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We develop a sequential flow process for the production of monodisperse poly (methyl methacrylate) (PMMA)/polystyrene (PS) composite particles through a soap-free emulsion polymerization of methyl methacrylate (MMA) using the first water-in-oil (W/O) slug flow and a subsequent seeded emulsion polymerization of styrene (St) using the second W/O slug flow. In this process, monodisperse PMMA seed particles are first formed in the dispersed aqueous phase of the first W/O slug flow. Subsequently, removal of the oil phase from the slug flow is achieved through a porous hydrophobic tubing, resulting in a single flow of the aqueous phase containing the seed particles. The aqueous phase is then mixed with an oil phase containing St monomer to form the second W/O slug flow. Finally, monodisperse PMMA/PS composite particles are obtained by a seeded emulsion polymerization of St using the second W/O slug flow. We compared the reaction performance between the slug flow and the batch processes in terms of particle diameter, monomer conversion, particle size distribution, and the number of particles in the system. We found that internal circulation flow within the slugs can enhance mass transfer efficiency between them during polymerization, which results in monodisperse PMMA/PS composite particles with a large particle diameter and a high monomer conversion in a short reaction time, compared to those prepared using the batch process. We believe that this sequential microflow process can be a versatile strategy to continuously produce monodisperse composite particles or core-shell particles in a short reaction time.
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INTRODUCTION
Polymer/polymer composite particles have been applied to various applications such as coatings (Jiang et al., 2017), reinforced elastomers (Yu et al., 2017), high-impact plastics (Guo et al., 2003), and toughened plastics (Ning et al., 2020) since the functionality of polymer particles can be easily controlled by the combination of polymers and the morphology of polymer particles. In general, polymer/polymer composite particles are prepared via multistep polymerization process using a seeded emulsion polymerization (Cho and Lee, 1985). In a seeded emulsion polymerization, an emulsion or soap-free emulsion polymerization is first conducted to prepare monodisperse polymer particles. Then, part of the polymer particle dispersion is used as a seed solution for a subsequent seeded emulsion polymerization. If there are no micelles in a seed solution, a monomer that diffuses to the seed solution during polymerization is only consumed to grow the seed to the desired size without a new nucleation event. Recently, various morphologies including core-shell (Vatankhah et al., 2020; Watanabe et al., 2020b), Janus (Tang et al., 2010; Chen et al., 2017), hollow (Kobayashi et al., 2007, 2009; Lv et al., 2008), and raspberry-like (Perro et al., 2006; Tolue et al., 2009) structures have been prepared by controlling thermodynamic and kinetic parameters during a seeded emulsion polymerization. Seeded emulsion polymerization has therefore attracted attention as one of the most effective ways to produce polymer composite particles as well as control the morphology of particles. However, it requires a long time to produce polymer/polymer composite particles with a batch process due to time-consuming multiple polymerization steps.
In the last decades, microflow processes have increased tremendous attention in the field of fine chemistry and chemical/bio engineering as an innovative process because of their unique characteristics such as high heat and mass transfer efficiency (Schwalbe et al., 2002; Elvira et al., 2013; Tanimu et al., 2017; Wang and Luo, 2017) and precise control over temperature and reaction time (Mason et al., 2007; Yoshida, 2010). These characteristics of microflow processes originate from their large surface to volume ratio and short diffusion path. Recently, a microreaction technology has been applied to not only organic syntheses but also polymerization reactions. For example, homogeneous polymerization including radical polymerization (Iwasaki and Yoshida, 2005; Iwasaki et al., 2006; Xiang et al., 2019) and controlled/living radical polymerization (Hornung et al., 2011; Tonhauser et al., 2012; Parida et al., 2014) with the use of microflow processes produce polymers with a controlled molar mass and a narrow molar mass dispersity. Heterogeneous polymerization reactions using liquid–liquid multiphase systems such as emulsion polymerization (Yadav et al., 2014; Liu et al., 2017), miniemulsion photopolymerization (Lobry et al., 2014) and suspension polymerization (Liu et al., 2011; Sen et al., 2020) enable the production of polymer particles with various sizes and morphologies in a continuous manner.
Among heterogeneous polymerization reactions using a microflow process, liquid–liquid slug flow has attracted attention as a new polymerization field instead of emulsion drops because a segmented liquid–liquid slug flow can be prepared just by mixing water and oil phases without any surfactant in a microflow reactor and the products after polymerization can be easily collected by a subsequent spontaneous phase separation between water and oil phases at the exit of the reactors. Moreover, when the polymerization proceeds only in the dispersed phase of the slug flow, a thin liquid film of the continuous phase around the dispersed phase prevents solid products formed in the dispersed phase from adhering to the channel wall (Seike et al., 2007). Furthermore, internal circulation flow within the slugs enhances the mixing of reactants in each slug and mass transfer between the liquid–liquid interfaces (Song et al., 2018; Song et al., 2019). In our previous studies, we have shown that a soap-free emulsion polymerization of methyl methacrylate (MMA) using a water-in-oil (W/O) slug flow enhances the rate of polymerization, resulting in poly (methyl methacrylate) (PMMA) particles with a high molar mass (∼1,500 kg mol−1) at a 20-min reaction time (Watanabe et al., 2019). We also found that addition of non-ionic surfactant to the continuous phase of a W/O slug flow prevents formed particles from adhering to the liquid–liquid interfaces and provides polymer particles with a narrow particle size distribution (Watanabe et al., 2020a). This polymerization strategy can be utilized to produce monodisperse polymer particles with a high molar mass in a short reaction time. However, to the best of our knowledge, there are no reports on the continuous production of polymer/polymer composite particles using a sequential microflow process.
In this study, we develop a sequential flow process to prepare monodisperse PMMA/PS composite particles by combining a soap-free emulsion polymerization of MMA using the first W/O slug flow and a subsequent soap-free seeded emulsion polymerization of styrene (St) using the second W/O slug flow. First, to confirm whether a W/O slug flow can be applied to a seeded emulsion polymerization, we demonstrate the seeded emulsion polymerization of St using a W/O slug flow in the presence of seed particles (batch/flow process) (Figure 1A) and compare the reaction performance between the batch/flow and a batch process. Then, we evaluate the effect of seed particle diameter on the reaction performance of the seeded emulsion polymerization using the batch/flow and the batch processes. Finally, we demonstrate a sequential flow (flow/flow) process to prepare PMMA/PS composite particles (Figure 1B) and compare the reaction performance between the sequential flow and the batch processes.
[image: Figure 1]FIGURE 1 | Schematic images of the microflow systems to prepare PMMA/PS composite particles (A) Batch/flow process, (B) Sequential flow process.
MATERIALS AND METHODS
Materials
Methyl methacrylate (MMA, FUJIFILM Wako) and styrene (St, FUJIFILM Wako) were used after purification by distillation under a reduced pressure to remove polymerization inhibitors. Distilled water used in all experiments was produced with a distilled water production system (RFD210TC, ADVANTEC, Japan). Potassium persulfate (KPS) and dodecane were purchased from FUJIFILM Wako and used as received. Span 85, which is an oil-soluble non-ionic surfactant, was purchased from Sigma-Aldrich and used as received.
Fabrication of Microflow System
The microfluidic devices were fabricated by assembling T-shaped poly (1,1,2,2-tetrafluoroethylene) (PTFE) unions (outer diameter 1/16″, GL science) and PTFE tubes (inner diameter: 1 mm and outer diameter: 1/16”, GL science). The inlet PTFE tube having 20 cm-long was connected to syringes (HSW NORM-JECT® Syringe, Henke-Sass, Wolf) placed on syringe pumps (Harvard Pump 33 Dual Syringe Pump, Harvard Apparatus). In the heating zone, the PTFE tubes were coiled helically and dipped in an oil bath (PAIRSTIRRER PS-1000, EYELA) at 70°C. In the case of a batch/flow process, the residence time of the heating zone for the polymerization of MMA was fixed at 20 min with the tube length of 4.8 m. In case of a sequential flow process, the residence time of the heating zone for the first polymerization of MMA was set at 20 min with the tube length of 4.8 m, while that for the second polymerization of St was controlled from 15 to 120 min by changing the tube length from 3.5 to 28 m, respectively. Between the first reaction zone and the second T-shaped PTFE union, a 15 cm-long porous water-oil separator (PTFE filter tube, inner diameter: 1 mm and outer diameter: 2 mm, Kokugo) was set to remove the remaining oil phase from the W/O slug flow. The exit of the outlet tube after polymerization was placed in a collection vial put in an ice bath.
Preparation of PMMA Seed Particles Using a Batch Process
PMMA seed particles were prepared by a soap-free emulsion polymerization of MMA using a batch process. Five mM of KPS was added to 100 ml of distilled water in a 100 ml two-necked flask set in an oil bath and deoxygenated by bubbling with nitrogen for 20 min under stirring. MMA was added to a 50 ml two-necked flask and then deoxygenated by bubbling with nitrogen for 20 min under stirring. The KPS aqueous solution (100 ml) and 2 mol/L of MMA (21.3 ml) were poured into a 300 ml three-necked flask, and polymerization was conducted for 1 h at 480 rpm and 70°C under a nitrogen atmosphere. The resulting suspension was centrifuged three times (himac CF 15R, HITACHI, 13,200 rpm, 10 min, 25°C) to separate and wash the product. The washed product was freeze-dried in a freeze-dryer overnight.
Preparation of PMMA/PS Composite Particles Using a Batch Process in the Presence of Seed Particles
PMMA/PS composite particles were prepared by a seeded emulsion polymerization of St using a batch process in the presence of PMMA seed particles. Initially, a 300 ml three-necked flask equipped with a mechanical stirrer was set in an oil bath and deoxygenated with nitrogen for 20 min. An aqueous solution (100 ml) containing 3.7 mM KPS and 5 g of PMMA particles [Dp = 634 nm, Coefficient of Variance (CV) = 4.1%] were added to a 100 ml two-necked flask, stirred for 1 h, followed by deoxygenated with nitrogen for 20 min. St was added to a 50 ml two-necked flask and then deoxygenated with nitrogen for 20 min. The KPS aqueous solution (100 ml) and St (16.5 ml) were poured into the 300 ml three-necked flask in the oil bath and then polymerization was conducted for 1 h at 480 rpm and 70°C under a nitrogen atmosphere. The products were washed and dried using the same procedure as above.
Preparation of PMMA/PS Composite Particles Using a Batch/Flow Process
PMMA/PS composite particles were prepared by a seeded emulsion polymerization of St using a W/O slug flow in the presence of PMMA seed particles. For a seed solution (W), 3.7 mM of KPS and 5 g of PMMA seed particles (Dp = 634 nm, CV = 4.1%) were added to 100 ml of distilled water and deoxygenated with the same procedure described above. For a monomer solution (O), 10 ml of St and 40 ml of dodecane (the mixture was St/dodecane = 1/4, v/v) and 5 wt% of Span 85 was added to a 50 ml two-necked flask and deoxygenated with the same procedure described above. These solutions were charged into disposable plastic syringes. Both syringes were set on the syringe pump, and the tip of the syringes was connected to the inlet tubes of the microreactor. The solutions were infused into the microreactor with a total flow rate of 184.6 μL min−1, while keeping the volume ratio of oil to water phase constant at 1.0. A W/O slug flow formed at the T-shaped union having a hydrophobic surface traveled downstream and was passed through a reaction region where the tube was immersed in an oil bath at 70°C. Then, polymerization was initiated in the aqueous phase and proceeded during which the slugs was passed through the reaction zone. The reaction time was controlled from 15 to 60 min by changing the length of the tube immersing into the oil bath from 3.5 to 14 m. After the polymerization, the sample solution was collected in a sample vial placed in an ice bath. The collected sample was subsequently phase separated between aqueous and oil phases in the sample vial, and the reaction was quenched. After the upper oil phase was removed from the sample, the products were washed and dried using the same procedure as above.
Preparation of PMMA/PS Composite Particles Using a Batch Process
PMMA/PS composite particles were prepared by a soap-free emulsion polymerization of MMA and a subsequent seeded emulsion polymerization of St using a batch process. Initially, a 100 ml two-necked flask equipped with a mechanical stirrer was set in an oil bath and deoxygenated with nitrogen for 20 min. An aqueous solution (100 ml) containing 5 mM KPS was added to a 100 ml two-necked flask, followed by deoxygenated with nitrogen for 20 min. MMA and dodecane were added to each 50 ml of two-necked flask and then deoxygenated with nitrogen for 20 min. A mixture of MMA/dodecane (MMA/dodecane = 4/1, v/v) was added to a 50 ml two-necked flask. Both the aqueous phase (30 ml) and the mixture of MMA/dodecane (30 ml) were added to the two-necked flask set in the oil bath and the polymerization of MMA was conducted for 20 min at 240 rpm and 70°C under a nitrogen atmosphere. St and dodecane were added to each 50 ml two-necked flask and then deoxygenated with nitrogen for 20 min. After removing the oil phase of the soap-free emulsion polymerization system, a mixture of St/MMA [30 ml, St/dodecane = 4/1 (v/v)] was added to the aqueous solution containing PMMA seed particles and then a seeded emulsion polymerization of St was performed for 15–120 min at 240 rpm and 70°C under a nitrogen atmosphere. The products were washed and dried using the same procedure as above.
Preparation of PMMA/PS Composite Particles Using a Sequential Flow Process
PMMA/PS composite particles were prepared by a soap-free emulsion polymerization of MMA, followed by a seeded emulsion polymerization of St using a W/O slug flow. For an initiator aqueous solution (W), 5 mM of KPS was added to 100 ml of distilled water in a 100 ml two-necked flask and deoxygenated with nitrogen for 20 min. For the first monomer solution (O), 10 ml of MMA and 40 ml of dodecane (the mixture was MMA/dodecane = 1/4, v/v) and 5 wt% of Span 85 was added to a 50 ml two-necked flask and deoxygenated with a nitrogen for 20 min. For the second monomer solution (O), 10 ml of St and 40 ml of dodecane (the mixture was St/dodecane = 1/4, v/v) and 5 wt% of Span 85 was added to 50 ml two-necked flask and deoxygenated with a nitrogen for 20 min. In the first step, to prepare PMMA seed particles, the aqueous and the oil solutions were fed into the microreactor with a total flow rate of 184.6 μL min−1, while keeping the volume ratio of oil to water phase constant at 1.0. A The polymerization was conducted at 70°C for 20 min. Then, the first oil phase of the slug flow was removed through a 15 cm-long porous PTFE tube. Subsequently, the aqueous phase containing PMMA seed particles was mixed with the second oil phase at the second T-shaped union to form W/O slug flow, and polymerization was conducted in an oil bath at 70°C to prepare PMMA/PS composite particles. The reaction time was controlled from 15 to 120 min by changing the length of the tube immersing into the oil bath from 3.5 to 28 m. After the polymerization, the sample solution was collected in a sample vial placed in an ice bath. The collected sample was subsequently phase separated between aqueous phase and oil phase in the sample vial, and the reaction was quenched. After the upper oil phase was removed from the sample, the products were washed and dried using the same procedure as above.
Characterization
The morphology of particles was observed by a scanning electron microscope (SEM, S-4700, Hitachi Ltd., Japan) at a voltage intensity of 2 kV. Before SEM observation, the prepared particles were sputter-coated (E-1030 Ion-Sputter, Hitachi Ltd., Japan) with Pd/Pt for 1 min to reduce the sample charging. Average particle diameter and the size distribution were determined with SEM images by using an image analysis software (WinROOF, Mitani Co., Ltd., Japan). In the image analysis, the size distribution was evaluated as CV that is defined as the ratio of standard deviation to average diameter. The CV values were calculated from the average diameter of 200 particles. Monomer conversion was calculated by the following equation: Monomer conversion (%) = 1—(the amount of unreacted monomer)/(the amount of feed monomer) ×100. To determine the amount of unreacted monomer in the system, the upper oil phase in a collection vial after polymerization was dissolved in hexane (2 ml) that was used as an internal standard. The solution was then analyzed by gas chromatography (GC-14A, Shimadzu Ltd., Japan) equipped with a J&W Scientific 30-m DB-WAX column with a Shimadzu CR51 Chromatopac. The GC conditions were as follows: initial column oven temperature 40°C, initial hold time of the column oven temperature 2 min, heating rate 10°C min−1, final column oven temperature 160°C, final hold time 2 min, detector temperature 250°C, and injector temperature 250°C. Fourier transform infrared (FT-IR) spectra were measured using a FT-IR spectrometer (IRPrestige-21, Shimadzu, Japan). The dried polymer particles were mixed with KBr and pressed to a disk for measurement.
RESULTS
Seeded Emulsion Polymerization of St in the Presence of PMMA Seed Particles
In our previous study, we have reported that a soap-free emulsion polymerization of MMA using a W/O slug flow facilitates the rate of polymerization by high heat transfer in microreactor and enhanced mass transfer between liquid–liquid interface through internal circulation flow, which results in polymer particles with a large diameter and a high molar mass in a short reaction time (Watanabe et al., 2019). However, it is not clear that a slug flow can be applied to a soap-free seeded emulsion polymerization and how the slug flow process affects the reaction performance, compared to a batch process. A general soap-free seeded emulsion polymerization consists of two-step polymerization processes: the first polymerization to prepare seed particles and the second polymerization to prepare composite particles. In the first step, seed polymer particles are prepared by typical soap-free emulsion polymerization. Then, in the second step, the polymerization of the second monomer is performed in the aqueous dispersion of the seed particles. In this step, the second monomer diffuses to the aqueous phase and swells the seed polymer particles. During the polymerization, a nucleation process is prevented and thus the second monomer can be only consumed by the seed polymer particles, which results in the formation of composite particles. In this study, we first demonstrated a seeded emulsion polymerization of St using a W/O slug flow and batch processes in the presence of PMMA seed particles and compared the reaction performance between the processes. It is noted here that the flow rate of the slug flow, the length of the reactor, and the stirring rate for a batch process were determined based on the result of our previous reports (Watanabe et al., 2019; Watanabe et al., 2020a).
The PMMA seed particles (Dp = 634 nm, CV = 4.1%) were prepared by a soap-free emulsion polymerization of MMA using a batch process (Figure 2A). Then, a series of the seeded emulsion polymerization of St in the presence of the seed particles using both the slug flow and the batch processes were conducted for a predetermined reaction time (15, 30, 45, and 60 min). Figures 2B,C show the representative SEM images of PMMA/PS composite particles prepared using the batch/flow and the batch processes at 60-min reaction time. We found that regardless of the process, the diameter of the composite particles was larger than that of the seed particles. Figure 3 shows the representative FT-IR spectra of PMMA seed particles and PMMA/PS composite particles. The spectrum of PMMA/PS composite particles shows the typical characteristic bands for PMMA at 2,994 and 2,951 cm−1 due to aliphatic C–H stretching, 1729 cm−1 due to aliphatic–C=O stretching vibration, and 1,191, 1,151 cm−1 due to C–O–C stretching vibration, and those for PS at 3,026 cm−1 due to aromatic C–H stretching vibration, 1,600 and 1,492 cm−1 due to C=C stretching vibration, and 698 cm−1 –C–H out of plane bending vibration. These results indicate that the seeded emulsion polymerization of St would proceed in both the processes.
[image: Figure 2]FIGURE 2 | (A) PMMA seed particles, (B) PMMA/PS composite particles prepared with the batch/flow process at 60 min, (C) PMMA/PS composite particles prepared with the batch process at 60 min.
[image: Figure 3]FIGURE 3 | FT-IR spectra of PMMA seed particles and PMMA/PS composite particles.
Figure 4 shows the comparison of reaction performance using the batch/flow and the batch processes in terms of particle diameter, monomer conversion, their CV value, and the number of particles as a function of reaction time. The particle growth rate and the increase of monomer conversion in the batch/flow process was faster than those in the batch process, as shown in Figures 4A,B, respectively. This tendency was similar to that in the soap-free emulsion polymerization of MMA using a W/O slug flow (Watanabe et al., 2019; Watanabe et al., 2020a). Rapid particle growth and high polymerization rate in the batch/flow process would be due to two effects: high heat transfer efficiency in the microflow reactor and high mass transfer efficiency induced by internal circulation flow within each slug. The model calculation result of the heat transfer in the PTFE tube immersed in an oil bath showed that the temperature of the slug stream can increase from 20 to 70°C in 18 s after the stream entered the heating zone (Supplementary Figure S1). This excellent heat transfer efficiency of the microflow reactor could facilitate the decomposition of initiator molecules and increase the numbers of ionic radicals and growing polymer chains that are absorbed to the seed particles in the dispersed aqueous phase, which results in a high rate of particle growth in the slug flow. Moreover, the internal circulation flow in each slug continuously provides the dispersed aqueous phase with monomer from the continuous oil phase, which would promote the rate of polymerization in the slug flow process.
[image: Figure 4]FIGURE 4 | Comparison of the reaction performance of the seeded emulsion polymerization of St using the batch/flow and the batch processes. (A) Particle diameter, (B) Monomer conversion, (C) CV value of the particle diameter, (D) The number of particles per unit volume.
Figure 4C shows the change in CV value as a function of reaction time for both processes. Regardless of the process, the CV values showed a tendency to increase with reaction time from 0 to 30 min. After that, in the batch process, the CV values showed a decreasing trend up to 60 min. On the other hand, in the flow process, the CV values maintained almost constant until 60 min. There is a possibility that a small number of large particles formed due to coagulation in the early stage of the polymerization may cause the increase in CV values up to 30 min, and that the CV value decreases or maintains almost constant because the size difference between the large particles and the other particles decreases in the later stage of polymerization. After 60-min polymerization, the CV value of the resulting particles prepared using the batch/flow process was less than 10%, which was slightly lower than those prepared using the batch process.
To confirm the progress of polymerization based on a seeded emulsion polymerization mechanism, we evaluated the number of particles per unit volume as a function of reaction time using the following equation (Lovell and Schork, 2020).
[image: image]
where [image: image] is the number of particles per unit volume (ml−1), [image: image] is the mass of monomer (g), [image: image] is the monomer conversion (-), [image: image] is the density of polymer (which can be usually assumed equal for the two polymers without too much error) (g cm−3), [image: image] is the volume of dispersant (water) (ml), and [image: image] is the particle diameter (cm). As shown in Figure 4D, there were no significant changes in the number of particles during the polymerization in both the processes. This result strongly supports the fact that the polymerization proceeds based on a seeded emulsion polymerization mechanism in both the processes. Judging from these results, we concluded that a W/O slug flow can be applied to a seeded emulsion polymerization and that this microflow process enhances the rate of polymerization and results in monodisperse polymer/polymer composite particles with a large diameter and a high monomer conversion, compared to those prepared using a batch process.
Effects of Seed Particle Diameter on a Seeded Emulsion Polymerization of St in the Presence of Seed Particles
To evaluate the effects of seed particle diameter on the reaction performance of the seeded emulsion polymerization of St using the batch/flow and the batch processes, we prepared PMMA seed particles with three different diameters (Dp = 183, 397, and 634 nm) (Figure 5) and performed a seeded emulsion polymerization of St using each seed particle. Figure 6A shows the effect of the PMMA seed particle diameter on the resulting PMMA/PS composite particle diameter as a function of time. In both the processes, regardless of the seed particle diameter, the PMMA/PS composite particle diameter became bigger as a function of reaction time and the particle growth rate in the batch/flow process was slightly higher than that in the batch process. As shown in Figure 6B, the monomer conversion in the batch/flow process was higher than that in the batch process. In addition, the monomer conversion decreased with larger seed particles in both the processes. In this experiment, we added the same weight of seed particles having different diameters to the reaction system. This means that as the seed particle diameter decreases, the number of the seed particles added to the reaction system increases. We thus think that a large number of seed particles with small diameters would consume many monomers per unit time. Therefore, the monomer conversion decreased with large seed particles. Figure 6C shows the effect of the PMMA seed particle diameter on the CV value of the PMMA/PS composite particles as a function of time. There was no clear trend in changes in the CV value of the obtained particles prepared with the seed particles having different diameters, but the CV value of the PMMA/PS composite particles obtained in the batch/flow process was less than 10% and lower than that obtained in the batch process. As shown in Figure 6D, there were no significant changes in the number of particles during the polymerization in both the processes, indicating that a seeded emulsion polymerization was successfully conducted in each condition. These results clearly show that regardless of PMMA seed particle diameter, a seeded emulsion polymerization of St using a batch/flow process provides PMMA/PS composite particles with a high monomer conversion and a narrow particle size distribution, compared to those prepared using a batch process.
[image: Figure 5]FIGURE 5 | SEM images of PMMA seed particles with different diameters. The diameters are (A) 183 nm, (B) 397 nm, and (C) 634 nm.
[image: Figure 6]FIGURE 6 | Effects of seed particle diameter on the reaction performance of the seeded emulsion polymerization of St using the batch/flow and the batch processes. (A) Particle diameter, (B) Monomer conversion, (C) CV value of the particle diameter, (D) The number of particles per unit volume.
Comparison of Reaction Performance Between Sequential Flow and Batch Processes
We found in the above study that a W/O slug flow can be used as a reaction field to perform a seeded emulsion polymerization of St and that the resulting PMMA/PS composite particles have a large diameter and a narrow particle size distribution in a short reaction time, compared to those prepared using a batch process. We then developed a sequential flow process to produce monodisperse PMMA/PS composite particles in a continuous manner by combining a soap-free emulsion polymerization of MMA using the first W/O slug flow with a subsequent seeded emulsion polymerization of St using the second W/O slug flow. In this process, PMMA seed particles were first prepared by a soap-free emulsion polymerization of MMA using a W/O slug flow. Then, to separate the continuous oil phase from the slug flow, the slug flow was passed through a porous hydrophobic tube (Bannock et al., 2013). The separated aqueous phase was then mixed with the second oil phase containing St monomer to form the second W/O slug flow. Subsequently, PMMA/PS composite particles were prepared by a seeded emulsion polymerization of St in the slug flow.
Figure 7 shows the SEM images of PMMA particles and PMMA/PS composite particles prepared using the sequential flow and the batch processes at different reaction times. It is noted that the SEM images at 0 min describe the PMMA seed particles prepared with a soap-free emulsion polymerization for 20 min using both the processes. The PMMA seed particles prepared using the sequential flow process had about 1.5 times larger diameter than those prepared using the batch process. The time-course observation of the particles during the seeded emulsion polymerization revealed that new particles were not formed in both the processes and that the particle diameter increased as a function of reaction time. As shown in Figure 8A, after the seeded emulsion polymerization for 120 min, there was a significant difference in diameter of the particles between the sequential flow and the batch processes: The diameter of the composite particles prepared using the sequential flow process was 428 nm, which was about 1.7 times larger than that prepared using the batch process. As shown in Figure 8B, monomer conversion in the sequential flow process also increased and reached 97.4% at 120 min, while that in the batch process reached 47.2% at 120 min. Figure 8C shows the CV values of the PMMA/PS composite particles as a function of reaction time. Although the CV values of the resulting particles prepared using the sequential flow varied significantly depending on the reaction time, the value at 120 min was around 9%, indicating that the particles had a relatively monodisperse particle size distribution. The CV values of the resulting particles prepared using the batch process were kept constant around 6% and these values were considerably lower than those in the batch process using as-prepared PMMA seed particles. Figure 8D shows changes in the number of particles in both the processes during the seeded emulsion polymerization. The number of particles in both the processes were kept constant during the polymerization, which strongly suggests that the polymerization proceeded based on a seeded emulsion polymerization mechanism. In the whole reaction time, the number of the particles present in the sequential flow process was significantly smaller than that in the batch process. This is because the diameter of the seed particles formed in the first polymerization in the sequential flow process was significantly larger than that in the batch process and the number of particles in both the processes was then kept almost constant during the second polymerization. Based on these results, we succeeded in the development of a sequential flow process to prepare monodisperse PMMA/PS composite particles in a continuous way and found that the sequential flow process provides reaction field with a high rate of polymerization, resulting in monodisperse PMMA/PS composite particles with a large diameter and a high monomer conversion in a short reaction time, compared to a batch process.
[image: Figure 7]FIGURE 7 | SEM images of PMMA/PS composite particles prepared using (A) the sequential flow process and (B) the batch process.
[image: Figure 8]FIGURE 8 | Comparison of the characteristics of the seeded emulsion polymerization of St using the sequential flow and the batch processes. (A) Particle diameter, (B) Monomer conversion, (C) CV value of the particle diameter, (D) The number of particles per unit volume. The time at 0 min means the time when the polymerization of St is initiated.
DISCUSSION
Advantage of Slug Flow for Seeded Emulsion Polymerization
Seeded emulsion polymerization has been one of the most versatile ways to design polymer composite particles with various morphologies by controlling thermodynamic and kinetic parameters upon the polymerization. However, the preparation process requires laborious and time-consuming multi-step procedures. Here, as the proof-of-concept study, we demonstrated that a microflow process using a W/O slug flow can be applied to a seeded emulsion polymerization for the preparation of PMMA/PS composite particles (Figure 4). Moreover, we developed a sequential flow process to produce monodisperse PMMA/PS composite particles in a continuous manner by combination of a soap-free emulsion polymerization of MMA and a subsequent seeded emulsion polymerization of St using a W/O slug flow. Specifically, we found that particle growth rate and polymerization rate during both the first seed particle formation step and the second composite particle formation step in the slug flow process are faster than those in the batch process (Figure 8A), and that the sequential flow process results in monodisperse PMMA/PS composite particles having a large diameter and a high monomer conversion in a short reaction time, compared to the batch process (Figure 8C).
The reaction performance of a seeded emulsion polymerization using a sequential flow process is analogue to that of a soap-free emulsion polymerization using a W/O slug flow (Watanabe et al., 2019; Watanabe et al., 2020a) and is related to other reports regarding oxidative polymerization of aniline (Song et al., 2018) and synthesis of polyacrylamide with a high molar mass using a slug flow (Song et al., 2019). Although the detailed mechanism of the enhanced rate of polymerization in a slug flow has not been elucidated from the point of view of quantitative mass transfer analyses and polymerization kinetics, it would derive from two characteristics of a microflow process: high heat transfer efficiency in the narrow width of the microchannel and high mass transfer efficiency induced by internal circulation flow within the slugs.
Limitations on Slug Flow for Seeded Emulsion Polymerization
To enhance the rate of polymerization in a soap-free emulsion polymerization and a seeded emulsion polymerization using a W/O slug flow, it is of importance for the slug flow to be kept stable in the whole reaction time. However, we found that increasing a pressure drop in polymerization systems causes the instability of the slug flow. Specifically, in a seed particle formation step, a slug flow tends to be destabilized when the viscosity of the dispersed phase increases by increasing the number (volume fraction) of the seed particles, which may lead to a decrease in the rate of polymerization and a wide particle size distribution upon a subsequent seeded emulsion polymerization. To circumvent the instability of a slug flow caused by increasing the viscosity of the dispersed phase, it is important to control the number of seed particles formed in the first step by tuning the concentration of initiator and monomer as a pilot study.
Another limitation on slug flow for a seeded emulsion polymerization is the reaction time. In a microflow process, the reaction (residence) time of polymerization can be calculated by the length of a reaction tube divided by a linear flow rate. In general, as increasing the length of the reaction tube or the linear flow rate, the pressure drop in the system increases. Therefore, monomer types that require a long-time reaction are generally difficult to be applied to the slug flow process. When constructing a sequential flow process for the preparation of new polymer composite particles, we must check the required reaction time for each monomer and then determine the basic reaction conditions such as flow rates and the length and diameter of the tubes, based on the pressure drop of the system.
Future Direction of Research About Slug Flow for Composite Particle Synthesis
Despite these limitations, the experimental evidence we have reported shows that a seeded emulsion polymerization using a W/O slug flow has significant advantages. The microflow technology can be potentially used for the rapid production of monodisperse polymer/polymer composite particles with various morphologies in a continuous way by tuning thermodynamics and kinetic parameters of the polymerization systems. In addition, not only polymer particles but also inorganic particles can be utilized for the seed particles and thus inorganic/organic composite particles can be developed using the same procedure, which can be applied to biomedical fields including optical materials, sensors, and diagnosis. Moreover, to consider the industrial application of the microflow process, it will be required to develop a scalable microflow process as well as a continuous monitoring process of the product.
CONCLUSION
In this study, we have developed a sequential flow process using a W/O slug flow to produce monodisperse PMMA/PS composite particles in a continuous manner. Compared to the current batch process, the W/O slug flow process can enhance the rate of polymerization and produce monodisperse composite particles having a large diameter and a high monomer conversion in a short reaction time. This microflow technology has the exciting potential to the rapid production of polymer/polymer composite particles having various combinations of materials and morphologies, which can be applied to coatings, reinforced materials, optics, sensors, and diagnosis.
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