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Monitoring of Emulsion Polymerization in the Presence of
Ionic Liquids Using NIR Spectroscopy

Leila Medeiros Santos, Claudio Dariva, Caroline Martins Masso, Montserrat Fortuny,
and Alexandre Ferreira Santos*

Much effort has been done toward the development of new emulsifiers able to
improve the latex stability. In this sense, ionic liquids based on imidazolium
constitute a new category of stabilizer in study. Moreover, the near infrared
(NIR) spectroscopy has been extensively investigated as a tool to follow the
properties of polymerization reactions. In this study different ionic liquids are
investigated as emulsifiers during the emulsion homopolymerization of the
styrene and methyl methacrylate. A quantitative analysis method is developed
to determine the properties of latex based on the joint use of the NIR spectra
and partial least squares regression (PLS). Kinetic results indicate that the
latex properties are greatly influenced by the type of ionic liquid. The current
work shows that the NIR spectrophotometer can be successfully used for
monitoring of the latex properties, enabling to track the polymerization
dynamics even in the presence of ionic liquids.

1. Introduction

The emulsion polymerization process is an important route to
produce synthetic latex in industrial scale. Compared to other
polymerization processes, it has a number of competitive advan-
tages such as low viscosity of the latex, high molecular weights,
and high rates of reaction. The latex can be used in specific appli-
cation, without the need of the additional steps to the separation
of the polymer.[1] Despite that, the emulsion polymerization tech-
nique presents difficulties to control and monitor the properties
of the systems, due to the multiphase character of the polymer
and the complexity of the mechanisms involved. In this sense, it
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is essential to use process monitoring tools
to obtain information on the evolution of la-
tex properties.

Due to its versatility and speed in the
prediction of properties in process streams,
the NIR (near infrared) spectrophotometer
consists in a valuable tool for the study
of the reaction dynamics.

[2,3] Through spe-
cific spectral data handling and instru-
ment calibration procedures, it is possi-
ble to efficiently correlate the properties
of interest with the NIR spectra, thus al-
lowing inference and process control. As
a consequence, the NIR technique is be-
ing used successfully in real time moni-
toring of properties in a number of poly-
merization systems.[2–10] It should be high-
lighted that one of the pioneering works fo-
cused on the use of a NIR sensor for in-line

monitoring of heterogeneous polymerization reaction was car-
ried out by the Prof. José Carlos Pinto’s group in the late 1990s,[4]

showing that the NIR device could be used to track the average
particle size of the polystyrene beads produced during the sus-
pension polymerization. Since then, a lot of activity has been
developed concerning the use of NIR spectroscopy for online
evaluation of properties of polymers.[2] However, the develop-
ment of strategies for the monitoring of the polymerization in
emulsion has some critical aspects, such as, in the production of
new polymeric formulations that are stabilized with ionic liquids.
Ionic liquids (ILs) are organic salts having melt temperatures be-
low 100 °C. They have specific properties including low vapor
pressure and high ionic conductivity besides of presenting am-
phiphilic character.[11–13] Their chemical structure allows many
combinations between anions and cations, making possible the
production of compounds with varying structures and properties
for specific applications.[14] On the other hand, the ionic liquids
also work as emulsifiers, being able to reduce the surface tension
of aqueous solutions and to aggregate in the form of micelles.[13]

However, there are few studies in the literature considering the
use of ILs as stabilizing agents for this type of polymerization.
The polymerization in microemulsion of the methyl methacry-
late was investigated by YAN and TEXT.[15] They used the ionic
liquid: bromide 1-dodecyl-3-methylimidazolium for obtaining of
monodisperse nanoparticles with diameter of 50 nm.

According to Pahovnik et al.[16] the type of ionic liquid used has
crucial effect on the polyaniline polymerization (PANIS), influ-
encing in the morphology and properties of the latex. The ionic
liquid used was chloride 1-butyl-3-methylimidazolium ([bmim]
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Table 1. Experimental conditions of the runs of STY and MMA in emulsion.

Reaction x CMC Reaction x CMC Reaction x CMC Reaction x CMC

STY-DTAB1 0.5 STY-IL1/6 1 STY-IL2/9 2 STY-IL3/11 3

STY-DTAB2 1 STY-IL1/7 2 STY-IL2/10 4 STY-IL3/12 4

STY-DTAB3 2 STY-IL1/8 2.5 STY-IL3/13 5

STY-DTAB4 2.5

MMA-IL1/14 1 MMA-IL2/18 0.5 MMA-IL3/22 2.5

MMA-IL1/15 1.5 MMA-IL2/19 1 MMA-IL3/23 3

MMA-IL1/16 2 MMA-IL2/20 2 MMA-IL3/24 4

MMA-IL1/17 2.5 MMA-IL2/21 2.5 MMA-IL3/25 4

MMA-IL3/26 5

STY or MMA—20 (wt% per total). V50 (STY)—1 (wt% per total); V50 (MMA)—0.2
(wt% per total).

Cl) as additive in the reaction. The authors observed that the IL
influences in the structural morphology of the polymer gener-
ated.

In this context, Calheiro et al.[17] studied the influence of two
different ionic liquids (1-methyl-3-butyl imidazolium tetraflu-
orate ([bmim] BF4) and 1-(11-carboxyundecyl)-3- methylimida-
zolium bromide ([mim]C10COOH.Br)) in the formation of the
particle size in the polyaniline polymerization. The samples were
characterized by the dynamic light scattering (DLS), scanning
electronic microscopy (FEG-SEM), and UV–vis were used to de-
termine the structure of the conducting polymer. The ionic liq-
uids presented different values of conductivity and a good dis-
persibility in the medium reaction.

Because the studies on emulsion polymerization using ionic
liquids as emulsifiers are still scarce and due to the lack of reli-
able sensors to monitor the latex properties, the objective of this
work is to apply a near-infrared spectrophotometer in the moni-
toring of the latex properties (conversion, particle diameter, num-
ber, and superficial area of particles) in real-time using ionic liq-
uids as emulsifier.

2. Experimental Section

2.1. Material and Procedures

Polymerization runs were performed using methyl methacrylate
(MMA) and styrene (STY) as monomer (>99%), the cationic ini-
tiator dihydrochloride 2,2’-azobis (2-metilpropionamidina) (V50,
>98%) and the conventional cationic emulsifier dodecyltrimethy-
lammonium bromide (DTAB, >99%). All reagents were obtained
from Sigma-Aldrich and used as received. Distilled water was the
continuous phase for all experiments. Experimental conditions
are summarized in Table 1. Note that each polymerization run is
coded using the monomer-surfactant-run number (for the spe-
cial case of ILs, a slash was added to separate IL code from the
run number).

The conventional cationic emulsifier (DTAB) was compared
with a set of ionic liquids to identify which of them provided
better latex stability during polymerization runs. The follow-
ing ionic liquids were employed as emulsifiers: 1-Dodecyl-3-
Methylimidazolium chloride—[C12mim]Cl (IL1), 1-Hexadecyl-3-
Methylimidazolium chloride—[C16mim]Cl (IL2) and 1-Dodecyl-

3-methylimidazolium tetrafluoroborate—[C12mim]BF4 (IL3). All
ILs were purchased from Ionic Liquids Technologies (Iolitec)
with a purity of 99% and used as received. The experiments were
performed with different concentrations of emulsifiers, consid-
ering multiples of the critical micelle concentration (CMC). The
CMC values were determined by conductimetric titrations (S70
SevenMulti, Mettler-Toledo) in accordance with the methodology
described elsewhere [18] and confronted with literature data.[19–22]

The concentration of the initiator V50 was different for each
monomer used, because one of them is hydrophobic (STY) and
the other is hydrophilic (MMA).

2.2. Polymerization Reactions

Initially, the deionized water, the emulsifier and the monomer
(STY or MMA) were added into the reactor, stirred at 300 rpm and
heated up to 70 °C. The reaction unit was comprised by a jacketed
glass tank reactor of 1 L. The reactor lid has five entries for the
insertion of the NIR probe, the agitation axis, the nitrogen inlet
together with a thermocouple (type J), a condenser, and one inlet
for the addition of reagents. At the bottom of the reactor there
is an outlet that allows the collection of samples along the poly-
merization run. During the reaction the nitrogen was purged to
remove oxygen. In regular intervals the samples were withdrawn
and added into small flasks containing 5 drops of the aqueous
hydroquinone solution (1 wt%) and immersed in an ice bath to
completely stop the reaction. NIR spectra were collected regularly
throughout each reaction run.

2.3. Characterization

The samples collected during each reaction run were sent for
characterization to follow a number of latex properties includ-
ing monomer conversion, the average particle size, number and
surface area of the latex particles. These results were applied in
the development of calibration models of the near infrared spec-
trophotometer.

The conversion (X) was determined by gravimetric analysis.
The average diameters of the polymer particles (Dp) were mea-
sured using the dynamic light scattering (Zetasizer Nano S—
Malvern), after the dilution of the latex samples to 1:30 in distilled
water. The number of particles per liter of latex (Np) was calcu-
lated based on the values of conversion, diameter of particles and
density of the polymer (obtained from BRANDRUP et al.[23] be-
ing 𝜌PMMA = 1.18 g cm−3 and 𝜌PSTY = 1.04 g cm−3). In a similar
fashion, the superficial area of the latex particles (Ap) was calcu-
lated on the basis of the values of Dp and Np.

All polymerization runs were carried out using an in-line spec-
trophotometer with Fourier-Transform (ABB Bomem FTLA2000-
160). A bundle of optic fibers with ≈5 m connected the equip-
ment to the transflectance probe (Solvias model Flex) that was
immersed in the mixture. The spectral range of interest for cal-
ibration purposes was between 780 (12 820 cm−1) and 2500 nm
(4000 cm−1). The spectra collected consisted of the average of 16
scans requiring a total time of 25 s for each collect, therewith, the
spectra were collected each 2 min. The GRAMS Chemometrics
software was used to collect spectra and the PLSPlus/IQ module
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Figure 1. Evolution of A) particle size and B) conversion with time in STY reactions with different emulsifiers. The numbers in the plots refer to the
multiples of CMC in accordance with Table 1.

Table 2. CMC values determined experimentally and obtained from litera-
ture measured at room temperature.

Compound CMC mm
(experimental)

CMC mm (literature)

DTAB 18.8 12.6[14,20] to 13[19]

C12mimCl (or IL1) 13.9 13.17[21] to 16.7[14]

C16mimCl (or IL2) 0.89 0.86[22]

C12mimBF4 (or IL3) 7.4 7.6[22]

was applied to correlate the properties of interest during Calibra-
tion and Validation stages.

3. Results and Discussions

3.1. CMC Determination via Conductimetric Titrations

Table 2 summarizes the CMC values obtained for DTAB and the
different ionic liquids investigated on the current work. Our val-
ues reported here for the ionic liquids are in very good agreement
with the literature data. Concerning the CMC of DTAB, the differ-
ence observed probably is linked to both the purity of the DTAB
employed and to the technique applied for CMC characterization,
since most of the literature data comes from tensiometry.

3.2. Emulsion Polymerization of Styrene

The effect of the type and concentration of emulsifier on the par-
ticle diameter and styrene conversion can be viewed in Figure 1.
Both DTAB and IL1 were able to provide stable nanoparticles and
high conversions. Moreover, the increase of the concentration of
these compounds beyond the corresponding CMC value yielded
lower particle sizes and accelerated the reaction rate. However,
polymerization runs using IL3 produced big nanoparticles and
low reaction rates even when employing four or five times the
CMC. On the other hand, experiments involving IL2 were un-
stable, produced low conversion and are not shown here. Finally,
these profiles shown in Figure 1 indicate that both DTAB and IL1
allow the particle formation by micellar nucleation.

The spectra were collected in regular intervals since the load-
ing of the reactor until the end of the polymerization run. The

beginning of the reaction (0 min) consists in the moment of the
addition of the initiator (V50). Figure 2 presents the spectra col-
lected during the reactions STY-IL1/8 and STY-IL2/10.

In the beginning of the polymerization runs, the spectral
curves are positioned at high absorbances in all wavenumbers
and decrease along the reaction due to monomer consumption
and conversion into polymer with consequent disappearance of
the monomer droplets. According to Vieira et al.,[24] the light scat-
tering caused by the monomer droplets in the near infrared range
shows that the NIR equipment is a proper instrument for the de-
tection of monomer droplets in the latex. Chicoma et al.[6] also
observed that the nucleation and the growth of the polymer par-
ticles can generate a displacement of the spectral baseline in the
NIR region. Still in Figure 2A, one may observe that the spectra
became overlapped with time, which indicates that the reaction
stopped, so causing no change in the spectra.

It was observed in Figure 2B that the spectra became similar
to the spectra of the pure styrene after 4 min of reaction, allowing
to conclude that this ionic liquid ([C16mim]Cl) presents difficul-
ties of micellization and stabilization in presence of styrene, not
being, therefore recommended as emulsifier to styrene polymer-
ization in emulsion. Conversely, in the work of Guerrero-Sanchez
et al.[25] this ionic liquid was used with success in the suspension
polymerization of styrene.

3.3. NIR Calibration Models and Validation in the Styrene
Polymerization

The calibration data set was built based on the experimental data
of the runs STY-DTAB1, STY-DTAB3, STY-DTAB4, STY-IL1/6,
STY-IL1/7, STY-IL3/11, and STY-IL3/13. On the other hand, the
experimental data originated from runs STY-DTAB2, STY-IL1/8
and STY-IL3/12 constituted the validation data set.

The spectral region selected was from 4500 to 7500 cm−1, be-
cause it presented suited correlation with the different proper-
ties of the latex tested in this work. Broadening the spectral re-
gion did not bring relevant benefits to the model, differently
from the study of Chicoma et al.[6] who used the region of 9500–
13 000 cm−1 to determine the final composition, conversion, Np
and Ap of the latex.

The features of the calibration model of each latex property can
be observed in Table 3. These models were built considering raw
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Figure 2. A) NIR spectra collected during the STY-IL1/8 and B) NIR spectra collected during STY-IL2/10 polymerization reaction.

Table 3. Results of calibration of the NIR using experiments: STY-DTAB1,
STY-DTAB3, STY-DTAB4, STY-IL1/6, STY-IL1/7, STY-IL3/11, STY-IL3/13.

Properties Correlation (R2) Factors MT calibration

Dp [nm] 0.954 11 Raw

Conversion [%] 0.945 10 Raw

Np [Particles L−1] 0.923 11 Raw

Ap [cm2] 0.922 10 Raw

MT—Mathematical treatment.

spectra or preprocessed spectra. The mathematical treatments
employed in these preprocessed spectra were the first deriva-
tive or second derivative. The number of factors stands for the
number of principal components which ultimately represent lin-
ear combinations developed by the partial least squares (PLS)
algorithm to describe the spectral data. The method of cross-
validation is useful to establish the optimum number of PLS fac-
tors. Moreover, it serves to identify spurious samples that should
be removed from the calibration data set.[6,26]

From Table 3 one can conclude that the NIR spectra can be
properly correlated with all properties studied. A set of inde-
pendent experiments (STY-DTAB2, STY-IL1/8 and STY-IL3/12)
was used to validate the calibration models. Table 4 summarizes
the standard error of prediction (SEP) of the different models,
demonstrating that the experiments with DTAB and IL1 had good
correlation, probably because they have similar chemical struc-
ture and micellization behavior. On the other hand, the NIR mod-
els exhibited some difficulties in predicting the properties for
those tests involving IL3. This seems to be linked to the specific
behavior of the IL3 in the aqueous solution. Note that the IL3
is more hydrophobic than IL1 and DTAB due to its larger anion
BF4[22] which may impact the micellization, the monomer con-
sumption dynamics and the particle size evolution. Better predic-
tions for IL3 runs were obtained when using spectra treated with
the 2nd derivative. This reflects the importance of removing the
baseline displacement generally associated to the light scattering
of micro sized droplets,[2] which reinforces the hypothesis that
the IL3 runs were markedly affected by the monomer droplets
existing throughout the reaction.

Figure 3 exhibits the model validation results during the mon-
itoring of the properties. The results show satisfactory agreement

between the predicted values and the experimental data. For the
purpose of Dp monitoring, the NIR model predictions agreed sat-
isfactorily with the experimental Dp data determined by dynamic
light scattering.

The data in Figure 3 show an apparent correlation in the pro-
files of the 4 properties and also in the predictions calculated via
NIR models. Considering that all properties were modeled from
the same spectral range (from 4500 to 7500 cm−1) and that some
correlation between properties exists, it is not surprising that the
models have similar performances as shown in Tables 3 and 4.

The polymerization runs involving DTAB, a classic emulsifier,
enabled us to obtain latexes with very different properties, by sim-
ply changing the DTAB concentration on the basis of its CMC
value. This point is particularly useful for calibration purposes,
for which a wide range of latex properties is required.

Based on the experimental profiles of Dp, conversion and Np
seen previously, it is possible to affirm that the styrene poly-
merization in presence of [C12mim]Cl (IL1) follow the mecha-
nism of classic micellar nucleation which is similar to the behav-
ior of DTAB. As a consequence, the increasing of concentration
of [C12mim]Cl in aqueous phase results in a spontaneous self-
aggregation process, leading to the formation of micelles, as it
occurs with a classic emulsifier.[27–29]

It was verified that the ionic liquid [C12mim]BF4 (IL3) has
some particularities because it yielded low reaction rates and little
changes of particle diameter, making difficult the generation of
useful dataset for calibration and validation purposes. This issue
was observed in the validation of the experiment STY-IL3/12 for
Dp and Np, mainly in the reaction beginning. The others proper-
ties resulted in proper correlations. For a better understanding of
the mechanism of this ionic liquid, the reaction kinetic was inves-
tigated for the methyl methacrylate (MMA) monomer. Polymer-
ization runs with different emulsifier concentration were per-
formed to identify the type of nucleation that is predominant (mi-
cellar or monomer droplets).

3.4. On-Line Monitoring During the Emulsion Polymerization of
the Methyl Methacrylate

The series with styrene served as a reference to the on-line mon-
itoring of the MMA emulsion polymerization in the presence of
ILs. The experimental condition used consists of reproducing the
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Table 4. Validation and standard error of prediction for the experiments STY-DTAB2, STY-IL1/8, and STY-IL3/12.

Propriedade SEP: STY-DTAB2 MT: STY-DTAB2 SEP: STY-IL1/8 MT: STY-IL1/8 SEP: STY-IL3/12 MT: STY-IL3/12

Dp [nm] 4.69 Raw 15.48 Raw 123.26 2nd Deriv

Conversion [%] 14.24 Raw 11.85 Raw 17.98 2nd Deriv

Np [Particles L−1] 2.54E + 17 Raw 2.64E + 17 Raw 4.32E + 17 2nd Deriv

Ap [cm2] 1.79E + 07 Raw 1.97E + 07 Raw 3.22E + 07 2nd Deriv

Figure 3. Monitoring of the latex properties for the experiments STY-DTAB2, STY-IL1/8 and STY-IL3/12: Validation results for A) Particle diameter (Dp),
B) Conversion, C) Particle number (Np), and D) Surface area (Ap).

Table 5. Experimental conditions to MMA.

Reaction x CMC Reaction x CMC Reaction x CMC

MMA-IL1/14 1 MMA-IL2/18 0.5 MMA-IL3/22 2.5

MMA-IL1/15 1.5 MMA-IL2/19 1 MMA-IL3/23 3

MMA-IL1/16 2 MMA-IL2/20 2 MMA-IL3/24 4

MMA-IL1/17 2.5 MMA-IL2/21 2.5 MMA-IL3/25 4

MMA-IL3/26 5

MMA—20 (wt% per total); V50—0.2 (wt% per total).

experiments that involved proper correlations between the prop-
erties of interest and NIR spectra. During the tests many spectra
were collected making possible to better follow the whole reac-
tion. Latex samples were collected regularly and correlated with
the respective spectrum.

In Table 5 it is observed the experimental conditions of the test
with monomer MMA and Figure 4 shows the evolution of the

particle diameter (A) and conversion (B) for experiments previ-
ously selected that represent the experimental condition for each
IL tested.

In general, the particle diameter increases along the reaction
until the monomer droplets are consumed. It has been long rec-
ognized that the micellar nucleation mechanism is the predom-
inant nucleation phenomena that occurs in the emulsion poly-
merization of hydrophobic monomers like styrene. For slightly
water-soluble monomers such as MMA, there is also the possi-
bility of producing polymer particles in the absence of micelles
by homogeneous nucleation.[1]

In this context, Figure 5 exhibits the spectra collected along an
MMA polymerization run, including the reactor loading stage up
to the end of the polymerization run. Initially, the spectral curves
involve high absorbance values in all wavenumbers and decrease
along the time under the influence of monomer consumption,
indicating the end of the reaction.

According to Vieira et al.[24] the first significant spectral change
occurs due to the consumption dynamics of the MMA droplets
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Figure 4. Evolution of A) particle size and B) conversion with time at reactions MMA with different emulsifiers.

Figure 5. NIR spectra collected during the MMA-IL1/15 polymerization reaction.

in the middle of the reaction. The authors claim that the peaks
observed in the second derivative spectra of the latex samples
are linked to the appearance and disappearance of monomer
droplets, making the instrument an interesting tool to follow the
saturation of the polymer latex and the generation of monomer
droplets. This aspect described by the authors is also observed
in Figure 5 during MMA polymerization in the presence of
IL1. Note that the characteristic peaks of MMA disappear after
4.3 min, which corresponds to ≈40% conversion (MMA-IL1/15).
Because the NIR spectra respond to the dynamics the major con-
stituents of the emulsion, it has been possible to combine NIR
spectrophotometers and PLS calibration models to estimate un-
measured variables that feed process models for composition
control purposes during semi-continuous emulsion polymeriza-
tion operations.[2]

3.5. Calibration and Validation for MMA Runs

The selected experiments for the NIR calibration were: MMA-
IL1/14, MMA-IL1/16, MMA-IL1/17 for IL1; MMA-IL2/18, MMA-
IL2/20, and MMA-IL2/21 for IL2 and MMA-IL3/22, MMA-
IL3/24, MMA-IL3/25 for IL3. The remaining experiments were
employed in the validation stage. Each ionic liquid was calibrated

Table 6. Calibration results of the NIR using experiments: MMA-IL1/14,
MMA-IL1/16, MMA-IL1/17; MMA-IL2/18, MMA-IL2/20, MMA-IL2/21;
MMA-IL3/22, MMA-IL3/24, MMA-IL3/25 separately by ionic liquid.

Calibration models

MMA-IL1/14 MMA-IL2/18 MMA-IL3/22

MMA-IL1/16 MMA-IL2/20 MMA-IL3/24

MMA-IL1/17 MMA-IL2/21 MMA-IL3/25

Properties R2 FT MT R2 FT MT R2 FT MT

Dp [nm] 0.879 8 Raw 0.926 6 Raw 0.971 6 1st Deriv

Conversion [%] 0.967 6 2nd Deriv 0.929 5 Raw 0.976 6 1st Deriv

Np [Particles L−1] 0.904 7 Raw 0.649 7 Raw 0.874 6 1st Deriv

Ap [cm2] 0.903 5 Raw 0.944 7 Raw 0.971 7 1st Deriv

R2—Correlation, FT—Factors, MT—Mathematical treatment.

with its specific group. This strategy was applied because the
MMA dynamics and its interaction with the different emulsifiers
tend to be more complex than in the case of styrene, making diffi-
cult to build a general model gathering data from different runs,
type of emulsifiers concentration. Table 6 summarizes the fea-
tures of the calibration model for the different properties.
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Table 7. Validation and standard error of prediction for the experiments: MMA-IL1/15, MMA-IL2/19, MMA-IL3/23, MMA-IL3/26.

Validation models

MMA-IL1/15 MMA-IL2/19 MMA-IL3/23 MMA-IL3/26

Properties SEP MT SEP MT SEP MT SEP MT

Dp [nm] 26.8 2nd Deriv 23.6 1st Deriv 19.2 1st Deriv 53.03 1st Deriv

Conversion [%] 0.07 Raw 0.08 1st Deriv 0.1 1st Deriv 0.04 1st Deriv

Np [Particles L−1] 1.23E + 17 2nd Deriv 3.79E + 16 Raw 1.04E + 16 1st Deriv 4.59E + 15 1st Deriv

Ap [cm2] 1.04E + 07 2nd Deriv 1.08E + 07 1st Deriv 5.12E + 06 1st Deriv 1.53E + 06 1st Deriv

Figure 6. Monitoring of the latex properties for the experiments MMA-IL1/15, MMA-IL2/19, MMA-IL3/23, MMA-IL3/26: A) Particle diameter (Dp), B)
Conversion, C) Number of particles (Np), and D) Surface area (Ap).

The calibration for MMA runs was performed for all proper-
ties on the basis of the raw spectral data (with or without spuri-
ous spectra our outliers), excepting the conversion for IL1 which
was calculated from the second derivative. For this run, it was
observed that spectra can be correlated accordingly with the four
properties of the latex. Concerning tests using IL2, the best cor-
relations were obtained with raw spectral data, without mathe-
matical treatment. Moreover, the calibration of IL3 yielded ac-
ceptable results for all properties with the first derivative. In
all cases, the numbers of factors used were between 3 and 10
factors.

The groups of experiments for NIR validation tests were MMA-
IL1/15, MMA-IL2/19, MMA-IL3/23, MMA-IL3/26. Table 7 shows
the values of the standard error of prediction (SEP) and mathe-
matical treatment of each property, and Figure 6 demonstrates
the prediction tests confronted with the experimental values of
the latex properties along the time.

The results show a good agreement between experimental data
and model predictions. The prediction of Np for the experiment
MMA-IL1/15 was the only experiment that presented significant
noise, which seems to be linked to the fluctuations of the light
scattering pattern of the latex. It was observed that the first deriva-
tive performed extremely well, mainly on the experiments with
IL3. Recall that in the case of STY runs, experiments involving
IL3 also required mathematical treatment (2nd derivative) which
indicates that this emulsifier may interact with the monomer
droplets and provoke a specific light scattering pattern in the me-
dia, requiring some mathematical treatment to mitigate its ef-
fects over the NIR spectra and thus improving the correlation be-
tween the spectral data and the latex properties.

The online monitoring of the experiment MMA-IL3/23 pre-
sented acceptable prediction results. Despite the fast evolution
of the latex properties during the reaction, the NIR spectropho-
tometer was able to infer the properties of latex in real time, being

Macromol. React. Eng. 2023, 2300009 © 2023 Wiley-VCH GmbH2300009 (7 of 8)
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sensitive to the variation of emulsifier concentration and particle
diameter.

4. Conclusions

The study of the application of ionic liquids as emulsifier in the
emulsion polymerization and their influence in the latex proper-
ties still constitutes a wide field of investigation. In this work, it is
verified that the NIR spectrophotometer can be used effectively to
monitor the latex properties on-line, providing important pieces
of information on the quality of the polymeric material produced
during the reaction.

Different systems were studied and also was observed that the
ionic liquid [C12mim]Cl presented best results as emulsifier for
both Styrene and MMA, with similar behavior to the conventional
emulsifier. The IL’s [C16mim]Cl and [C12mim]BF4 had little influ-
ence in the latex properties. These results reflect the influence
of the type of anion and cation of the ionic liquid on the latex
formation.

It is possible to conclude that the NIR spectrophotometer is
sensitive to the variation of the emulsifier concentration and di-
ameter of particles, and that the type of ionic liquid used has lit-
tle influence in the validation, when the investigated monomer
is hydrophobic as in the case of styrene, because the nucleation
mechanism involved is essentially micellar. In the experiments
with slightly water-soluble methyl methacrylate, for which a more
complex particle nucleation mechanism does exist and specific
interactions between emulsifiers and monomer may play a role,
specific calibration model for each IL is required, generating sat-
isfactory results of calibration and validation. It is believed that
the calibration methodology developed here can be extended to
a wide range of operating conditions, thus enabling the applica-
tion of NIR technique in large reactors, for the monitoring of the
latex properties.
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