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Abstract 

Polymer colloids were used to modify the surface of carbon nanofibers (CNFs), to 

enhance the mechanical properties of polyvinyl alcohol (PVA) resin/CNF nanocomposite 

materials prepared by the solution casting method. However, the CNFs showed uneven 

dispersal within, and adhesion to, PVA resin.  

In the present study, the colloidal technique using polymer particles was applied to 

achieve more uniform dispersion of CNFs in PVA resin. This results in the polymeric 

particles functioning as spacers, thereby inhibiting CNF clustering; and in hydrogen bonding 

between PVA and polymer particles, thereby increasing surface adhesion between CNF and 

PVA. Polymer colloids prepared by the emulsion polymerization of styrene and N-

vinylacetamide showed particularly notable enhancements of dispersion and surface 

adhesion in the composites. Consequently, PVA composite film containing uniformly 

distributed CNFs showed significantly enhanced tensile strength and modulus even at CNF 

mass fraction of 5.0 wt%. 
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1. Introduction 

Carbon nanotubes (CNTs) are one of the most promising nanomaterials for use as 

high-functional filler in nanocomposite materials using a matrix resin as a base material, due 

to their unique electrical, thermal, and mechanical properties [1]. Several studies have 

examined the mechanical properties of CNT composite materials using matrix resin [2-4]. 

Single- and multi-walled CNTs, as well as vapor-grown carbon nanofibers (CNFs) are 

promising materials for reinforcing various polymer matrixes. Among these matrixes, 

polyvinyl alcohol (PVA) is a hydrophilic polymer that has wide applications and provides 

benefits of low cost, good safety, and easy handling. CNFs have excellent mechanical 

properties, such as exceptionally high axial strength and an axial Young’s modulus of the 

order of several hundred GPa [5-7]. However, to date, the mechanical strengths of CNF 

composite materials have been lower than expected according to this complex law. To obtain 

CNF composite polymer materials with high mechanical properties, it is necessary to achieve 

uniform dispersal of CNFs within the resin and ideal surface adhesion between these 

components. In actual CNF polymer composite materials, CNFs were not uniformly 

dispersed in the matrix resin. Furthermore, CNFs did not carry a tensile force but instead 

were pulled out of the resin at the time of fracture due to poor adhesion to the resin [8]. To 

resolve these problems, many studies have presented methods for modifying the CNF surface 

using surfactants [9-12], polymers [13-15], and metallic complexes [16, 17]. 

Our recent study used polymer colloids to modify the surface of carbon materials, 

thereby enhancing the mechanical properties of carbon/polymeric composites [18-20]. Our 

methods involved the adsorption of polymer particles onto the surface of carbon materials by 

electrostatic interaction or electrodeposition, to improve their dispersion in resin and their 
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adhesion to the polymer. In this study, CNTs modified with polymer colloids were dissolved 

in PVA solution, and a composite film was obtained from the solution by the casting method 

[21, 22]. The mechanical properties of the composite film were measured by a tensile test-

rig to evaluate the effectiveness of the proposed surface modification technique using 

polymer colloids through emulsion polymeriztaion. 

 

2. Experimental 

2.1 Materials 

  CNFs, vapor-grown carbon fiber (VGCF-H, Showa Denko K.K.) with average fiber 

length of 9 μm and diameter of 150 nm, were used as fillers in the composite films. The PVA 

(Wako Pure Chemical Industry) matrix resin was 98% hydrolyzed with degree of 

polymerization from 1500 to 1800. Polymer colloids were prepared by emulsion 

polymerization using the following materials. The water used in the emulsion was purified 

using a purification system (WG250, Yamato Scientific), and nitrogen gas was then bubbled 

through the water to remove any dissolved oxygen. Styrene monomers (Tokyo Chemical 

Industry) were washed four times with 10% sodium hydroxide solution to remove 

polymerization inhibitors, and then purified by distillation under reduced pressure [23]. PVA 

or N-vinylacetamide (NVA, Showa Denko K.K.) was used to stabilize the monomer 

emulsion and synthesized particles. The chemical structures of PVA and PNVA are shown 

in Fig. 1. 2,2ʹ-Azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride (VA-044, Sigma 

Aldrich Co. LLC) was used as a radical initiator for the present emulsion polymerization 

without further purification. VA-044 enabled the particles synthesized by polymerization to 

be positively charged. 
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Fig. 1. Chemical structures of: (a) PVA; (b) PNVA. 

 

2.2 Preparation of composite films 

  For preparation of the polystyrene (PSt) colloid through the emulsion polymerization, 

0.1 g of styrene monomer, 5 mg of VA-044, and 0.1 g of PVA or NVA were added to 15 mL 

of purified water, and the solutions were heated at 70 ℃ and stirred at 130 rpm for 6 h 

(EYELA, RCH-20L). The prepared PSt colloid was diluted 10 times with distilled water to 

make the CNFs modified. Table 1 shows the zeta potentials and particle sizes of the 

synthesized PSt particles, measured by a ZETASIZER (Nano-ZS, MALVERN) and scanning 

electron microscope (FE-SEM; JSM-7500FA, JEOL), respectively [24]. pHs of the colloid 

solutions were measured to be from 4.88 to 5.85 by a pH meter (LAQUA F-72, HORIBA). 

 

 PVA/PSt PNVA/PSt 
Zeta potential [mV] 1.03 31.2 
Particle size [nm] 72 69 

 

  Then, 1 g of PVA and 5~50 mg of CNFs were dissolved in 15 mL of distilled water. 

The mixture was ultrasonicated for 3 min and stirred at 90 ℃ for 3 h. Finally, the CNF 

surfaces were hydrophilized by PVA. Next, 9 mL of each PSt colloid with 10 times diluted 

was added to the PVA/CNFs solutions under stirring at 400 rpm for 3 h to promote the 

Table 1 Characterization of the synthesized polymer particles. 
Particle sizes were measured by FE-SEM. 
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adsorption of the PSt particles onto the surfaces of the PVA/CNFs through electrostatic 

interactions. The morphologies of the CNFs modified with polymer particles were examined 

using a field emission scanning electron microscope (FE-SEM; JSM-7500FA, JEOL) and 

transmission electron microscopy (TEM, JEM-2100F/HK, JEOL). Scheme 1 shows the 

adsorption of polymer particles onto CNFs. PVA/CNF composite film was prepared by the 

solution casting method. PSt/PVA/CNF solutions were poured onto a clean glass plate, and 

only water was evaporated on a hot plate (HPR-4030, AS ONE) at 70 ℃ for 6 h. The 

synthesized film was then dried at 80 ℃ for 24 h in a vacuum oven (AVO-200NS, ETTAS).  

 

 

2.3 Evaluation of CNF dispersion in the PVA solution and composite film 

The dispersion of CNFs in the PVA solution used to produce the composite film was 

evaluated by dynamic light scattering method using a ZETASIZER (Nano-ZS, MALVERN), 

and dispersion in the PVA composite film was evaluated quantitatively using an ultraviolet–

visible spectrophotometer (UV-Vis, V-650, JASCO Corporation). Cutting at 5 places with a 

square of 2 cm from a composite film with a circle diameter of 10 cm to obtain the specimens, 

the specimens of the composite films were irradiated with light at a wavelength of 400 nm, 

and the transmittance was calculated as the ratio of transmitted light to incident light. 

Scheme 1 Mechanism for adsorption of polymer particles onto CNFs. 
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2.4 Tensile tests of the composite film 

The tensile strengths of the films were determined at room temperature using a small 

tensile testing machine (10073B, JAPAN HIGH TECH). The specimens (3 mm width, 30 

mm gage length) were loaded at a crosshead speed of 17 μm/min. The mechanical properties 

were calculated from the following equations: 

𝜎 𝐹 10
𝑎 𝑏               (1) 

where 𝜎  [MPa]: tensile strength, 𝐹  [N]: maximum load, and 𝑎, 𝑏 [mm]: thickness and 

width of the specimen, respectively; and 

𝑌 ∆𝜎 10
∆𝜀                         (2) 

where 𝑌 [GPa]: tensile modulus, ∆𝜎 [MPa]: stress difference in a certain section, and ∆𝜀 [-]: 

distortion difference of a certain section. 

 

3. Results and Discussion 

3.1 Adsorption of polymer particles onto CNFs 

At first, the surfaces of CNFs were coated with PVA through hydrophobic 

interactions between CNFs and the hydrophobic parts of the PVA. Thus, the surfaces of 

CNFs were hydrated and created hydration layers that showed low surface potential (-9.33 

mV) but good dispersion stability due to their steric effects. Secondary, positively charged 

PSt particles by VA-044 and PVA or PNVA, as listed in Table 1, were adsorbed onto the 

surfaces of the CNFs by electrostatic interactions. Finally, the CNFs covered with PSt 

particles were dispersed in water by electrical double layers. Normally, electrostatic 
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interactions were utilized to encourage polymer particles to adsorb onto the CNFs. However, 

the counter-charges for the adsorption decreased the dispersion stability of the CNFs in water 

on the basis of DLVO theory [25]. However, PVA helped maintain the dispersion stability 

of the CNFs in water by means of the hydration layers, even when positively charged PSt 

colloids were added to the system. The suspension colors remained black originated from the 

CNFs for longer, indicating their good dispersion stabilities. Thus, PVA coating achieved in-

situ adsorption of polymer colloids onto CNFs. In the case of PNVA, the surface modification 

of CNFs was also achieved by the same mechanism in our resent study [18]. PSt particles, 

which were covered with PVA or PNVA, functioned as carriers of PVA or PNVA to CNFs. 

Fig. 2 shows FE-SEM and TEM images of CNFs modified with polymer particles. It was 

clear that the CNFs were covered with the polymer colloids. 

 

Fig. 2. Images of CNFs modified with the following polymer particles: (a) PVA/PSt by FE-
SEM; (b) PNVA/PSt by FE-SEM; (c) PNVA/PSt by TEM. 

 

3.2 Dispersion of CNFs in the PVA solution or PVA composite film. 

Fig. 3 shows the apparent size distributions of CNFs with and without PNVA/PSt 

particles in the PVA solution using water estimated by a ZETASIZER. As a result, the CNFs 

modified with PNVA/PSt particles maintained good dispersion stability in the PVA solution 
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because the sizes of the CNFs modified with PNVA/PSt particles were much smaller than 

those of the unmodified CNFs. Here, the particles played an important role as spacers or 

origins of the electrical repulsive forces between the particles to prevent the coagulations 

between the CNFs, because they were not dissolved but kept a solid state in the PVA solution. 

 

 

Fig. 3. Effect of surface modification with particles on apparent size distribution of the 
CNF in the PVA solution.  

 

Fig. 4 shows images of CNFs in the PVA composite film obtained by optical 

microscope (KH-8700, HiROX). CNFs with adsorbed polymer particles, whose weight ratio 

to PVA was measured to be 1.3 wt%, were well dispersed and diffused throughout the PVA 

resin, and few agglomerates were observed compared with untreated CNFs. This was because 

the adsorbed polymer particles functioned as spacers between the CNFs during the drying 

process at 70 ℃, promoting their diffusion [19]. To quantitatively evaluate the dispersion of 
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CNFs in the PVA resin, the UV–Vis transmittance of the composite film was measured. The 

light did not penetrate the CNFs, since they are a perfectly black material. The transmittance 

of pure PVA film was found to be 100%. When CNFs were poorly dispersed in the resin, the 

amount of CNFs present varied according to the sampling location. Thus, transmittance was 

low for points containing many CNFs, and higher for those containing fewer CNFs. 

Therefore, samples with unevenly dispersed CNFs showed large variation in measured 

transmittance. Conversely, with uniform dispersion of CNFs within the resin, there is less 

variation in the CNF content between sampling points, and hence small variation in 

transmittance. Fig. 5 shows the transmittance measurements for the PVA composite film. 

The variation in transmittance was 25% when using untreated CNFs (PVA/U-CNF), 

compared with 10.3% and 6.5% for CNFs modified with PVA-PSt (PVA-PSt/CNF) or 

PNVA-PSt (PNVA-PSt/CNF) particles, respectively. Surface modification by polymer 

colloid therefore enhanced the dispersion of CNFs within PVA resin. The CNFs covered with 

PSt particles were dispersed in water due to electrical double layers [18], and also in the PVA 

films prepared by casting the suspension.  

 
 

Fig. 4. Optical microscope images of composite films to evaluate dispersion of CNFs in 
PVA resin: (a) CNFs without modification; (b) CNFs modified with adsorbed polymer 
particles. 
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Normally, CNFs formed reagglomerations due to the π-π interaction and the van der 

Waals forces between CNFs during evaporation of the solvent from the CNF dispersion by 

heating. Hence, coagulations of CNFs were observed in the PVA resin, as shown in Fig. 4a. 

The proposed surface modification using electrostatic interaction between the polymer 

particles and the hydrophilic CNFs surface enabled uniform diffusion of CNFs throughout 

the PVA resin, as the adsorbed particles acted as a spacer between CNFs to prevent their 

reaggregation even during drying of the CNF dispersion in the casting method. 

 

Fig. 5. Effect of particle type adsorbed onto CNFs, on the transmittance of PVA composite 
film. 

 

3.3 Mechanical properties of the PVA composite films 

As shown in Fig. 6a, the addition of only PNVA-PSt particles or 2 wt% U-CNFs did not 

change the tensile strength of the PVA films markedly, when comparing PVA/ PNVA-PSt 

particles, PVA/U-CNF film, and PVA film without CNFs. This was because the amount of 

PNVA-PSt particles in the film was so small that their influence on tensile strength was 
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negligible; and the CNFs were not uniformly dispersed in the resin but agglomerated, and 

did not carry a tensile force but instead pulled out of the resin at the time of fracture due to 

poor adhesion to the resin [8]. In contrast, both tensile strength in Fig. 6a and tensile modulus 

in Fig. 6b were significantly improved in composite film using CNFs/PVA-PSt or 

CNFs/PNVA-PSt. CNF dispersion in the PVA, and surface adhesion between CNFs and 

PVA were enhanced by surface modification using polymer particles (See Supporting 

Information) , so that the CNFs showed a significant effect when tensile stress was applied 

to the films. 

Fig. 7 shows the influence of mass fraction of CNFs on mechanical properties of 

PVA/U-CNFs and PVA/CNFs/PNVA-PSt films. Tensile modulus increased with mass 

fraction of CNFs as a result of the high tensile modulus of CNFs. Surface modification with 

polymer particles enhanced surface adhesion, and then tensile modulus. In the case of 

PVA/U-CNFs, tensile strength did not change as the mass fraction of CNFs increased. A 

previous study reported no change in tensile strength even with the addition of CNFs to the 

resin, due to the small sizes of CNFs [26]. In the case of PVA/CNFs/PNVA-PSt, tensile 

strength increased as the mass fraction of CNFs increased up to 5 wt%. In a previous study, 

some CNF aggregations formed at CNF fractions >3 wt% [27]. With poor CNF dispersion 

within the resin, stress concentrated at points of CNF aggregations, leading to crack 

formation. In the present study, the effect of CNFs was significant even at 5 wt% by the 

present polymer colloidal technique. This was because both dispersion in the PVA and 

adhesion between CNFs and PVA were greatly improved by the treatment using polymer 

particles [20, 28, 29]. From the small variation in the mechanical properties of the PNVA-
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PSt/CNF samples (see Fig. 7), it was clear that the CNFs were very uniformly dispersed 

within the PVA resin. 

 

Fig. 6. Mechanical properties of PVA composite film containing 2 wt% CNFs with surface 
modification: (a) tensile strength; (b) tensile modulus. 

 

Fig. 7. Influence of CNF mass fraction on mechanical properties of PVA composite films: 
(a) tensile strength; (b) tensile modulus. 
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4. Conclusions 

This study presents a method for modifying the surface of CNFs, via polymer colloid 

obtained through emulsion polymerization using PVA or NVA, which improved the 

mechanical properties of PVA composite films containing the modified CNFs. In-situ 

adsorption of polymer particles onto CNFs modified with PVA was conducted. The modified 

CNFs were dispersed uniformly throughout the PVA resin because the polymer particles 

adsorbed onto the CNFs functioned as spacers between CNFs, and because CNF surface 

adhesion to the PVA was significantly improved between PVA and PNVA. The addition of 

the CNFs modified with polymer colloids enhanced both the tensile strength and modulus of 

the composite PVA film. When this technique is applied to the fillers in other polymer 

composite materials, the mechanical properties of the composite materials would be expected 

to be strengthened. 

 

Supporting Information 

Surface adhesion between carbon material and PVA film was evaluated by the 

fragmentation test, as shown in Fig. S1, and the mechanism is illustrated by Fig. S2 in the 

supporting information. 
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