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Chapter 1 

 

Introduction to emulsification and polymerization in dispersed 

systems 

 

 

Abstract 

Suspension polymerization is a well known technique for the production of polymer 

particles in the size range between several micrometers to millimeters. Particles are 

generally dispersed in water. Traditionally, emulsification and polymerization are carried 

out simultaneously in a stirred tank. Recent developments in this field are focusing on 

spatial separation of emulsification and polymerization. This enables the production of 

monomer droplets with a predefined size and very narrow size distribution followed by 

transformation of these monomer droplets into polymer particles with the same size 

distribution. This chapter summarizes techniques to create oil-in-water emulsions with 

droplet sizes in the range of 1 to 10 m. Polymerization techniques to transform these 

droplets into polymer particles with the same size as the droplets are reviewed. Note that 

particles in the size range of 1 to 10 m are difficult to produce otherwise. Attention will 

also be paid to emulsion polymerization.  Emulsion polymerization leads to undesired 

submicron polymer particles and may proceed simultaneously with suspension 

polymerization. 
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1.1. Emulsification 

1.1.1 Conventional methods for emulsification 

Dispersions of oil in water or, more specific, monomer-in-water emulsions are 

traditionally prepared in stirred tanks. The separate oil and water phase are transformed 

into an emulsion by using a mechanical stirrer. Although µm-sized droplets can be 

produced, energy dissipation is difficult to maintain upon scale-up leading to larger 

droplets with a broad size distribution. The coarse emulsion can be passed through a 

system that is designed to create high shear forces. When the shear forces exceed the 

interfacial tension forces of a droplet, the droplet breaks up into smaller droplets. The 

three device types typical for creating high shear forces are rotor-stator systems, 

homogenizers and ultrasound devices.1-4 In rotor-stator systems, a premix emulsion flows 

through a narrow gap between a stator and a fast spinning rotor. Homogenizers press the 

premix emulsion through a specially designed valve at pressures up to 103 bar. The high 

shear forces are caused by turbulent flow inside the valve. In an ultrasound device, the 

sound waves create high shear rates during the collapse of the bubbles formed. For all 

these devices the energy efficiency is very low. Secondly, control over the final droplet 

size is generally poor and has to be done via indirect methods such as changing type and 

concentration of the surfactant and optimizing the pressure in the case of a homogenizer. 

An alternative for the preparation of emulsions with high shear devices is membrane 

emulsification. There are two approaches to produce emulsions with membranes. The 

first is to start with a premix emulsion and to press it through a membrane, which is a 

porous plate that can be made out of several materials.5,6 A second approach consists of 

pressing an oil phase through the membrane into an aqueous phase on the permeate side 

of the membrane. A flow of the continuous phase along the permeate side of the 

membrane generates high enough shear forces to detach a growing droplet of oil from the 

membrane surface, see Figure 1. This method is called cross-flow emulsification.7 An 

advantage of using this method is that the ratio of final droplet size and pore size of the 

membrane is within typical ranges. This allows an easy control of the final droplet size by 

changing the pore size of the membrane.8 Recently the technique of cross-flow 

emulsification has been adopted to generate emulsions of monomer, e.g. styrene and 

divinyl benzene, in water for the purpose of transforming them into polymer particles via 
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a thermally induced free radical polymerization process.9-11 The membranes used in this 

process are Shirashu Porous Glass (SPG) membranes. Figure 2 shows the surface of an 

SPG membrane used for cross-flow emulsification. 

 

 

Figure 1. Process parameters and physical properties that are determining for droplet 

formation in a cross-flow emulsification process. 

 

 

Figure 2. Scanning electron microscope (SEM) image of a Shirashu Porous Glass (SPG) 

membrane with a mean pore diameter of 3.1 µm. 
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1.1.2. Emulsification with straight-through microchannel arrays 

Microengineering allows studying droplet formation from a well-defined single pore. 

Several structures such as T-junctions and flow-focusing devices have been used as 

model systems for cross-flow emulsification.12-15 In a first microstructure, droplets were 

formed at the end of a channel that led into a shallow terrace and further on into a deeper 

well.16,17 This type of microstructures do not require the shear caused by the continuous 

phase cross-flow for droplet formation. Droplet formation occurs spontaneous due to the 

interfacial tension forces induced by the geometry of the microstructure. The first 

straight-through microchannels were produced by creating straight channels in a silicon 

plate using photolithography.18 The surface of this plate was oxidized to silica to render it 

hydrophilic. It was discovered that making the pores oblong with a high aspect ratio as 

shown in Figure 3 can lead to spontaneous droplet formation similar to the emulsification 

in microstructures. The characteristic parameter of the pore is the maximum enclosed 

circle diameter of the cross-section. It was shown in three-dimensional Computational 

Fluid Dynamics (CFD) models that the continuous phase can enter the permeate side of 

the pore inducing rapid shrinkage and cutoff of the neck as shown in Figure 4.19 

 

                      

Figure 3. Schematic illustration of a straight-through microchannel array in a) top view 

and b) in depth view during droplet formation. Modified from ref. 18. 
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Figure 4. Simulation of the droplet formation process in a straight-through hole with an 

aspect ratio of 4. Reproduced from ref. 18. 

 

1.2. Polymer microparticles 

1.2.1. Free radical suspension polymerization 

Suspension polymerization is in principle regarded as bulk polymerization in 

microreactors.20-22 These microreactors are monomer droplets dispersed in water. The 

monomer droplets are created by the shear forces from stirring before and during the 

reaction. An oil-soluble initiator, typical amount 0.1 to 0.5 wt% based on the monomer, is 

thermally activated to start the polymerization reaction. During the dispersion process the 

individual droplets do not retain their unique identity. The droplets continuously undergo 

coalescence and break-up. At a certain droplet size, the rates of coalescence and break-up 

are equal. Interfacial tension, density, viscosity and energy dissipation (distribution) are 

the major determining factors of the final particle size, which typically lies in the range 

between 10 µm and 5 mm. Many studies have been carried out to model the population 

balance for the droplet size distribution.23-25 Usually the modeling of the polymerization 

kinetics is considered separately and simplified equations are used to model the 

intermediate scale of droplet coalescence and break-up in the very early stage of the 
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process. During polymerization of a monomer which is completely miscible with its 

resulting polymer, e.g. styrene, the viscosity of the monomer droplet continuously 

increases. In the initial stage of polymerization, the viscous droplets can coalesce without 

break-up leading to the formation of fused agglomerates. Inhibition of the agglomeration 

process can be achieved by improving the colloidal stability of the droplet with stabilizers 

or by increasing the rate of polymerization, which shortens the period in which 

agglomeration can occur.26 After a few percent of monomer conversion the coalescence 

and break-up rates become negligible and the system can be regarded as completely 

segregated. The monomer droplet gradually evolves into a polymer particle, acquiring the 

properties of a solid particle. The main process parameters and material properties that 

determine the final particle size and particle size distribution are the type of monomer, the 

type and concentration of stabilizer and the shear rates in the turbulent flow field in the 

reactor. 

Free radical polymerization is the most common mechanism for suspension 

polymerization reactions. Table 1 gives a simplified summary of the free radical 

suspension polymerization process. The initiator decomposes in a first order reaction, see 

Equation 1. The rate of polymerization, Rp, can be described by Equation 2: 

 

   ·       (1) 

 

   · ·  · ·
· · ·

 (2) 

 

In Equations 1 and 2 [I] is the initiator concentration, [M] the monomer concentration in 

the monomer droplet and f is the initiator efficiency. kd, kp and kt are the rate constants of 

initiator dissociation, propagation and bimolecular termination, respectively. Some 

critical assumptions were made in this model. The initiator is assumed not to partition 

between the droplet and the water phase. No reactions in the water phase are taken into 

account and radical exit from the droplet/particle phase into the water phase is neglected. 

For monomers with significant water solubility, model calculations of the conversion-

time history show strong deviations from the observed ones. Suspension polymerization 
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of vinyl acetate and styrene-acrylonitrile cannot be modeled with bulk reaction rate 

constants. Modified values for kp are used to compensate differences between 

experimental results and model predictions.27 The apparent reactivity ratios for 

suspension copolymerization also differ from bulk values and variations in molecular 

weight in beads of different sizes can be observed.28,29 

 

Table 1. Fundamental reaction steps for free radical suspension polymerization and 

kinetic parameters of styrene.21,30-32 

Initiator decomposition 
·

2 • 

 initiation •  

Propagation  • •  

Chain transfer  • • 

Termination disproportionation • •  

 combination • •  

For styrene  1.09 · 10 · ·  

·
  1.7 · 10 · ·  

 10 ·  

 

1.2.2. Emulsion polymerization 

In this section, the concept of emulsion polymerization is explained. Although the main 

focus in this thesis is on suspension polymerization, the mechanism of emulsion 

polymerization is crucial to understand the processes taking place in the water phase 

during polymerization. In this respect, emulsion polymerization is considered as an 

undesired secondary process leading to the formation of submicron particles. The starting 

difference with suspension polymerization is the use of a water soluble initiator instead of 

an oil soluble initiator and a much higher surfactant concentration.33-35 The radicals 

formed by initiator dissociation react with monomer in the water phase to form 

oligomers, see Figure 5.36 These oligomers continue growing and become surface active 
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when they reach a certain chain length (z), which is monomer specific.37 This so-called z-

mer will enter into a monomer swollen micelle, where further propagation can take place. 

This process is called micellar nucleation. The z-mers can also enter growing polymer 

particles already formed by micellar nucleation. Below a certain concentration of 

micelles, the z-mer can continue growing by propagation until it reaches a critical chain 

length (jcrit). At this point, the oligomer becomes insoluble and a coil-globule transition 

will take place.38,39 Free surfactant from the water phase will stabilize the surface of the 

collapsed chain. This second mechanism of particle formation is referred to as 

homogeneous nucleation. If a propagating z-mer collides with a monomer droplet before 

it reaches a micelle, it will enter this monomer droplet and continues propagating in the 

droplet. The statistical probability of droplet nucleation strongly depends on the ratio of 

the specific surface area of the droplets and the micelles and/or the particles. In general 

this ratio is very small. When all micelles are disappeared, the formation of new particles 

will stop and propagating radicals in the water phase will enter existing polymer particles, 

see Figure 6. For complete colloidal stability, the number of particles and the rate of 

polymerization remain constant. This is referred to as interval II, see Figure 7.40 In the 

third and final interval, the monomer droplets are completely consumed and the rate of 

polymerization drops as the residual monomer in the polymer particles is depleted. 
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Figure 5. Overview of particle nucleation mechanisms in emulsion polymerization. 

Modified from ref. 35. 

 

 

 

Figure 6. Schematic representation of the three intervals in emulsion polymerization. R• 

represents a radical,  represents a surfactant molecule. Modified from ref. 35. 

R
•

Monomer 
droplet

R
•

Monomer 
droplet

R
•

Interval I Interval II Interval III
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Figure 7. Schematic representation of the rate of polymerization and number of particles 

as function of time in the three intervals of emulsion polymerization. Modified from ref 

39. 

 

1.3. Scope of the thesis 

Controlled emulsification with membranes or microstructured devices is increasingly 

implemented to generate emulsions of monomer in water. The monomer droplets can be 

polymerized into particles in the range of 1 to 10 µm with a narrow particle size 

distribution through a suspension polymerization process. The objective of this work is to 

evaluate the use of straight-through microchannel (MC) arrays for the production of 

monomer in water emulsions with a narrow droplet size distribution and to obtain insight 

into the differences between polymerizing a well defined pre-formed emulsion and 

conventional suspension polymerization systems. 

Straight-through MC arrays are used to produce oil in water emulsions for various oil 

types. The exact design of the cross-section of the holes in these MC arrays is 

confidential to Nanomi BV. In Chapter 2, the performance of this specific type of 

straight-through MC arrays is reported for the emulsification of styrene and also more 

hydrophilic monomers such as methyl methacrylate (MMA), butyl methacrylate (BMA) 

and mixtures thereof in water. The influence of process parameters, i.e. applied pressure 

and cross flow velocity, on the final emulsion properties is also investigated. 

Time

Interval I Interval II Interval III
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The relatively monodispersed styrene in water emulsions are polymerized via suspension 

polymerization, for which the results are reported in Chapter 3. An optimization of the 

recipe and reaction conditions is carried out. Finally, the mechanism leading to secondary 

particle nucleation is discussed. 

In Chapter 4 the results from Chapters 2 and 3 are combined to make a process design for 

an annual production of 103 kg of monodispersed polystyrene microparticles. Limitations 

for applied pressures and the technical lifetime of a straight-through MC wafer are central 

topics. 

Polymerization in dispersed systems can be difficult to control. An alternative can be to 

perform a polymerization reaction in bulk or solution and to subsequently emulsify the 

polymer solution in water. A disadvantage of this method is the use of organic solvents 

which have to be removed from the polymer particles after emulsification. In Chapter 5 

the use of carbon dioxide as plasticizing agent for emulsification of polystyrene is 

evaluated. The effect of carbon dioxide sorption on the viscosity of polystyrene was 

investigated and a process design for emulsification at system pressures up to 10 MPa 

with applied pressures below 20 kPa is presented. 

The insights from Chapters 2 and 4 are applied in a completely different research field in 

Chapter 6. In this chapter straight-through MC arrays are used to create monodisperse 

emulsions of perfluorohexane. The perfluorohexane droplets are functionalized making 

them useful for ultrasound contrast imaging, a technique used in medicine for early 

detection of vascular diseases. 
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Chapter 2 

 

Emulsification of monomer with straight-through 

microchannel arrays 

 

 

Abstract 

Straight-through microchannel arrays have been utilized to create emulsions of monomer 

in water for the synthesis of monodisperse polymer microparticles. The minimum 

surfactant concentration required for proper droplet formation has been determined for 

sodium dodecyl sulfate (SDS) and sodium dodecyl benzene sulfonate (SDBS). 

Hydrophobic monomers such as styrene or n-butyl methacrylate or mixtures of 

hydrophobic solvents such as toluene and hydrophobic monomers all give similar 

emulsification results regardless of their composition. Mixtures with more hydrophilic 

monomers such as methyl methacrylate result in broader droplet size distributions. 

Results of emulsification experiments with solutions of polystyrene in styrene 

demonstrate that proper emulsification is only possible below a certain viscosity level. 

For viscosities above this level droplets with an irregular shape are formed. The applied 

pressure during emulsification and the cross flow velocity do not significantly affect the 

final droplet size distribution. 
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2.1. Introduction 

Monodisperse polymer microparticles are used in several fields of applications, such as 

support material for enzymes,1,2 drug delivery systems3,4 and affinity chromotography5. 

Demands for particles with a very narrow particle size distribution resulted in a refocus of 

research from high shear droplet break-up during emulsification and polymerization 

towards emulsification of monomer followed by a separate step in which the monomer 

droplets are polymerized maintaining the droplet size distribution of the original 

emulsion.6-8 Emulsification and polymerization have been carried out successfully 

although a one-to-one transformation of the original droplet size distribution into an 

identical particle size distribution can be very difficult as a result of secondary nucleation, 

leading to submicron polymer particles, i.e. emulsion polymerization.9 

The production of monodisperse monomer-in-water emulsions is a prerequisite for 

producing monodisperse microparticles. Emulsification of monomer using high shear 

stirring generally leads to relatively polydisperse polymer particles and there appears to 

be a lower limit for the resulting particle size. Moreover, high shear mixing is not able to 

produce particles in the range of 1 to 10 µm. An interesting field in the research on 

suspension polymerization in the last years has focused on emulsification of monomer 

using membranes. Emulsions of styrene in water with a lower limit coefficient of 

variation (CV) of 10% have been reported using Shirasu Porous Glass (SPG) 

membranes.10 The distinguishing feature of membrane emulsification is that the resulting 

droplet size is controlled primarily by the choice of the membrane and not by the 

generation of turbulent droplet break-up.11 

Using microfluidic devices, CVs below 5% have been reported.12-14 These microfluidic 

devices appear very promising for producing monodisperse monomer-in-water 

emulsions. Their limited scalability, however, still causes a major drawback. Most 

systems used consist of one or only a few nozzles, which have a throughput that is far too 

low to generate the relevant phase ratios to produce high solids microsphere dispersions 

in water by suspension polymerization, e.g. of styrene. However, some ideas for scale-up 

have been reported.15 

Straight-through microchannel (MC) arrays have the potential to produce oil-in-water 

(O/W) emulsions with high monomer to water ratios of, e.g. over 30% and with 



Emulsification of monomer with straight-through microchannel arrays 

17 

industrially relevant throughputs.16 These MC arrays consist of straight-through holes in a 

single-crystal silicon plate with an asymmetric pore cross-section. These MC arrays are 

made by photolithograpy and inductively coupled plasma reactive ion etching (ICP-

RIE).17 The surface silicon MC array is converted to silica to render it hydrophilic, 

necessary for the production of O/W emulsions. The production of hydrophobic MC 

arrays made from Poly(methyl methacrylate) (PMMA) by injection molding has also 

been reported.18 Several oils such as soybean oil, medium-chain fatty acid triglyceride 

(MCT) oil, n-tetradecane and decane were used to create O/W emulsions.19,20 W/O/W 

emulsions of soybean oil were also reported.21 

In the present work, we utilize Microsieve membranes,22 that show performance similar 

to that of MC arrays reported in open literature, for the emulsification of styrene and 

acrylic monomers in water. Required surfactant concentrations for proper droplet 

formation were determined. The influence of the viscosity of the dispersed phase and the 

effect of operating conditions are also reported in this paper. 

 

2.2. Experimental section 

2.2.1. Materials 

Styrene (ReagentPlus, ≥ 99%), methyl methacrylate (MMA, 99%), butyl methacrylate 

(BMA, 99%), sodium dodecyl sulfate (SDS ≥ 99%) and polystyrene (MW = 230 kg/mol) 

were obtained from Sigma-Aldrich (Steinheim, Germany). Sodium dodecyl benzene 

sulfonate (SDBS, ≥ 99%), was obtained from Merck (Hohenbrunn, Germany). Monomers 

(styrene, MMA and BMA) were distilled under reduced pressure prior to use. Surfactants 

(SDS and SDBS) were used without further purification. Microsieves, type tulip-4 with 

pores of 4 µm and type crocus with pores of 1.8 µm were obtained from Nanomi BV 

(Oldenzaal, The Netherlands).22 The characteristic parameter of the pore is the maximum 

enclosed circle diameter of the cross-section. 
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2.2.2. Emulsification setup 

 

           

 

Figure 1. a) Schematic illustration of the emulsification setup b) The Microsieve consists 

of equally spaced asymmetric straight-through holes. 

 

Experiments with straight-through MC arrays were performed in a setup as illustrated in 

Figure 1. Monomer was pressed through the array using Nitrogen. A gentle cross flow 

velocity of the continuous phase (vc = 0.1 · 10-2 to 5 · 10-2 m/s) carried the droplets that 

were formed from the microchannel module to the emulsion storage vessel. Before 

emulsification, the straight-through microchannel arrays were cleaned in a plasma asher, 

Emitech K1050X, using oxygen. 

 

2.2.3. Analysis 

2.2.3.1. Droplet size analysis 

Monomer droplets were observed immediately after formation at the membrane surface 

with an optical microscope (Axioplan 2 imaging, Carl Zeiss, Oberkochen, Germany), 

equipped with a digital camera (AxioCam Color, Type 412-312). Size distributions were 

obtained from these images by a custom-made routine written in Matlab R2006b (The 

Mathworks, Natick, MA, USA) and ImageJ.23 The image analysis procedure consisted of 

the following consecutive steps. First, the background was subtracted and the resulting 

image was binarized using a luminance threshold. The droplets were separated from the 

Pore distance = 4 · 10-6 m

(b)
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noise by filtering for a luminance maximum within the droplets. Further processing steps 

involved separation of connecting droplets and filtering out objects with a circularity ratio 

below 0.8. From the resulting images, the droplet areas were measured. Maximum 

measurement error was 0.2 µm for the droplet diameter. Statistical analysis of the data 

provided the mean and standard deviation for the droplet diameter distribution. Each 

distribution was based on the measurement of at least 9 · 103 droplets. 

 

2.2.3.2. Interfacial tension measurements 

Interfacial tension measurements were performed on a Krüss Tensiometer, model K11-

MK1 (Krüss GmbH, Hamburg, Germany) using the DuNouy ring method. Each datapoint 

is the mean value of at least three measurements. The number of measurements was 

adjusted such that a standard deviation below 0.2 mN/m was obtained. 

 

2.2.3.3. Viscosity measurements 

Viscosity measurements were made in a series of Cannon-Ubbelohde viscometers with 

different capillary diameters. This method is mainly suitable for viscosity measurements 

of Newtonian fluids. This restriction may lead to systematic errors for solutions with high 

polymer contents.24 
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2.3. Results and discussion 

2.3.1. Membrane performance 

   

Figure 2. a) Image of styrene droplets leaving the microchannel module with a 

membrane type tulip with a pore size of 4 µm. vc = 0.01 m/s. b) Typical size distribution 

of styrene droplets produced with a straight-through microchannel array.  

 

Figure 2a shows a typical picture of styrene droplets flowing from the microchannel 

module. In this example, SDBS is used as surfactant. The SDBS concentration in the 

fluid fowing parallel to the microchannel array was 10-3 mol/dm3
water. The number 

averaged droplet diameter, <ddrop> was 10.9 µm, based on the measurement of over 11 · 

103 droplets, see Figure 2b. The monodispersity of the distribution is expressed with the 

coefficient of variation (CV), which is defined as: 

CV =   · 100%  (1) 

Where σ is the standard deviation. For the experiment depicted in Figure 2 the CV was 

3.6 %. This value was significantly lower than the CV’s that were obtained for styrene 

emulsification with SPG membranes, which are typically higher than 10 %.6,25,26 

For SPG membranes, the relationship between <ddrop> and the mean pore diameter, 

<dpore> was shown to be linear and obeys Equation 2: 

 

C
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<ddrop> = c · <dpore>  (2) 

In Equation 2 c is a constant. For experiments performed at various operating conditions 

and with various dispersed phases, values for c have been reported in the range from 2 to 

10.27 Figure 3 shows the relationship between <ddrop>  and <dpore> for our experiments 

with MC arrays. In the range of our operating conditions, c varied between 2.6 and 3.2. 

 

 

Figure 3. Droplet sizes as a function of membrane pore sizes for straight-through 

Nanomi microchannel arrays, type crocus, <dpore> = 1.8 µm, and tulip, <dpore> = 4.0 µm. 

 

2.3.2. Required surfactant concentrations for proper droplet formation 

Maintaining a low surfactant concentration is a crucial issue to avoid formation of 

submicron particles by emulsion polymerization during a suspension polymerization 

process. With increasing surfactant concentration, the probability for a free radical in the 

aqueous phase to participate in submicron particle formation increases. We therefore 

investigated the lowest surfactant concentration required for droplet formation. Figure 4a 

shows the influence of the SDBS concentration in the continuous phase on the resulting 

droplet size distribution. The concentration of SDBS does not seem to have a significant 

effect on <ddrop>. The dotted line is at 10.7 µm. The CV, however, decreases sharply with 

increasing SDBS concentration. For SDBS concentrations above 0.7 · 10-3 mol/dm3, the 

CV does not change significantly with the SDBS concentration and reaches a value of 3.6 
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%. Figure 5 clearly demonstrates that this SDBS concentration does not differ much from 

the critical micelle concentration (CMC) for SDBS in water, saturated with styrene, being 

0.8 · 10-3 mol/dm3 as derived from the styrene/water interfacial tension measurements. 

This value is slightly lower than the reported CMC values of SDBS in the absence of 

styrene, being 1.3 · 10-3 to 2.8 · 10-3 mol/dm3.28 This reduced CMC under the influence of 

monomer is referred to as the apparent CMC (CMCapp).
29 A similar experiment was 

conducted for SDS as surfactant, see Figure 4b. A constant droplet diameter was 

observed for SDS concentrations above 0.5 · 10-3 mol/dm3. The dotted line is at 11.9 µm. 

For the CV, a plateau value of 6.0 % was observed above a surfactant concentration of 1 · 

10-3 mol/dm3. This value is slightly below the CMCapp of aqueous SDS solutions 

saturated with styrene of about 3 · 10-3 mol/dm3, see Figure 5. Again this value for the 

CMCapp is below the CMC of 8.2 · 10-3 mol/dm3, reported for aqueous solutions of SDS 

in the absence of styrene.30 To obtain a direct relationship between the interfacial tension 

and the resulting droplet size distribution, one would have to evaluate the dynamic 

interfacial tension, which is mainly influenced by surfactant migration velocities and 

plays a dominant role at low surfactant concentrations.31-33 The main conclusion that can 

be drawn from these results is that emulsification of styrene in water with SDS or SDBS 

using straight-through MC arrays can only be done at surfactant concentrations higher 

than or around CMCapp. A consequence of this necessary level for the surfactant 

concentration is that secondary particle nucleation by micellar nucleation cannot be 

avoided during the suspension polymerization process. 
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Figure 4. Mean droplet size and coefficient of variation (CV) for emulsification of 

styrene as a function of the aqueous concentration of a) SDBS and b) SDS. 

 

 

Figure 5. Interfacial tension measurements of Water/Styrene as a function of surfactant 

concentration using SDBS ( ) and SDS ( ). 

 

2.3.3. Emulsification of acrylic monomers 

To explore the boundaries of the photolithographic microchannel arrays, monomers 

which are more hydrophilic than styrene were emulsified. The results obtained for the 
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emulsification of n-butyl methacrylate (BMA) showed a slightly increased mean droplet 

diameter (<ddrop> = 11.4 µm) in comparison with styrene at the same operating conditions 

(i.e. vc, applied pressure and SDBS concentration), see Figure 6a. The CV was 6.0 %, 

which is also slightly higher compared to the experiments with styrene. Mixtures of BMA 

and methyl methacrylate (MMA), which is more hydrophilic than BMA, are often 

encountered in recipes for copolymerization reactions. For these mixtures, the mean 

droplet diameter only slightly decreases with decreasing BMA weight fraction, . The 

CV, however, increases rather strongly with decreasing . For pure MMA or mixtures 

with  < 30 wt %, emulsification was not observed. Under these conditions, no clear 

monomer/water interface could be detected. Instead one could observe a more gradual 

transition region from a monomer rich to a water rich phase. Due to the absence of a clear 

monomer/water interface, no droplet necking could occur. When shifting to a more 

hydrophobic system, see Figure 6b, by adding toluene to BMA, the mean droplet 

diameter and CV gradually shifted towards values comparable to the ones obtained for 

styrene emulsification. These results indicate that hydrophobic monomers such as styrene 

or BMA or mixtures of hydrophobic solvents such as toluene and hydrophobic monomers 

will all give similar emulsification results regardless of their composition. 
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Figure 6. Mean droplet size and coefficient of variation (CV) for emulsification of a) n-

butyl methacrylate (BMA) / methy methacrylate (MMA) mixtures, b) toluene / BMA 

mixtures. The aqueous phase contained 1 · 10-3 mol/dm3 SDBS. 

 

2.3.4. Influence of viscosity 

A direct method for generating polymer particles is emulsification of polymer solutions. 

This emulsification process is usually followed by evaporation of solvent, occasionally 

generating porous particles. It is obvious that the viscosity of the phase to be dispersed 

plays a dominant role in the emulsification process. We investigated the emulsification of 

polystyrene/styrene mixtures for various polymer weight fractions. The results are 

collected in Figure 7. This figure shows that the mean droplet diameter does not change 

significantly for polystyrene fractions in the range of 0 to 40 wt %. One might argue that 

the mean droplet diameter shows a minimum value at 20 wt % polystyrene, as a similar 

trend was observed for silicon oil in water systems with 1 wt % SDS for a similar 

emulsification system.34 These experiments showed a minimum for the mean droplet size 

at a viscosity of 0.1 Pa · s. This is not so different from the viscosity of 0.17 Pa · s, that 

we found for a solution of 20 wt % polystyrene in styrene, see Figure 8. This trend, 

however, is not so pronounced in the results shown in Figure 7. For polystyrene weight 

fractions above 30 %, which corresponds to viscosities above 2 Pa · s, the CV values 

increased dramatically. This effect could be observed in the entire applied pressure range 
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of 1 to 15 kPa. During droplet formation at viscosities above 2 Pa · s irregular droplet 

shapes could be observed. Due to the increased viscosity, the interfacial tension forces are 

unable to overcome the viscous forces to form a spherical surface. 

 

    

Figure 7. Mean droplet size and coefficient of variation (CV) for emulsification of 

styrene/polystyrene mixtures as a function of a) the polystyrene content and b) the 

disperse phase viscosity. 

 

 

Figure 8. Viscosity of styrene/polystyrene mixtures as a function of the polystyrene 

content. 
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2.3.5. Influence of operating conditions 

The effect of applied pressure on droplet diameter distribution was investigated, see 

Figure 9a. The mean droplet diameter increases slightly with increasing applied pressure. 

Droplet formation in a spontaneous breakup regime includes a droplet growth stage, 

followed by a droplet necking stage in which the droplet grows even further. Increasing 

the applied pressure increases the contribution of droplet growth during the necking 

stage.35,36 For styrene emulsification in photolithographic microchannel arrays as used in 

this study it can be concluded that the contribution of droplet growth during the necking 

stage plays only a minor role for the final droplet size. A similar trend was found for 

mixtures of triolein with Castor oil using SDS as surfactant for a microchannel array with 

different geometries.37  For applied pressures above 15 kPa, irregular droplet formation 

behavior was observed. Several pores generated droplets that were many times larger 

than the expected droplet size of about 10.5 to 12 µm for 4 µm pores. Therefore, results 

beyond this blow-up point were not taken into consideration. Experiments with soybean 

oil and silicon oil in straight-through microchannel arrays show similar trends.38 For these 

experiments droplet sizes show a slight increase as a function of dispersed phase flow 

rate until a critical capillary number is reached at which the mean droplet size and CV 

increase dramatically. 

In crossflow emulsification, the velocity of the continuous phase flowing over the 

membrane surface generates a force on the droplet that governs the critical droplet size at 

which necking takes place. In straight-through emulsification, such a cross flow is not 

required for droplet necking, however, a gentle crossflow is applied to facilitate the 

droplet removal from the membrane surface. Figure 9b clearly demonstrates that the 

range of crossflow applied in our experiments has no significant effect on the mean 

droplet size or CV. 
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Figure 9. Mean droplet size and coefficient of variation (CV) for emulsification of 

styrene as a function of a) the applied pressure, b) the cross flow velocity vc. 

 

2.4. Conclusions 

Photolithographic straight-through microchannel arrays are a promising novel tool for 

emulsification of various types of monomer. The size distributions obtained with this 

system are highly monodisperse as CVs below 5 % can be obtained. The ability to use 

parallel modules of arrays of microchannels allows for throughputs to be generated that 

are comparable to those obtained with SPG membranes. Emulsification of styrene using 

SDS and SDBS as surfactant gives optimal results for droplet size distributions at 

surfactant concentrations equal to or greater than the critical micelle concentration. We 

have also shown that it is possible to use MC arrays to emulsify more hydrophilic 

monomers, i.e. BMA and mixtures of BMA and MMA. Emulsification of 

polystyrene/styrene mixtures led to monodispersed droplet size distributions up to 

concentrations of 30 wt% polystyrene. Finally it was demonstrated that operating 

conditions, i.e. applied pressure and velocity of the continuous phase that carries the 

droplets from the membrane surface, did not significantly influence the droplet size 

distribution. This behavior for photolithographic straight-through microchannel arrays is 

different from that of cross flow emulsification systems where droplet diameters strongly 

depend on applied pressure and the cross flow velocity of the continuous phase. This can 
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be considered as a major advantage for photolithographic straight-through microchannel 

arrays over cross flow emulsification systems as these parameters may be difficult to 

control in a larger scale emulsification setup. 
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Chapter 3 

 

Synthesis of polystyrene microparticles using straight-through 

microchannel arrays 

 

 

Abstract 

Emulsions of styrene in water have been produced using straight-through microchannel 

arrays. The monomer droplets have been polymerized in a suspension polymerization 

process. Radicals are produced by thermal dissociation of oil soluble initiators. 

Significant broadening of the droplet size distribution occurs already on time scales of the 

emulsification process. Secondary nucleation of submicron particles occurs, for which the 

molecular weight distribution points to emulsion polymerization as the dominating 

mechanism. The addition of a water soluble inhibitor, i.e. NaNO2, can only partly 

suppress secondary nucleation. The initiator concentration as well as the monomer 

volume fraction in the reaction mixture also have a strong influence on secondary particle 

nucleation. 
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3.1. Introduction 

In current research, the synthesis of polymer microparticles is often achieved by 

emulsification of monomer in water using membranes or microfluidic devices followed 

by a separate suspension polymerization process. The trade-off between membranes and 

microfluidic devices currently lies in the fact that membranes (e.g. Shirasu Porous Glass 

(SPG) membranes) can achieve reasonable throughputs. However, there is a lower limit 

for the monodispersity as typically coefficients of variation (CVs) of around 10 % and 

higher are reported.1 For microfluidic devices, CVs below 5 % have been reported. Their 

throughput, however, is limited as often only one or a few nozzles are generating 

droplets. Straight-through microchannel (MC) arrays with asymmetric pore endings have 

the potential to combine low CVs with reasonable throughputs.2 Asymmetric straight-

through MC arrays show potential to generate oil in water (O/W) emulsions of styrene 

and acrylic monomers. 

The polymerization of the monomer droplets in O/W emulsions can be done in various 

ways. Free radical polymerization reactions can be initiated thermally or by using UV-

irradiation. One of the main limiting factors is the solubility of the monomer in water and 

organic phases. If the monomer has a high water solubility, formation of W/O emulsions 

may be required, in which case the polymerization takes place in the aqueous phase, e.g. 

for dextran-hydroxyethyl methacrylate.3 If the monomer is very sparingly soluble in the 

continuous water phase, the polymerization will be compartmentalized in the monomer 

droplets. This polymerization in the monomer droplets has been carried out successfully 

for several monomer types.4,5 In the case where the monomer has a significant solubility 

in the continuous water phase, e.g. styrene and methyl methacrylate, the locus of 

polymerization may shift partially from the monomer droplet phase to the continuous 

water phase, leading to the formation of secondary nucleated submicron particles. For the 

suspension polymerization of styrene in water, the contribution of this secondary 

mechanism can dominate the overall rate of polymerization.6 

In this work, we utilize asymmetric straight-through MC arrays for the production of 

monodispersed styrene in water emulsions. The colloidal stability of the resulting styrene 

in water emulsions is evaluated. Polymer particles are produced by thermal initiation of a 

free radical polymerization in the monomer droplets, i.e. suspension polymerization. The 
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contribution of secondary particle formation to the polymerization process is evaluated 

by variation of the recipe (i.e. inhibitor concentration, initiator concentration and 

monomer volume fraction). 

 

3.2. Experimental section 

3.2.1. Materials 

Styrene (ReagentPlus, ≥ 99%), NaNO2 and polyvinylpyrrolidone (PVP) were obtained 

from Sigma-Aldrich (Steinheim, Germany). Styrene was distilled under reduced pressure 

prior to use. Sodium dodecyl benzene sulfonate (SDBS, ≥ 99%), was obtained from 

Merck (Hohenbrunn, Germany). Microsieve membranes, that show performance similar 

to that of MC arrays reported in open literature, type tulip-4 with pores of 4 µm were 

obtained from Nanomi BV (Oldenzaal, The Netherlands).7 Di(4-tert-butylcyclohexyl) 

peroxydicarbonate (Perkadox 16) was a kind gift from Akzo Nobel (Arnhem, The 

Netherlands). The structure of perkadox 16 is shown in figure 1. 

 

 

Figure 1. Chemical structure of the hydrophobic initiator di(4-tert-butylcyclohexyl) 

peroxydicarbonate (Perkadox 16) 

 

3.2.2. Emulsification 

The setup used for the emulsification with straight-through MC arrays is depicted in 

Figure 2. Before emulsification, the straight-through microchannel arrays were cleaned in 

a plasma asher (Emitech K1050X) using oxygen. Prior to use, all components were 

deoxygenated and stored under argon. The emulsification setup was treated with several 

vacuum – argon cycles and stored in an argon atmosphere. The water and monomer 

phase were prepared as listed in table 1 and loaded into the aqueous and monomer phase 
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vessel, respectively. The monomer/initiator mixture was pressed through the MC array 

using nitrogen. A gentle cross flow (vc = 0.1 · 10-2 to 5 · 10-2 m/s) of the water/surfactant 

mixture, i.e. the continuous phase, carried the emulsion from the microchannel module to 

the emulsion storage vessel.  

 

 

Figure 2. Schematic illustration of the emulsification setup 

 

Table 1. Standard recipe for aqueous and to be dispersed phase prior to emulsification 

To be dispersed phase 

Compound Amount  

Styrene 5 [g] 

Initiator Cinit [ / ] 

Continuous phase 

Compound Amount  

Water 5 · 102 [g] 

SDBS 174 · 10-3 [g] 

Added after emulsification  

Compound Amount  

NaNO2 Cinh [ / ] 

PVP 5 [ / ] 
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3.2.3. Suspension polymerization 

NaNO2 was added as an inhibitor in the water phase. PVP was added to agglomerate the 

excess of free surfactant molecules in the water phase.8 Both NaNO2 and PVP were 

added after emulsification to avoid influences on the emulsification process. Variations in 

pore activity of the MC array result in fluctuations of the throughput of the monomer 

phase. This causes variations in the monomer volume fraction (ΦM) of the resulting 

emulsion, which is defined as: 

 Φ      where      (1) 

,  and  are the volumes of the reaction mixture, the monomer phase and the 

water phase respectively. For each emulsion, ΦM was determined by measuring the 

styrene concentration in the sample using a Fisons Instruments gas chromatograph with a 

flame ionization detector (GC-FID) equipped with a Restek Rtx-5 column (fused silica, 

length 30 m, internal diameter 0.53 mm) with helium as the carrier gas. To achieve a 

preset value for ΦM, too concentrated samples were diluted with additional water phase. 

Samples that were too diluted were concentrated using a centrifuge (Heraeus Sepatech 

megafuge 1.0). Samples were subjected to centrifugation during 10 minutes at 4000 rpm 

in an argon atmosphere after which, the calculated volume of supernatant was removed. 

The emulsion was transferred to a 2 · 10-3 dm3 glass reactor and polymerization was 

carried out with gentle stirring at 65oC under argon for 24 hours. The conversion was 

calculated from the initial and final concentration of styrene, measured with gas 

chromatography. 

 

3.2.4. Droplet and particle size analysis 

Monomer droplets and polymer particles were observed with an optical microscope 

(Axioplan 2 imaging, Carl Zeiss, Oberkochen, Germany), equipped with a digital camera 

(AxioCam Color, Type 412-312). Size distributions were obtained from images made 

with the digital camera by a custom-made routine written in Matlab R2006b (The 

Mathworks, Natick, MA, USA) and ImageJ.9 The image analysis procedure consisted of 

the following consecutive steps. First, the background was subtracted and the resulting 

image was binarized using a luminance threshold. The droplets and particles were 
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separated from the noise by filtering for a luminance maximum. Further processing steps 

involved separation of connecting droplets and particles and filtering out objects with a 

circularity ratio below 0.8. From the resulting images, the droplet and particle areas were 

determined. Statistical analysis of the data provided the mean and standard deviation for 

the droplet and particle diameter distribution. Each distribution was based on the 

measurement of at least 9 · 103 droplets or particles. 

 

3.2.5. Size exclusion chromatography 

Molecular weight distributions of the polymer were measured with size exclusion 

chromatography (SEC). SEC was performed on a Waters GPC equipped with a Waters 

model 510 pump and a Waters model 410 differential refractometer. Two mixed bed 

columns (Mixed-C, Polymer Laboratories, 30 cm, 40 oC) were used. Tetrahydrofuran 

(Aldrich) stabilized with BHT was used as eluent. Polystyrene standards with a narrow 

molecular weight distribution in the range of 600 to 7 · 106 g/mol were used to calibrate 

the system. The Mark Houwink parameters used for calibration with polystyrene 

standards were K = 1.14 · 10-4 dL · g-1 and a = 0.716. 

 

3.3. Results and discussion 

3.3.1. Stability of the emulsion 

The evolution of particle size distribution has been intensively studied for suspension 

polymerization processes.10,11 Highly monodisperse emulsions of styrene in water can be 

produced using straight-through MC arrays. Using the surfactant SDBS at a concentration 

of 1 · 10-3 mol/dm3, a CV of 5% or lower could be achieved. The stability of the 

monomer emulsion is a key issue for the size distribution of the final polymer particles. 

Due to the interfacial curvature, the solubility of monomer from small droplets into water 

increases as a function of droplet diameter according to the Gibbs - Thomson equation: 

 C d C ∞ · exp · ·V

R·T·
      (2) 

In which C(ddrop) is the solubility at the interface of a droplet with diameter ddrop, C(∞) is 

the solubility at a flat interface, γ is the specific interfacial energy, Vmol is the molar 

volume of the droplet, R is the universal gas constant and T is the absolute temperature. 
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Styrene is used in our model study and has a water solubility or C(∞) of 0.3 g / L at room 

temperature.12 The process in which large droplets grow at the expense of small ones and 

thereby reducing the total interfacial area is referred to as Ostwald ripening. The 

interfacial area is reduced via diffusional mass transfer from regions of high interfacial 

curvature to regions of smaller interfacial curvature. Many efforts have been made in 

describing this process, in which the Lifshitz-Slyozov-Wagner (LSW) theory provided a 

large improvement.13 More advanced models have been proposed.14-17 A major drawback 

of these models is that they are only applicable for systems with ΦM << 1. This  

restriction makes the models not useful for our work because relatively large values for 

ΦM were used to minimize the effect of polymerization in the water phase. Figure 3 

shows the broadening of droplet size distributions of styrene in water used in this work 

for a sample with ΦM = 0.135. The emulsion stored at 25oC shows a clear increase in CV 

over time. This decrease of monodispersity has no significant effect on the mean droplet 

diameter (<ddrop>), as it remains nearly constant over 102 hours after emulsification. At a 

typical polymerization temperature, i.e. 65oC, a similar trend was observed. The 

experiment was conducted for 4 hours and then stopped due to self-initiation of styrene. 

 

 

Figure 3. Mean droplet diameter (<ddrop>) and coefficient of variation (CV) as a function 

of time for styrene in water emulsions at a) 25 oC and b) 65 oC. The broken lines are a 

guide to the eye. 
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3.3.2. Formation of secondary nucleated particles 

 

 

Figure 4. Proposed mechanism leading to secondary particle formation. For styrene i = 0 

- 2, z = 3, n > 3 and jcrit = 4 – 5.18 

 

           

 

Figure 5. SEM picture of polystyrene particles. Particles originating from emulsion 

polymerization, 0.15 to 0.2 µm in diameter, cover the surface of the particles originating 

from suspension polymerization, which have a number average diameter of 6.8 µm. 

Ent
ry
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Figure 6. Molecular weight distribution of polystyrene particles from a typical 

suspension polymerization experiment. Primary and secondary particles show distinct 

shoulders at a molecular weight (M) of 105 and 106 g/mol, respectively. 

 

The formation of secondary nucleated submicron particles is to the best of the authors 

knowledge hardly reported in literature for suspension polymerization systems, although 

it is recognized that particle formation in such systems originates to a large extent from 

initiation in the water phase.19 Focus on the formation of submicron particles became an 

important issue when emulsification and polymerization were conducted separately and a 

considerable part of the polymer formed was in these submicron particles. The secondary 

particle formation in such a system is expected to obey the mechanism illustrated in 

Figure 4. The initiator partitions between the monomer droplets and the water phase. The 

radical formation can therefore take place inside the monomer droplet as well as in the 

water phase. Inside the monomer droplet, reaction kinetics are comparable with those for 

bulk polymerization, which is a common way to describe suspension polymerization. In 

the aqueous phase and in the submicron polymer particles, the polymerization can be 

described by kinetics of interval I and II of emulsion polymerization.20-23 It is expected 

that Smith-Ewart case 1 kinetics apply for the submicron polymer particles as the radical 

generation rate in the water phase is low due to the low water solubility of the initiator. 

Figure 6 shows the molecular weight distribution in which both mechanisms have clearly 
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taken place. The pseudo-bulk mechanism leads to a weight averaged molecular weight, 

Mw, in the range of 104 to 105 g / mol, while emulsion polymerization typically leads to 

an Mw of 106 g / mol. 

It has been found that the water solubility of the initiator has a significant impact on the 

fraction of polymer present in the secondary formed particles.6 Addition of a water 

soluble inhibitor such as NaNO2 or diaminophenylene (DAP) suppresses the formation of 

submicron particles. However, note that suppression of submicron particles formation is 

not clearly observed using hydroquinone. Under exclusion of oxygen hydroquinone only 

leads to retardation of submicron particles nucleation. In the final product the fraction of 

polymer in the submicron particles is not expected to differ significantly from that 

obtained with recipes without quinines.24 The water soluble inhibitor increases the rate of 

chain stop for short chained radicals in the water phase, see the dashed lines in Figure 4. 

This prevents growing oligomers in the water phase from reaching chain lengths that 

allow them to become surface active. As a consequence, entry to submicron particles as 

well as homogeneous nucleation are suppressed. Also the addition of inhibitor lowers the 

final monomer conversion from 100% down to 76% in some cases. Therefore, a recipe 

and operation strategy should be developed for which the inhibitor level is optimized in 

order to suppress secondary nucleation as much as possible and simultaneously obtaining 

a high final conversion level.  

 

3.3.3. Initiator selection 

The droplet size distribution of styrene in water emulsions broadens significantly over 

time, see Figure 3. The residence time of the droplets in the membrane module must 

therefore be kept as low as possible. Secondly, the time of polymerization has to be 

minimized to avoid broadening of the emulsion droplet size distribution. A high rate of 

polymerization can be achieved by selecting an initiator with a short half-life time, as can 

be concluded from Equation 3. 

· · · ·
 with /

.
   (3) 

The choice of initiator is therefore evaluated by the initiator half-life time in addition to 

partitioning between the monomer and water phase. Figure 7 shows the half-life time of 
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three oil soluble initiators as a function of temperature. The initiator mixture used in this 

work consisted of 90 wt% Perkadox 16 and 10 wt% lauryl peroxide. Perkadox 16 was 

chosen as a fast radical generating initiator to guarantee a high polymerization rate during 

the first stage of the reaction. Lauryl peroxide was added to reach a high final conversion 

as perkadox 16 is depleted in the final stage of the polymerization. 

 

 

Figure 7. Initiator half-life time as a function of temperature for ( ) Benzoyl peroxide,    

( ) Lauryl peroxide and ( ) Perkadox 16. 

 

3.3.4. Influence of inhibitor 

NaNO2 suppresses polymerization reactions in the water phase. An undesired side effect, 

however, is the reduction of the rate of polymerization inside the monomer droplets. 

Figure 8a shows a decrease in molecular weight with increasing inhibitor content. This is 

due to the lowered fraction of high molecular weight material in the sample formed by 

the emulsion polymerization mechanism. Note that a lower radical concentration in the 

micrometer sized particles leads to a higher molecular weight in these particles. The 

overall conversion also decreases with increasing inhibitor content, showing that the 

suppression of polymerization of NaNO2 inhibitor seems not to be restricted to the water 

phase. 

The fraction of monomer that was not polymerized inside the droplets and participated in 

the formation of secondary particles was calculated from the initial droplet diameter and 
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the diameters of the µm sized particles. The total mass of monomer, mm, before reaction 

can be expressed as: 

 · ·     where    
·

  (4) 

ndrop, ρdrop and Vdrop are the total number of monomer droplets in the system, the density 

of the monomer phase and the volume of a monomer droplet respectively. <ddrop>V is the 

volume averaged droplet diameter. The total mass of the µm sized polymer particles, 

mpol, follows from: 

 · ·        where <
·

  (5) 

npol, ρpol and Vpol are the total number of µm sized polymer particles, the density of the 

polymer particles and the volume of a polymer particle, respectively. <dpol>V is the 

volume averaged particle diameter. Assuming that ndrop = npol allows an estimation of the 

fraction of monomer that was polymerized in the µm sized droplets: 

 
· ·

· ·
·

.
·     (6) 

ρdrop = 0.906 g · mL-1 and ρpol ≈ 1.07 g · mL-1.25 Figure 8b shows the influence of NaNO2 

on the polymer particle to droplet volume ratio. At low inhibitor contents, the monomer is 

completely consumed by the formation of secondary particles. At higher inhibitor 

contents, the formation of secondary particles is suppressed. However, complete 

suppression of secondary particle nucleation has not been accomplished as the polymer 

particle to droplet volume ratio does not reach 0.85 (see Equation 6) even at high 

inhibitor contents. This leads to a tradeoff situation between secondary particle formation 

and overall conversion. 
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Figure 8. Suspension polymerization of styrene emulsions in water prepared by 

membrane emulsification: Resulting particle properties as a function of inhibitor to 

initiator molar ratio for a) molecular weight ( ) and conversion ( ) and b) ratio of the 

total volume of particles originating from suspension polymerization and the initial 

droplet volume directly after emulsification. ninh and ninit are the total number of moles in 

the system of inhibitor and initiator respectively. For all samples ΦM = 0.3 and Cinit = 30 · 

10-3 mol / dm3. 

 

The molecular weight of the polymer chains growing in the µm-sized polymer particles 

can be changed by varying the initiator concentration in the recipe. Figure 9 shows the 

molecular weight as a function of the total initiator concentration. Lowering the initiator 

concentration allows polymer chains inside the monomer droplets to grow larger before 

they are terminated. To maintain a constant molar ratio inhibitor / initiator, the total 

inhibitor concentration in the water phase has been lowered for lower values of Cinit. As a 

consequence of the lower absolute NaNO2 concentration in the aqueous phase, the 

formation of submicron particles increases for lower values of Cinit. 
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Figure 9. Suspension polymerization of styrene emulsions in water prepared by 

membrane emulsification: The influence of initiator concentration on molecular weight (

) and the ratio of the total volume of particles originating from suspension 

polymerization and the initial droplet volume directly after emulsification ( ). 

Polymerizations were carried out with molar ratio inhibitor / initiator = 1. 

 

Finally, the influence of the monomer volume fraction in the emulsion on secondary 

particle formation has been investigated. Table 2 clearly shows that secondary particle 

formation can be reduced by using polymerization recipes with high values for ΦM. For a 

ΦM value of 0.05, submicron particle formation is so dominant that no accurate value for 

<dpol> and <Vpol> / <Vdrop> can be measured. The trend shows that for ΦM = 0.3 an 

optimum has not yet been reached allowing further improvement for even higher values 

of ΦM. Reaching these higher values of ΦM is unfortunately not possible using our 

emulsification setup. To achieve such high ΦM values, very low cross-flow rates of the 

water phase are required, which makes it impossible to monitor the emulsification 

process. 
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Table 2. Influence of monomer volume fraction on resulting particle size. Average 

droplet diameter of the emulsion <de> was 10.4 ± 0.5 µm. 

ΦM 

[-] 

Cinh 

[10  / ] 

ninh / ninit 

[-] 

<dpol> 

[µm] 

<Vpol>/<Vdrop> 

[-] 

Conversion 

[%] 

0.05 2,1 1 - - 36 

0.05 12,9 6 - - 23 

0.1 4,3 1 6.8 28 75 

0.1 12,9 3 7.4 36 46 

0.25 10,7 1 8.5 54.0 99.5 

0.30 12,9 1 8.7 58.4 99.7 

 

3.4. Conclusions 

Monodisperse emulsions of styrene in water prepared with a straight-through MC array 

have been used as a starting point for suspension polymerization. It is shown that 

significant broadening of the droplet size distribution at room temperature occurs already 

on time scales of the emulsification process. Further broadening during the initial stage of 

polymerization is also significant. The formation of secondary nucleated submicron 

particles during suspension polymerization cannot be suppressed completely by using a 

water soluble inhibitor such as NaNO2 for the monomer volume fractions (ΦM) 

investigated. The use of a water soluble inhibitor also has an effect on the polymerization 

in the µm sized particles, as it reduces overall conversion. It has been found that ΦM must 

be kept as high as possible to reduce the total volume of water phase in which secondary 

nucleation of submicron particles can occur. Further optimization of ΦM is possible as 

values of 0.3 and lower were used in this work. 
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Nomenclature 

C(ddrop) Solubility at the interface of a droplet with diameter ddrop  

Cinh Concentration of inhibitor in the water phase  

Cinit Concentration of initiator in the monomer phase  

CV Coefficient of variation [-] 

C(∞) Solubility at a flat interface  

Cm Monomer concentration  

ddrop Droplet diameter [µm] 

<ddrop> Number averaged droplet diameter [µm] 

<ddrop>V Volume averaged droplet diameter [µm] 

<dpol> Number averaged particle diameter [µm] 

<dpol>V Volume averaged particle diameter [µm] 

f Initiator efficiency [-] 

kd Dissociation rate constant 
1

 

kp Propagation rate constant 
·

 

kt Termination rate constant 
·

 

mm Total mass of monomer [g] 

mpol Total mass of polymer [g] 

Mw Weight averaged molecular weight  

ndrop Total number of monomer droplets [-] 

npol Total number of polymer particles [-] 

Rp Rate of polymerization 
·

 

t1/2 Half-life time [s] 

T Absolute temperature [K] 
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Vdrop Droplet volume [µm3] 

<Vdrop> Mean droplet volume [µm3] 

Vm Total volume of the monomer phase [dm3] 

Vmol Molar volume  

<Vpol> Mean particle volume [µm3] 

VRM Total volume of the reaction mixture [dm3] 

Vw Total volume of the water phase [dm3] 

γ Specific interfacial energy  

ρdrop Density of the monomer phase  

ρpol Density of the polymer phase  

ΦM Volume fraction of monomer in the system [-] 
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Chapter 4 

 

Process development for polystyrene microparticle synthesis 

using straight-through microchannel arrays 

 

 

Abstract 

The feasibility for using straight through microchannel (MC) arrays for an annual 

production of 103 kg of monodisperse polystyrene microparticles has been evaluated. 

Fouling of the MC arrays using SDS and SDBS as surfactant has been studied. Fouling 

shows to have a strong impact on the droplet size distribution and it occurrs at different 

time scales for different surfactant systems. The results of an economic evaluation 

calculates a required selling price between 847 and 540 €/kg polystyrene microparticles. 

The main parameters influencing the required selling price are the fraction of active pores 

and the applied pressure. 
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4.1. Introduction 

Microparticles find their use in a broad field of applications, ranging from food 

production,1 ink-jet printing,2 to targeted drug delivery and separation of DNA,3,4 as well 

as other pharmaceutical and medical applications.5,6,6 Using membranes with small pores, 

it is possible to produce droplets with a narrow size distribution.7-10 Also, the possibility 

to incorporate drugs or nanoparticles with a special function inside the droplet, gives 

membrane emulsification an additional importance in microsphere production. Compared 

with conventional techniques for microsphere production, membrane processes bring 

other advantages, such as low energy consumption, compact design, straightforward 

scale-up and predictable product properties.7,11 Membrane emulsification has proven to 

have an additional value for suspension polymerization. With a combination of 

membrane emulsification and suspension polymerization, it is possible to produce 

polymer particles that are of the same size and approximately the same size distribution 

as the starting monomer droplets. 

Straight through microchannel (MC) arrays have proven to generate monomer emulsions 

with an even narrower droplet size distribution as compared to conventional membranes, 

such as Shirashu Porous Glass (SPG) membranes.12 Straight through MC arrays are 

single crystal silicon plates containing straight through holes with asymmetric pore 

endings. The size of the droplets generated with straight through MC arrays mainly 

depends on pore geometry instead of trans membrane pressure and crossflow velocity, 

which is an additional advantage of using this technology. Their feasibility for the 

emulsification of monomer, however, has to our knowledge not yet been reported. 

The objective of this work is to develop a process design for the production of 

polystyrene microspheres between 1 and 10 μm using straight through MC arrays for 

emulsification. Emulsification is subsequently followed by suspension polymerization. 

Fouling of the MC arrays when in contact with monomer and surfactant was evaluated 

and the fraction of active pores and throughputs was measured over a range of pressures. 

Finally, the experimental results obtained on lab scale are transferred to a process design 

for small-scale with an annual production of 103 kg polystyrene microparticles. The 

process design is followed by a selection of equipment and a preliminary cost estimation. 
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4.2. Experimental section 

4.2.1. Materials 

Styrene (ReagentPlus, ≥ 99%), lauryl alcohol ( ≥ 98%) and sodium dodecyl sulfate (SDS,  

≥ 98%) were obtained from Sigma-Aldrich (Steinheim, Germany). Styrene was distilled 

under reduced pressure prior to use. Sodium dodecyl benzene sulfonate (SDBS, ≥ 99%), 

was obtained from Merck (Hohenbrunn, Germany). Microsieve membranes, that show 

performance similar to that of MC arrays reported in open literature, type tulip-4 with 

pores of 4 µm were obtained from Nanomi BV (Oldenzaal, The Netherlands).12 

 

4.2.2. Emulsification experiments 

Emulsification experiments were performed in a straight through MC array setup with 

on-line droplet size analysis as described in chapter 2. 

 

4.2.3. Cleaning of straight through MC arrays 

Oxygen plasma cleaning is suitable for removing very thin films of hydrocarbons from 

membrane surfaces. It removes contaminants by ionization.13 The plasma cleaning 

process is accomplished by using a low pressure, radio frequency (RF) induced gaseous 

discharge. The oxygen plasma cleaning was carried out using an Emitech K1050X 

plasma asher. A membrane is placed in the reaction chamber which is evacuated by a 

rotary vacuum pump. Oxygen is introduced as a carrier gas, raising the chamber pressure 

to 1 mbar. During 30-60 seconds RF power is applied around the chamber. The RF power 

leads to excitation of the carrier gas molecules followed by dissociation into chemically 

active atoms and molecules. Finally the oxidation products are carried away in the gas 

stream. 

 

4.2.4. Equipment sizing and costs 

Table 5.1 lists assumptions that were used for the cost estimation for an annual 

production of 103 kg polystyrene microparticles. It was assumed that the production is 

located at an existing production complex resulting in no costs outside the battery limits 

(OSBL).14 The transfer of production for a product from an existing process to a new 
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process within the same complex does not come along with additional sales, general and 

administrative costs (S,G&A). For calculating capital charges, depreciation of the 

equipment was taken to be 10%. 

 

Table 1. Overview of assumptions used for cost calculations 

Capital costs  

Fixed capital investment   FCI = ISBL + OSBL  

ISBL = Equipment cost  

OSBL = 0 

Working capital WC = 2 · Inventory estimate · Operating costs per month 

Inventory estimate = 1 (other chemicals) 

Start-up costs SU = 1 · Operating costs per month (known technology) 

Operating costs  

Fixed costs Operating labor  

Maintenance  

Laboratory costs 

Plant overhead 

Taxes and insurance 

2 operators/shift (3 shifts/day) 

5% FCI 

20% Operating labor 

50% Operating labor 

2% FCI (average)  

Capital charges Return of investment (ROI) = 

     10% FCI per year + wafer price · Nw / WLT 

Nw - Number of installed wafers 

WLT - Wafer technical lifetime = 1 month 

Sales, general and 

administrative costs 

SG&A = 0 

Required selling price RSP = Operating costs + Capital charges + SG&A 
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4.3. Results and discussion 

4.3.1. Fouling of the Microchannel Arrays 

Fouling of membranes used for separation processes has been studied extensively. 

Fouling of membranes used for emulsification is less often reported. When considering 

membrane emulsification for an economically feasible production process, fouling is a 

key issue. The straight through MC arrays used in this study consist of a single crystal 

silicon plate with a top layer of silica to render the surface hydrophilic. An atom at the 

surface of a solid is only partly saturated by neighboring atoms and therefore possesses 

coordination sites on its outer side. These coordination sites are responsible for 

adsorption of foreign atoms or molecules at the surface. The coordination sites of the 

siloxane surface (Si-O-Si) of SiO2 react with water so that the membrane surface 

becomes covered with silanol groups. When there is a strong specific interaction between 

an adsorbed molecule and the atoms at the surface, a complete monolayer is formed by 

chemisorption. Further adsorption of a second layer is only possible when secondary 

forces are strong enough and is referred to as physical adsorption. To evaluate the effect 

of adsorption or chemisorption, the performance of the straight through MC arrays is 

evaluated over time. Figure 1 shows the mean droplet size and droplet size distribution of 

the emulsions produced with the straight through MC arrays in operation for several days. 

The straight through MC arrays have been exposed to cycles of 4 hours of emulsification 

followed by 20 hours of rest while remaining submerged in the water phase. When SDS 

is used as surfactant, a deterioration of droplet size distribution over time can be 

observed. After 2 days of operation there is a significant increase in coefficient of 

variation (CV). The droplet size distribution presented in Figure 2 shows the increased 

appearance of large droplets. After 3 days of operation, no proper droplet formation at the 

surface of the MC array can be observed with the microscope. Several pores start 

generating larger droplets than other pores. The size of the droplets originating from these 

pores continually increase until finally, the droplets do not detach from the surface of the 

MC array anymore. The organic phase, i.e. styrene, spreads out over the entire surface 

covering all pores and submerging the MC array entirely in monomer. When using SDBS 

as surfactant, deterioration of droplet size distribution is significantly reduced during a 

similar experiment over a period of 3 days, see Figure 1b. The main contribution to the 
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deterioration when using SDS is expected to originate from hydrolysis of the SDS 

surfactant, see Scheme 1 for the mechanism, which is expected to be responsible for this 

fouling process. The resulting alcohol can hydrophobize the silica surface by ether 

formation.15 To confirm this hypothesis, lauroyl alcohol has been added to the water 

phase before emulsification. After 1 day, the hydrophobizing effect of lauroyl alcohol 

completely suppresses proper droplet formation, see Figure 1c. 

 

      

 

Figure 1. Mean droplet size (<dd>) and coefficient of variation (CV) for emulsification 

of styrene in water using a) SDS and b) SDBS and c) SDS with lauroyl alcohol as 

surfactant.  
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Scheme 1. The proposed mechanism leading to a hydrophobic surface of the micro 

channel array. 

 

  

Figure 2. Droplet size distribution of a styrene in water emulsion generated with SDS as 

surfactant using straight through MC arrays a) initially and b) after 2 days of 

emulsification. 
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had an effective membrane area of 5.3 • 10-6 m2 and a porosity of 2%, which is higher 

than the maximum porosity reported in other work.16 This is possible due to the low 

droplet diameter to pore diameter ratio. The smaller the size of the droplets formed at the 

pore ends, the closer the pores can be placed together without hindrance of neighboring 

pores during emulsification. The total volumetric flow rate through the MC array, Φv, can 

be defined as: 

     ,  ·   ·      (1) 

In which Np,act is the total number of active pores, Ap is the cross-sectional area of a pore, 

which is 12.6 µm2 for the MC arrays used in this work, and <v> is the average velocity of 

the monomer in the pores. 

    

Figure 3. a) Fraction of active pores of MC arrays showing initial pore activity ( ) and 

maximum pore activity after hysteresis loops ( ). b) Example of a pore activity 

hysteresis loop showing a sequence of increasing pressure ( ) followed by decreasing 

pressure ( ). 

 

 For other membrane types than straight through MC arrays it has been demonstrated that 

only a small fraction of pores become active when the applied pressure is raised above 

the critical Laplace pressure.17,18 This is presumably caused by a pressure drop due to the 

flow of the monomer in neighboring pores. Figure 3 shows the ratio of Np,act and the total 

number of pores, Np,tot, for applied trans membrane pressures from 5 to 25 kPa. The line 
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been cleaned with oxygen plasma prior to use. The applied pressure is increased slowly 

with intervals of 5 kPa. At every interval the applied pressure is maintained for 20 

minutes and the pore activity is measured by counting Np,act. There is some variation in 

the initial pore activity, however, the lower broken line in Figure 3a indicates the limiting 

value for this initial pore activity. The pore activity does not change over time. For the 

interval from 5 to 25 kPa, pore activity is measured every hour for 6 hours, without 

noticeable changes. However, the pore activity can be increased by going through 

hysteresis loops of increased and decreased applied pressures. Figure 3b shows that the 

pore activity follows the line of minimum pore activity when the applied pressure is 

increased. Upon decreasing the applied pressure, the number of active pores at a certain 

applied pressure is significantly higher than the number of active pores at the same 

pressure when the pressure is increased. By going back and forth in this way, the 

maximum pore activity that is obtainable for each corresponding applied pressure levels 

off to a higher value. The maximum pore activities are represented by the upper broken 

line in Figure 3 a) and b). 

    

Figure 4. a) Volumetric flow rate of styrene through the MC array for applied pressures 

from 5 to 25 kPa at initial pore activity. b) Volumetric flow rates of styrene per active 

pore and per unit of pressure drop over the pore. The broken line is placed at the averaged 

value of 5.8 · 10-19 m3 / (s · Pa). 
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A value for <v> can be estimated through the Fanning equation: 

  
 · ∆

 ·  · 
     (2) 

In Equation 2, <Δpp> is the average pressure drop over the pore, l is the length of the pore 

and η is the viscosity of the monomer. <Δpp> is used here as a time averaged value as the 

pressure drop over the pore is not constant during droplet formation, caused by 

fluctuations in Laplace pressure during droplet formation. Substituting Equation 2 into 

Equation 1 leads to the following relationship: 

     ,  ·  ·  · 

 ·  · 
 

Or 

   
 

,  ·  
 

 ·  

 ·  · 
   (3) 

Figure 4 shows the measured values for Φv and the volumetric flow rate per unit of 

pressure through one activated pore for applied pressures from 5 to 25 kPa used in this 

study. 

 

4.3.3. Process design 

In the previous section, the characteristic throughputs for the straight through MC arrays 

used in this study have been determined. This allows us to develop a process design for 

the production of polymer microparticles using straight through MC arrays and to 

perform a feasibility study. Figure 5 shows a schematic representation of a proposed 

setup for semi-continuous production. The continuous phase and the monomer phase are 

premixed in two separate stirred tanks. Emulsification takes place in parallel 

emulsification modules. The production capacity of 1 module is limited by the size of a 

single silicon wafer. The maximum diameter for silicon wafers currently is 0.3 m. For 

straight through MC arrays this diameter is even limited to 0.15 m. The emulsion leaving 

the emulsification modules is collected in two emulsion storage tanks positioned in 

parallel flow lines. The emulsion storage tanks can be used to fill any of five 

polymerization reactors placed in parallel. Figure 6 shows the production timeline for the 

entire process of emulsification and polymerization. Every sequence starts with 4 hours 

of emulsification. The results in Chapter 3 demonstrated that considerable coarsening of 
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the droplet size distribution occurs when the storage period lasts longer. During the first 4 

hours of emulsification, the styrene in water emulsion coming from the membrane 

modules is transferred to emulsion storage tank 1. After the first 4 hours, the flow of 

emulsion is switched to emulsion storage tank 2. The content of the first emulsion storage 

tank is transferred to the first polymerization reactor. Subsequently, polyvinylpyrrolidone 

(PVP) and sodium nitrite are added to the polymerization reactor, which is then heated to 

the reaction temperature of 65 oC. The polymerization reactor is kept at this temperature 

for 20 hours followed by 4 hours of cleaning and preparation for the following cycle. The 

final product is a suspension of polystyrene particles in water of approximately 30 wt% 

solids. Requirements regarding higher conversion, by longer reaction times or a higher 

final reaction temperature, or delivery of a powder by implementing a drying and 

purification step is not included in this design. After 20 hours of emulsification, the 

straight through MC arrays are cleaned and reinstalled in the module during a period of 4 

hours in total. 
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Figure 5. Flow sheet for the production of monodisperse polystyrene microparticles. 
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Figure 6. Process timeline for the production of monodisperse polystyrene 

microparticles. 

 

4.3.4. Economic evaluation 

Table 2 summarizes the specifications and costs for the equipment as well as the 

operating costs. Depending on the applied pressure, the number of MC wafers (Nw) 

required to obtain an annual production capacity of 103 kg polystyrene microparticles will 

change. As a consequence, the number of required MC modules and continuous phase 

pumps will change accordingly. The calculation is based on wafers with a diameter of 

0.15 m. Due to the support structure of the wafer, only 1.15 · 10-2 m2 of the total surface 

area will be effective for emulsification. The operating costs consist mainly of fixed 

costs. The contribution from raw materials and utilities is below 13%. 

 

  



Chapter 4 

66 

Table 2. Summary of equipment sizing and costs and operating costs. (SS = stainless 

steel) a no public data available, price estimated by author 

Equipment costs 

Description Number of units Specification Unit price [k€] 

Polymerization reactor 

 

 

Continuous phase tank 

 

Disperse phase tank 

 

 

Emulsion tank 

Vacuum pump 

Heater 

Cooler 

Pump (cont. phase) 

MC wafer 

MC module 

5 

 

 

1 

 

1 

 

 

2 

1 

5 

2 

1 + Nw 

Nw 

Nw 

Volume 

Type 

Material 

Volume 

Material 

Volume 

Type 

Material 

Volume 

Capacity 

Capacity 

Capacity 

Capacity 

- 

- 

4 L 

Jacketed 

SS 

15 L 

SS 

4 L 

Jacketed 

SS 

4 L 

54 L/min 

2 kW 

0.15 kW 

10 L/min 

- 

- 

1.5 

 

 

1.7 

 

2.7 

 

 

0.75 

1 

3 

3.5 

0.8 

3a 

2a 

Operating costs 

Raw materials Utilities Fixed costs 

Styrene Electricity Operators 

Lauroyl peroxide Process water Supervision 

Perkadox 16 Nitrogen Maintenance 

Sodium nitrite  Plant overhead 

PVP  Taxes & insurance 

SDBS   

Demi water   

57 k€/y 10 k€/y 460 k€/y 

Total operating cost 527 k€/y 
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Table 3 lists the required selling price as a function of applied pressure on the straight-

through MC array. The evaluation is made for both initial and maximum pore activity 

values. For an annual production of 103 kg polystyrene microparticles, operating costs 

contribute 60 to 95% of the required selling price. Differences can be attributed mainly to 

the number of wafers that are required. Increasing the applied pressure can reduce the 

required selling price from 847 to 557 €/kg polystyrene when taking into account initial 

pore activity. The effect of pore activity on the required selling price is only significant at 

low applied pressures. Operating the MC arrays at applied pressures above 15 kPa can 

cause some pores to generate droplets that are many times larger than average as was 

shown in chapter 2. This effect on droplet size is a strong limitation for reducing the 

capital charges. 
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Table 3. Cost evaluation as a function of applied pressure and pore activity 

Initial pore activity 

Applied pressure 5 10 15 20 25 kPa 

Np,act / Np,tot 7 9 12 21 30 % 

Number of purchased wafers 9 5 3 2 1  

Number of wafers required 8,5 4,8 2,4 1,2 0,7  

Fixed capital  111 85 72 65 59 k€/y 

Capital investment costs 244 217 204 197 190 k€/y 

Capital charges 316 183 92 51 30 k€/y 

RSP  847 711 620 578 557 €/kg PS 

Maximum pore activity 

Applied pressure 5 10 15 20 25 kPa 

Np,act / Np,tot 17 19 33 49 95 % 

Number of purchased wafers 4 3 1 1 1  

Number of wafers required 3,3 2,3 0,9 0,5 0,2  

Fixed capital  78 72 59 59 59 k€/y 

Capital investment costs 210 204 190 190 190 k€/y 

Capital charges 127 91 37 25 13 k€/y 

RSP  656 619 564 552 540 €/kg PS 

 

4.4. Conclusions 

The straight through MC arrays used in this study can be used to produce monodisperse 

emulsions of styrene in water. Fouling of the MC surface takes place on timescales of 1 

day and causes formation of large droplets. This limits the choice of the surfactant system 

to be used for the emulsification process. Cleaning of the MC wafers and coarsening of 

the droplet size distribution of the emulsion before and during polymerization are 

considered as key factors to develop the process design. The economic evaluation 

demonstrates that the majority of the costs are contributed by the operating costs and 

more specific the fixed costs. The additional capital charges can be reduced to 13 k€/y by 

producing at an applied pressure of 25 kPa and 95% pore activity. Further developments 
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to produce at applied pressures of 20 kPa and above without unstable droplet formation 

will have a strong impact on the required selling price.  
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Chapter 5 

 

Potential of CO2-plasticizing for polystyrene emulsification 

with straight-through microchannel arrays 

 

 

Abstract 

Viscosity reduction is a key issue for emulsification of polymers with straight-through 

microchannel arrays. In this work, the plasticizing effect of CO2 has been investigated as 

an alternative to organic solvents. Low molecular weight polystyrene pressurized up to 

100 bar with with CO2, shows a reduction in zero shear viscosity of over two orders of 

magnitude. Emulsification of CO2-plasticized polystyrene is possible for these oligomers. 

For higher molecular weight polystyrene, plasticization at 25oC is not sufficient to allow 

emulsification. 
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5.1. Introduction 

Polymeric microspheres with a uniform size distribution have received growing attention 

in the industries dealing with applied and analytical chemistry, biology, medicine and 

electronics.1,2 There is a strong inverse correlation between the relative standard deviation 

and the price of these particles.3 The production of polymeric microspheres usually 

involves emulsification of a monomer-containing phase followed by suspension 

polymerization. It is also possible to perform the polymerization reaction in bulk or in 

solution in a first stage and to emulsify the polymer solution in a second stage to avoid 

the complexity of polymerization reactions in a colloidal dispersion. Avoiding the 

polymerization in a colloidal dispersion of monomer droplets in water is especially 

important when trying to incorporate nano-sized particles such as iron oxide, which can 

be used as e.g. an externally triggered glass transition switch.4 Emulsification of a 

polymer solution is particularly effective for the production of porous particles as in a 

final stage the solvent is evaporated to introduce porosity of the particle. In Chapter 2 it 

was demonstrated that there appears to be an upper limit of the viscosity to allow proper 

emulsification of polystyrene in styrene solutions with straight through microchannel 

(MC) arrays. 

In this work we evaluate the application of CO2 as plasticizing agent for polystyrene in an 

emulsification process using straight through MC arrays. Sorption of CO2 can 

significantly reduce the viscosity of polystyrene.5 The viscosity reduction by CO2 can be 

a means to emulsify polystyrene with straight-through MC arrays without the 

requirement of using organic solvents. In addition, this method can lead to the formation 

of porous particles. Recently it was shown that CO2 can be used as an environmentally 

benign alternative for swelling polystyrene.6,7 The particles produced, being swollen with 

pressurized CO2, undergo a rapid pressure release. The pressure release leads to porous 

particles due to an oversaturation of carbon dioxide in the polymer caused by a shift in 

the thermodynamic phase equilibrium. The porous particles produced are recognized for 

various applications due to their high internal specific surface area.8-13 
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5.2. Experimental section 

5.2.1. Materials 

Nitrogen (5.0 Instrument) and carbon dioxide (5.0 Instrument) were obtained from Linde 

Gas Benelux. Polystyrene was obtained from Aldrich and from Polysciences. Piccolastic 

A5 Hydrocarbon Resin (Polystyrene) was obtained from Eastman Chemical Resins. 

Styrene (99%) and anisole (99%) were obtained from Fluka. N, N, N’, N”, N”-

pentamethyldiethylenetriamine (PMDETA, 99%), copper(I)bromide (98%) and methyl 2-

bromopropionate (99%) were obtained from Sigma Aldrich. Sodium dodecyl benzene 

sulfonate (SDBS, ≥ 99%) and aluminium oxide were obtained from Merck (Hohenbrunn, 

Germany). Styrene was used after removal of the inhibitor by passing it over an alumina 

column. All other chemicals were used as received. Microsieve membranes, which show 

performance similar to that of MC arrays reported in open literature, were obtained from 

Nanomi BV (Oldenzaal, The Netherlands).14 The Microsieve membranes have physical 

dimensions of 4.5 · 4.5 · 0.6 mm3 and have 110 pores, with a diameter of 8 µm and a 

length of 100 µm. 

 

5.2.2. Synthesis of Polystyrene 

Polystyrene samples with various molecular weights were synthesized by Atom Transfer 

Radical Polymerization in solution (ATRP). Copper(I)bromide (1.65 g, 11.5 mmol) was 

degassed in a Schlenk flask by three vacuum/argon inlet cycles. Subsequently, the 

deoxygenated styrene (120 g, 1.15 mol), the solvent anisole (120 g, 1.11 mol) and 

PMDETA (1.996 g, 11.5 mol) were injected into the flask. After stirring for 20 minutes at 

25 oC to form the catalyst complex, the flask was heated to 110 oC in an oil bath. The 

initiator, methyl 2-bromopropionate (MBrP), was injected to start the polymerization.  

Samples were taken from the flask by degassed syringes, at distinct time intervals, to 

determine conversion using gas chromatography. When the conversion reached 50%, the 

reaction was stopped by cooling the reaction to 25 oC and introducing air into the flask. 

The mixture was diluted in 200 mL anisole and then passed over an aluminium oxide 

filled glass filter to remove the oxidized catalyst, i.e. the Cu(II) complex. The polymer 

was purified by precipitation in methanol and dried under reduced pressure.  
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In all the polymerization recipes, the ratio of styrene, copper(I)bromide and PMDETA 

was constant on a molar base: [St]:[CuBr]:[PMDETA] = 100:1:1. Polymers with 

different molecular weight were obtained by variation of the amount of initiator in the 

recipe. The amount of initiator varied from one to ten times the amount of 

copper(I)bromide and PMDETA. The amount of anisole was equal, on weight base, to 

the amount of styrene. 

 

5.2.3. Gas Chromatography 

Gas chromatography (GC) was performed using a Fisons Instruments GC-FID equipped 

with a Restek Trx-5 column (fused silica, length 30 m, internal diameter 0.53 mm, 50 oC) 

with helium as the carrier gas. 

 

5.2.4. Size Exclusion Chromatography 

Molecular weights of the polystyrene products were measured with Size Exclusion 

Chromatography (SEC). The SEC-system was a Shimadzu system, equipped with a SCK-

10A system controller, a LC-10AD pump, a RID-10A refractive index detector and a PSS 

SDV linear column operating at 50oC. A chloroform:triethylamine:isopropanol (94:4:2 on 

weight base) mixture was used as eluent at a flow rate of 1 mL min-1. 

Duplo measurements were performed using a Waters 2695 separations module, equipped 

with a Model 2487 UV detector (default 254 nm) and a Model 2414 refractive index 

detector. The column set consisted of a Polymer Laboratories PLgel guard column (5 m 

particles, 50 · 7.5 mm), followed by 2 PLgel mixed-C columns (5 m particles, 300 · 7.5 

mm, 40°C) in series utilizing tetrahydrofuran as eluent at a flow rate of 1 mL min-1. 

Polystyrene standards with a narrow molecular weight distribution in the range of 600 to 

7 · 106 g/mol were used to calibrate the system. The Mark Houwink parameters used for 

calibration with polystyrene standards were K = 1.14 · 10-4 dL · g-1 and a = 0.716. 

 

5.2.5. Differential Scanning Calorimetry 

Glass transition temperatures were determined with a Differential Scanning Calorimeter 

(DSC) 204 F1 Phoenix by Netzsch in a nitrogen atmosphere with heating and cooling 
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rates of 10 K min-1. Heating and cooling cycles were carried out three times per 

measurement. 

 

5.2.6. Rheological measurements 

High pressure flowcurve rheological measurements were performed using a Paar-Physica 

MCR 300 rheometer equipped with a cone-plate geometry pressure cell. Prior to 

rheological measurements, polystyrene granules were pretreated by placing them inside a 

pressure cell with CO2 at the same pressure as the subsequent measurements. After 24 

hours, the pressure cell was cooled below the Tg-value of the polystyrene, preventing 

swelling of the sample during pressure release. The cooled polymer was transferred to the 

cone-plate chamber of the rheometer, pressure was reapplied and the temperature was 

increased. 

 

5.2.7. Emulsification setup 

Emulsification experiments were performed in a high-pressure MC module, as illustrated 

in Figure 1. The lines representing the tubing are divided into three parts, respectively 

containing water, CO2 and nitrogen during an emulsification experiment. At the start of 

an experiment, the polystyrene was placed into the MC module. Subsequently, water with 

1·10-3 mol/dm3 SDBS was introduced into the permeate side of the setup, using a nitrogen 

pressure of approximately 50 mbar to press water from a vessel into the tubing via valves 

V6 and V7. The continuous phase was recirculated using a gear pump (Micropump 

GAH-X21) with a flow rate between 10 and 100 ml/min. The flow rate of water through 

the MC module was controlled with a needle valve, V9, together with a shortcut-loop, 

activated by valve V5. In this way, the flow passing through the MC module could be 

controlled between 0 and 100 mL/min. Carbon dioxide was condensed in a piston pump 

(ISCO 260D), which was then used to transfer liquid carbon dioxide into the retentate 

side of the setup at a pressure of up to 100 bar. Prior to an emulsification experiment, the 

polystyrene sample was equilibrated with CO2 for 1 hour. A system of valves was 

designed to control the system pressure and applied pressure on the MC array. The 

system consisted of valves V1, V2, V3 and V4, see Figure 1. The small valve cycle could 

expand the system volume of either retentate or permeate side with the volume between 
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valve V1 and V2. At a system pressure of 100 bar, the small valve cycle introduced a 

pressure drop of approximately 10 mbar over the MC module. The large valve cycle, 

expanding with the volume included by valves V2, V3, V4 and V8, resulted in a pressure 

drop of approximately 100 mbar over the MC module. The 40 ml nitrogen storage 

cylinder was included to make use of the higher compressibility of nitrogen, as compared 

to CO2, for accurate pressure control. The pressure at the retentate side of the membrane 

was measured by a pressure transducer (Keller PA-23) and an analogue pressure gauge 

(Swagelok). A differential pressure transducer (Endress+Hauser PMD75) was used to 

measure the pressure difference over the MC module. 
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Figure 1. Process flow diagram of the high pressure membrane emulsification setup 
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5.3. Results and discussion 

5.3.1. Polystyrene characterization and CO2 sorption 

The solubility of CO2 in polystyrene strongly depends on temperature and pressure.15,16 

An increase of temperature decreases the zero-shear viscosity of polystyrene.17 

Simultaneously, a temperature increase decreases the solubility of CO2, reducing the 

plasticizing effect. Studies on sorption of CO2 at 150oC have shown that a reduction in 

viscosity of two orders of magnitude is possible when incorporating 6 wt% of CO2 in a 

polystyrene sample with a molecular weight of 0.2 · 106 g/mol.5 However, the resulting 

viscosity ranges of these polystyrene-CO2 mixtures are far above the viscosity threshold 

of approximately 2 Pa·s reported in Chapter 2. Table 1 shows the polystyrene sample sets 

used in this work. Three polymers with various molecular weights have been purchased. 

In addition, a series of low molecular weight polystyrene samples has been synthesized 

using controlled radical polymerization, i.e. atom transfer radical polymerization. 

 

Table 1. SEC data and glass transition temperatures of purchased and synthesized 

polystyrene samples. 

Purchased polymers 

Sample Mw [103 g/mol] Mw/Mn [-] Tg [
oC] 

P1 (piccolastic) 0.3 1.16 10.1 

P2 (Polysciences) 40 32.0 71.0 

P3 (Aldrich) 126 2.21 103.8 

Synthesized polymers 

Sample Mw [103 g/mol] Mw/Mn [-] Tg [
oC] 

P4 0.6 – 65 (bimodal) 10.6 57 

P5 1.7 1.1 74.3 

P6 (2000) 2.8 1.5 77.7 

P7 (1500B) 3.0 1.9 73.3 

P8 (3000) 4.5 1.4 87.4 

P9 (7500) 10.0 1.3 98.2 
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5.3.2. Rheology of polystyrene swollen with CO2 

The zero-shear viscosities of the polystyrene samples listed in Table 1 have been 

measured in a CO2 atmosphere at 1, 55 and 100 bar. The CO2, which is in contact with 

the top surface of polystyrene in the sample cell, has to diffuse through a layer of 3.6 cm 

of polystyrene, which is the height of the gap between the cone and the plate. The results 

in Figure 2a show that after 1 week of phase contact of the polymer P1 and CO2 at 100 

bar, still no phase equilibrium has been reached. In order to speed up the dissolution of 

CO2 in the polymer , a method of pretreatment has been developed. In this pretreatment, 

the polystyrene sample is equilibrated in the form of granules with CO2 in order to 

decrease the characteristic length for diffusion and thereby start the viscosity 

measurements with a more homogeneously swollen sample. Figure 2b demonstrates that 

the swelling time reduces from several weeks to three days for the viscosity measurement 

of a polystyrene sample that has been pretreated. 

 

        

Figure 2. Swelling of polystyrene with CO2 inside the pressure cell of the rheometer. a) 

Apparent viscosity as a function of shear rate for polystyrene sample P1 pressurized to 

100 bar with CO2. b) Low shear Newtonian plateau viscosity as a function of time for 

polystyrene sample P5 pressurized at 55 bar with CO2, with ( ) and without ( ) 

pretreatment.  
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Figure 3 shows the equilibrated viscosity data for polystyrene samples P1, P2, P4 and P5, 

see Table 1. The low molecular weight samples P1 and P4 show a viscosity reduction of 

more than two orders of magnitude at 25oC when CO2 is applied at a pressure of 100 bar. 

The polystyrene samples with a higher molecular weight, i.e. P2 and P5 have been 

measured in the temperature range of 100 to 175oC. The polystyrene samples P2 and P5 

show a reduction in viscosity as a function of CO2 pressure, similar to the low molecular 

weight samples P1 and P4. 

 

      

      

Figure 3. Newtonian plateau viscosity as a function of temperature and pressure for 

polystyrene samples with various molecular weights: a) P1, b) P2, c) P4 and d) P5. 
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5.3.3. Emulsification at high pressures 

In order to perform emulsification experiments with polystyrene swollen with CO2, the 

entire system of water and polymer has to be brought at a pressure of approximately 100 

bar, while the pressure difference over the MC module remains approximately 100 mbar. 

Figure 4 shows the evolution of the absolute pressure at the retentate side during leak 

testing. A solid stainless steel plate with the same dimensions as a straight-through MC 

array has been used in the module. By going through the small valve cycle, a pressure 

difference of about 100 mbar over the test plate is established at three minutes. The large 

valve cycle generates a pressure difference step of 800 mbar, which is applied at 10 

minutes. Small leaks at the fitting of the stainless steel plate cause a decrease of this 

pressure difference at a rate of 2 mbar per minute, which is acceptable for emulsification 

experiments. 

Table 2 lists the process conditions for emulsification experiments using the CO2-swollen 

polystyrene samples P1, P2, P4 and P5. For the high molecular weight polystyrene 

samples P2 and P5, the polymer is not able to cover the retentate side of the straight-

through MC array completely. CO2 can flow directly through the pores and CO2-bubble 

formation is observed already at low applied pressure differences over the entire applied 

pressure range from 1 to 100 bar. The low molecular weight sample P1 is much less 

viscous and it can completely cover the retentate side of the straight-through MC array. 

At a system pressure of 1 bar CO2, the plasticizing effect of CO2 is limited. As a 

consequence, the viscous forces are too high to allow for proper emulsification. 

Formation of polymer flakes with irregular shapes is observed. At 55 bar, the plasticizing 

effect is sufficient to allow formation of spherical particles. Due to the thickness of the 

sapphire window, the image resolution is unfortunately not high enough to generate a size 

distribution profile. For sample P4 the plasticizing effect up to 100 bar CO2 system 

pressure is not sufficient to allow proper formation of spherical particles. 
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Table 2. Observations at the surface of the straight-through microchannel array during 

emulsification 

Sample ID System pressure 

[bar] 

Applied pressure difference 

[bar] 

Observation 

P1 
1 0.4 Flakes 

55 0.2 Spherical particles 

P2 

1 0.2 CO2 bubbles 

55 0.2 CO2 bubbles 

100 0.2 CO2 bubbles 

P4 

1 0.2 CO2 bubbles 

55 0.2 – 1.2 CO2 bubbles / Flakes 

100 1.2 Flakes 

P5 

1 0.2 CO2 bubbles 

55 0.2 CO2 bubbles 

100 0.2 CO2 bubbles 

 

 

Figure 4. Development of system pressure and applied pressure difference over the MC 

module during leak testing. 
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5.4. Conclusions 

In this work we demonstrate that CO2 has the potential to plasticize low molecular weight 

polystyrene. Upon plasticizing the zero-shear viscosity can be reduced over two orders of 

magnitude. The polystyrene oligomers with a weight average molecular weight of 300 

g/mol (sample P1, Table 1) can be sufficiently plasticized at 55 bar CO2 to reach a stable 

droplet formation regime during emulsification with a straight-through MC array. 

Plasticized higher molecular weight polystyrene can not be emulsified in water at 

temperatures of about 25oC. From the rheological data, it is expected that elevating the 

system temperature and operating at 100 bar CO2 pressure will allow emulsification of 

higher molecular weight polystyrene using straight-through MC arrays. A key issue will 

be to maintain temperature profile uniformity throughout the system to prevent local 

pressure fluctuations in the vicinity of the straight-through MC array. 
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Monodisperse perfluorohexane emulsions for targeted 

ultrasound contrast imaging 

 

 

Abstract 

Quantitative targeted ultrasound contrast imaging demands for contrast agents with a 

small monodisperse size and a high coverage of specific ligands for effective adhesion 

under physiological shear stress conditions. However, the particles should also be large 

enough to generate sufficient ultrasound reflection. Standard perfluorocarbon emulsions 

do not satisfy both requirements (adhesion and echogenicity). Therefore, we decided to 

develop a membrane emulsification technique to produce echogenic monodisperse 

perfluorohexane emulsions able to carry specific ligands for adhesion to the artery wall. 

In this work, we demonstrate that membrane emulsification is an excellent tool to create 

strictly monodisperse echogenic perfluorohexane emulsions with a preset droplet size. 

Perfluorohexane is emulsified in water using photolithographic microsieves. An 

ultrasound experiment demonstrates that the perfluorohexane emulsions clearly enhance 

echogenicity. The acoustic enhancement varies with droplet size and surface coverage. 

The emulsions, with a biotinylated fluoro-surfactant, are able to bind avidine coated SiO2 

particles. This proves that these emulsions show a very promising potential to act as key 

species in the field of selective targeting, which can provide novel insights into the 

development and early detection of important vascular diseases, e.g. atherosclerosis. 
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6.1. Introduction 

Selective imaging of a molecular target (molecular imaging) can provide novel insights 

into the development and early detection of important diseases, e.g. atherosclerosis. 

Quantitative ultrasound contrast imaging of the presence and coverage of adhesion 

molecules on the endothelium requires dispersed contrast agents with a precisely defined 

droplet size, small enough to reach and attach to the arterial wall and large enough to 

induce sufficient enhancement of echogenicity. Molecular ultrasound imaging requires 

echogenic contrast agents carrying specific targeting ligands on their surface, such as 

liposomes,1,2 microbubbles,3-5 or perfluorocarbon nanoparticles.6,7 Liposomes (diameter 

<1 m)8 are normally not echogenic, but for ultrasound application echogenicity can be 

created by either trapping air inside the lipid bilayers during lyophilization9 or by a 

multilamilar structure.1,9 Microbubbles (diameter ~3 m), albeit highly echogenic,10 have 

a shorter life-time as compared to perfluorocarbon submicron particles (~0.3 m in 

diameter) due to their reduced stability. In blood, perfluorocarbon emulsions are less 

echogenic than gas-filled microbubbles.11 However, when bound to the surface of a tissue 

cell, these emulsions are detectable due to a local acoustic impedance mismatch and 

accumulation.7  

Conventional methods for producing perfluorocarbon emulsions utilize techniques like 

sonication and high pressure homogenization. A disadvantage of these methods is that the 

mixture contains by-products like gas bubbles and liposomes,12-14 which can be removed 

with centrifugation.13,14. Standard perfluorocarbon emulsions exhibit a broad size 

distribution,13,14 prohibiting conversion from observed intensity distribution to adhesion 

site coverage. Moreover, echogenicity is limited because of the small average droplet 

diameter in the order of 0.3 m. 

In vivo quantitative imaging with ultrasound contrast agents involves a complex interplay 

between bioavailability and selectivity towards target sites in relation to local wall shear 

stress on one hand,15,16 and acoustic properties as well as coverage of the contrast agent 

with implications for ultrasound reflectivity on the other hand.17-19 Reflectivity 

enhancement after binding is not only governed by the acoustic properties of the 

ultrasound contrast agent and its diameter,20 but also by the amount of contrast agent 

accumulated at the site of interest.21,22 
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This chapter reports a method for the production of monodisperse perfluorohexane 

emulsions with a predetermined size (4 and 12 m). At a first stage, we developed a 

membrane emulsification technique to produce monodisperse perfluorohexane emulsions 

with a standard surfactant and assessed their echogenicity. Subsequently, we exchanged 

the standard surfactant by a biotinylated fluoro-surfactant (BFS) and attached avidin 

coated silica (SiO2) particles to demonstrate that the emulsion indeed is able to carry 

ligands. 

 

6.2. Experimental section 

6.2.1. Materials 

Pentadecafluorooctanoyl chloride (C7F15COCl), dodecyl benzene sulfonic acid sodium 

salt (SDBS) and avidin were supplied by Sigma-Aldrich (Steinheim, Germany), 

Fluorescein-conjugated biotin by Molecular Probes (Leiden, The Netherlands). α-Biotin-

ω-hydroxy poly(ethylene glycol) with a molecular weight of 3000 Da was obtained from 

Iris Biotech (Marktredwitz, Germany). An aqueous dispersion of avidin coated SiO2 

particles (average diameter of 1.5 µm) was obtained from G. Kisker (Steinfurt, 

Germany). These materials were used without further purification. Perfluorohexane was 

obtained from Fluorochem (Derbyshire, Great Britain) and was purified over an alumina 

column prior to use. Photolithographic membranes were purchased from Nanomi BV 

(Oldenzaal, The Netherlands). The membranes used were photolithographic microsieves, 

consisting of silicon with a silica toplayer. These membranes show a very high 

uniformity in pore size and shape. In this study, membranes with pores of 1.8 m and 4 

m were used. These membranes do not require shear flow for droplet formation, 

resulting in a constant droplet size distribution independent of the velocity of the aqueous 

phase. 

  

6.2.2. Membrane emulsification 

An aqueous phase, containing demineralized water and SDBS as surfactant, was 

circulated through the membrane module. After complete wetting of the membrane 

surface, perfluorohexane was pressed through the membrane into the aqueous phase by 
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applying a pressure of 20 kPa using nitrogen, see Figure 1. The emulsification was 

continued until an emulsion of 5wt% perfluorohexane was obtained. 

 

 

Figure 1. Schematic illustration of the membrane emulsification setup. 

 

6.2.3. Droplet size distribution analysis 

The evolution of the droplet size distributions was observed with an optical microscope 

(Axioplan 2 imaging, Carl Zeiss, Oberkochen, Germany), equipped with a digital camera 

(AxioCam Color, Type 412-312). Size distributions were obtained from these images by 

a proprietary routine written in Matlab R2006b (The Mathworks, Natick, MA, USA) and 

ImageJ.23 The size distribution was measured immediately after emulsification. The 

image analysis procedure consisted of the following steps. First, the background was 

subtracted. The resulting image was binarized using a luminance threshold. The droplets 

were separated from the noise by filtering for a luminance maximum within the droplets. 

Further processing steps involved separation of connecting droplets and filtering out 

objects with a circularity ratio below 0.8. From the resulting images, the droplet areas 

were measured. Statistical analysis of the data provided the mean and standard deviation 

for the droplet diameter distribution. Each distribution was based on the measurement of 

at least 5 x 103 droplets. Emulsion stability was investigated by storing a sample of 10mL 
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of emulsion and measuring droplet size distributions with intervals of 10 days over a 

period of 30 days.  

 

6.2.4. Echogenicity 

300 mL of agar solution (1% w/v) were poured into a plastic container, casted into the 

desired form with a mould to obtain multiple circular wells (volume ~150 L, bottom 

surface area 0.196 cm2) and cured at room temperature (Figure 2). After infusing 

perfluorohexane droplets (4 and 12 m in diameter dissolved in 150 L phosphate 

buffer) into the agar wells, they were allowed to settle randomly on the well bottom 

surface with a surface coverage of 50, 25, 12.5 and 6.25% as determined by the infused 

quantity. A 40 mm 7.5 MHz linear array transducer (Picus, Esaote Maastricht, the 

Netherlands), with a focal beam size of 1.3mm, was suspended in phosphate buffer 

solution, with the focal point set at 20 mm positioned at the bottom of the wells (buffer 

solution–agar interface). The plastic head of a pin served as ultrasound reflection 

reference. The pin was inserted between the wells at well-bottom level, allowing paired 

acquisition of reflectivity. B-mode recordings were taken at 3 different cross-sections (A, 

B, C) through the wells. The maximum of the echo signal envelope was determined at 9 

positions (equally spaced at 0.3 mm increments) per cross-section per well, yielding 27 

data points per well in total. The reflectivity ratio was defined and calculated as the mean 

echo level of the respective perfluorohexane emulsion layer divided by the mean echo 

level of the reference reflector within the same recording. The measurement was repeated 

twice. 
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Figure 2. Schematic illustration of the ultrasound reflectivity measurement setup in (a) 

side view, (b) top view. Simultaneous recordings were made at three different cross-

sections (A, B and C). PBS is phosphate buffer saline. 

 

6.2.5. Surfactant exchange 

A biotinylated fluoro-surfactant (BFS, see Figure 3, 3) was produced based on the 

method proposed by Peng et al.24 To allow targeting of PFH emulsions, α-Biotin-ω-

hydroxy poly(ethylene glycol) (MW = 3000 Da) was used in stead of poly(ethylene 

glycol). The effectiveness of coupling pentadecafluorooctanoyl chloride and α-Biotin-ω-

hydroxy poly(ethylene glycol), see Figure 3 (1 and 2), was verified by 1H NMR (300 

MHz, CDCl3). The yield was calculated to be 83%. 50 mg of BFS was added to 4 mL of 

emulsion. The emulsion was stored at 279 K for 3 hours to allow exchange of surfactant 

at the droplet surface. Afterwards, 3 mL of supernatant, containing free BFS and SDBS, 

was removed and the emulsion was diluted again to 4 mL with demineralized water. 

Supernatant removal and dilution sequence was repeated three times. For fluorescence 

microscopy, perfluorohexane emulsions were incubated with avidin for 10 minutes, 

subsequently washed and incubated for 10 minutes with fluorescein-conjugated biotin. 
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After washing, samples were analyzed under a microscope (Eclipse E800, Nikon) using a 

60x objective lens. 

 

 

Figure 3. Reaction scheme for the synthesis of the biotinylated fluoro-surfactant (3) by 

coupling pentadecafluorooctanoyl chloride (1) and α-Biotin-ω-hydroxy poly(ethylene 

glycol) (2). 

 

6.2.6. Attachment to avidin coated SiO2 particles 

25 g of an aqueous dispersion (156 g/mL) of avidin coated SiO2 particles (average 

diameter of 1.5 µm) were added to 4 mL of the biotinylated perfluorohexane emulsion. 

The sample was incubated for 1 hour and analyzed under a microscope (Axioplan 2 

imaging, Carl Zeiss, Oberkochen, Germany), equipped with a digital camera (AxioCam 

Color, Type 412-312).  
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Figure 4. Microscopy image showing perfluorohexane droplets produced with a 

membrane with a pore size of 1.8 m, moving freely near the water-air interface. 

 

6.3. Results and discussion 

6.3.1. Membrane emulsification 

To overcome the limitations of the conventional methods for perfluorohexane 

emulsification, we developed a membrane emulsification technique, as illustrated in 

Figure 1, to produce monodisperse perfluorocarbon emulsions. The main advantage of 

this technique is that the size of the resulting droplets can easily be chosen by selecting 

the pore size of the membrane. The membranes used were photolithographic 

microsieves.25 The diameter of the membrane pores was 1.8 m for membrane 1 and 4 

m for membrane 2.  
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Figure 5. Droplet size distributions of emulsions produced with a membrane with a pore 

size of a) 1.8 m and b) 4 m. 
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Figure 6. Emulsion size distributions as function of storage time for emulsions produced 

with a membrane with a pore size of a) 1.8 m and b) 4 m. 

The emulsion produced with a membrane with a pore size of 1.8 m (see Figure 4) had 

an average droplet diameter of 4.4 ± 0.2 m and the membrane with a pore size of 4 m 

yielded an average droplet diameter of 11.9 ± 0.4 m (Figure 5). Both emulsions 

appeared to be very stable. After 30 days of storage the distribution changed slightly to 

4.4 ± 0.3 m and 12.0 ± 0.5 m for emulsion 1 and 2, respectively (see Figure 6). To 

evaluate the stability of the PFH droplets in vitro, 1 mL of emulsion containing 11.9 ± 0.4 

µm droplets (20 wt% in water) was added to 5 mL fetal bovine serum (FBS). The sample 

was kept at 37oC. After 21 days, the droplet size distribution changed to 11.9 ± 0.5 µm, 

proving that the PFH emulsions maintain their stability in FBS. 

 

6.3.2. Echogenicity 

An ultrasound experiment was performed to determine the acoustic reflectivity of the 

emulsions. The perfluorohexane emulsions exhibited clear echogenicity (Figure 7). The 
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acoustic reflectivity loss (with respect to a perfectly hard reflector) varied with droplet 

size (diameter) and surface coverage. A monolayer of 12 µm droplets with 50% coverage 

exhibited a similar reflectivity level as the reference (ratio 0.91). Within the range of 

6.25-50%, surface coverage had more impact on the reflectivity of the 12 µm droplet 

monolayer than on the reflectivity of the 4 µm layer. This might be explained by the fact 

that at high coverages, perfluorohexane droplets cannot be considered as independent 

scatterers. This was also observed by Couture et al. for polydisperse PFH samples.13 

Despite the effect of surface coverage on reflectivity, the above observations demonstrate 

that, at least in a phantom setting, emulsions of monodisperse 4 and 12 µm sized 

perfluorohexane droplets can be used as a contrast agent for ultrasound. 

 

 

Figure 7. Perfluorohexane emulsion reflectivity (normalized to reference amplitude) as a 

function of surface coverage and droplet size for  4 µm () and 12 µm () droplets. 

 

6.3.3. Exchange of surfactant 

To validate whether perfluorohexane emulsions are able to carry ligands, necessary for 

selective targeting, we replaced the SDBS surfactant with a biotinylated fluoro-surfactant, 
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see Figure 3, 3. The SDBS surfactant that covers the droplet surface is necessary for 

proper emulsification, but is not suitable for targeting purposes. The BFS on the other 

hand does not have the interfacial tension properties required for membrane 

emulsification. Removal of free BFS after SDBS exchange is important to prevent it from 

occupying active sites during future targeting experiments. 

 

 

Figure 8. Surface tension titration curve for the biotinylated fluoro-surfactant (BFS) in 

water. 
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Figure 9. a) Microscopy image of a perfluorohexane emulsion coated with biotinylated 

fluoro-surfactant. b) Labeling of the emulsion with fluorescent biotin via avidin was 

confirmed by fluorescence microscopy. 

 

To validate the interfacial activity of the synthesized BFS, the surface tension of aqueous 

BFS solutions was measured as a function of concentration. Figure 8 demonstrates that 

the BFS is surface active. Note that no critical micelle concentration could be determined 

for BFS concentrations up to 10 mM. Finally, we evaluated the surfactant exchange 

process with fluorescent biotin molecules. Emulsion binding to the fluorescent biotin 

molecules was mediated by avidin bridging. Avidin, containing 4 biotin binding sites, 

binds to both the fluorescent biotin molecules and the selective end groups of the 

biotinylated fluorosurfactant. Fluorescent microscopy of perfluorohexane emulsions 

showed fluorescence intensity at the surface of the droplet, which indicated that the BFS 

had successfully adsorbed at the droplet surface (Figure 9b). 
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6.3.4. Attachment to avidin coated SiO2 particles 

The next question to be answered was whether perfluorohexane emulsions are able to 

carry ligands, necessary for selective targeting. Figure 10 shows microscopy images of a 

perfluorohexane emulsion produced with a membrane with a pore size of 4 µm, resulting 

in 12 µm droplets (Figure 10a), together with avidin coated SiO2 particles (Figure 10b). 

The binding of the particles to the perfluorohexane droplets was successful, although 

Figure 10c may give the impression that the particles are located within the droplets. The 

SiO2 particles were sliding over the surface towards the lower part of the droplets due to 

gravity (Figure 10e). For droplets moving freely in the field of view of the microscope, 

movement of the particle over the outside of the surface could clearly be observed. An 

interesting case appeared when an avidin coated SiO2 particle was able to bind to two 

different droplets. Due to the opposing forces of both droplets on the SiO2 particle, the 

particle was trapped (Figure 10d, 10e). 
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Figure 10. Microscopy images of a) perfluorohexane emulsion, b) avidin coated SiO2 

particles, c) avidin coated SiO2 particles bound to a perfluorohexane emulsion d) an 

avidin coated SiO2 particle trapped between 2 different emulsions. e) Illustration of the 

optical artifacts. 
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6.4. Conclusions and outlook 

In spite of improvements in molecular ultrasound contrast imaging in the 

microcirculation, imaging of activated endothelium of large and middle-sized arteries is 

still difficult to achieve. The work presented in this paper demonstrates that membrane 

emulsification is an excellent tool to create strictly monodisperse perfluorohexane 

emulsions with a preset size. In this study we opted for droplet diameters of 4 and 12 

micrometer to illustrate the production principles. The ability to produce well defined 

emulsions of different sizes will make it possible to explore the optimal emulsion droplet 

size for quantitative imaging in relation to shear stress and echogenicity. For targeted 

imaging in vivo under physiological shear stress conditions PFH droplets should have a 

small size to avoid lung entrapment and decrease their sensitivity for shear stress. One 

should realize that besides size, deformability is also of importance when considering the 

passage through lung capillaries. However, the droplets should be large enough to attain 

sufficient echogenicity and they should have a high coverage of specific ligands for 

effective adhesion to for example the artery wall. The ultrasound experiments 

demonstrate that the newly developed perfluorohexane emulsions exhibit the anticipated 

echogenic behavior. Further investigations are required to get more insight into the 

relationship between echogenicity and the local concentration and size of adhered 

ultrasound contrast agents in vivo. Furthermore, the synthesized biotinylated fluoro-

surfactant is able to bind the emulsion droplets to avidine coated SiO2 particles, proving 

that these emulsions are very promising in the field of selective molecular targeting. To 

rate our findings at their true value, experiments in a physiological shear stress model of 

arterial inflammation are required. 
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7.1. Introduction 

The main theme of the work described in this thesis is based on bridging the knowledge 

between controlled emulsification of hydrophobic fluids using microchannel arrays and 

the subsequent production of monodisperse µm-sized polymer particles by suspension 

polymerization. The multidisciplinary nature of this process concept includes e.g. 

physical chemistry, microfluidics and polymer chemistry, and demands for additional 

requirements from these fields to allow for a smart process design.  

Over the past twenty years, research in various disciplines of natural science such as 

analytical chemistry (e.g. high performance liquid chromatography), heterogeneous 

catalysis and food technology as well as research in medicine has shown a growing 

interest for polymer particles with a very narrow size distribution. Emulsification of 

monomer in water using micro-structured systems is a promising technique to produce 

droplets with a narrow droplet size distribution being the precursor for the polymer 

particles. Besides the  production of highly monodisperse emulsions with micro-

structured systems, these systems also allow the formation of more advanced structures 

such as double emulsions as well as core-shell microcapsules.1 Formation of these more 

advanced structures is virtually impossible with traditional emulsification techniques, e.g. 

stirred tanks and rotor-stator systems. 

 

7.2. Potential and limitations for presented polymer microparticle production 

The dynamics of emulsification show some tolerance when using very hydrophobic 

monomers. However, for more hydrophilic monomers, e.g. methyl methacrylate, proper 

emulsification and subsequent suspension polymerization limit the recipes to be used. 

Additionally, the operating window, e.g. in terms of the applied pressure is limited. On 

the other hand, suspension polymerization of a pre-emulsified monomer in water 

requires, amongst others, a low surfactant concentration (< CMC), high monomer to 

water ratios and short emulsification times, to preserve the original droplet size 

distribution.  

Suspension polymerization of monomer which is pre-emulsified with the intention of 

maintaining the initial droplet size distribution during polymerization has shown not to be 

a straightforward equivalent of traditional suspension polymerization in stirred tanks. It is 
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clear that for styrene, reactions taking place in the water phase have a negative influence 

on the selectivity for m sized particles. Without suppression of these aqueous phase 

reactions, the majority of monomer is consumed by the formation of secondary 

submicron particles, i.e. emulsion polymerization. Formation of these undesired 

submicron particles is observed even when using low surfactant concentrations, a very 

hydrophobic initiator and a considerable amount of water soluble inhibitor. A key 

parameter that influences the locus of polymerization is the volume fraction of monomer. 

It is expected that proceeding towards volume fractions of monomer above 30% will 

suppress secondary particle formation considerably. Note that this volume fraction of 

monomer is an upper boundary for the setup used in this work due to practical 

limitations. These limitations are mainly related to the monitoring of the emulsification 

process by optical microscopy. Optimizing the surfactant system may also be promising, 

e.g. using a “hydrophobe” as hexadecane to prevent mass transfer of monomer from the 

droplets to the aqueous phase. 

 

7.3. Outlook towards novel developments 

A common challenge for micro-structured systems is the parallelization of individual 

units for scale-up, whether it is cross-flow membrane emulsification, T - or Y - junctions, 

flow-focusing devices or emulsification with microchannel arrays. An advantage of the 

straight-through microchannel arrays is their tolerance for disturbances in flow properties, 

which lead to broadening of the final droplet size distribution in shear-driven systems. On 

the other hand, the tolerance towards fouling is low and failure of a single channel can 

interfere with the performance of the entire array. Although some progress in terms of 

scale-up for cross-flow membrane emulsification has been established, emulsification of 

monomer for the production of polymer beads with micro-structured systems at this point 

in time will only be feasible for small-scale specialty products until large steps in terms of 

parallelization can be realized. 

Emulsification of polystyrene with CO2 as plasticizer is only possible with oligomers of 

styrene. Nevertheless, this technique still holds potential for further research, especially 

for the production of porous particles, similar to a swelling method of bulk polystyrene 

with CO2.
2 Emulsification of higher molecular weight samples might be enabled by 



Chapter 7 

112 

operating at higher temperatures, which requires redesign of the experimental setup. A 

second possibility can be a shift towards a polymer with a lower glass transition 

temperature (Tg) than styrene. However, the restriction to low Tg polymers limits the 

variety of polymer particles that can be produced with this technique. 

Monodisperse microparticles are currently applied for liquid chromatography or as spacer 

material for liquid crystal systems. The most promising future developments involve, at 

least to the author’s opinion, the incorporation of multiple functionalities. The potential 

for this direction has been pointed out by several authors. One may think of high-

throughput analyte sensing, self assembling materials to build superstructures such as 

photonic crystals or externally switchable or self restoring composite materials in critical 

applications such medical implementations.3-5 Double or multiple emulsions can be 

produced by e.g. combinations of hydrophilic and hydrophobic junctions or nozzles, 

which can be a precursor for polymerization into complex core-shell particles.6 Flow-

focusing devices have been used to produce so-called Janus particles, consisting of two 

segregated domains that differ in composition and functionality.7,8 Continuous flow 

lithography techniques allow analyte-specific particle encoding for genetic analysis and 

clinical diagnostics.9 

To utilize the potential of polymer microparticle production with straight-through 

microchannel arrays or similar technologies, to the full extent, it is essential to search in 

other disciplines for specific needs that can be satisfied by using complex functional 

particles, as we tried to do in the work summarized in Chapter 6. 

 

7.4. Concluding remarks 

All in all, this thesis covers several relevant aspects that cross the border of emulsification 

using micro-structured arrays and production of monodisperse polymer particles. This 

ranges from monomer selection via emulsification restrictions and polymerization 

conditions for scaling up. We also touch upon the use of CO2 as plasticizing agent for 

emulsification of highly viscous polymers. The work described in this thesis 

demonstrates that implementation of parts of the developed technology is very promising 

for medical imaging with ultrasound. Finally, we anticipate that this work will contribute 
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to the development of novel methods and insights for the production of advanced 

monodisperse polymer materials using micro-structured systems. 
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Summary 

 

 

Polymer microparticles by membrane emulsification: 

Production and applications 

 

The objective of the work reported in this thesis is to evaluate the potential of 

microstructured systems for the production of µm-sized polymer particles. For this 

purpose, we investigated a method of emulsifying monomer followed by a controlled 

suspension polymerization process in which the droplet size distribution can be 

maintained. Additionally, the option of emulsifying dissolved polymer to exclude the 

complexity of a suspension polymerization process was also taken into consideration. For 

emulsification experiments, we selected straight-through microchannel (MC) arrays as 

they show a promising performance in terms of both monodispersity of the emulsions 

produced and potential for scale-up. 

The operating window for emulsification of monomer with straight-through MC arrays is 

reported in Chapter 2. Coefficients of variation (CVs) below 5% have been obtained with 

hydrophobic monomers such as styrene or n-butyl methacrylate or mixtures of 

hydrophobic solvents such as toluene and hydrophobic monomers. Mixtures of 

hydrophobic and more hydrophilic monomers such as methyl methacrylate result in 

broader droplet size distributions. The emulsification process is quite stable and 

variations in the cross-flow velocity and applied pressure up to a certain blow-up point do 

not significantly affect the final droplet size distribution. 

Chapter 3 describes the suspension polymerization for styrene-in-water emulsions 

prepared with straight-through MC arrays. The main focus is on maintaining the size 

distribution of the original monomer droplets during polymerization. It has been shown 
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that significant broadening of the droplet size distribution occurs already on time scales 

of the emulsification process. In addition, secondary nucleation of submicron particles 

occurs. The molecular weight distribution of these secondary nucleated particles points to 

emulsion polymerization as the dominating mechanism. The initiator concentration as 

well as the monomer volume fraction in the reaction mixture have a strong influence on 

secondary particle nucleation. Even the addition of a water soluble inhibitor such as 

NaNO2 can only partly suppress secondary nucleation.  

The potential for scale-up of styrene emulsification with straight-through MC arrays with 

subsequent suspension polymerization is evaluated in Chapter 4. At this point, feasibility 

is only expected for a small scale process, such as an annual production of 103 kg of 

monodisperse polystyrene microparticles. A preliminary economic evaluation points to a 

required selling price between 847 and 540 €/kg polystyrene microparticles. The required 

selling price is mainly influenced by the pore activity and the applied pressure. The 

influence of fouling on emulsification performance has also been investigated. Fouling 

occurs in a time frame of a few days and causes a strong deterioration in the droplet size 

distribution of the final emulsion. The rate of deterioration is stronger for sodium dodecyl 

sulfate (SDS) than for sodium dodecyl benzene sulfonate (SDBS), indicating limitations 

in the choice of the surfactant system. 

Direct emulsification of a polymer solution or melt can avoid complex issues such as 

secondary particle formation during suspension polymerization. The viscosity reduction 

required for emulsification of polymer is usually achieved by dissolving the polymer in 

an organic solvent. In Chapter 5, the plasticizing effect of CO2 is investigated as an 

alternative for organic solvents. In a setup with a system pressure of up to 100 bar and a 

constant pressure difference over the MC module in the order of 0.1 bar, emulsification 

of CO2-plasticized polystyrene is only possible for oligomers. 

The combined knowledge on emulsification with straight-through MC arrays is applied in 

Chapter 6 to produce monodisperse perfluorohexane emulsions for a completely different 

area of science, i.e. quantitative targeted ultrasound contrast imaging. For this purpose, 

strictly monodisperse echogenic perfluorohexane emulsions with a preset droplet size are 

required, since too small droplets will not generate sufficient ultrasound reflection and 

droplets which are too large will not provide sufficient coverage of specific ligands for 
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effective adhesion under physiological shear stress conditions. Standard perfluorocarbon 

emulsions do not satisfy both requirements, i.e. adhesion and echogenicity. Ultrasound 

experiments demonstrate that the perfluorohexane emulsions produced with straight-

through MC arrays clearly enhance echogenicity. Surface functionalization of the 

perfluorohexane droplets with a biotinylated fluoro-surfactant enables them to bind 

avidine-coated SiO2 particles. So we demonstrated that these emulsions can provide 

novel insights into the development and early detection of important vascular diseases, 

such as atherosclerosis or, more general, in the field of selective targeting. 

In retrospect, the author of this thesis is convinced that emulsification of monomer with 

straight-through MC arrays is a promising technique for the production of small-scale 

specialty microparticles. This potential is not limited to monodispersity, it also comprises 

particles with advanced functionality and morphology. Understanding and controlling all 

of the mechanisms during polymerization will be a key concern for future developments. 



 



 

 

Samenvatting 

 

Polymer microparticles by membrane emulsification: 

Production and applications 

 

Het doel van het werk waarvan de resultaten zijn samengevat in dit proefschrift is het 

evalueren van microgestructureerde systemen voor de productie van polymeerdeeltjes 

met µm-afmetingen. Hiervoor is een methode onderzocht om monomeren te emulgeren 

gevolgd door een suspensiepolymerisatieproces waarbij de druppelgrootteverdeling één 

op één in een deeltjesgrootteverdeling kan worden omgezet. Daarnaast is er ook rekening 

gehouden met de mogelijkheid om polymeer in oplossing te emulgeren om de 

complexiteit van een suspensiepolymerisatie proces te vermijden. Voor de emulsificatie-

experimenten zijn microzeven met rechte poriën met een diameter van enkele 

micrometers geselecteerd aangezien deze veelbelovende prestaties tonen in termen van 

zowel de monodispersiteit van de gevormde emulsies als de potentiële mogelijkheden 

voor opschaling. 

Het werkgebied voor het emulgeren van monomeer met recht-doorheen microkanaal 

structuren is uiteengezet in hoofdstuk 2. Er zijn varianties kleiner dan 5% behaald met 

monomeren zoals styreen of n-butyl methacrylaat of mengsels van hydrofobe 

oplosmiddelen zoals tolueen met hydrofobe monomeren. Mengsels van hydrofobe en 

meer hydrofiele monomeren zoals methyl methacrylaat resulteren in bredere 

druppelgrootteverdelingen. Het emulsificatieproces is stabiel. Variaties van de snelheid 

van de vloeistofstroming loodrecht op de poriën en van toegepaste druk tot een bepaalde 

grenswaarde hebben geen significant effect op de uiteindelijke druppelgrootteverdeling. 

Hoofdstuk 3 beschrijft de suspensiepolymerisatie van styreen-in-water emulsies bereid 

met microzeven. Het voornaamste aandachtspunt hierbij is het behoud van de 
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druppelgrootteverdeling van de originele monomeer druppels tijdens de polymerisatie. Er 

is aangetoond dat een significante verbreding van de druppelgrootteverdeling reeds 

optreedt op de tijdschaal van het emulgeerproces. Als nevenreactie treedt ook secundaire 

nucleatie op, waarbij submicron polymeerdeeltjes worden gevormd De 

molecuulgewichtsverdeling van deze tweede generatie deeltjes duidt op 

emulsiepolymerisatie als dominerend mechanisme. De initiator concentratie als ook de 

monomeer volume fractie in het reactiemengsel hebben een sterke invloed op de bijdrage 

van secundaire nucleatie aan het totale polymerisatieproces. Zelfs de toevoeging van een 

water oplosbare inhibitor zoals NaNO2 kan de secundaire nucleatie slechts gedeeltelijk 

onderdrukken. 

Het potentieel voor opschalen van het emulgeren van styreen met microzeven gevolgd 

door suspensiepolymerisatie wordt geëvalueerd in hoofdstuk 4. Met de tot nu toe 

verkregen inzichten wordt enkel verwacht dat een proces op kleine schaal haalbaar is, 

zoals een jaarlijkse productie van 103 kg monodisperse polystyreen microdeeltjes. Een 

economische evaluatie duidt op een vereiste verkoopprijs tussen 847 en 540 €/kg 

polystyreen microdeeltjes. De benodigde verkoopprijs wordt voornamelijk bepaald door 

de porie activiteit en de toegepaste druk. De invloed van porievervuiling op de prestatie 

van de toegepaste microzeven in termen van druppelgrootteverdeling is ook onderzocht. 

Vervuiling treedt op in een tijdschaal van een paar dagen en leidt tot een sterke toename 

van de breedte van de druppelgrootteverdeling van de gevormde olie-in-water emulsie. 

De snelheid waarmee de prestaties van de gebruikte microzeven achteruit gaan is groter 

voor natrium dodecylsulfaat dan voor natriumdodecylbenzeensulfonaat. Dit duidt op 

beperkingen voor de keuze van oppervlakte-actieve stoffen voor het emulgeren met 

microzeven. 

Het direct emulgeren van een polymeer oplossing of smelt kan complexe problemen 

vermijden zoals het ontstaan van secundaire deeltjes tijdens het suspensie 

polymerisatieproces. De verlaging in viscositeit benodigd voor het emulgeren van 

polymeer wordt gewoonlijk bereikt door het polymeer op te lossen in een organisch 

oplosmiddel. In hoofdstuk 5 wordt het weekmakend effect van CO2 onderzocht als 

alternatief voor organische oplosmiddelen. In een opstelling met een systeemdruk tot 100 

bar en een constant drukverschil over de microkanaal module in de grootteorde van 0.1 
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bar, is het emulgeren van CO2-geplastificeerd polystyreen enkel mogelijk voor 

oligomeren van styreen. 

De gecombineerde kennis over het emulgeren met microzeven wordt toegepast om 

monodisperse perfluorohexaan emulsies te produceren voor een geheel ander 

wetenschapsgebied, te weten de  ultrageluid contrast beeldvorming voor het kwantitatief 

vaststellen van afzettingen in bloedvaten. De resultaten zijn beschreven in hoofdstuk 6 

Hiervoor zijn strikt monodisperse echogene perfluorohexaan emulsies met een vooraf 

ingestelde druppelgrootte noodzakelijk. Te kleine druppels genereren namelijk 

onvoldoende ultrageluid weerkaatsing. Druppels die te groot zijn geven niet voldoende 

dekking van specifieke liganden voor effectieve adhesie door de afschuifspanning onder 

fysiologische omstandigheden in de bloedbaan. Standaard perfluorohexaan emulsies 

voldoen niet aan beide eisen, te weten  adhesie en echogeniciteit. Een ultrageluid 

experiment toont aan dat perfluorohexaan emulsies geproduceerd met microzeven de 

echogeniciteit duidelijk verhogen. Het functionaliseren van het oppervlak van de 

perfluorohexaan druppels met een gebiotinyleerde fluorosurfactant maakt een binding 

mogelijk met SiO2 deeltjes die vooraf bedekt werden met avidine. Hiermee hebben we 

aangetoond dat deze emulsies nieuwe inzichten kunnen verschaffen in de ontwikkeling en 

vroegtijdige opsporing van belangrijke vaatziekten zoals aderverkalking. 

In retrospectief is de auteur van dit proefschrift ervan overtuigd dat het emulgeren van 

monomeer met de gekozen microzeven een veelbelovende techniek is voor de productie 

op kleine schaal van gespecialiseerde microdeeltjes. Dit potentieel is niet beperkt tot 

monodispersiteit, het omvat ook deeltjes met geavanceerde functionaliteit en morfologie. 

Het begrijpen en beheersen van de elementaire chemische en fysische stappen die tijdens 

de polymerisatie plaatsvinden zal een belangrijk aandachtspunt zijn voor toekomstige 

ontwikkelingen. 
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