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ABSTRACT

The performance of Photon Density Wave spectroscopy (PDW) is assessed to inline monitor the particle size during the seeded semibatch emulsion copolymerizations
of methyl methacrylate, butyl acrylate, methacrylic acid (MMA/BA/MAA = 51/47/2 wt% composition) with particle size and solids content ranges relevant in
industrial formulations. Moreover, the suitability of the technique to early detect some of the most probable deviations, such as particle aggregation and secondary
nucleation, is studied. It is shown that the PDW can be successfully used to inline monitor the reduced scattering coefficient, and consequently the particle size
evolution in emulsion polymerization reactions for a broad range of particle sizes and solids contents. Nevertheless, for particle sizes higher than 350 nm and solids
content above 40 %, the low signal to noise ratio together with the characteristic multiple solutions regime of the theoretical reduced scattering versus the particle
size curve, produces uncertainties in the determination of the particle size by PDW.

1. Introduction

Particle size and particle size distribution are important properties of
polymer latexes because they strongly affect the film formation and the
rheological properties of the latexes. Thus, monitoring the particle size is
of paramount importance during the production of waterborne
polymeric dispersions, for which real time online/inline measurements
of the particle size are required.

Photon Density Wave spectroscopy (PDW), based on photon trans-
port theory (incorporating multiple scattering), Mie theory and theory of
time dependent light scattering, determines the absorption and scat-
tering properties of highly turbid samples, what allows a dilution free
particle size determination, by the introduction of a probe directly in the
non-diluted samples [1-4]. A summary of the PDW theory can be found
in the Supporting Information and elsewhere [4].

PDW has been used in the last decade for monitoring the particle size
of a range of different processes dealing with highly turbid media.
Zimmerman et al. reported the suitability of the PDW for titania particle
syntheses analysis [5], while Hane et al. used the PDW to monitor the
zeolite particles synthesis [6]. Miinzberg et al. investigated the use of
PDW to monitor the formation of formazine from different starting
points and at different conditions [7]. Moreover, Reich et al. monitored
an emulsification process of oil-in-water using SDS as surfactant [8].
Some bio processes were also analyzed by Hass et al. For this aim,
different kind of milks were analyzed as a starting point and once the

* Corresponding authors.

suitability of the technique for bio products was tested, beer, blood and
other processes were also analyzed, such as the enzymatic
decomposition of the beer at 67 °C or the oxygenation process of the
blood, among others [9]. Tanguchi et al. also analyzed the suitability of
PDW to detect aggregation and other phenomenon in milk samples [10].
Vargas et al. addressed the ability of PDW to monitor the fat phase
transition of the fresh milk [11] and Hartwig et al. its use to detect
lactose crystallization [12]. The ability of the technique to analyze cell
cultivation processes in photobioreaction was also tested by Sandmann
et al. [13] and its application in bioengineering was reported by
Gutschmann et al. [14].

Regarding the suitability of the PDW to analyze polymerization
reactions, several works can be found in literature. Hass et al. monitored
the synthesis of polyacrylate nanoparticles (50 % of styrene and 50 % of
other acrylics) during starved feed polymerization, with different
amount of emulsifiers and particle sizes up to 200 nm at 40 % solids
content (SC) in a 25 L reactor [15]. Hass et al. also analyzed the
possibility of using PDW to inline monitor the particle size of several
polymers such as PS, PMMA and P-tert-BuMA in their industrial
application [16]. Particle sizes up to 350 nm and SC up to 30 % were
analyzed by the authors. The formation of solvent borne acrylic
copolymers obtained by the acetone process was also studied for an
acrylic copolymer with high acrylic acid (AA) content by Kutlug et al.
[17]. During the study the water feed and the solvent removal were
analyzed. Schlappa et al. monitored the synthesis of polyvinyl acetate
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Table 1
Reactions performed to evaluate the PDW.
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Reaction SC seed /% d, seed”* /nm PDI seed SC targeted /% d, targeted /nm Feeding time /min
R1 2.73 45 0.08 45 175 180

R2 0.3 45 0.08 40 350 180

R3 7.54 175 0.012 40 425 180

R4 3 45 0.08 40 80 / 350 240

Aggregation 33 119 0.05 - - 65

" All particle sizes are number-average particle sizes measured by DLS using the cumulants method.

emulsions at solids contents up to 54 % (final latexes with SC from 40 to
54 % were synthesized), where only the reduced scattering coefficient
was reported, due to the large discrepancies as compared with DLS in
particle size calculations [18]. In a recent publication [19], they
attributed the particle size calculation errors by PDW to the
water-swelling of polyvinyl acetate particles stabilized with polyvinyl
alcohol. Furthermore, the ability of PDW to monitor solids contents up
to 70 % was also studied by Jacob et al. [20,21]. These high solids
content analyzed by Jacob et al. were obtained by seeded semibatch
emulsion polymerization processes with different stages and for particle
sizes up to 300 nm. For particle sizes over 300 nm, agglomeration was
observed and ultrasound treatment was needed [21]. Although the
reaction faced some problems, PDW was able to detect the
agglomeration process. This reaction was scaled up to 100 L reactor
[20]. Although the reproducibility of the reaction was challenging due
to its tendency to agglomerate, large particle sizes and high solids
contents were analyzed and good reproducibility of the experiment and
PDW data was achieved. All the mentioned analysis were carried out for
monomodal dispersions. Bimodal dispersions have been also studied,
but its real time monitoring was not proven, due to the high number of
unknown parameters to be considered [22].

As discussed above, the suitability of PDW to analyze several
materials has been tested during the last years, from ceramics to
polymers, under different conditions of size and synthesis methods and
getting promising results. Nevertheless, there are not in depth
assessments of the monitoring of emulsion polymerization reactions
covering a broad range of particle sizes and solids content during
semibatch operation. Note that, the turbidity of a sample is related not
only to the particle size of the dispersed phase, but also to the solids
content of the medium [23]. Thus, to study the suitability of PDW to
monitor particle size in emulsion polymerization processes, a wide range
of particle sizes (d,) and SC samples have to be analyzed. This way, the
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Fig. 1. Calculated evolution of the refractive index over the wavelength for the
terpolymer of MMA/BA/MAA with a weight composition of 51/47/2 %.

ability of the technique to measure the particle size at different turbid-
ities can be studied and the limitations can be addressed. Therefore, the
objective of this work is to assess PDW as an inline monitoring sensor in
emulsion polymerization processes under conditions typically used in
industrial production plants; specifically, seeded semibatch emulsion
polymerizations of acrylic monomers. Moreover, the suitability of the
PDW to detect different phenomena that can occur during emulsion
polymerization reactions will also be studied; namely, the aggregation/
coagulation processes and the creation of new polymer particles.

2. Experimental section
2.1. Materials

Methyl methacrylate (MMA) (Quimidroga), n-butyl acrylate (BA)
(Quimidroga) and methacrylic acid (MAA) (Aldrich) were used as
received. Sodium Dodecyl Sulphate (SDS, Aldrich) was used as emulsi-
fier. Dowfax 2A1 was kindly supplied by Dow Chemical and used as
emulsifier. Ammonium Persulfate (APS, Aldrich) was used as initiator.
Deionized high-purity water obtained through a Merck Millipore system
(DI-water) was used as continuous medium in the emulsion
polymerizations and to dilute the samples for DLS analysis (water con-
ductivity was lower than 1uS/cm in all cases) and hydroquinone
(Aldrich) was used as inhibitor to stop the reaction in the samples
withdrawn from the reactor for offline analysis.

2.2. Synthesis of latexes monitored by PDW

Seeded semibatch emulsion polymerization reactions were moni-
tored using the PDW equipment. First a seed was synthesized and then
the particles of the seed were grown until the targeted particle size (this
step was monitored with the PDW). A seed with target molar
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Fig. 4. Inline monitoring of particle size by PDW in experiment R1. Average
particle size evolution obtained by PDW compared to the number-average
particle size obtained by offline DLS.

compositions of MMA/BA 50/50 was synthesised by batch emulsion
polymerization. For that, water, comonomers and emulsifier were mixed
in the reactor. Once all the mixture was heated to 85 °C, a shot of
initiator was added. The mixture was left to react for 4 h. The recipe for
the synthesis of the seed is presented in the Supporting Information
Table SI 1.

The seeded semibatch emulsion polymerization reactions were
performed as follows: First, the seed was loaded in the reactor and it was
diluted to reach the needed solids content between 0.3 and 8 %,
depending on the initial and targeted particle sizes. Then, the mixture
was heated to reach the reaction temperature (85 °C). Subsequently,
monomers and initiator were fed to the reactor in two feeding streams
during 180 min at constant flow rate for R1-3 reactions. The recipes for
the reactions are presented in the Supporting Information Table SI 2.
After the feeding, the latex was maintained at the reaction temperature
for 30 min to remove the residual monomer.

For mimicking the formation of new polymer particles (i.e., sec-
ondary nuclations) (R4 reaction), a shot of seed particles was introduced
during the monomer feeding stage in a seeded semibatch emulsion
polymerization (recipe in the Supporting Information Table SI 2). This is
a typical strategy used to produce high solids low viscosity latexes in the

production of waterborne polymer dispersions [24-29]. Therefore, a
preformed seed with 0.3 % of solids content and a particle size of 45 nm
was heated to 85 °C, the reaction temperature, and the monomers were
directly fed over the seed for 240 min. To mimick the formation of a new
crop of particles, and hence a bimodal PSD, after 142 min of feeding, a
shot of the seed latex (45 nm particles) was injected to the reactor. The
particle growth during the 240 min of feeding and the 30 min of
postpolymerization was monitored by PDW.

All these reactions were carried out in a 1 L calorimeter reactor
(RCle) from Mettler Toledo, equipped with a jacketed glass reactor
fitted with a sampling device, a nitrogen inlet, feeding inlets, a Pt-100
probe, the PDW probe and a stainless steel anchor type stirrer (for
more details see Supporting Information). Reaction temperature and
inlet flow rates of semicontinuous feeds were controlled by an automatic
control system, iControl RCle Software. In all the reactions, samples
were withdrawn every 10-15 min during the first 60 min of the reaction
and every 20-30 min after that time to analyse the evolution of mono-
mer conversion and particle size offline by DLS. Detailed information
about the sampling (amount, time, extracted mass) in all reactions and
the reproducibility of PDW results can be found in the Supporting In-
formation as well.

For the aggregation detection test, a sodium chloride solution was
prepared with different salt concentrations (0.05 and 0.15 M). These
solutions were fed to a preformed latex of 33 % of SC and a particle size
of 119 nm during 65 min and with a speed of 1 g/min. The aggregation
detection test was carried out in a 0.5 L beaker equipped with a magnetic
stirrer, a feeding inlet and the PDW probe. The reaction was performed
at room temperature and the addition of the salt solution was done with
a burette.

A summary of the conditions of the reactions including solids content
(SC) and seed and targeted particle diameters, as well as feeding times
are presented in Table 1.

2.3. Characterization

2.3.1. Conversion calculations

As samples were withdrawn from the reactor to measure particle size
by DLS, conversions were measured by gravimetric analysis. The
instantaneous conversion is defined as the amount of polymer produced
divided by the mass of monomers fed until the sampling time (Eq. (1)).
The overall conversion is the amount of polymer divided by the total
amount of monomer in the formulation (Eq. (2)).

Polymerized monomer (t)

@

Xa instant =
amstan Total fed monomer (t)
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Fig. 5. Inline monitoring of particle size by PDW in reaction R2: a) evolution of instantaneous and overall conversions, b) reduced scattering coefficient evolution,

and c) particle size evolution for each of the laser wavelength.

Polymerized monomer (t)

(2)

Xaoverall = Total monomer (end of reaction)

Note that conversions can be also calculated from the heat of reac-
tion measured by the calorimetric reactor. A comparison of the overall
conversions measured by both methods as well as the heat released
during the polymerization for reaction R1 are included in the Supporting
Information.

2.3.2. Photon Density Wave spectroscopy

A Photon Density Wave spectrometer developed by PDW Analytics
GmbH (PDWA) (Potsdam, Germany) was used for the particle size
monitoring [1,18,21]. The Photon Density Wave spectrometer was
equipped with four lasers of 636, 778, 855 and 973 nm wavelengths, 27
possible distances from 3 to 25 mm and 41 possible frequencies from 10
to 610 MHz. To calculate the particle size a software developed by
innoFSPEC department from the University of Potsdam was used, based
on Mie-Theory and the theory of dependent scattering. To calculate the
particle size the refractive indices of the continuous and dispersed phase
(shown below), as well as the volume fraction of the dispersed phase are
needed.

2.3.3. Dynamic light scattering

A Zetasizer Nano Series (Malvern Instrument) dynamic light scat-
tering (DLS) was used as reference technique in this work. For the
analysis, the latex was diluted in DI-water until an attenuation number
of 6-7 was achieved at 4.65 mm position and a PDI value below 0.1 was
obtained, to ensure single scattering conditions. DLS measurements

were carried out at room temperature and three repeated measurements
were carried out for each sample. All reference particle sizes shown in
this section are number-average particle sizes measured by DLS, except
for reaction R4, where intensity-average particle sizes are also reported.

2.3.4. Capillary hydrodynamic fractionation (CHDF)

Particle size distributions were obtained by capillary hydrodynamic
fractionation. A CHDF3000 instrument (Matec Applied Sciences) was
used for the analysis, with its proprietary CHDF3000 PDA 2.1 software
and C-204 column (internal diameter 20 pm). The samples were diluted
in carrier fluid (Matec Applied Sciences) to 0.05 % SC and the
measurements were done at a flow rate of 1.4 mL/min at 35 °C.

2.3.5. Refractive index measurement

The refractive index of the terpolymer of MMA/BA/MAA with
weight composition of 51/47/2 % was experimentally measured. For
that, an experimental method developed by Hass et al. [2] was used. By
measuring the refractive index of a liquid dispersion of the polymer
Ngispersion(4) as a function of wavelength and volume fraction of the
dispersed phase, ¢, Eq. (3) allows for the extrapolation of the refractive
index of the pure material by global analysis:
P perion )+ e Dl =111

@

3

Nisp. phase (’1) =

The spectral interpolation of the refractive index is achieved based
on a Cauchy polynomial. Fig. 1 shows the calculated refractive index
over the wavelengths for the synthesised terpolymer of MMA/BA/MAA
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with a weight composition of 51/47/2 %.
3. Results and discussion

3.1. Inline monitoring of particle size in semibatch emulsion
polymerization: Effect of particle size and solids content range

Three seeded semibatch emulsion copolymerization (MMA/BA/

MAA: 51/47/2 wt%) reactions were used to assess the performance of
the PDW; specifically, reactions R1, R2 and R3.
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Reaction R1 aims to produce a latex with an average particle size of
175 nm and a solids content of 45 wt% starting from a seed (S1, see
Supporting Information) with a particle size of 45 nm. Fig. 2 presents the
evolution of the instantaneous and overall conversions for this experi-
ment, which indicates that the reaction proceeded under starved con-
ditions with instantaneous conversions above 90 % during almost the
whole reaction; which means that the concentration of comonomers in
the polymer particles was low and it was maintained relatively constant
during the whole reaction.

Fig. 3a shows the inline reduced scattering coefficient evolution for
reaction R1 monitored by the lasers with 636, 778 and 855 nm wave-
lengths. As can be seen, the reduced scattering coefficient increases as
the reaction proceeds due to the increase in the particle size and the
solids content during the monomer feeding stage of the semibatch pro-
cess. Moreover, the higher the wavelength used to perform the analysis,
the lower is its sensitivity to the changes that are occurring in the
reactor. Note that although the probe used had a laser at higher wave-
length, A = 973 mn, the signal to noise ratio was too low and hence it has
not been included in the figure. From the reduced scattering coefficient
evolution, the particle size was retrieved, as shown in Fig. 3b (see
Supporting Information for details on the particle size calculations). As
can be seen, a different particle size is obtained for each wavelength. The
scattered light depends on the wavelength of the emitted light and hence
the different particle sizes obtained do represent the broadness of the
distribution of the latex samples analysed during the reaction.

An average diameter can be computed from the values calculated at
each laser wavelength and the value obtained as well as the offline value
obtained by DLS are presented in Fig. 4. There is a very good agreement
(differences lower than 10 %, see Supporting Information) between the
inline average particle size obtained by PDW and the offline number-
average value measured by DLS. Therefore, it can be said, that the
synthesis of MMA/BA/MAA polymer particles by seeded semibatch
emulsion polymerization up to 175 nm and 45 % SC was properly
monitored by PDW.

In reaction R2, a broader evolution of the particle size was assessed.
The reaction started with the same seed latex as R1 (but substantially
more diluted) and the final particle size targeted was 350 nm with a
solids content of 40 wt%. Fig. 5a shows the evolution of the instanta-
neous and overall conversions. In this case, an inhibition period of 30
min can be observed at the beginning of the reaction, but after that, the
polymerization proceeded under starved conditions. Fig. 5b presents the
evolution of the inline measurements of the reduced scattering. Notably
the reduced scattering coefficient values are substantially higher than
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those measured for reaction R1 for the three wavelengths, indicating a
faster growth of the seed particles (see Fig. 5¢). However, the scatter of
the reduced scattering measurement increased with reaction time and
furthermore the lower the wavelength, the higher the scatter. Interest-
ingly, above 120 min of reaction the reduced scattering values for all
wavelengths were high and mostly overlapped. The particle sizes
retrieved from the reduced scattering values at each wavelength are
presented in Fig. 5c, which initially match perfectly with the DLS data
(up to 60 min). However, in order to understand the evolution of the
particle size obtained by PDW from that point on, the theory behind
PDW should be further considered.

Fig. 6 shows the theoretical dependence of the reduced scattering
coefficient over the particle size for a monodispersed latex of MMA/BA/
MAA 51/47/2 wt% composition and 40 % of solids content. As can be
seen, in a broad range of particle sizes (note that in Fig. 6 particle size
spans from few nanometers to several microns) the reduced scattering
shows different regimes. At small particle sizes (the limit depends on the
wavelength of the laser used), there is an increase of the reduced
scattering with the increase of the particle size. At intermediate particle
sizes, the reduced scattering reaches an oscillating plateau; namely, the
reduced scattering is similar for a broad range of particle sizes (up to few
microns). In the third regime, further increasing the particle size the

reduced scattering decreases and the values at different wavelengths
tend to overlap. Interestingly, the end of the first regime is reached at
smaller particle sizes, the smaller is the wavelength of the laser (250 nm
at 636 nm and circa 350 nm at 855 nm).

The particle size is retrieved from the experimentally measured
reduced scattering coefficient using the theoretical relationship plotted
in Fig. 6 for the optical properties of the sample analysed (see Sup-
porting Information). This means that in a blind analysis, multiple so-
lutions are expected for a given measured reduced scattering value (see
dashed lines intercepting in the curves). Therefore, to obtain a unique
value of particle size the PDW analysis must be done at least at two
wavelengths as shown in Fig. 6, expecting a solution that is equal for the
measurement done in the two wavelengths (see Supporting Information
Figure SI2).

On the other hand, if one has certain knowledge about the sample
like in this case, where emulsion polymerization reactions are
considered and the expected particle size should be submicron, one can
limit the maximum particle size and hence limit the ambiguity. In
practice, however, and as observed in the particle sizes retrieved in re-
action R1, the particle sizes retrieved are not exactly the same because of
the dispersity of the samples. Anyhow, from the particle size gathered an
average value (PDW average) can be calculated.
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Nonetheless, experiment R2 brought another limitation of the tech-
nique. This is the fact that, even in the submicron region, the reduced
scattering coefficient can be in the second regime, where there is mul-
tiplicity of solutions for a given reduced scattering value. As discussed
above, this multiple solution regime is reached at smaller particle sizes
the smaller is the wavelength of the laser employed (see Supporting
Information Figure SI2 and Figure SI3 for more insight). This explains
that for wavelength 636 nm, reliable results were only obtained till 60
min of reaction (see Fig. 5¢c and Fig. 6), whereas the whole reaction was
monitored for the 855 nm wavelength.

Fig. 6 shows the particle size retrieved from the theoretical depen-
dence curve of the reduced scattering coefficient for the final latex of R2
experiment at 636 and 855 nm wavelengths. As can be seen, the reduced
scattering value obtained for 636 nm is in the multiple solution regime
(light red line), which gives four possible solutions (232, 317, 369 and
1245 nm), while for 855 nm (light blue line) only two possible solutions
would be possible (306 and 2171 nm). As can be observed, the 317 and
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306 nm are the closest ones, which are also close to the DLS value, 355
nm.

Therefore, it can be seen in Fig. 5c that the inline values measured at
855 nm by PDW are in very good agreement with the DLS values
(differences lower than 10 %, see Supporting Information). The inline
values gathered at the lower wavelengths only overlapped up to the
regions where the reduced scattering coefficient was in the first regime,
suggesting that just the first particle size result was given by the PDW.

Therefore, in the third reaction, as a larger particle size was targeted,
the laser of 973 nm wavelength was incorporated to the PDW analysis.
Reaction R3 was designed to produce an acrylic copolymer latex with
425 nm and 40 wt% solids content. The seed latex (the latex synthesized
in reaction R1) had a particle size of 175 nm and it was diluted to 7.5 wt
%.

Fig. 7a shows that the polymerization proceeded under starved
conditions during the entire experiment; namely, with monomer con-
centration relatively low in the polymer particles and mostly constant
during the feeding period. Fig. 7b presents the evolution of the reduced
scattering coefficient during the whole process. Contrary to what was
observed in the previous two experiments (R1 and R2), in this experi-
ment the reduced scattering coefficients are in the plateau region
(multiple solution regime) almost from the very beginning of the
reaction.

As can be seen in Fig. 7b, in the first 40 min, where the reduced
scattering coefficient increases with reaction time (or particle size), the
difference in the reduced scattering with the wavelength are less clear
than in experiments R1 and R2. This is due to a lack of signal that comes
from the probe configuration used in this work. As multiple scattering
conditions are analysed, the intensity of the light decreases with the
distance from the emission point, and if the light is lost before reaching
the detection fiber (more probable at higher particle size and solids
content conditions), noise is measured in the detection point. If the
probe was built with other distances (with smaller emission/detection
distances in this specific case), the quality (signal to noise ratio) of the
measured data would have improved. This means that the configuration
of the emission/detection fiber distances in the probe can be optimized
for each expected evolution of the particle size. In other words, the probe
configuration included in the current PDW set-up is not universal.

After the first 40 min, all data start to overlap. The 778 and the 855
wavelengths continue to increase a bit, due to their capacity to analyse
higher turbidity conditions, but after 60 min of reaction, all wavelength
reach the multiple solution regime and all data is overlapped. At this
point, each reduced scattering data corresponds to more than one
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Fig. 10. Inline monitoring of particle size in experiment R4: a) Inline reduced scattering coefficient evolution results and b) particle size evolution retrieved from the
reduced scattering coefficient and offline measured by DLS.
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possible particle size. Thus, to calculate the real particle size, the
different solutions retrieved from each wavelength where compared
between them and to the particle size measured offline by DLS (Fig. 8).

As can be seen in Fig. 8, with the smallest wavelength (636 nm) the
reaction can only be monitored for the first 40 min, up to a particle size
of about 250 nm. For the rest of the reaction, the reduced scattering
value is in the multiple solution regime, thus the particle size cannot be
directly retrieved. For the second wavelength (778 nm), considering all
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the possible particle size solutions, almost all the reaction can be
monitored, but, selecting the correct particle size is very challenging,
since the comparison with other wavelengths is very difficult to apply,
due to the polydispersity of the samples. For the third wavelength (855
nm), a substantial part of the reaction can also be monitored. There is a
time region where the particle size could not be retrieved due to very
low signal to noise ratio in the measured data. For the highest wave-
length (973 nm) even if the reduced scattering coefficient seems to be
relatively constant, the error of the measurement is too big compared to
the other wavelengths and the signal to noise ratio is too low to reliably
retrieve the current particle size.

As can be seen, considering all the possible diameters, there is always
one that fits the data obtained from the DLS. Nevertheless, the correct
selection of the diameter is very challenging. After these observations it
can be concluded that there are several reasons why all wavelengths
show certain limitations, which are related to the settings of the PDW
probe that have been used in this work. For the smallest wavelengths
(636, 778 and 855 nm), the sensitivity to the turbidity of the medium is
too high and multiple solution regime is reached in polymerization with
rapid increase of particle size and solids content. For the biggest
wavelength (973 nm), there are not enough short distances to get
accurate signals with a high signal to noise ratio. To overcome these
problems, the configuration of the laser fibers in the probe should be
modified.

3.2. Inline monitoring of bimodal PSD by PDW

The suitability of PDW to detect secondary nucleations that might
create bimodal PSD was assessed in this section. Secondary nucleation is
sometimes desired in order to generate a bimodal latex because this
allows increasing solids content with little or low impact on the viscosity
of the dispersion [25]. However, other times secondary nucleations are
not desired and they might be an indication of a deviation of the target
growth of the particles originated from a failure in the feeding of
surfactant, initiator or even monomer. In any case, early detection of the
formation of a new crop of polymer particles during an emulsion
polymerization process is desired.

Reaction R4 was carried out to mimick the generation of a new
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Fig. 12. Polymer particle aggregation detection test. a) Inline reduced scattering coefficient (636 nm wavelength) evolution and b) particle size evolution, during the
aggregation experiment for two different salt concentrations: 0.05 M in black and 0.15 M in blue. The orange line represents the moment were the coagulation
becomes massive for the case of 0.15 M NaCl addition. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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population of small particles during a seeded semibatch polymerization
process. This reaction started with a seed latex with a particle size of 45
nm and a target particle size of 350 nm, like in experiment R2. However,
at an intermediate point during the feeding of the monomer (at 142
min), an amount of the same seed latex was injected to the reactor to
create the bimodal latex.

PDW was used to monitor inline the emulsion polymerization.
Furthermore, in addition to offline DLS analysis, this time samples were
also analysed by CHDF (Capillary HydroDynamic Fractionation),
because bimodal or multimodal population are better detected by this
chromatographic technique than with DLS [30]. Fig. 9 presents the
normalized number-average particle size distributions measured by
CHDF of the samples withdrawn from the reactor at different reaction
times (90, 140 and 240 min) (normalized weight-average particle size
distribution can be found in the Supporting Information). It was
confirmed that up to 140 min, a growing monomodal particle size
distribution was present in the reactor, whereas at the end of the reac-
tion a bimodal latex was clearly observed.

Fig. 10a presents the inline evolution of the reduced scattering
coefficient at each of the wavelengths of the probe. At the lowest
wavelength (636 nm) the reduced scattering coefficient increases
linearly up to around 100 min, where a plateau value is achieved which
is maintained after the shot of the seed latex to start decreasing at the
end of the feeding of the monomers. The trend for the other wavelengths
is similar, the reduced scattering coefficient increases linearly up to 240
min of reaction to reach a plateau value (the value is higher the lower is
the wavelength) with almost no noticeable effect of the shot of the seed
latex.

According to the discussion before, this reduced scattering evolution
should allow to calculate a single particle size for all the wavelengths
during almost the whole polymerization reaction. Fig. 10b displays the
particle sizes retrieved from the reduced scattering values and the offline
values measured by DLS. Note that two averages, number and intensity
based ones, are plotted for the DLS measurements. The DLS particle sizes
(both averages) increase up to the point the seed shot is injected (142
min). Beyond this time the two averages diverge, indicating, as shown
by the CHDF measurements in Fig. 9, that a bimodal latex has been
formed. Since DLS is unable to distinguish the two populations, the
average values diverge into higher sizes (for dj prs) and smaller ones (for
dn,p1s). Interestingly, the inline particle size values measured by PDW
for the highest wavelengths (778, 855 and 973 nm) seem to follow closer
the intensity-average values during the whole process. On the contrary,
for the smallest wavelength (636 nm) a different behaviour is appreci-
ated. The value obtained from the smallest wavelength agrees with the
number-average particle size of the DLS, the one showing the effect of
the added particles. This is also shown when studying how the Mie curve
and the experimental value of the reduced scattering coefficient
intercept.

Fig. 11 shows how the experimentally measured reduced scattering
coefficient at 636 nm at the end of R4 reaction (15.5 mm ™) is inter-
cepting the theoretical curve in the first regime (linear regime). Thus, it
can be concluded that even if for the highest wavelengths there is no
noticeable change in the measured size detected after the shot of the
seed latex, the smallest wavelength seems to be more sensitive to the
scattering of the small particles than to the large ones.

3.3. Detection of aggregation of polymer particles by PDW

Another important phenomenon that might occur in emulsion
polymerization reactions, and that is not desired, is the aggregation or
coagulation of particles that might cause important economical losses in
industrial processes. Early detection of aggregation is therefore desired
in industrial production of polymer latexes. In this section, the
suitability of the PDW to inline detect changes in the reduced scattering
(and hence particle size of the dispersion) during an aggregation process
will be evaluated.

Chemical Engineering Journal 483 (2024) 149292

For this purpose, the stability of a preformed ionically stabilized
latex was modified by the addition of a solution of salt (NaCl), and the
reduced scattering coefficient and the particle size were monitored by
PDW during the addition of the salt. Two salt concentrations were tested
to destabilize the latex at different speeds. The latex used was a MMA/
BA/MAA copolymer with a 51/47/2 wt% composition stabilized with
SDS and a particle size of 119 nm and solids content of 33 wt%. The NaCl
solutions employed were 0.05 M and 0.15 M. The solutions were fed to
the beaker at a flow rate of 1 g/min during 65 min. The obtained results
are presented in Fig. 12.

Fig. 12 displays the evolution of the reduced scattering (the
scattering measured at the 636 nm wavelength is only shown) and the
retrieved particle size for the two concentrations of NaCl solutions. As
can be seen, for the lowest salt concentration, the coagulation was little
and the particle size change was properly monitored during the entire
aggregation process, to reach a final value of 137 nm. For the higher salt
concentration, an exponential increase of the reduced scattering coef-
ficient is observed after 50 min of salt addition, showing clearly the
coagulation. In this second case, the entire latex was coagulated forming
a solid body at 60 min, but an abnormal increase of the reduced scat-
tering coefficient started to occur earlier (at 40-50 min). Thus, it was
shown that PDW is a suitable tool to inline detect coagulation/aggre-
gation phenomena and to early detect coagulation, leaving some time to
take actions to avoid it, during emulsion polymerization reactions.

4. Conclusions

In this work, the suitability of the PDW to monitor the particle size
evolution of polyacrylate latexes synthesized by semibatch emulsion
polymerizations was discussed. First, a broad range of particle sizes and
solids contents were analysed (from 45 to 425 nm particle size and from
0.3 to 45 % of SC, respectively) and the limits for the submicron size
analysis of the described PDW equipment was shown and how this is
affected by the Mie curve. The higher the wavelength, the higher the
particle size that can be properly analysed. Regarding the analysed
MMA/BA/MAA 51/47/2 terpolymer system, particle sizes up to 350 nm
at solids contents up to 40 % were properly analysed. For particle sizes
over 400 nm, multiple solution regime of the theoretical reduced scat-
tering curve was reached for all the used wavelengths and low signal to
noise values were obtained for the used distances, making challenging to
retrieve the particle size in real time.

Then, the ability of the PDW to detect the formation of new
nucleations and aggregation was studied, showing that the detection of
new nucleations is very challenging. Nevertheless, it could be inferred
from the scattering at lower wavelengths, that this wavelength is more
sensitive towards secondary nucleations (636 nm). On the other hand,
coagulation of polymer particles is quickly monitored, before a
catastrophic reaction takes place, by inline monitoring the evolution of
the reduced scattering coefficient.
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