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1. Introduction 

Polymer nanocomposite materials have the capacity for producing a synergetic association 
with surpassing merit properties which cannot be obtained from the individual 
components. Such materials can be obtained by simply mixing required organic and 
inorganic components. The introduction of inorganic material into the polymer matrix has 
proved to be an effective and low-cost method to improve the performance of the existing 
polymer materials (Okamoto et al., 2000; Ramos et al., 2000; Wu et al., 2006; Zhu et al., 2000).  
It has various applications, such as new biological materials (biosensors and biochips), 
biocompatible thin coatings for medical applications, biodegradable scaffolds, drug delivery 
system and filter systems (Matsumoto et al., 2005; Okuda et al., 1996; Salata et al., 1997; 
Sinha et al., 2004). 
The synthesis of polymer nanocomposites can be carried out by many different methods.  
For example, in-situ polymerization of monomers inside the galleries of the inorganic host 
has been one of the common methods for preparation of nanocomposites. Another 
common methods are based on melt intercalation, solventless melt intercalation, using 
microwaves, latex-colloid interaction, solvent evaporation, spray drying, shirasu porous 
glass membrane emulsification technique and electrospraying, etc. (Berkland  et al., 2001; 
Ma et al., 1999; Messersmith et al., 1993; Mu et al., 2001; Oriakhi et al., 1995; Rosca et. 
al.,2004; Usuki et al., 1993). This article is concerned with fabrication of polymer 
nanocomposite particles by in-situ suspension polymerization and electrospraying which 
are represented as a traditional and current general method for synthesis of 
nanocomposite. The effectiveness of these nanocomposite particles are demonstrated with 
a field emission-type scanning electron microscope (FE-SEM), a transmission electron 
microscopy (TEM), an optical microscope, a reflection type X-ray diffraction (XRD), a 
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Fourier transform spectroscopy (FT-IR), a thermogravimetric analysis (TGA), a nuclear 
magnetic resonance Spectrometer (1H-NMR), and the anti-bacterial performance was also 
discussed. 

2. In-Situ suspension polymerization for polymer/silver and 
polymer/montmorillonite nanocomposite microparticles 

For a long time, quite a range of polymer/inorganic nanocomposites have been investigated 
via in-situ suspension polymerization. Using suspension polymerization to prepare 
polymer/inorganic nanocomposite particle is interesting in terms of an easy manipulation, 
low cost, and controllable particle size. It is well known that a range of variables, such as the 
type and amount of initiator and suspending agent, the polymerization temperature, the 
monomer to water ratio, and the agitation speed, affect the molecular weight of the polymer 
synthesized (Gotoh et al., 2000; Giannetti et al.,1986; Hatchett et al., 1999; Huang et al., 1991; 
Lee et al., 2004).  
In this section, we are reporting the in-situ synthesis of poly(vinyl acetate) (PVAc)/silver 
(Ag) and poly(vinyl alcohol) (PVA)/PVAc/montmorillonite (MMT) nanocomposite 
particles using a suspension polymerization technique (Jung et al., 2006; Jung et al., 2007; 
Yeum et al., 2005). The effects of MMT and Ag on the morphology, size, conversion rate, 
and polymerization time of nanocomposite particles were examined. According to the 
inorganic materials and polymerization process, diffrent type of particles such as 
spherical, rugged surface and golf ball shape microparticles are successfully prepared. 
The X-ray diffraction analysis illustrated that the clay silicate layer are intercalated in the 
polymer matrix. 

2.1 Experimental 
2.1.1 Materials 
Vinyl acetate (VAc) purchased from Sigma-Aldrich was washed with an aqueous solution 
of NaHSO3 and water, and then dried with anhydrous CaCl2 followed by distillation 
under nitrogen atmosphere at a reduced pressure. The initiator, 2,2’-azobis 
(2,4-dimethylvaleronitrile) (ADMVN) (Wako Co.) was recrystallized twice in methanol 
before use. PVA with number average molecular weight of 127,000 and degree of 
saponification of 88% (Aldrich Co.) was used as a suspending agent. Aqueous Ag 
nanoparticles dispersion (AGS-WP001,10 000 ppm) with diameters ca. 15–30 nm were 
purchased from Miji Tech. Co., Ltd., Korean. Pristine Na-MMT, Kunipia-F from 
Kunimine, Japan, was used as received. It consists of exchangeable sodium ions with 
cationic exchange capacity of ca. 119 meq/100 g. The average particle size and surface 
area of Na-MMT were 100–1,000 nm and 750 m2/g, respectively. Polyethylene glycol 
dipolyhydroxystearate (Arlacel P135), purchased from Uniquema, and cationic surfactant, 
such as cetyltrimethylammonium bromide (CTAB), obtained from Aldrich, are used as 
surfactants in order to disperse the Ag and MMT in polymer matrix, respectively. 
Deionized water was used for all of the experiments. 

2.1.2 Preparation of PVAc/Ag nanocomposite microparticles 
To prepare PVAc/Ag nanocomposite microparticles, a suspension polymerization approach 
in the presence of aqueous Ag nanoparticle was used. The polymerization was conducted in 
a 250 ml three-neck round bottom flask fitted with a condenser. In a typical run, the 
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suspending agent was first dissolved in water under nitrogen atmosphere with constant 
stirring. Surfactant was dissolved in VAc monomer. After the surfactant was dissolved, Ag 
nanoparticle in water suspension and desired initiator was mixed with VAc monomer under 
ultrasonification for 5 min using Bandelin UW 3,100 equipment. The above mixture was 
poured into a flask and charged at once at a fixed polymerization temperature. After 
prefixed reaction time, the reaction liquor was cooled and kept for more than 24 h to allow 
complete sedimentation of PVAc/Ag nanocomposite microparticles. The PVAc/Ag 
nanocomposite microparticles were then filtered and washed with warm water to eliminate 
residual VAc and suspending agent, and dried under vacuum. Conversion was calculated 
by gravimetric method. In the case of calculating of conversion, weight of Ag was ignored 
because the total weight of used Ag nanoparticles is less than 0.5% of polymer weight. 
Conversions were averages of three measurements. The detailed polymerization conditions 
are listed in Table 1. 

2.1.3 Preparation of PVA/PVAc/MMT nanocomposite microparticles 
Suspending agent was dissolved in water under a nitrogen atmosphere with constant 
stirring in a 250 ml reactor fitted with a condenser. CTAB was mixed with the MMT in the 
monomer phase prior to suspension polymerization. The ADMVN was added at a fixed 
polymerization temperature. After predetermined times, the reaction mixture was cooled 
and kept for 24 h to allow the precipitation and separation of the PVAc/MMT 
nanocomposite microparticles. The collected PVAc/MMT nanocomposite microparticles 
were further washed with warm water. Conversion was calculated by measuring the weight 
of the PVAc/MMT using the average value from three determinations. The detailed 
polymerization conditions are listed in Table 1. 
 

Condition PVAc/Ag PVA/PVAc/MMT 

Type of initiator ADMVN ADMVN 
Type of suspending agent PVA PVA 

Initiator concentration 
10-4, 5×10-4, 10-3 

mol/mol of VAc 
10-4, 5×10-4, 10-3 

mol/mol of VAc 
Suspending agent concentration 1.5, 5, 9 g/dl of water 1.5 g/dl of water  
VAc/water 0.5 l/l 0.5 l/l 
Rpm 500 500 
Temperature 30, 40, 50 oC 30, 40, 50 oC 
Inorganic material concentration  3 wt.% of VAc 1 wt.% of VAc 
Surfactant concentration 0, 0.06 wt.% of VAc 0.5 wt.% of VAc 

Table 1. Reaction conditions for the suspension polymerization 

2.1.4 Heterogeneous saponification of PVA/PVAc/MMT nanocomposite  

microparticles 

To prepare PVA/PVAc/MMT nanocomposite microparticles, heterogeneous saponification of 
PVAc/MMT nanocomposite microparticles was conducted in a flask equipped with a reflux 
condenser, a thermocouple, a dropping funnel, and a stirring device. The alkali solution used 
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for saponification contains 10 g of sodium hydroxide, 10 g of sodium sulfate, 10 g of methanol 
and 100 g of water. The prepared PVAc/MMT nanocomposite microparticles were slowly 
added into the alkali solution at 50 °C with gentle stirring. The saponification was stopped at 
the required time and a PVA shell was formed on the surface of the PVAc/MMT 
microparticles. After the required reaction time, the mixture was poured into cold water and 
kept for 1 day to allow the precipitation of spherical core/shell PVA/PVAc/MMT 
nanocomposite microparticles. Finally, the solid saponification product was filtered and 
washed several times with water and dried in a vacuum at 40 oC for 1 day. 

2.1.5 Characterizations 

The morphology of nanocomposite microparticles were examined using a SEM(Hitachi S-
570). To obtain the average size and size distribution, five SEM photographs and more 
than 200 particles were collected by computer, which linked with the SEM, followed by 
statistical analysis of data by computer. FT-IR spectrum of the sample was obtained using 
a Perkin-Elmer 1650 that cast on potassium bromide. XRD measurements were performed 
at room temperature on a Rigaku (D/Max IIIB) X-ray diffractometer using Ni-filtered 
CuKα (λ=1.54 Å) radiation. The core/shell structure of PVA/PVAc/MMT nanocomposite 
microparticles was examined using an optical microscope (Leica DC 100). The degree of 
saponification (DS) of PVA/PVAc/MMT nanocomposite microparticles was determined 
by the ratio of methyl and methylene proton peaks in the 1H-NMR spectrometer (Varian, 
Sun Unity 300). 

2.2 Results and discussion 

2.2.1 PVAc/Ag nanocomposite microparticles 

2.2.1.1 Suspension polymerization behaviour 

Figure 1(a,b,c) presents the conversion-time relationship at different polymerization 
temperatures with initiator concentration at 10-4 mol/mol of VAc. Generally speaking, the 
reaction conversion increased with increasing polymerization temperature, regardless of the 
presence of Ag nanoparticles. Although a low initiator concentration (10-4 mol/mol of 
VAc)was used, the conversion increased steadily with the reaction time at a reaction 
temperature of 30 oC until ca. 95% of conversion was arrived. In contrary, such a high 
conversion is impossible in the bulk polymerization of PVAc. The high molecular weight 
and high conversion obtained suggest that the chain transfer and termination reactions were 
not significant at the conditions used in this study. As the slope of the curve on the 
conversion-time plot represents the polymerization rate, the bigger the slope (steeper), the 
higher the polymerization rate. As can be seen from Figure 1, the introduction of 
unmodified silver nanoparticles into the system slightly decreased the polymerization rate, 
in comparison with the absence of them. Otherwise, the rates of polymerization with 
modified silver nanoparticles are slightly higher than these without silver nanoparticles. The 
actual reason for the increase in the polymerization rate when the silver nanoparticles were 
dispersed in the water phase, but the decrease in the polymerization rate when the silver 
nanoparticles were dispersed in monomer phase is not clear and more work is needed(Lee 
et al., 2008; Yeum et al., 2005; Yeum et al., 2005). As shown in Figure 1(d.e.f), the 
polymerization rate, at a reaction temperature of 30 oC, increased with increasing initiator 
concentration, in accordance with theoretical prediction (Odian, 1981). 

www.intechopen.com



Polymer/Montmorillonite/Silver Nanocomposite  
Micro- and Nanoparticles Prepared by In-Situ Polymerization and Electrospraying Technique 169 

 
Fig. 1. Conversion vs. polymerization time (a,b,c) at different polymerization temperatures 
with [ADMVN]=10-4 mol/mol of VAc and (d,e,f) at different [ADMVN] with reaction 
temperature at 30 oC. (suspending agent concentration: 1.5 g/dl of water) 

2.2.1.2 Morphology and structure property 

SEM photographs of (a) pure PVAc microparticles, (b) PVAc/Ag nanocomposite 
microparticles without surfactant and (c) PVAc/Ag nanocomposite microparticles with 
surfactant suspension-polymerized with a suspending agent concentration of 5.0 g/dl of 
water are presented in Figure 2, respectively. It is surprising that three different appearances 
of microparticles, one with smooth surface, and another with rugged surface and the other 
with golf ball shape were observed. From the SEM observation, it is estimated that ca. 10–
20% of particles when polymerized without surfactant are rugged surface. We believe this 
phenomenon must be related to the aggregation of Ag nanoparticles during the 
polymerization. It should be noted that the Ag nanoparticles used in this study are in an 
aqueous suspension form, so the Ag nanoparticles are relatively hydrophilic. For this 
reason, the Ag particles aggregate to small clusters when they are encapsulated in polymer 
phase. If these aggregated silver particles stay on the surface of the polymer microparticles, 
rugged microparticles may be obtained. On the other hand, PVAc/Ag nanocomposite 
microparticles which were polymerized with modified Ag nanoparticles have golf ball 
shape. Because of the low hydrophile–lyophile balance number of Arlacel P135, the surface 
of the Ag nanoparticles was converted from hydrophilic to hydrophobic by the adsorption 
of Arlacel P135, which resulted in a good dispersion of the Ag nanoparticles in 
monomerdroplets and polymer matrix. The detailed mechanism, such as why PVAc/Ag 
nanocomposite microparticles have different appearances according to surfactant, is shown 
in Figure 3. But the reason why only about 10–20% of the microspheres are in rugged 
surface, is not clear. Further work in this area definitely is needed.  
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Fig. 2. SEM images of (a) pure PVAc microparticles, (b) PVAc/Ag nanocomposite 
microparticles without surfactant and (c) PVAc/Ag nanocomposite micropartices with 
surfactant (ADMVN concentration of 10-4 mol/mol of VAc, suspending agent concentration 
of 5.0 g/dl of water) 

 

 
Fig. 3. Schematics of suspension polymerization of PVAc/Ag nanocomposite microparticles 
(a) without surfactant and (b) with surfactant 

The PVAc microparticles and PVAc/Ag nanocomposite microparticles with modified silver 
nanoparticle contents of 3 wt% were characterized by XRD, and the results are shown in 
Figure 4. The XRD pattern of PVAc/Ag nanocomposite microparticles shows diffraction 
peaks at 2θ of ca. 15°, 22.7°, 38.2°, 44.6°, and 52°, respectively. Except the diffraction peaks of 
PVAc(15°, 22.7°), all the other peaks are corresponding to the silver phase. The XRD pattern 
clearly indicates that PVAc/Ag nanocomposite microparticles  were successfully prepared 
with modified silver nanoparticles. These peaks are corresponding to the (111) and (200) 
planes of the silver nanocrystals with cubic symmetry (Dong et al., 2002). XRD results 
indicate that modified Ag nanoparticles are well dispersed in the PVAc matrix.  
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Fig. 4. XRD patterns of (a) pure PVAc and (b) PVAc/Ag nanocomposite microparticles  with 
surfactant 

2.2.2 PVA/PVAc/MMT nanocomposite microparticles 

2.2.2.1 Suspension polymerization behavior 

Figure 5(a) presents the conversion of the polymerization as a function of reaction time in 
the presence of MMT. The initiator concentration used in these reactions is 10-4 mol/mol of 
VAc. The results indicate that the rate of the polymerization decreased with increasing 
MMT addition. The reduction in the polymerization rate is probably due to the reduction of 
the diffusion rate of both monomer molecules and polymer chains in the intergalleries of 
nanoclay particles. For the polymerization without MMT, Figure 5(a) indicates that the 
conversion of the polymerization continually increased up to ~40 h, and reached a 
conversion of ~90% in spite of the low polymerization temperature (30 oC), which suggests 
that ADMVN is an effective initiator for low-temperature polymerization. 
 

 
Fig. 5. Conversions of VAc into PVAc/MMT suspension polymerized using ADMVN 
concentration of 0.0001 mol/mol of VAc (a) with different MMT contents, (b) with different 
polymerization temperatures, and (c) suspension polymerized using 30 oC with different 
initiator concentrations with polymerization time, respectively 
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In a free radical polymerization, the rate of polymerization(Rp) could be expressed by Eq. (1) 

 Rp = Kp[M][I]0.5(fkd/kt)0.5   (1) 

where f is the initiator efficiency; [M] and [I] are the concentrations of monomer and 
initiator; and kd, kp, and kt are the rate constants of initiator decomposition, polymer 
propagation, and termination, respectively (Odian, 1981). This expression predicts that the 
rate of polymerization increases as the efficiency and concentration of the initiator are 
increased. The reduction in the polymerization rate in the presence of MMT suggests that 
either the efficiency of the initiator, f, or the propagation rate constant, kp, were decreased 
when MMT was added into the suspension polymerization system. We believe the 
reduction of the diffusion rate in the nanoclay intergallerries may reduce both f and kp in Eq. 
1. It has been known that ADMVN is an effective low temperature initiator (the 10h half-life 
decomposition temperature of ADMVN is 51 oC) for preparing highmolecular-weight 
polymer with high yield. In this study, ADMVN was used for preparing PVAc/MMT 
nanocomposite microspheres at room temperature. Figure 5(b) presents the conversion-time 
relationship for the reactions carried at different temperatures with a constant initiator 
concentration. Although a low initiator concentration (10-4 mol/mol of VAc) and low 
reaction temperatures were employed, the conversion increased steadily up to 85-95%, 
depending on the MMT content in the system. The effect of initiator concentration on the 
polymerization rate is shown in Figure 5(c). It can be seen that the polymerization rate, at a 
reaction temperature of 30 oC, increased with the increasing initiator concentrations, in 
accordance with theoretical prediction (Odian, 1981). 

2.2.2.2 Morphology and structure property 

SEM photographs of pure PVAc and PVAc/MMT nanocomposite microspheres with 1 wt.% 
MMT contents are presented in Figure 6. As expected, the surface of pure PVAc 
microparticles shown in Figure 6(a) is smooth. Figure 6(b) shows that the roughness of the 
microsphere surface is increased by adding the MMT. To further study the distribution of 
MMT particles in the PVAc microspheres, the fracture surfaces of the PVAc/MMT 
nanocomposite microparticles were investigated. Although it is not shown here, MMT 
particles were embedded inside the composite microspheres, which indicate that 
PVAc/MMT microspheres could be prepared by in-situ suspension polymerization. 
 

 
Fig. 6. SEM images of (a) pure PVAc microparticles and (b) PVAc/MMT nanocomposite 
microparticles with MMT concentration of 1 wt.% 

www.intechopen.com



Polymer/Montmorillonite/Silver Nanocomposite  
Micro- and Nanoparticles Prepared by In-Situ Polymerization and Electrospraying Technique 173 

The detail structure of the clay nanocomposites has been established using XRD analysis. 
Figure 7 shows the XRD patterns of the PVAc, MMT, and PVAc/MMT with MMT content of 
1 wt.%. The MMT shows a diffraction pattern peak at 2θ =7.2o, which corresponds to the 
average basal spacing (d-spacing) of 12.3 Å. In the PVAc/MMT nanocomposite 
microparticles, the peak moved to a lower angle, i.e., 2θ =2.7o. The basal spacing increased 
from 12.3 to 32.6 Å. This spacing indicates that long alkyl (cetyltrimethyl) ammonium ions 
were inserted into the gallery of MMT; as a result, an intercalated structure formed. The 
inserted long alkyl chains caused the hydrophilic nature of the clay to decrease, and this 
effect improved the dispersion of silicates in the polymer matrix. 
 

 
Fig. 7. XRD patterns of (a) pure PVAc microparticles, (b) pure MMT, and (c) PVAc/MMT 
nanocomposite microparticles with MMT concentration of 1 wt.% 

2.2.2.3 Heterogeneous saponification of PVAc/MMT microparticles 

The PVA obtained by the saponification of poly(vinyl ester) is a linear semicrystalline 
polymer and has been widely used as fibers for textile industries, films, membranes, and 
drug delivery systems. In this study, the PVA/MMT nanocomposite microspheres were 
prepared by a simple heterogeneous saponification method. To preserve the spherical 
shapes of PVAc/MMT nanocomposite particles, the saponificaion was carried out by 
disperse PVAc/MMT nanocomposite particles in alkali aqueous solution with very gentle 
agitation. The effect of MMT on the PVAc saponification rate was recorded by optical 
microscope observation. In this study, the heterogeneous saponifications of pure PVAc and 
PVAc/MMT microspheres were conducted under the same conditions. Degree of 
saponification (DS) is defined by the volume ratio of PVAc/PVA.  
Figure 8 shows the optical micrographs of PVAc/PVA (Figure 8a,b) and PVA/PVAc/MMT 
(Fig. 8. c,d) nanocomposite microspheres prepared by heterogeneous saponification at 
different reaction times. As shown in Figure 8c,d, partially saponified nanocomposite 
microparticles (MMT content of 1 wt.%, degrees of saponification are 18.2 and 51.3%, 
respectively) with a PVAc core and PVA shell structure could be obtained by controlling the 
saponification degrees. It can be seen that the MMT presented in the PVAc microparticles 
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significantly increase the DS of PVAc. It is well known that MMT is high swollable in 
alkaline solution, which results in a faster diffusion of base molecules into the PVAc 
particles to accelerate the saponification rate of the PVAc microparticles. Figure 9 shows the 
effect of MMT contents on the DS of PVAc microparticles, which indicates that the 
saponification rate increased remarkably with increasing MMT addition. 
 

 
Fig. 8. Optical micrographs of (a,b) PVAc/PVA nanocomposite microparticles and (c, d) 
PVA/PVAc/MMT nanocomposite microparticles with MMT concentration of 1 wt.%. The 
saponification times and DS values were (a) 2 h and 14.7%, (b) 4 h and 17.5%, (c) 2 h and 
18.2%, and (d) 4 h and 51.3% 
 

 
Fig. 9. Effect of MMT contents on the DS of PVAc/PVA microparticles with saponification 
time 
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The structures of the PVAc/MMT and PVA/PVAc/MMT nanocomposite microparticles 
were analyzed by using FT-IR spectroscopy. Figure 10 shows the FT-IR spectra for (A) pure 
MMT, pure PVAc microspheres, PVAc/MMT nanocomposite microparticles with MMT 
content of 1 wt.%, and (B) saponified PVA/PVAc/MMT nanocomposite microparticles. It is 
well known that pure MMT shows three strong peaks at 455, 520, and 1045 cm-1. These 
peaks are associated with the bending mode of Si-O, the stretching vibration of Al-O, and 
the stretching vibration of Si-O, respectively. One can easily see peaks of both PVAc and 
MMT component in the spectrum of PVAc/MMT nanocomposite microparticles. It should 
be noted that MMT incorporated polymer particles could be prepared by the in situ 
suspension polymerization of VAc in the presence of organophilic MMT nanoparticles. 
From the generation of the -OH stretching vibration in the region of 3000-3600 cm-1 after the 
saponification process Figure 10(B), it is obvious that the surfaces of the PVAc/MMT 
nanocomposite microparticles were saponified with the hydroxyl groups.  
 

 
Fig. 10. FT-IR spectra of (A) pure MMT, pure PVAc microparticles, PVAc/MMT 
nanocomposite microparticles and (B) PVAc/MMT, PVA/PVAc/MMT nanocomposite 
microparticles (MMT concentration of 1 wt.%) 

3. Fabrication and characterization of several types of polymer 
nanocomposite particles by one step electrospraying technique  

The great advantage offered by electrospraying than other commonly used are simplicity 
and possibility for continuous one step process. The principle of electrospraying is same as 
electrospinning. High voltage is applied to a polymer fluid such that charges are induced 
within the fluid. When charges within the fluid reached a critical amount, a fluid jet will 
erupt from the droplet at the tip of the needle resulting in the formation of a Taylor cone. 
The electrospraying jet will travel towards the region of lower potential, which in most 
cases, is a grounded collector. The most important variable distinguishing electrospraying 
and electrospinning is solution parameter such as polymer molecular weight, concentration 
and viscosity, etc.. 
The major purpose of this section is to design an optimum solution parameter for 
electrospraying system and evaluate inorganic material effects such as antibacterial 
performance and thermal properties. PVA, PVA/MMT, PVA/Ag, and PVA/MMT/Ag 
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nanocomposite nanoparticles which have an average diameter about 350 nm are 
successfully fabricated by one step electrospraying process in aqueous solution (Park et al., 
2011; Park et al., 2011). In order to investigate the effect of MMT and Ag on the morphology, 
size, physical properties and anti-bacterial efficacy of composites, experiments were 
performed varying MMT and Ag concentrations. Transmission electron microscopy and 
reflection type X-ray diffraction analysis shows MMT and Ag were well dispersed in PVA 
nanoparticles. Those inorganic nanoparticles simultaneously enhanced thermal properties 
and anti-bacterial performance of the composite materials. The results obtained in this study 
may help to fabricate nanocomposite nanoparticle by one step process that can be utilized in 
biomedical application such as drug delivery system and functional nanoparticle for 
diagnosis and treatment. 

3.1 Experimental 
3.1.1 Materials 
PVA with Pn = 500 (low-molecular-weight LMW) and 1700 (medium-molecular-weight, 
MMW) [fully hydrolyzed, degree of saponification = 99.9%] was obtained from DC 
Chemical Co., Seoul, Korea and MMT was purchased from Kunimine Industries Co., Japan. 
Aqueous silver nanoparticle dispersion (AGS-WP001, 10,000 ppm) with diameters ca.15-30 
nm was got from Miji Tech., Korea. Doubly distilled water was used as a solvent to prepare 
all solutions. 

3.1.2 Preparation of electrospraying solution 
At first, 5 wt.% MMT powder was dispersed in distilled water under magnetic stirring for 1 
h at room temperature. After making MMT dispersion, various concentrations of both LMW 
and MMW type of PVA were added in that solution. The solution was heated in a water 
bath at 80 oC under magnetic stirring for 2 h followed by cooling to room temperature. The 
PVA/MMT/Ag solution was made ready by mixing of PVA/MMT solution and Ag 
nanoparticles dispersion with different concentrations of Ag (1 and 3 wt.%) by stirring for 
more 2h at room temperature. The content of 5 wt.% of MMT in PVA nanocomposite 
nanofiber revealed best properties in our previous report (Ji et al., 2009; Lee et al., 2009; Park 
et al., 2009) which was predominant reason for using same concentration of MMT in this 
experiment. 
 

Condition 
Type of nanoparticles 

LMW-PVA MMW-PVA PVA/MMT PVA/Ag PVA/MMT/Ag 
Polymer 
concentration 

2.5, 5, 7.5, 
10 wt.% 

2.5, 5, 7.5, 
10 wt.% 

2.5 wt.% of 
LMW PVA 

2.5 wt.% of 
LMW PVA 

2.5 wt.% of 
LMW PVA 

MMT 
concentration* - - 5 wt.% - 5 wt.% 

Ag concentration* - - - 1, 3 wt.% 1, 3 wt.% 
Voltage 15 kV 
Tip collector 
distance 15 cm 

* based on polymer concentration 

Table 2. Electrospraying condition of PVA/MMT/Ag nanocomposite nanoparticles 
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3.1.3 Electrospraying 
During electrospraying, a high voltage power (CHUNGPA EMT Co., Ltd., Seoul, Korea; 
model CPS-60K02VIT) was applied to the electrospraying solution contained in a syringe via 
an alligator clip attached to the syringe needle. The applied voltage was adjusted at 15 kV. 
The solution was delivered to the blunt needle tip via syringe pump to control the solution 
flow rate. When a high electric field is applied to the solution in the syringe, droplets form at 
the nozzle tip in the form of a cone called Taylor cone. Eventually electrical forces overcome 
the surface tension of the solution, and a straight jet ejects from the apex of the cone. This jet 
breaks up into particles while traveling towards a grounded collector placed at 15 cm 
vertical distance to the needle tip due to inherent instabilities generated by the electric field. 
Particles were collected on an electrically grounded aluminum foil placed at 15 cm vertical 
distance to the needle tip. 

3.1.4 Preservation test 
The preservation efficacy of the nanocomposite nanoparticles was tested to evaluate the 
antimicrobial property. Samples were prepared by dispersing the nanoparticles in a viscous 
aqueous solution containing 0.01 wt.% of neutralized polyacrylic acid (Carbopol 941, 
Noveon Inc.). A mixed culture of microorganisms, Staphylococcus aureus (ATCC6538), and 
Escherichia coli (ATCC25922) were obtained on tryptone soya broth after 24h incubation at  
32 oC. Then, 20 g of samples were inoculated with 0.2 g of the microorganism suspensions to 
adjust the initial concentration of bacteria to 107 cfu/g. Then, the inoculants were mixed 
homogeneously with the samples and stored at 32 oC. The microbial counts were carried out 
using the pour plate count method.  

3.1.5 Characterizations 

The morphology and structure of nanocomposite nanoparticles were observed with FE-SEM 
after gold coating and TEM analysis. XRD was used the Cu Kα radiation with wavelength of 
0.154 nm. The scanning rate was 2o/min ranging 2 to 50o (2θ). The thermal behavior of 
nanocomposite nanoparticles was studied with TGA techniques (model Q-50) from TA 
instruments, USA at the rate of 10 °C/min from room temperature to 600 °C under the 
nitrogen gas atmosphere. The antibacterial performance was investigated to examine the 
biological function of PVA/MMT/Ag nanocomposite nanoparticles by KSM 0146 (Shake 
flask method) using Staphylococcus aureus and Escherichia coli. 

3.2 Results and discussion 
3.2.1 Effect of molecular weight and concentration 
The nanoparticle formation conditions are strictly dependent on the polymer molecular 
weight and concentration. Nanoparticles could be obtained when either the molecular 
weight of the polymer and concentration of the polymer solution were too low and when it 
was used as the precursor in the electrospraying process. To the contrary, cone jet of 
polymer solution with sufficient resistance to shear stress will not break up to form them 
after solvent evaporation by a process called electrospinning (Li et al., 2004). Also, it must be 
considered that, when working in the electrospraying, the usual shape of the forming 
spherical particles is due to the physical properties of the system (Rayleigh et al., 1882). 
To obtain the nanoparticles, a series of experiments with different solution concentrations of 
LMW-PVA (2.5 to 15 wt %) were conducted, and the results are presented in Figures 11 and 
12. From Figures 11 and 12, it is clearly evident that nanoparticles are formed in case of  

www.intechopen.com



 
Nanomaterials 178 

2.5 wt. % of LMW-PVA concentration. Polymer concentration above 2.5 wt. %, particles 
exhibit a spindle shape with one or two tail and fibrous shape. The polymers with higher 
molecular weight tended to attain a highly elongated shape like fibrous structure easily than 
low molecular weight polymer. 
 

 
Fig. 11. FE-SEM images of LMW-PVA nanostructure syntheses by using different 
concentration of (a) 2.5 wt.%, (b) 5 wt.%, (c) 10 wt.% and (d) 15 wt.% (TCD= 15 cm and 
applied voltage= 15 kV; inset: high magnification morphologies of related images) 
 

 
Fig. 12. TEM images of LMW-PVA/Ag nanostructure syntheses by using different 
concentration of PVA (a) 2.5 wt.%, (b) 5 wt.%, (c) 7.5 wt.% and (d) 15 wt.% (TCD= 15 cm and 
applied voltage= 15 kV and Ag concentration= 1 wt.%) 
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It is suggested that increasing entanglement of polymer chains caused highly by molecular 
weight and polymer concentration that contribute to the formation of the fibrous structure. 
Actually, MMW-PVA formed not only nanoparticle but also just bring forth spindle like 
shape at low concentration. On the contrary, in case of LMW-PVA, spherical nanoparticles 
were formed at 2.5 wt.% of polymer concentration. Another concentration of LMW-PVA 
showed more beaded morphology than MMW-PVA due to the low molecular weight and 
low viscosity of the spraying solution. The reason for different shape at each concentration is 
the Raleigh forces, which assist in particle formation, are able to overcome the viscous forces 
to enable the formation of spherical particles (Shin et al., 2001). Particles, which are obtained 
from PVA concentration above 2.5 wt.%, exhibit a spindle shape with one or two tail and 
fiber shape.  

3.2.2 Morphology and structure 
Successful formation of the PVA/MMT/Ag nanocomposite nanoparticles are illustrated by 
TEM images (Figure 13). The pure polymer nanoparticles were generally spherical with 
smooth surfaces at 2.5 wt.% concentration of LMW-PVA. The mean size of nanoparticles 
varied between 300 to 450 nm depending on the process parameter. When MMT clay was 
added, the nanoparticle morphology and shape are dramatically changed from sphere to 
rugged particle. TEM images support that the coexistence of Ag nanoparticles and PVA matrix 
for LMW-PVA/Ag nanocomposite nanoparticles. Small dark dots indicate the Ag 
nanoparticles which are seen from TEM images in nanocomposite nanoparticles. Due to the 
strong interactions between polymer and metal, Ag nanoparticles are well embedded in the 
PVA matrix. Also, it can be clearly observed that each silicate platelet forms a dark line in the 
 

 
Fig. 13. TEM images of (a) PVA nanoparticles, (b) PVA/Ag 1wt.%, (c) PVA/Ag 3wt.%, (d) 
PVA/MMT (e) PVA/MMT/Ag 1wt.%, and (f) PVA/MMT/Ag 3wt.% nanocomposite 
nanoparticles (LMW-PVA solution concentration= 2.5 wt.%, MMT concentration= 5 wt.%, 
TCD= 15 cm and applied voltage= 15 kV) 
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nanoparticle compare with the pure PVA spherical nanoparticle. The size of the dark line is 
about 1–3 nm in width and 100–200 nm in length, and it indicated the good dispersion and 
exfoliation of MMT layers in the nanoparticle. Well-dispersed Ag and MMT were shown in 
Figure 13 from where we can see Ag and MMT were dispersed inside the polymer matrix 
without agglomeration. TEM results reveal that the MMT and Ag are distributed uniformly 
in the PVA/MMT/Ag nanocomposite nanoparticles. 
The XRD patterns of nanocomposite nanoparticles show three diffraction peaks at 2θ of ca. 
19.3o, 38.2o and 44.6o (Figure 14). The pure PVA shows a significant crystalline peak at about 
19.3o, which is because of the occurrence of string inter- and intramolecular hydrogen 
bonding (Figure 14a). In case of clay-polymer composite, unexfoliated or intercalated MMT 
usually shows a peak in the range 3~9o (2θ). In exfoliated nanocomposites, generally single 
silicate layers (1-3 nm thick) are homogeneously dispersed in the polymer matrix, and XRD 
pattern with no distinct diffraction peak in the range of 3~9o (2θ) could be observed. The 
peaks of silver particles become gradually enlarged with increasing the content of Ag 
nanoparticles and crystallinity of PVA/MMT (2θ =19.3o) is lower in comparison with Figure 
14(a) and (b). These peaks are corresponding to the (111) and (200) planes of the silver 
nanocrystals with cubic symmetry. XRD results indicate that MMT and Ag particles are well 
dispersed in the PVA matrix and MMT is predominantly exfoliated. Moreover, TEM images 
confirm MMT and Ag nanoparticles in the PVA/MMT/Ag hybrid nanoparticles (Figure 13). 
 

 
Fig. 14. XRD data of (a) PVA nanoparticles, (b) PVA/MMT nanocomposite nanoparticles, 
and PVA/MMT/Ag nanocomposite nanoparticles prepared with different Ag contents of 
(c) 1 wt.%, (d) 3 wt.% (LMW-PVA solution concentration= 2.5%, MMT concentration= 5 
wt.%) 

3.2.3 Thermal stability 
Thermal stability of nanocomposite nanoparticles was measured using TGA in nitrogen 
atmosphere. The actual decomposition temperature depends on the structure, molecular 
weight and conformation of the polymer. Typical three weight loss peaks were observed in 
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the TGA curve for bulk PVA. The first peak at 50-70 oC was due to its moisture vaporization, 
the second peak at 260-380 oC was due to the thermal degradation of PVA, and the third 
peak at 430-460 oC was due to the byproduct formation of PVA during the TGA thermal 
degradation process. Figure 15 shows TGA thermograms of different decomposition 
temperature with Ag contents of 0, 1 and 3 wt.%. Within up to 225 oC, there is an increased 
in thermal stability from the pure LMW-PVA nanoparticle to PVA/MMT/Ag 
nanocomposite nanoparticles. The higher thermal stability might be attributed due to its 
higher contents of Ag nanoparticles in the PVA/MMT/Ag nanocomposite nanoparticles. 
 

 
Fig. 15. TGA data of (a) LMW-PVA nanoparticle, (b) PVA/MMT nanocomposite 
nanoparticles, and PVA/MMT/Ag nanocomposite nanoparticles prepared with different 
Ag contents of (c) 1 wt.%, (d) 3 wt.% (LMW-PVA solution concentration= 2.5%, MMT 
concentration= 5 wt.%) 

3.2.4 Anti-bacterial efficacy 
Ag nanoparticles have been known to have strong inhibitory and antibacterial effects as 
well as a broad spectrum of antimicrobial activities (Dowling et al., 2001). In this study, in 
order to provide useful information for the biological function of PVA/MMT/Ag 
nanocomposite nanoparticles, the anti-bacterial performance of PVA/MMT/Ag 
nanocomposite nanoparticles were evaluated in viscous aqueous test samples and shown 
in Figure 16. The antibacterial activity of PVA/MMT/Ag nanocomposite nanoparticle is 
assessed by counting the number of bacteria in the sample with the storage time at 32 oC. 
As shown in Figure 16, in the absence of Ag nanoparticles, the number of bacteria 
remained constant. However, after adding Ag nanoparticles into the nanoparticles, all of 
bacteria decreased dramatically.  
The increase in the concentration of the Ag accelerates diminishing in bacteria. With only a 
small amount of Ag, almost all the initially inoculated bacteria could be sterilized within a 
week.  
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Fig. 16. Antibacterial ability test with Staphylococcus aureus (a) control and PVA/MMT/Ag 
hybrid nanoparticles containing with different Ag amounts of (b) 0 wt. %, (c) 1 wt.%, and (d) 
3 wt.% (after 1week) 

3.2.5 Application of polymer/natural extracts nanoparticles for children’s products 
Based on the above results, we prepared polymer/natural colorant nanoparticles for using 
children’s products. Excellent antibacterial ability of the PVA/MMT/Ag nanocomposite 
nanoparticles has been proven, so polymer nanocomposite nanoparticles containing natural 
colorant, Cyanidin-3-O-glucoside, extracted from sorghum, has advantage of safety for 
using children’s products over existing compound materials. Figure 17 is chemical structure 
of Cyanidin-3-O-glucoside and Figure 18 shows TEM image of prepared polymer 
nanocomposite nanoparticles containing Cyanidin-3-O-glucoside. 
 

 
Fig. 17. Chemical structure of Cyanidin-3-O-glucoside  
 

 
Fig. 18. TEM image of polymer/Cyanidin-3-O-glucoside nanoparticle  

www.intechopen.com



Polymer/Montmorillonite/Silver Nanocomposite  
Micro- and Nanoparticles Prepared by In-Situ Polymerization and Electrospraying Technique 183 

4. Conclusion 

In this work, PVAc/Ag and PVA/PVAc/MMT nanocomposite microparticles were 
prepared by low temperature in-situ suspension polymerization of VAc in the presence of 
Ag and MMT and PVA/MMT, PVA/MMT/Ag nanocomposite nanoparticles are 
successfully fabricated from aqueous solutions by one step electrospraying technique. The 
morphology of PVAc/Ag nanocomposite microparticles was influenced by surfactant. By a 
heterogeneous saponification method, PVA/PVAc/MMT nanocomposite microparticles 
with core/shell structure could be prepared. Morphology of nanocomposite nanoparticles 
prepared by electrospraying technique can be affected by the molecular weight of polymer 
and concentration of polymer solution. The thermal properties of prepared nanocomposite 
micro- and nanoparticles enhanced with the addition of MMT and Ag. Moreover, it has 
good anti-bacterial performance. The results obtained in this study may help to fabricate 
various type of nanocomposite micro- and nanoparticle by in-situ polymerization and one 
step process that can be utilized in not only biomedical application such as drug delivery 
system and functional nanoparticle for diagnosis and treatment, but bioaffinity materials 
like children and food industries.  
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