm in diameter. Sodium lauryl
sulfate (SLS, Vetec, purity > 90 wt%) was employed as a sur-
factant, hexadecane (HD, Sigma-Aldrich, purity > 99 wt%) and
expanded polystyrene (PE) as costabilizers, potassium persul-
fate initiator (KPS, Synth, > 99 wt%), sodium bicarbonate (Synth,
>99.7%) as a buffering agent, and styrene (Innova, > 99.7 wt%)
as monomer, as shown in Table 1. All reactants were used as
received without further purification.

The prepared miniemulsion was added to a glass reactor
(volume 250 mL), under magnetic stirring (700 rpm), heated up to
70 °C and then the water-soluble initiator (potassium persulfate)
was added to the reactor. This instant was considered to be the
time zero for the polymerization.

The monomer conversion and particle size were monitored
in-line using NIR spectroscopy, with a transflectance probe
immersed in the medium. Samples were periodically taken from
the reactor for the off-line measurements of Raman spectroscopy
(IFS 28/N-FT-Raman FRA106, Bruker), gravimetric analysis for
determination of conversion and dynamic light scattering (N4 Plus,
Coulter Beckman) for determination of average particle size.

2.1. NIR Spectroscopy

The spectral data obtained by NIR spectroscopy were used
to infer both monomer conversion and average particle size
by setting specific calibration models based on partial least

Table 1. Experimental formulations.
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squares (PLS) analysis.%31 The calibration was based on the
off-line data of conversion (measured by gravimetry) and
average particle size (measured by dynamic light scattering,
DLS).

For each variable considered, the data are split in two sets. The
first set was used to fit the PLS calibration model, and the second
one was used to test the model with a data set not used in the
calibration (external validation). During the calibration, cross
validation methodology (internal validation) was employed to
establish the best number of latent variables of the calibration
model 3233

2.2. Raman Spectroscopy

Similarly, the spectral data obtained by Raman spectroscopy
were also used to infer monomer conversion and average particle
size, by employing multivariable linear calibration models based
on PLS.

In addition, the data obtained by Raman spectroscopy
were used to infer directly the monomer conversion without
calibration. The data could be extracted from the spectrum by
identifying a characteristic peak that was directly related to the
reaction course and a characteristic reference peak of a chemical
group or chemical bond that did not change with the reaction.
During the batch styrene polymerization, the monomer double
bonds (C=C) were consumed, while the amount of aromatic ring
remained constant. The Raman spectrum showed a characteristic
peak at 1631 cm™, related to the double bonds, that presented
a decreasing area along the polymerization process due to the
double bond breaking. The C—H aromatic bond present in both
styrene monomer and polystyrene did not change along the
reaction and could be used as an internal reference peak to
normalize the data, thus filtering the noise fluctuations of the
collected spectra.®3? The normalized area was calculated using
the ratio between the area of the double bond peak (at 1631 cm™2)
and the area of the aromatic C-H bond peak (at 1002 cm™), as
indicated in Equation 1

Area _ Area._. _ areaunder the Raman peak at 1631 cm™ (1)
nomalized ™ Area., ~ areaunder the Raman peak at1002 cm™

This procedure was performed for each sample time and then
the conversion at a given time was calculated by comparing the

Components Function Mini_1 [g] Mini_2 [g] Mini_3 [g] Mini_4 [g] Mini_5 [g]
Water Continuous 158.3 153.0 159.1 163.5 158.1
phase

Sodium lauryl sulfate ~ Surfactant 0.86 0.71 0.70 0.57 0.28
Styrene Monomer 36.41 35.56 36.22 36.23 36.59
Hexadecane Costabilizer 1.50 141 1.40 1.40 141
Polystyrene Costabilizer - 0.36 0.44 - -
Potassium persulfate Initiator 0.13 0.11 0.11 0.12 0.17
Sodium bicarbonate Buffer agent 0.03 0.02 0.03 0.03 0.03
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normalized area at this specific instant (t) with that at the initial
time (t = 0), as indicated in Equation 2

Area, o maiied (t)

X Area t=0) @

t) = conversion (at time t) = 1—

Raman ( (
normalized

The above procedure that does not require PLS calibration was
called Raman Direct method.

The other option was the Raman Indirect method, which
was analogous to that above described for NIR spectroscopy. In
this case, the off line measurements were used to adjust a PLS
multilinear calibration model.

2.3. Stability of the Initial Monomer Miniemulsions

The stability of the monomer miniemulsions were evaluated on
Samples 6-11, which were prepared with the same formulation
as Mini 01 described on Table 1 but with no initiator added. The
differences between these samples were the preparation condi-
tions. They were planned according to an experimental design
where stirring rate in the high-shear rotor-stator device (from
12000 to 17000 rpm) and time (from 10 to 20 min) were varied to
produce monomer miniemulsions with different average droplet
sizes.

The stability of the prepared monomer miniemulsions were
also evaluated by monitoring, during 2 h, the particle size by
dynamic light scattering. Also the light back-scattering patterns
of the monomer miniemulsions were evaluated by a Turbiscan
equipment (Turbican Lab from Smart Scientific Analysis
company).

3. Results and Discussion

3.1. Conversion Results

The results presented in Figure 2 show that, in general, the
polymerization was very fast in the first hour of the reac-
tion; after this fast increase, the conversion tends to sta-
bilize after about 2 h. Run Mini 1 presented the highest
conversion and fastest polymerization rate, closely fol-
lowed by Mini 2, Mini_3 and Mini_4. Only the run Mini 5,
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[ Figure 2. Evolution of conversion in the different runs.
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Figure 3. Conversion during run Mini_o3 obtained by different
methods.

performed with lower surfactant concentration, presented
lower polymerization rate.

Figure 3 shows the monomer conversion for Mini_3
obtained by the Raman Indirect Method (with two dif-
ferent spectral pretreatments I and II), Raman Direct
Method without calibration (Equations 1 and 2 using the
selected peak areas) and using gravimetric data (refer-
ence). Spectral pretreatment [ used the first derivative and
pretreatment II used the second derivative, as presented
in Table 2. Treatment II fitted best the reference data.
The results show a good agreement between the Raman
Direct method and the gravimetric data, thus confirming
that this method is adequate for conversion monitoring.

The monomer conversion was also determined in-line
by NIR spectroscopy, using calibration and internal cross-
validation. The runs Mini_02 and Mini_04 were chosen
to adjust the model because they have the minimum and
maximum values for the conversion (although Mini 05
has the minimum conversion, this reaction was not used
as reference because these data presented large oscilla-
tions). Therefore, the calibration model can represent a
wider range of data. Before the model calibration, some
spectral ranges were tested and selected those corre-
sponding to the decrease of the monomer concentration.

The best internal cross-validation result in terms of
coefficient of determination (R?) was 0.96 and root-mean-
square error of estimation (RMSEE) was obtained for the
first overtone spectral region (5700 to 6200 cm ™) with four
principal components. The external validation R? was
0.84 and the root-mean-square error of cross validation
(RMSECV) was 0.11. Figure 4 shows the external valida-
tion of the NIR calibration model for Mini 01 and Mini 03.

3.2. Diameter Results

The experimental data presented in Figure 5 show a strong
decrease of the average particle diameter along the first
20 min of the reaction time; then, the particle diameter
remained almost constant until the end of the reaction.
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Table 2. Pretreatments used for Raman model calibration of conversion.

Identification Model calibration Pretreatment Spectral range Raman shift
[em™]
Treatment I Conversion First derivative + smoothing 150-400
(Sativsky-Golay filter)
Treatment II Conversion Second derivative 150-400

This period of fast diameter decrease in Figure 5 corre-
sponds to the period of fast conversion increase in Figure 2.

The large surface area (due to the small droplet size)
results in most of the surfactant being adsorbed by the
monomer droplets. The decrease in particle diameter
suggests the coexistence of another nucleation mecha-
nism together with the predominant droplet nucleation,
despite the use of surfactant concentration below its
nominal critical micellar concentration. Under this condi-
tion, little free surfactant is supposed to be still available
either to form micelles or to stabilize the polymer formed
in the aqueous phase (homogeneous nucleation). The pos-
sible mechanisms coexisting with the droplet nucleation
are micellar nucleation, homogeneous nucleation and,
maybe, some limited emulsion destabilization.[*4

Figure 5 shows the average particle size diameter during
run Mini 3 measured using DLS. This measurement
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Figure 4. External validation of the NIR calibration model and com-
parison with gravimetric conversion for runs Mini 01 and Mini 03.

ADVANCED

represents the diameter used as a reference for the sam-
ples analyzed (Mini 01 to Mini_05). Mini_01 shows the
smallest diameter because it uses the highest surfactant
concentration as indicated in Table 1. For miniemulsion
and conventional emulsion polymerization, the particle
diameter is inversely proportional to the surfactant con-
centration; the more surfactant, the smaller the particle
diameter.

Figure 6 shows the calculated diameter obtained by
Raman spectra and the PCA calibration model, with
internal crossvalidation and external validation. This
figure compares four different pretreatments used to
obtain the best-fit model for the reference data. The dif-
ferent pretreatments and spectral range used are pre-
sented in Table 3. These pretreatments are based on
first or second derivatives of the spectra and spectral
smoothing. When compared with the dynamic light
scattering reference data, the best fit was obtained with
the pretreatments V and IV that used the full range
(0-4000 cm™) of the Raman spectra.

The model calibration to correlate the particle size
with the NIR spectra was based on the data of two experi-
ments, Mini 1 and Mini 5. These experiments were
selected to cover a wide range of diameters (100-850 nm).
Two different spectral ranges were evaluated and the
final calibration model was based on the spectral range
7590-11 700 cm2. It is important to emphasize that no
spectrum pretreatments were used in the NIR calibration
model for particle size. This resulted in an internal valida-
tion with 2.35 for RMSEE and 0.99 for R? and an external
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Figure 5. Average particle size measured off-line by dynamic light
scattering, for different runs.
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Figure 6. Average particle size obtained by off-line monitoring
using Raman Spectroscopy and principal component analysis.
Effect of different spectral pre-treatment and comparison with
reference measurements with DLS.

validation with 28.4 for RMSECV and 0.86 for R? for a
model with six principal components.

The comparison between the values of particle size
measured off-line by DLS and those monitored in-line by
NIR and the respective calibration model, for run Mini 03
not used in the calibration step (external validation) is
presented in Figure 7. The NIR model estimations agreed
satisfactorily with Dp data determined by DLS. The in-line
monitoring by NIR spectroscopy correctly demonstrated
the timing of the strong initial decrease of particle size
observed for the Mini_03 reaction at around 40 min. The
timing of this change in particle size also agrees with the
sharp increase in reaction rate (see Figure 2). This result
indicates that another particle nucleation mechanism,
besides the desired droplet nucleation, took place.

3.3. Comparison between In-Line and Off-Line Methods

Most of the methods here employed to monitor the polym-
erization reactions were effective and able to satisfactorily
estimate the monomer conversion and particle diameter
trends. Figure 8 compares the monitored conversion for
Mini_03 measured by the Raman direct method and by
NIR spectroscopy with the reference gravimetric data.°!

P.M.N. Ambrogi et al.
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Figure 7. Average particle size: comparison between reference
measurements by dynamic light scattering with monitoring
using NIR Spectroscopy calibration model during run Mini_o3
of miniemulsion polymerization of styrene (external validation,
data not used in the calibration model).

Figure 9 compares the particle size measure for Mini 03
using the Raman method, NIR spectroscopy and the refer-
ence dynamic light scattering.

Particle diameter and monomer conversion were effec-
tively monitored and the main trend of these variables
was satisfactorily followed; however, for longer reaction
times, the particle diameter estimated by the Raman
indirect method did not agree well with the reference
data measured by DLS. Moreover, there were not enough
experimental data to finally validate this lack of fit.

3.4. Stability Results

Figure 5 shows a large variation of particle size along the
reaction time, in special during the first period of reac-
tion that corresponds to the main course of the polym-
erization process. All the experiments of this study were
prepared using a high shear rate rotor-stator device to
produce small monomer droplets, use of co-stabilizer,
and use of surfactant below its nominal critical micellar
concentration. Therefore, under these conditions, droplet
nucleation would be the only mechanism for production of
polymer particles, thus the particle size would be expected

Table 3. Pretreatments used for Raman model calibration of particle size.

Identification Model calibration Pretreatment Spectral range Raman shift
[em™]
Treatment III Diameter First derivative + smoothing 150-400
(Sativsky-Golay filter)
Treatment IV Diameter Second derivative 150-400
Treatment V Diameter Second derivative 0-4000
Treatment VI Diameter First derivative + smoothing 0—-4000

(Sativsky-Golay filter)

Macromol. React. Eng. 2017, 11, 1600013
© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

5U80 |7 SUOLLIOD BATERID) 3 |qeatdde aU) Aq PoLBAOB B2 SaoILE WO 85N J0'S3INI 10} AXei 1T BUIIUD AB]IAM UO (ST IPUGD-PUE-SULBY LD B | AJeJc]1[pUIIUO//SANY) SUONIPUOD P S 1 8U) 95 [7Z02/80/G0] Uo A1q1T8UIluO 311 ‘12218 - Ofed 08S 10 Alun Aq ET0009TOZ USI/Z00T OT/10P/WI0D"AB] 1M AIeIq 16U |U0//-STy WoJy popeo|umod ‘f ‘2 TE ‘BEE8Z98T



Miniemulsion Polymerization Monitoring Using Off-Line Raman Spectroscopy and In-Line NIR Spectroscopy

100 =
L 8or 4 1
c [
.g 60 I 1
5 [ F
g 400§ ]
8 [ * + Off-line: Gravimetry
20 X Off-line: Raman areas -
It In-line: NIR
X
0 e b v b b b by

0 50 100 150 200 250 300
Time (min)
Figure 8. Comparison of conversion measured by gravimetry, by
Raman direct method (without calibration) and by NIR spectra

and calibration model, for run Mini_o3 (miniemulsion polymeri-
zation of styrene).

to remain stable and constant along the reaction time,
and equal to the initial droplet diameter. However, this
behavior was not observed; instead, a strong decrease in
particle size was observed in all polymerization runs. In
order to understand and to analyze the real cause of the
particle size variation, the following probable hypotheses
were (i) instability of the initial monomer droplets of the
miniemulsion, (ii) occurrence of homogeneous nuclea-
tion, and (iii) occurrence of micellar nucleation. The sta-
bility of the monomeric miniemulsion was experimentally
verified by additional stability tests performed after the
miniemulsion preparation and before the polymeriza-
tion process. DLS (using Coulter equipment) and Multiple
Light Scattering (MLS, using Turbiscan equipment) were
employed for monitoring the monomeric miniemulsion
stability during 2 h after the homogenization process.
Figure 10 presents the results for the average droplet size,
measured by DLS, of the miniemulsions; no important par-
ticle size variation occurred along the evaluation period
of 2 h. Figures 11-13 present the results of the changes in
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Figure 9. Comparison of particle size measured by dynamic light
scattering (Coulter), by Raman spectra and calibration model, and

by NIR spectra and calibration model, for run Mini_o3 (miniemul-
sion polymerization of styrene).
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Figure1o. Averagedroplet size along time after the homogenization
process and before the start of the miniemulsion polymerization.

the vertical profile of the back scattered light (MLS) meas-
ured in Turbiscan equipment; again no significant delta
backscattering variations were observed, confirming that
the monomer miniemulsion remained stable along these
2 h of observation. Therefore, the hypothesis (i) can be
disregarded.

The measurements of particle size distribution (see
Figures 12 and 13) revealed that the average particle size
of the polymer particles were about 10-fold (i.e., one order
of magnitude) smaller than those of the corresponding
average size of the initial monomer droplets. The particle
size distribution was measured by DLS at the beginning
of the reaction and after a time range. Each sample was
analyzed in duplicate (indices 1/2, 2/2 were used), trip-
licate (indices 1/3, 2/3, and 3/3 were used) or quadrupli-
cate (indices 1/4, 2/4, %, and 4/4 were used) and only one
sample had just a single measurement (index 1/1 was
used). This strong shift of the distribution toward smaller
particles is evidence that the nucleation of smaller par-
ticles occurred. This can be attributed to either micellar
or homogeneous nucleation. Our experiments were car-
ried out using low emulsifier concentrations (from 15 to
5 mmol L) that are in the range of critical micelle con-
centration (CMC) of sodium lauryl sulfate (7 mmol L?)
reported in the literature. A fraction of surfactant is
adsorbed by the monomers droplets leading to free sur-
factant on aqueous phase below CMC, making weak the
hypothesis (iii) of micellar nucleation. The remaining
hypothesis (ii) is that homogeneous nucleation coexists
with droplets nucleation at the beginning of the poly-
merization process.

The presence of small particles formed by oligomer
precipitation due to its low solubility in water (homog-
enous nucleation) would form only particles up to four
monomers because j; is equal to 5.3¢! The oligomer size
was considered to have the same diameter as a micelle.
For the case studied, the surfactant used was sodium
lauryl sulfate, whose micelle characteristic radius is
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Figure 11. Samples of delta backscattering after 2 h of homogeni-
zation process and before the start of the miniemulsion polym-
erization: a) full profile; b) amplification of the region o—10 mm;
) amplification of the region 42-50 mm.

2.6 nm.I?”] However, the particles would have diameters
of about 1 nm. Hence, considering that the hypothesis
of homogeneous nucleation is true, the initial particle
size distribution of Mini_02 in Figure 12 and of Mini_03
in Figure 13 should present particle diameter reduction
when compared with the final particle size. Observing

P.M.N. Ambrogi et al.
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Figure 12. Particle diameter distribution for Mini_o2.

Figures 12 and 13, we can identify particles with size of
1 nm at the beginning of the process, demonstrating the
existence of nucleation of smaller particles. However,
this range is almost out the reliable range of analytical
instrument used. So, unfortunately, the measurements
in Figures 12 and 13 are not enough to clear distinguish
between homogenous and micellar nucleation, so we
cannot be conclusive on what is the mechanism of nucle-
ation of smaller particles that is operative under these
conditions. More specific experiments should be devised
in future efforts to clarify these phenomena.

4. Conclusions

The aim of this work was to evaluate monomer conversion
and particle diameter using off-line Raman spectroscopy
and in-line NIR spectroscopy monitoring. The method-
ologies analyzed presented suitable results and were rea-
sonably well fit to the experimental data measured by
reference methods.

This study validated the methods proposed for moni-
toring conversion and also compared the methodologies
evaluated, identifying NIR spectroscopy as an effective
method for real-time, in-line, in-situ monitoring simul-
taneously monomer conversion and particle size, not
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Figure 13. Particle diameter distribution for Mini_o3.
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requiring sample preparation, supplying information
with no time delay and at shorter intervals, preventing
the loss of process information.

Moreover, exploiting the experimental results, an
attempt to explain the strong reduction of the polymer
particle size vis-a-vis the initial monomer droplet size
observed during the miniemulsion polymerization,
three potential hypotheses were analyzed: (i) instability
of the miniemulsion monomer droplets, (ii) homo-
geneous nucleation, and (iii) micellar nucleation.
The results showed that homogenous nucleation and
micellar nucleation can possibly co-exist with the drop-
lets nucleation at the beginning of the reaction time.
In-line, real-time measurements are of fundamental
importance to follow the rapid changes that take place
in the process.

It is shown that the use of the spectroscopic monitoring
techniques allows the real-time measurements of these
variables, which can be insightful to see quick changes
that, otherwise, would be difficult to identify by more
infrequent sampling and off-line measurements. In par-
ticular, we observe significant changes in size from the
initial droplets to the final polymer particles, an indica-
tion that nucleation mechanisms other from the classical
droplet nucleation may take place.
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