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HIGHLIGHTS

e Experimental work on the polymer-
ization of droplets of MMA by using
microreactors.

e The reaction kinetics was monitored
by Raman spectroscopy.

e Evolution of the volume of droplets
during the MMA polymerization.

e Performances between the T141 and
LPO initiators were compared to
each other.

e It was possible to identify three
stages during the suspension poly-
merization of MMA.

Keywords:

Microreactors

Suspension polymerization
Raman spectroscopy
Methyl methacrylate
Kinetics

Bifunctional initiator

1. Introduction

The usage of microreactors has increased steadily in the chemical
engineering field (Ehrfeld et al., 2000; Jensen, 2001; Pattekar and
Kothare, 2004; Sun et al., 2008; Chang et al., 2004; Iwasaki and
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ABSTRACT

This paper presents an experimental study on the polymerization of droplets of methyl methacrylate
(MMA) in quiescent state using microreactors. The reaction kinetics was monitored by Raman spectro-
scopy, while the images of MMA droplets image were captured by CCD (charge-coupled device) camera
within a microcapillary. Different experimental recipes were proposed with commercial initiators in
order to compare the system performance with two types of initiators: monofunctional and bifunctional
peroxides. It is shown in this paper that the Raman technique is able to monitor the reaction kinetics at
different conditions. For the first time in the open literature it was possible to identify the evolution of
the monomer droplets during polymerization to high conversions (>90%) in quiescent state. In
addition, it was possible to identify three different stages during the polymerization reactions of
MMA. Finally, it is shown that the dispersities (M,,/M,) obtained with the bifunctional initiator were
lower than 2, while the dispersities obtained with the monofunctional initiator were greater than 2.

Yoshida, 2005; Richard et al.,, 2013) and also in other areas of study
(Zhang et al., 2004; Salic et al., 2012; Massignani et al., 2010). The
application of this technology has been proposed originally in order
to allow for small-scale production and became a reality in the late
1980s and early 1990s (Benson and Ponton, 1993). In order to provide
higher flexibility and allow for assessment of the capacity, safety and
variability of the real process in a realistic way, microreactors should
be regarded as complementary apparatuses for other existing large-
scale facilities (Lerou et al., 1996; Wegeng et al., 1996). It is important



to emphasize that microreactors reactors may exhibit characteristic
dimensions of the order of millimeters or even smaller (Ehrfeld et al.,
2000; Pattekar and Kothare, 2004; Richard et al., 2013).

Microreactors find potential use in various applications, includ-
ing biocatalysis, (Fernandes, 2010), biodiesel production (Sun et al.,
2008; Richard et al., 2013), heterogeneous catalysis (Kiwi-Minsker
and Renken, 2005), synthesis of drugs (Kang et al., 2008), hydrogen
production (Pattekar and Kothare, 2004) and polymerization pro-
cesses (Bodoc et al.,, 2012; Bally et al., 2010). Following the general
principles of the Green Chemistry, microreactors can be used to
synthesize and purify organometallic compounds by atomic layer
deposition (ALD) and chemical vapor deposition (CVD), allowing for
safe operations and production of chemicals with higher degree of
purity (Lipiecki et al., 2008, 2009).

The analysis of polymerization processes performed in micro-
reactors is quite recent. Polymerization reactions carried out in
microreactors can be divided in two main groups: homogeneous
polymerizations (bulk and solution processes) (Bayer et al., 2000;
Nielsen et al., 2002; Wu et al., 2004; Sotowa et al., 2004; Russum et
al., 2004; Nagaki et al., 2004; Iwasaki et al., 2006) and heterogeneous
polymerizations (emulsion and suspension processes) (Cabral et al.,
2004; Chang et al., 2004; Nisisako et al., 2004; Jeong et al., 2005).
According to the literature of heterogeneous polymerizations in
microreactors, polymer samples with narrower molar mass distribu-
tions can usually be obtained in microreactors when compared to
polymer samples obtained under similar conditions in macroreactors.
Honda et al. (2005) produced amino acid based polymers with
average molar masses controlled by the feed flow rate and with
low dispersity ( < 1.4). Liu et al. (2011) obtained similar results during
the production of poly(butyl acrylate) (PBA) using AIBN as initiator.
Particularly, dispersity decreased from 3.7 to 1.5, when microreactors
were used, probably because of the higher heat exchange efficiency
in the microreactor device.

Raman spectroscopy has been used in the microreactor technology,
although this can still be regarded as a very new technology. Barnes
et al. (2006) used the Raman technique to monitor the polymerization
of benzyl methacrylate with a crosslinking agent, used for production
of commercial dental composites, being the pioneer in the field. Lorber
et al. (2010) monitored the polymerization of acrylic acid in aqueous
solution of sodium persulfate, using the relative intensity of the vinyl
double bond peak for evaluation of monomer conversion and the
characteristic peak of potassium nitrate as the internal standard. Bodoc
et al. (2012) applied the Raman spectroscopy to monitor the vinyl
chloride polymerization in poly(vinyl alcohol) (PVA) aqueous solutions
in a microreactor device. Recently, Yadav et al. (2014) applied this
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technique to monitor solution and miniemulsion polymerizations of
styrene and butyl acrylate at different residence times.

This work presents a comprehensive study about methyl metha-
crylate suspension polymerizations performed in microreactors. Raman
spectroscopy technique was used to monitor the kinetics of the free
radical polymerization of methyl methacrylate in this heterogeneous
process. Furthermore, a high speed CCD video camera was used to
monitor the evolution of droplets during the suspension polymeriza-
tion performed in microreactor. The polymerization setup was used to
evaluate different recipes, including the use of monofunctional (lauroyl
peroxide) and bifunctional (2,5-dimethyl-2,5-di(2-ethylhexanoylper-
oxy)hexane) initiators, in order to compare the kinetic behavior and
the molar masses of the obtained of products.

2. Experimental section
2.1. Materials

All reagents were used as received. Double-deionized water was
used throughout the work. The methyl methacrylate monomer
stabilized with 20 ppm of hydroquinone was supplied by Sigma-
Aldrich. Nitrogen gas (N,) was supplied by Air Liquide S.A. as an
ultra-pure gas and used to keep the inert atmosphere. Poly(vinyl
alcohol) (PVA) with degree of hydrolysis of 89% and weight-average
molar mass of 79000 g/mol was used as the suspending agent and
was supplied by Sigma-Aldrich. The peroxide initiators used to
perform the polymerization reactions were dilauroyl peroxide (LPO)
(minimum purity of 97%, supplied by Sigma-Aldrich) and 2,5-
dimethyl-2,5-di(2-ethylhexanoylperoxy)hexane (Trigonox 141)
(minimum purity of 92%, supplied by Akzo Nobel). Acetone with
minimum purity of 99.5% was supplied by Sigma-Aldrich and used
to clean vessels and tubes. Tetrahydrofuran (THF) was used as the
mobile phase for GPC analysis and was supplied by VETEC Fine
Chemicals as a PA. solvent.

2.2. Experimental apparatus

Microreactions were conducted in the experimental setup shown
in Fig. 1. The components exposed to MMA, such as tubing and valves
(Swagelok), were all made of stainless steel. Aqueous phase and
MMA flow rates were ensured by Cetoni GmbH high pressure syringe
pumps equipped with high-pressure stainless-steel syringes. The
microreactor consisted of fused-silica capillary tubes inserted into a
hollow metal block. The metal block was filled with silicone oil and
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Fig. 1. Microreactor setup used for monitoring of methyl methacrylate polymerization by Raman spectroscopy and video camera techniques.



heated from inside by circulating hot oil provided by a thermal bath.
At the end of the microreactor setup, a waste vessel was connected to
the output line in order to collect the polymerization products.

The aqueous phase and the organic phase were put in contact
with a co-axial generation device, as indicated in Fig. 2. The
monomer solution (MMA +initiator) was fed through a nozzle
tip of 50 pm ID (150 pm OD) fused-silica capillary tube placed
inside a second capillary tube of 250 pm ID (360 pm OD). After the
formation of droplets, they were pumped into a long microtube
and injected into a larger fused-silica capillary of 520 pm ID
(670 pm OD). A secondary aqueous flow was used to keep the
desired organic holdup. The flow rates were adjusted in order to
ensure that droplets would not touch the microtube walls, avoid-
ing flow instabilities. The capillary length was equal to 60 cm.

2.3. Experimental procedure

For suspension polymerization reactions, the reaction system
was first purged with nitrogen to avoid inhibition by oxygen. In all
experiments, the initiator was dissolved in monomer before
addition of the monomer solution into the syringe pump. There-
after, the monomer solution was purged with nitrogen for 5 min to
guarantee that the monomer was oxygen-free. The monomer
solution was pumped into the microreactor in order to disperse
it into the aqueous phase. The PVA was used as the surfactant
agent, keeping the concentration equal to 0.3 wt.% of PVA. The
flow rates used for the organic phase varied between 0.15 and
0.4 ml h~! and for the aqueous phase between 1.2 and 4.0 ml h~1.
Once the hydrodynamic regime had been established, a first
Raman spectrum was acquired at ambient temperature and used
as a reference spectrum. Afterwards, the microreactor was heated
to the desired temperature and the flow was stopped. Despite that,
reaction was allowed to continue in the quiescent state. Experi-
mentally, a perfect static position is difficult to obtain because of
very small internal movements inside the tubing (less than
150 pm in the 2-4 h experiments); nevertheless, assumption of
quiescent polymerization is certainly appropriate.

A set of MMA polymerization reactions was carried out
according to the conditions shown in Table 1. The concentration
of the PVA in the aqueous phase was kept constant in all reactions
and equal to 0.3 wt.%. The main goal of this set of reactions was to
evaluate the reaction kinetics with the help of the Raman
technique and to compare the performances obtained with initia-
tors LPO (monofunctional) and T141 (bifunctional) using conver-
sion data and molar mass values.

The concentration of 0.5 wt.% (LPO) was taken as a reference for
evaluation of active oxygen, which was similar when the concen-
tration of bifunctional initiator (T141) was equal to 0.29 wt.%. Both
concentrations lead to similar contents of active oxygen, making
possible the comparison of polymer productivity obtained with these
initiators. The total heating time required to heat the experimental
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setup from 20 °C to the reaction temperature (61-70 °C) was always
close to 15-20 min.

2.4. Characterization

2.4.1. Monomer conversion

Raman spectra were obtained with a Raman spectrometer
(RXN-1, Kaiser Optical System Inc.), using a near infrared laser
diode (400 mW, 785 nm) as excitation source. The Raman spectra
were recorded in the range of 3200-200 cm~'. The microfluidic
device was placed under the probe head of the spectrometer
without physical contact. The distance between the optical lens
and the reactor setup was approximately equal to 1.5 cm. The
acquisition and processing of spectral data were performed with
the proprietary software provided by iC RamanTM 4.1 Mettler-
Toledo. The probe head was focused on the microchannel with
help of a y-z barrel micrometer.

The spectra were obtained with a total integration time of 45 s
(3 scans of 15s) and the acquisition interval was equal to 60 s,
using a laser with nominal output power of 200 mW. Because of
the distance between the laser source and the droplets in the
microcapillary, it is estimated that the laser power can be reduced
by up to 40%, being influenced by several factors, including the
microcapillary thickness and the aqueous phase.

2.4.2. Drops visualization

The images of the droplets during the polymerization reactions
were obtained with help of an Imager Intense CCD camera (LaVision,
GmbH, Germany) with maximum resolution of 1280 x 1024 pixels.
The images were analyzed with the proprietary software Lavision 7.1.
Details regarding the operation and applications provided by the
software can be obtained from the user manual (LaVision, 2006). The
camera was attached to a binocular microscope Olympus UIS2 (BXFM
Olympus microscope system), equipped with an optical lens Olympus
LMPL (65 x ) for better visualization of the internal content of the
microcapillary.

Table 1
Recipes used to perform suspension polymerizations of MMA in the microreactor.

Experiment Initiator Temperature (°C) Concentration (wt.%)
E1l LPO 61.0 0.500
E2 LPO 65.0 0.500
E3 LPO 67.5 0.500
E4 LPO 70.0 0.500
E5 T141 65.0 0.290
E6 T141 67.5 0.290
E7 T141 70.0 0.290
E8 T141 70.0 0.094
E9 T141 70.0 0.400

Expansion inner diameter
Ll

00000

Aqueous phase 2

Fig. 2. Experimental apparatus for droplet formation.



2.4.3. Average molar mass

Average molar masses were determined by Gel Permeation
Chromatography (GPC) with a Viscotek VE 2001 equipment, using
a Viscotek VE 3580 RI refractometer detector and a series of four
Phenomenex columns with porosities of 5x 10%, 10% 10° and
10 A. THF was used as solvent at a flow rate of 1.0 ml min~'.
Calibration was performed with polystyrene standards with aver-
age molar masses ranging from 3 x 10% g mol ' to 3 x 10® g mol '
and checked against PMMA standards with average molar masses
ranging from 3 x 10° g mol ! to 3 x 106 g mol ! (given the higher
average molar masses of PMMA fractions) with good precision
(indicating that corrections were not necessary). GPC analyses of
polymer samples were performed at 40 °C and used to evaluate
the evolution of average molar masses during the reaction.

3. Results and discussions
3.1. Raman monitoring procedure

The Raman spectra obtained from the reaction medium contain
information about all vibrational bands related to the chemical
components that constitute the system, including monomer, sol-
vent, the aqueous phase, polymer and the microcapillary. Therefore,
knowledge about the spectra of the materials that constitute the
reaction medium comprises the first stage for the successful of
monitoring of the process.

Fig. 3 shows the Raman spectra of methyl methacrylate and of
the empty microcapillary at room temperature. As the microca-
pillary is made of fused silica, the baseline spectra of reagents
placed inside the microcapillary are modified slightly. In order to
obtain the spectrum of the pure monomer, the spectrum of the
empty microcapillary was subtracted from the spectrum of the
microcapillary full of MMA. After subtraction, it is possible to
observe some noise near the wavelength of 2800 cm ™.

One of the main features of the Raman spectroscopic technique is
the high sensitivity to nonpolar bonds (McCreery, 2000; Koenig,
1999). For this reason, materials made of glass and aqueous solutions
do not affect significantly the Raman spectra, although the presence
of such materials can decrease the signal strength of spectral data.
Thus, one must use a high-power level laser signal for efficient signal
acquisition. According to Fig. 3, it can be stated that the materials that
compose the microcapillary do not affect the absorption bands of the
monomer MMA very significantly.

The vibrational assignments of the methyl methacrylate spectra
are reported in Table 2. These vibrational bands were identified
with the aid of various published works (Gulari et al., 1984;

microreactor
—— MMA + microreactor
—— MMA pure (after subtraction)

taq=50 sec

Intensity (a.u.)

400 800 1200 1600 2000 2400 2800 3200

Wavenumber (cm’)

Fig. 3. Raman spectra of the empty microcapillary, microcapillary full of MMA and
pure MMA at 20 °C.

Table 2
Raman bands observed in MMA spectra (Gulari et al., 1984; Edwards et al., 2006;
Willis et al., 1969).

Peaks and Bands (cm 1) Description of molecular vibrations

350-380 3(C-C-C), 5,(CCO);

507 5(C-C-0)

602 1(C-COO0), v5(C-C-0) isotactic

832 vs(C-0-C) syndiotactic

930-1000 Y(0-C)

1021 vas(C-C)

1379 8(CH3) 8(CH3) asymmetric

1403 8(CHy)

1640 YC=C)

1720 UC=C)

2847 vs(C-H) from CH, or combinations of v,(O-CH)
2931 vs(CH3), vs(CH;) from CH3 or O-CH3, CH,
3000-3100 Y CH=C-H)

s=deformation, v=stretching, ip=plane, as=asymmetric, s=symmetric.

Edwards et al., 2006; Willis et al., 1969). Particular attention must
be paid to the peak located at 1640 cm ™. This peak represents the
energy associated to the C—=C stretching. As studied extensively in
the literature, the monitoring of this molecular vibration during
polymerization reactions can indicate the monomer consumption.

Fig. 4 shows the Raman spectrum of MMA droplets suspended
in the aqueous phase within the microcapillary. From a qualitative
point of view, this spectrum is identical to the spectrum of pure
MMA (Fig. 3). This confirms the low sensitivity of the Raman
technique to the presence of the aqueous solution, despite the
presence of low amounts of PVA (0.3 wt.%).

As shown in Fig. 5, monitoring of the double bond C=C (1620~
1660 cm~!) during the polymerization can allow for evaluation of
the MMA conversion. As expected, one can observe the decrease of
the intensity of the peak C— C during the polymerization, which is
correlated to the consumption of the monomer.

The analysis of the spectra shown in Fig. 5 indicates the
modification of the base line due to changes of the refractive
index, color, viscosity, conformation and entanglement of mole-
cular chains and transformation of state (liquid to solid) during the
polymerization. These phenomena strongly influence the intensity
of the Raman signal during the polymerization (Koenig, 2001).
This imposes some sort of internal calibration for quantitative
monitoring of monomer consumption.

Fig. 6 shows the spectral transformation when MMA is con-
verted into PMMA during the reaction. It can be seen that several
changes take place in the Raman spectra during the course of
experiment E2.

Fig. 7 shows the evolution of the area of the double bond C—C
peak of MMA during experiment E2. The first 15 min of experiment
E2 refers to the initial heating period and should be neglected. One
can observe the continuous decrease of the peak area positioned in
the region between 1620 and 1660 cm™, as expected.

As reported in the literature (Pelletier, 1999; Xie et al., 2001), during
either heating or cooling one can observe changes of the intensity of
the bands that comprise a particular spectrum. This effect can be
associated with the more energetic state of the molecules at higher
temperatures, which disfavor the secondary emission of energy of
non-fundamental transitions that characterize the Raman spectrum.
Moreover, the increased temperature causes changes in density and
optical properties of the analyzed sample.

Xie et al. (2001) showed that the intensities of the Raman bands of
metallic oxides are correlated with temperature. Thus, in order to
minimize the effect of temperature while monitoring by the Raman
technique, one must assure that the medium temperature is stabilized
and that analyzed peaks are not very sensitive to temperature changes
in the analyzed range.



The analysis of the evolution of the C=C band area shown in
Fig. 7 clearly shows that the band disappears during the reaction
time. The gel effect, which is a determining factor in free radical

MMA droplets in PVA aqueous solution

Intensity (a.u.)

T T T T T T T T
400 800 1200 1600 2000 2400 2800 3200

Wavenumber (cm")

Fig. 4. Raman spectrum of MMA droplets dispersed in the PVA aqueous solution at
25 °C inside the microreactor.
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Fig. 5. Evolution of the intensity of the Raman peak at 1640 cm ™' (experiment E2).
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polymerization of MMA (Kalfas et al., 1993), can also be detected in
the polymerization performed in the microreactor, being very well
captured by the Raman technique after 100 min of reaction. After
additional 20 min, one notes the relative stability of the concen-
tration of MMA within of the droplets/particles, due to the
decrease of the mobility of the macromolecular chains and the
end of reaction.

In order to minimize the undesired effects of baseline varia-
tions, a commonly used procedure (Feng and Ng, 1991; Wang et al.,
1992; Van et al., 2001) is the internal standardization for quanti-
tative evaluation of conversion data. Usually, the selected refer-
ence band is a Raman band that is not modified significantly
during the reaction. Particularly, the literature presents several
studies (Gulari et al., 1984; Edwards et al., 2006; Feng and Ng,
1991; Hagan et al, 2009; Chu and Lee, 1984) regarding the
monitoring of MMA reactions. From the literature, it can be
observed that there is no consensus concerning the choice of the
internal reference during the MMA polymerization. For the sus-
pension polymerization of MMA in microreactors, this study
adopted as the internal reference the region positioned between
570 and 630 cm ', according to the results shown in Fig. 8. For
calculation of conversion during the MMA polymerization, the
peak area of the C=C vibration (1640 cm~') was normalized with

- = C=C Area

Peak area at 1640 cm™ (a.u.)

T T LI LI T T T T T T 1
0 30 60 90 120 150 180 210 240
Time (min)

Fig. 7. Evolution of the peak area of the C—C bond during the suspension
polymerization of MMA in experiment E2.
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Fig. 6. Raman spectra of MMA (beginning) and PMMA (end of reaction) droplets inside the microcapillary. (a) 200-1800 cm~' and (b) 2600-3200 cm~".
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Fig. 8. Evolution of the peak areas of the carbonyl (1680-1750 cm~') and ester
groups (570-630 cm ') during the experiment E2.

respect to the ester group vibration (600 cm~!), according to the
following equation:

[C—Clt)

oo (1M | B0
X(t)A_< [m]o>><100_ 1 [C—=Cl(to) x 100 @)

[A(to)

where [C=C](to) is the band area corresponding to the wave-
length of the double bond at the beginning of reaction, [A;](to) is
the band area corresponding to the wavelength of the ester group
at the beginning of reaction, [C=—C](t) is the band area corre-
sponding to the wavelength of the double bond at time t and
[A;](t) is the band area corresponding to the wavelength of the
ester group at time t. Based on Eq. (1), one can obtain the
conversion data depicted in Fig. 9.

3.2. Suspension polymerization reactions

Polymerization kinetics: Fig. 10 shows the effect of temperature
on the kinetics of MMA suspension polymerizations carried out
with the monofunctional initiator LPO (0.5 wt.%). The increase of
the polymerization rates is observed when the reaction tempera-
ture is increased, as expected. The increase of temperature also
influences the onset of the gel effect, which exerts an important
influence on the polymerization of methyl methacrylate. When
the gel effect takes place, a large amount of heat is released, since
the polymerization is a highly exothermic process. As the reaction
mixture is highly viscous, it can be difficult to remove the heat
released by reaction. However, due to the high surface/volume
ratio of microreactors, the temperature control problem is much
less important in microreactors than in macroreactors. It is
important to emphasize that the onset of the gel-effect was
defined as the conversion where the second-derivative of the
dynamic trajectory became positive, after the initial linear region.

In all reactions discussed here, the glass effect could also be
detected. This effect is predominant at high conversions and
occurs when the reaction temperature becomes smaller than the
glass transition temperature (Tg) of the polymer solution. In our
case, the T, of PMMA is close to 105 °C (Brandrup et al., 1999). At
very high conversions, the reduction of mobility of monomer
molecules in a highly viscous medium causes the reduction of
reaction rates, decreasing the monomer consumption rates and
eventually causing the interruption of the polymerization.
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Fig. 9. Evolution of normalized area of the peak C=C relative to the ester group
and MMA conversions in experiment E2.
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Fig. 10. Conversion data of MMA suspension polymerizations performed with
0.5 wt.% of LPO at different temperatures.

Fig. 11 compares our data to those obtained independently and
published in the literature (Jahanzad, 2004), in order to evaluate
the ability of the proposed Raman monitoring technique applied in
the present work. Jahanzad (2004) performed MMA suspension
polymerizations in a stirred tank reactor (1.0 L) at the same
temperature, using gravimetric analyses to calculate the monomer
conversion. Furthermore, Jahanzad (2004) performed the reac-
tions with the same initiator (LPO), but using a concentration of
1.0 wt.%

The dynamic trajectories presented in Fig. 11 are very similar.
However, as expected, the use of higher initiator concentration
leads to higher reactions rates (Odian, 2004). The initial rates of
polymerization can be calculated as the slopes of the initial linear
regions. Based on this simple calculation, it is possible to conclude
that Jahanzad (2004) obtained rates that were 70% higher than the
ones obtained here, similar to the expected 40% increase predicted
by the classical free-radical polymerization model. Therefore, it
can be concluded that the proposed monitoring scheme is reliable
and compatible with previously published data.

Average molar masses are shown in Table 3 as functions of
reaction temperature for reactions performed with the monofunc-
tional initiator LPO. As expected M,, and b values decrease with
the increasing temperature, due to the higher sensitivity of rates of
termination and transfer to monomer to modification of the
reaction temperature.
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Fig. 11. Conversion data obtained in the present work and published in the
literature (Jahanzad, 2004) for MMA suspension polymerizations performed with
LPO at 70 °C.

Table 3
Average molar masses obtained at different temperatures in reactions performed

with LPO.

Temperature (°C) M, (kg/mol) M, (kg/mol) b (-)
65 932,000 309,000 3.02
67.5 710,000 332,000 2.14
70 539,000 264,000 2.04

Fig. 12 shows the effect of the initiator concentration of T141 on
monomer conversion. As expected, one can observe the increase of
both the monomer conversions and the reaction rates with the
initiator concentration. Once more, variations of the initial reac-
tion rates were in accordance with the classical free-radical
polymerization model. It is important emphasize that no studies
are available in the literature regarding the use of the bifunctional
initiator T141 in the suspension polymerization of methyl metha-
crylate. Apparently, the only work concerning the use of initiator
T141 in MMA polymerizations studies the bulk polymerization of
MMA in a dilatometric device (Sheng et al., 2005). These authors
investigated the effects of the initiator concentration and tem-
perature on the polymerization rate as well as the efficiency of the
bifunctional initiator T141. Sheng et al. (2005) maintained the
monomer conversion always below 10% to study the efficiency and
the activation energy of this initiator in the initial stages of the
polymerization of MMA. The efficiency of T141 was experimentally
determined and found to be equal to 0.43 + 0.02, decreasing with
the increasing initiator concentration.

Keeping constant the concentration of the initiator T141 (0.29 wt.%),
the reaction temperature was varied from 65 to 70 °C and conversion
data were recorded, as shown in Fig. 13. As expected and observed in
the case of the LPO initiator (10), higher monomer conversions were
obtained when the temperature was increased.

The average molar masses of the polymer product were
obtained as functions of the reaction temperature when reactions
were performed with the bifunctional initiator T141, as shown in
Table 4. Once more, it can be noted that the increase of tempera-
ture caused the decrease of the average molar masses and its
dispersities. Similar effects were also observed in the bulk poly-
merization of styrene (Cavin et al., 2000) (80-110 °C) when the
same initiator was employed. However, average molar masses and
its dispersities obtained with the bifunctional initiator were less
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Fig. 12. Conversion data for MMA suspension polymerizations performed at 70 °C

at different concentrations of initiator T141.
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Fig. 13. Conversion data for MMA suspension polymerizations performed with the
initiator T141 (0.29 wt.%) with different temperatures.

Table 4
Average molar masses obtained at different reaction temperatures reactions

with T141.

Temperature M,, (kg/mol) M, (kg/mol) b (-)
65 995,000 536,000 1.86
70 909,000 524,000 1.73

sensitive to temperatures than observed with the monofunctional
initiator.

Fig. 14 compares monomer conversions obtained when initia-
tors LPO and T141 were used, clearly indicating that LPO leads to
higher reaction rates than T141. This observation can be explained
in terms of the decomposition rates of both initiators (T141 and
LPO), whose values are shown in Table 5 in terms of half-life times.
As the LPO has a half-life about 2.6 times lower than the initiator
T141 at reaction temperatures (65, 67.5 or 70 °C), the LPO is
consumed faster, resulting in higher MMA conversions. Note that
for higher temperatures, conversion differences increase, suggest-
ing the increase of the reactivity of LPO in relation to T141 in the
analyzed temperature range.
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Fig. 14. Monomer conversions when the initiators LPO and T141 were used to perform the polymerization with the same concentration of active oxygen. (a) 65 °C.

(b) 67.5 °C. (c) 70 °C.

Table 5
Half-life times at different temperatures for LPO and T141 (Nobel, 2008).
Initiator Temperature (°C) Half-life (h)
LPO 65 5.6
T141 14.5
LPO 67.5 4.0
T141 10.3
LPO 70 29
T141 74

Nevertheless, when both LPO and T141 initiators were com-
pared for similar half-life times, higher rates of reaction were
obtained with the bifunctional initiator. Fig. 15 shows that the
initiator T141 leads to higher reaction rates, when compared to
LPO at temperatures where both initiators present the same half-
life time for similar concentrations of active oxygen; in other
words, similar decomposition rates (kg,, =2.0 x 10">s-! and
Kd;,,, =1.9x 107 s~ 1). Under these conditions, the kinetics of
the polymerization of MMA is controlled by the kinetic rate
constants, since the higher temperatures used with T141 results
in higher values of the propagation rate constant, which can
explain the highest reaction rates, when compared to results
obtained with the initiator LPO.
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Fig. 15. Monomer conversions obtained with the monofunctional (LPO) and
bifunctional (T141) initiators at similar half-life times (t;,, ~ 10 h).

According to the classical free radical polymerization literature
(Yoon and Choi, 1992; Benbachir and Benjelloun, 2001), one of the
main advantages of using multifunctional initiators is the ability to
simultaneously increase the average molar masses and the reaction



rates when compared to monofunctional initiators, as also observed in
the present work for the MMA suspension polymerization performed
in microreactors, as shown in Fig. 15 and Table 6.

Interestingly, the work by Scorah et al. (2004) did not show the
increase of the average molar mass produced by bulk polymerization
with the tetrafunctional initiator 2,2 bis(4,4-di-(tert-butyl-peroxy-
cyclohexyl)propane) (JWEB), when compared to the product obtained
with the monofunctional initiator tert-Butylperoxy 2-ethylhexyl carbo-
nate (TBEC) at the elevated temperature range 90-110 °C. This
particular advantage of using multifunctional initiators was also not
observed either during in the bulk polymerization of butyl acrylate
and vinyl acetate (Scorah et al., 2006). In these cases, transfer to
monomer and to polymer seem to dominate the growth of the
macromolecular chains, making the final molecular architecture of
the produced polymer less sensitive to the functionality of the initiator.

3.3. Monitoring of droplets/particles volume

As reactions were conducted with the droplets dispersed in the
aqueous phase inside the microcapillary in quiescent state, the
effects of agitation were removed. This means that the break-up and
coalescence phenomena were not present either. Fig. 16 shows the
evolution of the droplets as a function of the monomer conversion,
as obtained by the CCD camera in experiment E6.

In general, one can observe visually the volume contraction of the
droplets/particles throughout the reaction. This result is expected due
to the inherent characteristics of the polymeric material, as polymer
densities are higher than monomer densities. In theory, the increase of
the density is the major cause for the decrease of the size of the
polymer particles, since the MMA density is equal to pPyma(20 °C)=

Table 6
Average molar masses obtained with different initiators.

Initiator Temperature (°C) M., (kg/mol) M, (kg/mol) b (-)
LPO 65 932,000 309,000 3.02
T141 65 995,000 536,000 1.86
LPO 70 539,000 264,000 2.04
T141 70 909,000 524,000 1.73

a

(@)

943.5 kg/m® and the PMMA density is ppmma(70 °C)=1152.8 kg/m’
(Brandrup et al., 1999).

One can also observe significant changes inside the droplets
during the polymerization of MMA, mainly after 13% of conversion.
Between 0 and 5% of conversion no significant changes were
observed within the droplets. After 5% of reaction, one can observe
the gradual increase of the opacity, characterized by the increase of
the polymer concentration and the progressive change of the
optical properties of the material. Despite the total solubility of
PMMA in its monomer, it can be noted that the growth of the
polymeric chains significantly modifies the refractive index of
the particles, mainly after 15% conversion. After 35%, changes of
the opacity can be seen inside the droplets, whose conversion range
is within the operating region of the gel effect (13). The opacity
changes can also be related to the formation of microcrystalline
domains in the polymer mass, which can cause scattering of
the light.

Regarding the aqueous phase, a gradual change in coloration
can be observed up to 35% conversion (16e). This is probably due
to the non-negligible solubility of MMA in water (Meyer and
Keurentjes, 2005). After that conversion value (35%), changes in
the opacity of the aqueous phase are not observed any more. This
result may indicate that the MMA solubilized in the aqueous phase
polymerize, contradicting some discussions published in the
literature (Kalfas et al., 1993). Kalfas et al. (1993) argue that the
amount of MMA dissolved in the water does not polymerize and
cannot be reabsorbed by the droplets with the evolution of the
reaction. Assuming that this is true, then the continuous phase
should remain completely transparent throughout the reaction.

One may assume that the amount of monomer dissolved in
water can be reabsorbed by the droplets, which would cause the
reduction of the opacity, which is not observed. It seems that the
small amounts of MMA solubilized (1.58 wt.% Luskin, 1970-1971)
in the aqueous phase polymerized and form a nano-dispersion in
water, through precipitation. If the system is agitated, then it is
possible that the polymer form in the aqueous phase be captured
by the larger dispersed droplets.

In order to verify if the Raman monitoring technique could
capture the presence of MMA dissolved in the aqueous solution,
the aqueous solution of PVA (0.3 wt.%) was saturated with MMA in

(0}

—h

«©

Fig. 16. Evolution of droplets/particles in the suspension polymerization of MMA. Experiment E6. (a) X=0.2%; (b) X=4.0%; (c) X=7.5%; (d) X=13%; (e) X=35%; (f) X=78.6%;

(g) X=86.1%; (h) X=89%. Bar length =530 pm.



the temperature range employed (65-70 °C) and several spectra
were obtained. As a result, no significant change was observed in
the Raman spectra. Thus, it can be assumed that the proposed
Raman technique is not able to monitor the polymerization of the
small amounts of monomer dissolved in the aqueous phase. It is
important to mention that there is a consensus in the free radical
polymerization literature about the fact that the non-negligible
solubility of a given monomer in the aqueous phase can cause
changes in the suspension polymerization kinetics, when com-
pared with the respective bulk polymerization process (Kalfas
et al.,, 1993; Shan et al., 2004).

In all reactions the spherical shape of the droplets/particles was
observed, as shown in Fig. 16. Hence, in order to calculate the volume
of the droplets/particles, the volume of a sphere, er; /6, was assumed,
where dg is the droplet diameter. The diameter measurements were
obtained with the public domain package ImageJ 1.48i.

Fig. 17 shows the influence of temperature on the evolution of
the particles volume during the polymerization of MMA at a fixed
concentration (0.5 wt.%) of the monofunctional initiator LPO in
aqueous phase. One can observe that Fig. 17(b) is more represen-
tative of the volume changes of the particles, as volumes are
reported as functions of conversion.

In order to analyze the variation of droplet size, the percentage
change of the droplets was determined, as the initial volumes of all
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particles could not be kept constant in the experiments. For the
reaction conducted at 67.5 °C (E3), a total decrease of volume was
equal to 34%, whereas at 70 °C, the total decrease of volume was equal
to 30%. It can be stated that these values were similar and compatible
with the expected increase of density of the dispersed phase.

Fig. 18 shows the effect of temperature on the volumes of the
droplets during the suspension polymerization when using
0.29 wt.% of initiator T141. It can be observed that before the
beginning of the gel effect ( ~ 35%), large variations of volume take
place in both experiments, attaining values of 20.5% and 30% of the
initial volume in E6 and E7, respectively. The final volumes of the
particles were decreased by 34% and 41% when the temperature
was increased from 67.5 °C to 70 °C, respectively. These values
were once more compatible with variations expected from density
values; although the different values obtained at the different
temperatures can also be related to the decrease of particle
porosity, caused by the increase of the reaction temperature. This
effect is well known in the poly(vinyl chloride) literature
(Willmouth et al., 1984; Smallwood, 1986), but has not yet been
explored in the PMMA literature.

When one evaluates the effect of increasing the concentration
of initiator (T141) on the volume of the droplets in quiescent state,
one can observe a smaller decrease of the droplets volume, as
shown in Fig. 19. Before the start of the gel effect ( ~ 30%), one can
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Fig. 17. Temperature effect on the particle volumes during the MMA suspension polymerization. [LPO]=0.5 wt%; E3 (67.5 °C) and E4 (70 °C). (a) Volume x Time. (b) Volume
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observe a large variation of the droplets volume in both experi-
ments, which are equal to 30% in E7 and 30.3% in E8, while the
total volume decreased 40.8 and 42.6%, respectively. It seems that
the temperature exerted a much higher influence on the volume of
the particles than the concentration of initiator T141.

The effect of the peroxide initiator on the final size of the
particles is shown in Fig. 20. The large decrease of volume observed
before 30% of conversion was almost identical, leading to the overall
decrease of 34% in volume at the end of the polymerization.

From the results obtained in this section, it can be concluded
that the functionality of the initiator and its concentration do not
appear to influence significantly the final particle size in the
suspension polymerization in quiescent state in microreactors.
The reaction temperature seems to exert a much more pro-
nounced effect on the variation of volume, suggesting that both
the density and porosity effects may predominate during the
volume contraction of the PMMA particles. On the other hand,
the results obtained by Jahanzad (2004) in stirred tank reactors
indicate that increasing the concentration of the LPO can cause the
decrease of the size of the PMMA particles. The author attributed
this effect to the balance between the breakage and coalescence
rates inside the vessel, controlled by the effect of viscosity of the
reacting medium. However, in the absence of effects of breakage
and coalescence, there are no reports regarding the effect of

initiator type, initiator concentration and reaction temperature
on the final particle size of PMMA.

Assuming that the density data presented earlier are represen-
tative, then variations of the expected volume should be approxi-
mately equal to 18%. As in all experiments, the volume variation of
the droplets observed was larger than 18% and these reactions
were not subject to the effect of agitation, one can conclude that
additional factors seem to dominate these variations, which cannot
be explained only in terms of temperature.

A common characteristic observed in all reactions is related to
the dynamic profile of the volume change during the formation of
PMMA. Based on the available experimental results, where the
existence of three stages can be assumed because of the clear
change of derivatives of particle volumes (in respect to monomer
conversion) observed in most experiments, performed at different
reaction conditions, the three characteristic stages during the
quiescent state suspension polymerization of MMA in microreac-
tors are:

® stage I (0-35%): The first stage is characterized by the
continuous shrinkage of the MMA droplets, whose volumes
can decrease up to 30% of their initial volume. As density
changes cannot explain the observed volume changes, it is
assumed that MMA polymerization also takes place in the



aqueous phase, with continuous transfer of MMA from particles
to the suspending medium.

® stage IT (35-80%): The second stage is characterized by the
small volume change of the droplets, with volume change of
approximately 8%. Interestingly, this stage occurs during the
highest consumption rate of monomer (gel effect). It seems that
occurrence of the gel effect does not modify significantly
neither the size nor the morphology of the particles.

® Stage III (> 80%): The third stage is characterized by the
identification of the PMMA particles, with volume decrease of
approximately 12% in most of the cases presented. This can
indicate the slow relaxation of the polymer phase, with slow
formation and accommodation of the micro-crystalline poly-
mer material.

4. Conclusions

This work presented a study regarding the implementation of
Raman spectroscopic technique for monitoring of the suspension
polymerization of MMA in microreactors. Raman spectroscopy
was shown to be sensitive to the usual variations of the most
important process variables, such as the initiator type, initiator
concentration and the reaction temperature. It was also shown
that the choice of an adequate internal reference allowed for the
successful monitoring of the monomer conversion with the
proposed Raman technique.

The kinetic data obtained in the present study were compatible
with kinetic data reported in the literature for MMA polymeriza-
tions. Particularly, the performances of a bifunctional initiator
(T141) with a monofunctional initiator (LPO) were compared to
each other, showing that the initiator T141 produces higher
reaction rates, higher average molar mass and lower dispersity.

It was also possible to relate the reaction kinetics with the
evolution of the volume of droplets during the MMA polymeriza-
tion. For the first time, stages of evolution of the volume of the
droplets/particles of MMA/PMMA were reported, according to
monomer conversion for suspension polymerization in the
absence of breakage and coalescence effects. It was observed that
the morphological evolution of the droplets is probably affected by
the reactions in the aqueous phase, which can be explained by the
low partial solubility of MMA in water. It was shown that the
volume changes of the drops were not functions only of the
conversion and that other significant effects can affect the dro-
plet/particle volume in a broad range of conversion.
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