
Size Control of Polystyrene Nanoparticles 

Synthesized in Melamine Foam 

 

AUTHOR NAMES. Shinya Ouchi1), Naoki Yamada1), Tetsuya Yamamoto2)* 

 

AUTHOR ADDRESSES. 

1) Department of Materials Design Innovation Engineering, Nagoya University, Furo-

cho, Chikusa-ku, Nagoya, 464-8603, Japan 

2) Department of Chemical Systems Engineering, Nagoya University, Furo-cho, 

Chikusa-ku, Nagoya, 464-8603, Japan 

 

*CORRESPONDING AUTHOR FOOTNOTE.  

yamamoto.tetsuya@material.nagoya-u.ac.jp; Phone: +81-52-789-3378 

  



Abstract 

 Polymer particles are used in various consumer products, such as cosmetics and 

paints. However, large amounts of surfactants are used to synthesize polymer 

nanoparticles, which increase the environmental load. In this study, we propose a method 

for synthesizing polymer nanoparticles without using surfactants. In this method, the 

nanoparticles are polymerized inside melamine foam used as a reaction field. A study of 

the distribution of particles in each area of the foam revealed that nanoparticles could be 

obtained with a relatively uniform size in the height direction. We successfully controlled 

the particle size by controlling the porosity of the melamine foam by filling it with 

spherical glass beads of 50 μm diameter. As no surfactant is used, this polymerization 

method has a low environmental impact. Because the surface of the polymer 

nanoparticles is not contaminated by surfactants, they can be used in medical applications. 

Our study provides a new direction in the synthesis and application of polymer 

nanoparticles. 
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1. Introduction 

In recent years, polymer particles have been used in various fields, and the 

demand for these particles is continually increasing. The applications of polymer particles 

are not only limited to materials science, but also other fields such as the information 

technology and medical science 1-3. Recently, progress in synthesis technology has 

enabled the synthesis of polymer particles in various size ranges, thus further expanding 

their application 4-6. Among diverse particles, those with a size of 100 nm or less, i.e., 

nanoparticles, are expected to have widespread application because of their unique 

properties 7. For example, as polymer nanoparticles are much smaller than the wavelength 

of visible light (380–800 nm), their suspensions are highly transparent, which is 

beneficial for controlling the transparency of paints. 

 While research on polymer particles has progressed remarkably, environmental 

pollution due to the by-products and waste generated during the manufacturing process 

presents serious challenges 8-11. In particular, emulsion polymerization 12-14, which is 

generally used to synthesize polymer nanoparticles, uses large amounts of surfactants, 

thus increasing the environmental pollution 15. An additional disadvantage of emulsion 

polymerization is the contamination of the surface of the polymer particles with 

surfactants. Conversely, in the case of soap-free emulsion polymerization 16-19, which 



does not use a surfactant, the resulting polymer particles are larger than 130 nm 20. In this 

process, stirring is conducted for achieving uniformity in the batch reactor by promoting 

the diffusion of monomer to the aqueous phase. This causes the nuclei to coalesce and 

hydrophobic particles to aggregate 19, 21-23. Controlling the coagulation between particles 

during their growth process is important in the synthesis of polymer nanoparticles; hence, 

a low quantity of a surfactant is still required for this polymerization process 24, 25. 

 This paper reports an attempt to synthesize polymer nanoparticles inside 

melamine foam (MF), which suppresses their growth due to aggregation and prevents the 

use of surfactants. MF has a three-dimensional (3D) network structure that physically 

prevents the molecular motions of the polymer synthesized through soap-free emulsion 

polymerization in the aqueous phase. Its structure is similar to that of gels used as reaction 

media for the synthesis of inorganic materials 26. In other words, this method uses MF to 

suppress the motion of polymers 27, which causes the aggregation of the synthesized 

polymer particles. In this study, we successfully synthesized nanoparticles with an 

arbitrary nanoparticle size by filling the MF with spherical glass beads to control its 

porosity (i.e., the mesh size). 

 

2. Experimental Methods 

2.1 Materials 



 Styrene, a typical monomer for polymerization, and potassium persulfate (KPS), 

the initiator, 28 were purchased from Fujifilm Wako Pure Chemical Corporation for use 

in soap-free emulsion polymerization. Styrene was rinsed with 10 wt.% aqueous NaOH 

(Nacalai Tesque, Inc.) and then purified by vacuum distillation. Distilled water was 

produced by a distillation system (Auto Still WG250, Yamato), and MF was procured 

from Wako Co. 

In this study, we used MF with a 3D network structure as the reaction field. MF 

was fabricated by foaming a melamine resin obtained by the polycondensation of 

melamine and formaldehyde 29. The so-formed MF had a mesh structure of 100 μm or 

more, as shown in Figure 1. 

 

 

Figure 1. 3D structure of the MF observed by SEM. 

 

2.2 Polymerization in MF 



A piece of MF (φ 30 × 15 mm) was used as the reactor. The initiator, KPS, and 

the pre-soaked styrene were dissolved in distilled water (9.0 g). For polymerization, the 

reaction mixture was set in a glass dish, sealed with a silicone membrane, and heated on 

a hot plate for 24 h. After polymerization, the polystyrene particles were isolated by 

wringing out the MF. After the polymerization of styrene, the MF was not contaminated 

by polystyrene because of the repulsive forces originating from the negative charges of 

polystyrene and MF, and the MF could be used repeatedly as a reactor without washing. 

The experimental procedure is illustrated in Figure 2. 

 

 
Figure 2. Experimental procedure for the soap-free emulsion polymerization of styrene 

in MF. MF (φ 30 × 15 mm) was set in a glass dish of the same size. 

 

 

2.3 Particle size distribution at various points in the MF reactor 



 Styrene (0.06 g) was added dropwise to the center of the bottom heating surface 

of the MF to perform polymerization. The polymerization temperature (T) and time were 

70 °C, 24 h, respectively. After polymerization, the polystyrene nanoparticles were 

sampled using a needle with φ of 0.45 mm every 5 mm in the radial direction and every 

7.5 mm in the height direction, to observe particles from a total of six points. The 

polymerization conditions are shown in Table 1, and the sampling points and area 

specifications are shown in Figure 3 and Tables 2–3.  

Additionally, we investigated whether the diffusion of styrene was governed by 

the concentration gradient or heating temperature. We prepared a piece of the MF in 

which styrene colored with quinizarin (Tokyo Chemical Industry Co., Ltd.), an oil-soluble 

dye, was spread on the bottom surface, and another piece MF in which it was impregnated 

at a single point at the center of the bottom surface. For each configuration, one sample 

was heated, and one sample was not heated, and a total of four types of samples were 

analyzed. Further, the silicone film on the top of MF was observed to verify whether 

styrene had reached the upper surface of the MF. 

 



 

Figure 3. Particle sampling points in MF to determine the particle size distribution at 

various points. 

 

Table 1. Reaction conditions for examining the particle size distributions at various points 

Styrene concentration [mM] KPS concentration [mM] T [°C] 

64 2.0 70 

 

Table 2. Radial locations of points in MF (Fig. 3) for examining the particle size 

distribution 

Sampling point 1–1 1–2 1–3 1–4 

Radial distance [mm] 0 5 10 15 

 

Table 3. Height locations of “Particle size distribution by point” in MF shown in Figure 

3 

Sampling point 1–1 1–5 1–6 

Height [mm] 0 7.5 15 

 

2.4 Effect of the polymerization temperature on polystyrene particles 

1-1 1-2 1-3 1-4 

1-5 

1-6 

Styrene 

Sampling point 



 Polymerization was performed at various temperatures in the range of 60 °C to 

90 °C to investigate and the effect of the temperature on the particles. Styrene was spread 

over the heating surface of the MF and heated at a given temperature for 24 h. The 

experimental conditions are shown in Table 4. 

 

Table 4. Reaction conditions for determining the effect of the polymerization temperature 
on the particles (– indicates reaction without MF; ○ indicates reaction with MF) 

Sample number 

Styrene 

concentration 

[mM] 

KPS 

concentration 

[mM] 

T [°C] MF 

2–1 64 2.0 60 – 

2–2 64 2.0 70 – 

2–3 64 2.0 80 – 

2–4 64 2.0 90 – 

2–5 64 2.0 60 ○ 

2–6 64 2.0 70 ○ 

2–7 64 2.0 80 ○ 

2–8 64 2.0 90 ○ 

 

2.5 Effect of the porosity of MF on polystyrene particles 

 The effect of the porosity of the MF (Φ) on the particles was also investigated. 



The porosity of the MF was controlled by filling the MF with spherical glass beads with 

an average diameter of 50 μm. The porosity of the unfilled MF was found to be 90% by 

saturating the sample with water and using Eq. (1): 

𝛷 %   

  
100 (1) 

 Styrene was spread on the heating surface of the MF and heated at 70 °C for 24 

h, and the experimental conditions are shown in Table 5. In addition, the difference in the 

diffusion rate in the MF was examined using distilled water colored with methylene blue. 

Specifically, we prepared two pieces of MF with dimensions of 5 × 20 × 40 mm, and we 

filled one of them with the glass beads to decrease its porosity to 60%. Subsequently, each 

piece was immersed in the blue water, and the state of diffusion was observed. 

 

Table 5. Reaction conditions for determining the effect of the porosity of the MF on the 

particles 

Sample number 

Styrene 

concentration 

[mM] 

KPS 

concentration 

[mM] 

T [°C] Φ [%] 

2–2 64 2.0 70 100 

2–6 64 2.0 70 90 

3–1 64 2.0 70 80 

3–2 64 2.0 70 70 



3–3 64 2.0 70 60 

 

2.6 Polystyrene particle characterization 

 The morphologies and sizes of the polystyrene particles were determined by 

scanning electron microscopy (SEM, JSM-7500FA, JEOL). The polystyrene particle 

samples for SEM were prepared after polymerization by mixing a colloidal solution on a 

piece of mica (whose surface layer was peeled off with cellophane tape and vacuum-

dried) and then depositing a 10-nm-thick layer of osmium using an osmium coater 

(OPC60A, Filgen Co., Ltd.). The SEM images were analyzed using particle analysis 

software (A Zo Kun, Asahi Kasei Engineering). The coefficient of variation (CV) was 

calculated using Eq. (2): 

CV %  

  
100 (2) 

 In addition, the zeta potential was measured using a zeta potential measuring 

device (Zetasaizer Nano ZS, MALVERN). Finally, the yield of the solid polystyrene 

particles was calculated by heating the solutions to completely remove water. 

 

3. Results and Discussion 



3.1 Particle size distribution at various points in the MF reactor 

 After polymerization, the particles were sampled from various points in the MF, 

and the particle size distributions were investigated. SEM images of samples from points 

1–1, 1–4, and 1–6 are shown in Figure 4. The relationship between the sampling point 

and average particle size (Dp) is shown in Figure 5, and the corresponding CV values are 

listed in Table 6. The largest particles with a large CV value formed at point 1–1. The 

average particle size (Dp) decreased in the radial direction from the center, and particles 

of 100 nm or less with a CV value of 10 or less were synthesized at point 1–4. Meanwhile, 

particles with a particle size of 100 nm or less were obtained at points 1–5 and 1–6 in the 

height direction, with CVs of 10 or less. 

 The experimental results suggest that there are two main causes of monomer 

diffusion: the concentration gradient and heat. The concentration-driven diffusion causes 

the monomer to diffuse in a 3D manner, i.e., in both the radial and height directions. 

However, heat induces monomers placed on the heating surface to diffuse from the 

bottom to the top. Therefore, only the monomer concentration is considered to drive 

diffusion in the radial direction, but both concentration and heat drive diffusion in the 

height direction. Owing to this difference, the monomer diffused more easily in the height 

direction than in the radial direction. Therefore, smaller CV values indicating more 



uniform particles were obtained at higher points in the MF reactor. 

 

 
Figure 4. SEM images of polystyrene particles at three different sampling points, 1-1, 

1-4, and 1-6. 

 

 
Figure 5. Average particle size, Dp, at various (a) radial distances and (b) heights in the 

MF. 

 

 

 

Table 6. Coefficient of variation (CV) of polystyrene particles at each sampling point 

Sampling point 1–1 1–2 1–3 1–4 1–5 1–6 

Dp [nm] 114 108 109 95.9 89.2 97.2 
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CV [%] 25.7 15.9 25.2 7.95 9.86 9.63 

  

To further examine these results, we investigated whether concentration-driven 

diffusion or thermal diffusion was dominant using quinizarin-dyed styrene. Figure 6 

shows the bottom surface where styrene was colored and soaked in the MF and the state 

of the bottom surface after 2 h. Figure 7 shows the state of the silicone film on top of the 

MF after 2 h. The heated samples in Figure 6 (b) and (e) became lighter in color after 2 

h, implying that styrene diffused away from the bottom surface. However, the styrene 

samples in Figure 6 (c) and (f) that were allowed to stand without heating showed no 

difference after 2 h because of the interfacial resistance between the oil and aqueous 

phases, suggesting that the monomer diffusion is governed by heat. Therefore, spreading 

styrene evenly on the entire heating surface was considered to be more appropriate. The 

observations of the silicone lid in Figure 7 also suggest a difference between the samples 

with and without heating. Quinizarin dyed the silicone film of the heated sample, 

confirming that styrene reached the upper surface of the heated MF, in contrast with the 

unheated sample. 

 



 
Figure 6. Styrene diffusion viewed from the bottom surface. (a) Styrene was first 

uniformly applied to the bottom surface; styrene after 2 h (b) with and (c) without heating. 

(d) Styrene was added at one point on the bottom surface; styrene after 2 h (e) with and 

(f) without heating. 

 

 
Figure 7. Silicone film from the top of the MF shown in Figure 6(b) and (c), i.e., (a) with 

and (b) without heating. 

 

3.2 Effect of polymerization temperature on polystyrene nanoparticles 

 The results of styrene polymerization at 70 °C confirmed that the monomer 

a b 



diffusion was dominated by thermal diffusion. Therefore, the effect of changing the 

polymerization temperature (T) on the polystyrene particle size was also studied. Figure 

8 shows that the average particle size, Dp, and T are positively correlated; Table 7 shows 

the particle properties of each sample. The samples polymerized in the MF reactor had a 

smaller Dp and larger polymer yield than the corresponding samples polymerized without 

the MF at the same T. This difference arose because the 3D network structure of the MF 

reactor suppressed the Brownian motion, prevented particles from aggregating during 

their growth process, and increased the residence time of the styrene gas, which promoted 

the dissolution of styrene into water like gas absorber 30. 

 

 
Figure 8. Relationship between the average particle size and polymerization temperature 

(samples 2–1 and 2–8 did not produce particles). 
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Table 7. Properties of each polystyrene nanoparticle sample 

Sample number 2–1 2–2 2–3 2–4 2–5 2–6 2–7 2–8 

Dp [nm] – 138 184 164 92.3 108 131 – 

CV [%] – 18.3 8.30 10.3 33.3 18.3 33.8 – 

Polymer yield [%] 7.03 14.6 17.4 17.5 34.2 27.2 19.0 38.6 

ζ potential [mV] – -52.3 -51.6 -46.3 -50.0 -75.1 -65.6 -55.0 

 

 Table 7 reveals a trend in the CV values of the samples polymerized with MF, 

which are all higher than those of the samples polymerized without the MF. In ordinary 

soap-free emulsion polymerization, monodisperse particles can be obtained by stirring 

the system; however, when MF is used, stirring is not necessary. Therefore, the CV value 

increases owing to non-uniformity in the monomer concentration and temperature 

because of the thickness and radius of the MF. No particles were generated in sample 2–

1 because the polymerization temperature of 60 °C was low considering 10 hour half-life 

temperature of KPS. Furthermore, no particles formed in sample 2–8 because styrene 

diffused very rapidly at this temperature, and the residence time of styrene was too short. 

As a result, styrene reached the upper surface of the MF before being polymerized, and it 

adhered to the silicone film as oil droplets. These findings imply that the optimum T 



balances the thermal diffusion rate of the monomer with the dissolution rate into the 

aqueous phase. Polymerization temperatures above 90 °C are not suitable for using the 

MF as a reactor to synthesize nanoparticles. Further, comparison of samples 2–1 and 2–

5, which reacted at the same T, reveals that particles were successfully synthesized only 

inside the MF reactor. Considering that the specific heats of MF and water are 669.4 and 

4184 J/(kg∙K), respectively, sample 2–5 suggests that melamine is stretched throughout 

the system. Because MF has a lower specific heat, the particles synthesized in it were 

considered to have more heat, which continued to warm the entire system. Indeed, at each 

polymerization temperature, the yield was higher for the sample polymerized using the 

MF than that polymerized without it. 

 

3.3 Effect of the MF porosity on polystyrene particles 

 This study also examined the effect of the MF porosity (Φ) on the average 

particle size (Dp) by filling some of the pores in the MF with glass beads. Figure 9 shows 

the appearance of MF filled with glass beads under an optical microscope and the uniform 

filling of the glass beads in the MF. Figure 10 shows the relationship between Dp and Φ, 

and Table 8 lists the corresponding particle properties. Figure 10 shows that Dp was 

always smaller when the MF reactor was used than when no MF was used (i.e., Φ = 



100%). In addition, Dp decreases with decreasing Φ, which can be attributed to the state 

of water inside the MF. The water in the MF can be roughly divided into bound water, 

intermediate water, and free water. Bound water cannot move freely because of strong 

interactions, such as hydrogen bonding, with the triazine ring of the melamine resin 31 

and the hydroxyl groups on the surface of the glass beads. Intermediate water exists 

outside the MF, and its interactions are weak. Free water can move freely without any 

interactions; however, because it is prevented from flowing out of the matrix, it has 

decreased flowability. When some of the pores are filled with glass beads, the specific 

surface area increases, and as a result, the proportion of bound water increases. Because 

the water molecules become less mobile, the Brownian motion of the particles is 

suppressed, and aggregation is prevented, which seems to inhibit the particle growth. 

 

ⅰ 

ⅱ 

ⅲ 

ⅳ 

ⅰ ⅱ  ⅲ  ⅳ 



Figure 9. Images of MF filled with glass beads at Φ = 60% from the following points: 
(ⅰ) top; (ⅱ) center; (ⅲ) bottom; (ⅳ) side. 

 

 
Figure 10. Relationship between the average particle size (Dp) and porosity of MF (Φ). 

 

Table 8. Particle properties of each sample 

Sample number 2–2 2–6 3–1 3–2 3–3 

Φ [%] 100 90 80 70 60 

Dp [nm] 138 108 93.2 69.7 63.1 

CV [%] 18.3 18.3 31.3 26.6 28.2 

ζ potential [mV] -52.3 -75.1 -58.0 -63.2 -67.5 
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Figure 11. Difference in the diffusion rate between MF samples (dimensions, 5 × 20 × 

40 mm) with different porosities: MF I (Φ = 90%) and MF II (Φ = 60%). 

  

To observe whether the material diffusion due to Brownian motion in the MF 

was suppressed by the glass beads, pieces of MF (5 × 20 × 40 mm) were soaked with 

water and then brought into contact with an aqueous solution of methylene blue. Figure 

11 shows that diffusion through the MF filled with glass beads (Φ = 60%) was much 

slower than that through the MF without glass beads (Φ = 90%) . Further, the unfilled 

MF (Φ = 90%) showed a concentration gradient, whereas that filled with glass beads (Φ 

= 60%) did not show a significant concentration gradient. Thus, the diffusion rate could 

be significantly decreased by filling the MF with glass beads, which indicates less 

Brownian motion. Consequently, the aggregation of the particles was suppressed, and 

particle growth was inhibited, resulting in smaller nanoparticles. 

 

4. Conclusions 

In this study, polystyrene particles with diameters of 100 nm or less were 



successfully synthesized using MF as a reaction field without using a surfactant. In this 

method, a cylindrical MF sample was impregnated with water and an initiator and then 

heated. The bottom heating surface was then impregnated with the monomer, and the 

monomer spread throughout the system, where it polymerized. The heating temperature 

determined the diffusion and polymerization rate of the monomer, and a temperature 

range of 70 to 80 °C was found to optimally balance these two rates. It was concluded 

that, inside the MF, the fluidity of water was lost because of the 3D stretched network, 

which suppressed the Brownian motion of the particles. This environment was considered 

to both prevent the particles from coagulating and hinder particle growth. By filling glass 

beads inside the MF, Brownian motion could be further suppressed, and the nanoparticle 

size could be controlled. 
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