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 Achieving uniform nanoparticle dispersion in electrospun polymer 

nanofibers remains a critical challenge, as conventional electrospinning 

often leads to particle agglomeration and nozzle clogging, reducing fiber 

uniformity and functional efficiency. This study explicitly addresses this 

problem by developing poly (vinyl alcohol) (PVA)/BaSO4 composite 

nanofibers through both conventional and ultrasonic-assisted 

electrospinning. Scanning electron microscopy (SEM) revealed that 

ultrasonication effectively disrupted nanoparticle agglomerates, yielding 

smoother and more uniform fiber morphologies. X-ray diffraction (XRD) 

analysis further confirmed that ultrasonic processing reduced the crystalline 

intensity of PVA and BaSO4, indicating enhanced polymer–filler interaction 

and finer BaSO4 distribution. Quantitatively, the agglomeration slope 

decreased from 0.039 (conventional) to 0.006, and the mean crystallite size 

was reduced from approximately 470 to 300 nm. These results are consistent 

with recent advances showing that ultrasonic electrospinning improves 

nanoparticle dispersion and stability in polymer matrices, thereby enhancing 

optical and mechanical properties. Ultimately, this work demonstrates that 

ultrasonic-assisted electrospinning provides a robust and scalable strategy to 

fabricate lightweight, flexible, and multifunctional PVA-based radiation-

shielding materials with superior nanoparticle dispersion and structural 

homogeneity. 
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1. INTRODUCTION 

Electrospinning has garnered considerable interest owing to its capacity to produce polymer fibers 

with diameters spanning from nanometers to several micrometers, utilizing either polymer liquids or 

solutions. It provides a comparatively straightforward and economical method in contrast to traditional fiber-

processing techniques, while enabling the production of porous structures advantageous for filtration, 

sensing, biomedical scaffolds, and optoelectronic applications [1]–[4]. In particular, research on composite 

nanofibers integrating functional nanomaterials such as metal nanoparticles, clays, carbon nanotubes, and 
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ceramics has swiftly advanced, owing to their distinctive physicochemical properties [5]–[8]. Nevertheless, 

nanoparticle agglomeration continues to pose a significant challenge, potentially diminishing the 

performance of these hybrid fibers by impairing their mechanical, thermal, and optical properties [9], [10]. 

Conventional electrospinning relies on an applied high voltage to stretch a polymer jet from the 

syringe tip toward a collector. While effective, this method often suffers from poor nanoparticle dispersion 

and nozzle clogging when processing viscous or nanoparticle-rich solutions [11]. Earlier mixed-polymer 

nanofiber studies frequently reported severe clustering of inorganic fillers and unstable jet flow, which 

resulted in irregular fiber morphologies, large surface defects, and reduced reproducibility. These persistent 

issues limited the ability to scale up electrospinning for functional nanocomposites, especially when high 

filler concentrations were required. Ultrasonic electrospinning has recently emerged as a powerful 

modification to address these drawbacks. By introducing ultrasonic vibrations, this method continuously 

agitates the polymer solution, reduces surface tension at the nozzle tip, and suppresses agglomeration of 

nanoparticles, thereby enabling the production of uniform fibers from highly loaded or viscous solutions [12]. 

In particular, ultrasonication helps to overcome syringe tip clogging by keeping suspended nanoparticles 

dispersed during jet formation, while simultaneously breaking apart nanoparticle clusters that would 

otherwise compromise fiber integrity. Recent studies have shown that ultrasonic-assisted electrospinning 

enables excellent dispersion of hybrid nanoparticles, such as silver and metal oxides, within polymer  

matrices [13], paving the way for more reliable functional nanofibers.  

Parallel to this development, poly (vinyl alcohol) (PVA)-based composite nanofibers have been 

extensively explored between 2020 and 2025 for applications in environmental, biomedical, and radiation 

protection technologies due to their processability, biocompatibility, and functional versatility [14].  

For instance, PVA/CeO2 nanofibers have demonstrated improved stability and radiation shielding performance 

[15], while PVA/magnetite nanofibers have shown effective attenuation of gamma radiation [16]. Similarly, 

PVA-ZnO-CuO hybrid fibers were recently reported to exhibit both enhanced mechanical properties and 

radiation shielding capability [17]. These advances also emphasize that effective nanoparticle dispersion 

remains the bottleneck in maximizing fiber performance, reinforcing the need for methods like 

ultrasonication that directly target agglomeration and clogging challenges. 

In this work, we focus on fabricating PVA/BaSO4 composite nanofibers using ultrasonic 

electrospinning. BaSO4 is a well-known X-ray contrast and radiation-shielding material, yet its uniform 

incorporation into polymer fibers has been hindered by nanoparticle agglomeration. Here, we explicitly 

demonstrate that ultrasonication facilitates effective BaSO4 dispersion, resulting in reduced crystallite size 

and controlled cluster morphology, as verified through analyses conducted using scanning electron 

microscopy (SEM) and x-ray diffraction (XRD). The novelty of this study lies in coupling ultrasonic 

electrospinning with BaSO4-loaded PVA fibers to achieve uniform particle distribution and tunable structural 

features, offering new opportunities for high-performance radiation shielding nanofibers [18]. 
 

 

2. METHOD 

Barium sulfate (BaSO4, average particle size approximately 0.43 μm) was sourced from Kanto 

Chemical Corporation in Japan. PVA with a polymerization degree of 1,700 and 88% hydrolysis was 

supplied by Kuraray Corporation Ltd in Japan. Distilled water was utilized as the solvent in all preparations 

of polymer solutions. The PVA concentration was consistently maintained at 12 wt% across all formulations, 

while the BaSO4 loading was systematically altered from 2.5 to 60 wt% in relation to PVA to examine the 

influence of filler content on fiber morphology and particle dispersion. The PVA solution was formulated by 

dissolving PVA granules in distilled water with continuous agitation at 80 °C until fully dissolved.  

After cooling to ambient temperature, specified quantities of BaSO4 particles were incorporated into the 12 

wt% PVA solution and thoroughly mixed through vigorous agitation, producing stable suspensions of 

PVA/BaSO4 mixtures. These suspensions were employed directly in the electrospinning process [19].  

Electrospinning was performed using a custom setup consisting of a micro-syringe pump connected 

to a 30 mL glass syringe, a high-voltage power supply, and an ultrasonic vibrating device integrated into the 

nozzle. The electrospinning nozzle consisted of a metallic capillary tip with an internal diameter of 0.9 mm. 

The following electrospinning parameters were applied:  

– Applied voltage: 10 kv. 

– Tip-to-collector distance (TCD): 10 cm. 

– Solution flow rate: 0.1 ml/hr. 

– Ultrasonic frequency: 17.5-20.5 kHz.  
The incorporation of ultrasonic vibration at the nozzle continuously agitated the solution, thereby 

improving BaSO4 dispersion and minimizing particle agglomeration during fiber formation [20].  

The morphology of the fibers was examined via SEM, while energy-dispersive x-ray spectroscopy (EDX) 

attached to the SEM was used for elemental mapping to confirm the distribution of Ba and S elements within 
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the fibers. The chemical structure and polymer-filler interactions were analyzed through Fourier-transform 

infrared spectroscopy (FTIR) and XRD analyses. The spatial distribution of BaSO4 particles inside the fibers 

was quantified through SEM image analysis (minimum 50 measurements, assuming spherical aggregates), 

complemented by EDX mapping to visualize homogeneity. 

 

 

3. RESULTS AND DISCUSSION 

The morphology of PVA/BaSO4 composite nanofibers fabricated by conventional and ultrasonic 

electrospinning was analyzed by SEM and transmission electron microscopy (TEM). TEM images revealed 

that most BaSO4 particles were positioned on the outer surfaces of the nanofibers rather than being fully 

embedded within, which can be attributed to the relatively large BaSO4 particle size compared with the fiber 

thickness. Notably, fibers produced via ultrasonic electrospinning exhibited better particle separation and 

significantly fewer agglomerates than those prepared by conventional electrospinning. This demonstrates that 

ultrasonication effectively disrupted and redistributed highly accumulated BaSO4 particles during fiber 

formation [21]. The dispersion of BaSO4 within the PVA matrix was quantitatively evaluated using the 

particle agglomeration index. SEM results showed that the slope of cluster size growth was ~0.039 for 

conventional electrospinning but decreased sharply to only 0.006 for ultrasonic electrospinning.  

This substantial reduction highlights the efficiency of ultrasonic treatment in suppressing agglomeration and 

promoting uniform nanoparticle dispersion. Although cluster dimensions varied slightly with filler content, 

the overall trend confirmed that ultrasonication consistently improved filler distribution without introducing 

unwanted artifacts. 

The influence of BaSO4 addition on fiber morphology was further investigated. Both conventional 

and ultrasonic electrospinning produced fibers with comparable average diameters, indicating that fiber size 

was not directly affected by ultrasonic treatment. Instead, the primary factor was the increasing BaSO4 

content, which reduced the effective fraction of PVA, thereby decreasing the average fiber diameter.  

These results confirm that ultrasonic electrospinning enhances nanoparticle dispersion without altering the 

fundamental fiber formation mechanisms. XRD was employed to assess the crystallinity of the composites. 

Strong PVA diffraction peaks at 19.5° and 24.5° (corresponding to the (101) and (200) planes) were 

observed, along with distinct BaSO4 maxima. In samples produced via ultrasonic electrospinning, the relative 

intensity of BaSO4 diffraction peaks decreased notably at filler contents ≤15 wt%, suggesting disruption of 

crystallite ordering and improved dispersion. The mean BaSO4 crystallite size was ~470 nm for conventional 

samples but reduced to ~300 nm for ultrasonic electrospun samples, confirming crystallite size refinement 

induced by ultrasonic energy. At higher loadings (>20 wt%), BaSO4 particles tended to collide and form 

secondary agglomerates via van der Waals forces, increasing diffraction intensity and partially restoring 

crystallinity. Concurrently, attenuation of the PVA crystal peaks was observed, likely due to disruption of 

polymer chain ordering caused by continuous ultrasonic vibrations acting on intermolecular linkages. Similar 

effects on BaSO4 diffraction maxima in the monoclinic phase were reported in prior studies. Overall, these 

findings demonstrate that ultrasonic electrospinning is an efficient approach to disturb crystalline  

micro-forms, reduce BaSO4 crystallite size, and achieve more homogeneous distribution compared with 

conventional methods. From a functional standpoint, BaSO4 incorporation provided dual advantages.  

First, its high atomic number and density enhanced X-ray attenuation, highlighting its potential as a 

radiation-shielding filler or X-ray contrast agent in biomedical applications. Second, BaSO4 significantly 

improved optical performance. Luminous flux measurements showed that PVA/BaSO4 nanofiber composites 

reached a maximum luminous flux of 174.8 lm at 50 wt% BaSO4 loading, making them particularly suitable 

for high-brightness white light-emitting diode (WLED) applications [22], [23].  

Finally, a comparison with other commonly used additives such as ZnO and TiO2 demonstrated that 

BaSO4 exhibited superior luminous flux performance under comparable conditions. Although ZnO and TiO2 

are extensively researched for their roles in light scattering and luminosity improvement, their contributions 

are comparatively lower than those of BaSO4 within similar polymer systems. This performance advantage, 

combined with biocompatibility and radiation shielding properties, positions BaSO4 as a highly effective 

multifunctional additive for next-generation nanofiber-based optical, biomedical, and radiation-protection 

applications. For example, the Debye-Scherrer method in (1) was employed to analyze the full width at  

half-maximum (FWHM) of the most prominent and characteristic peak (140) in order to estimate the mean 

crystallite size. Here, λ denotes the X-ray wavelength (1.5402 Å), and β is the shape factor, typically assigned 

a value of 0.89. D represents the average crystallite dimension in angstroms, θ is the Bragg angle measured in 

degrees, and β indicates the entire FWHM of the most significant peak in radians when the shape factor is 

uncertain. The average BaSO4 crystal dimension (~15 wt%) of the synthesized PVA/BaSO4 composite 

nanofibers was determined to be approximately 300 nm, which is smaller than the approximately 470 nm 

observed in conventional electrospun PVA/BaSO4 composite nanofibers. 
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𝐷 = 𝐾𝜆/𝛽 𝑐𝑜𝑠 𝜃  (1) 

 

Figure 1 depicts the correlation between BaSO4 dosage and light distribution. Elevating BaSO4 

content improves wavelength conversion efficiency and light transmission by facilitating forward scattering 

and minimizing reabsorption losses, resulting in increased blue-light luminosity in forward emission. As the 

BaSO4 content increases, the quantity of yellow phosphor is correspondingly adjusted to preserve color 

equilibrium. Figure 2 demonstrates that the YGA:Ce yellow phosphor dosage rises with increasing BaSO4 

dosage, whereas the phosphor ratio decreases from approximately 5% to nearly 1% as the BaSO4 content 

increases from 10 to 50 wt%. Figure 3 illustrates that the correlated color temperature (CCT) exhibits 

minimal dependence on BaSO4 concentration; however, a maximum CCT of approximately 6,300 K is 

observed at 10 wt% BaSO4, indicating a stable chromaticity condition at moderate doping levels. Finally, 

Figure 4 demonstrates that the D-CCT value diminishes progressively with increasing BaSO4 content, 

attaining its minimum at 50 wt% BaSO4, approximately 400 K lower than the value observed at 10 wt%, 

thereby indicating improved angular color uniformity. Overall, increased BaSO4 concentrations enhance light 

scattering and spectral uniformity while preserving a consistent CCT. However, excessive loading can lead to 

backscattering losses and diminished luminous efficacy, suggesting that an optimal BaSO4 concentration is 

essential to achieve balanced optical performance. 

Figure 5 illustrates that the brightness of white light emission was not always increased by BaSO4. 

50 wt% of BaSO4 produced the highest yields, whereas 10 wt% produced the lowest. Enhanced 

backscattering together with repeated reabsorption reduces the amount of blue light emitted and leads to a 

non-uniform chromatic distribution. Under stronger blue-light backscattering, the phosphor’s emission can 

shift from orange-red toward blue-yellow as the BaSO4 content increases. Phosphor coating cannot begin to 

expand until the BaSO4 concentration is reached. The emission spectrum becomes narrowed because the 

altered light path undergoes repeated reflections from surrounding surfaces. Stated differently, an increased 

proportion of back-reflected converted light could result from a high phosphorus dose, increasing CCT at the 

expense of decreased luminous intensity. It was found that 50 wt% of BaSO4 was sufficient to improve color 

consistency and brightness in a simulated WLED that had an approximate lumen output power of 175 lm, as 

shown in Figure 5. 

As depicted in Figures 6 and 7, the BaSO4 content significantly influences both the luminance and 

the color-rendering capabilities of WLED systems. Hue rendition was consistently diminished as the BaSO4 

concentration increased to 50 wt%, based on experiments employing the hue rendering index (CRI) and hue 

quality scale (CQS). The reductions in CRI and CQS may be attributable to the inherently variable 

characteristics of blue, green, and yellow-orange structures. Greater dispersion and unpredictably elevated 

BaSO4 concentrations produce light that progressively transitions toward the yellow-orange region of the 

spectrum. As we assess the data and account for additional parameters such as particle size, further 

refinement of the phosphor’s CRI and CQS will be undertaken [24], [25]. Figure 8 illustrates the emission 

bands of BaSO4. It has been demonstrated that BaSO4 enhances the orange-red and blue regions of the white 

light spectrum. To enhance illumination efficiency, the light scattering and absorption characteristics of 

BaSO4 can be modified. The wavelength ranges exhibiting the highest peaks are yellow-orange 

(approximately 550 nm) and blue (approximately 450 nm). 

 

 

   
 

Figure 1. Scattering coefficients with various 

BaSO4 proportions 

 

Figure 2. Changes in the YAG:Ce phosphor ratio as 

the BaSO4 fraction varies 
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Figure 3. Influence of BaSO4 content on the CCT values 

 

 

  
  

Figure 4. Effect of BaSO4 proportion on the 

measured color deviation values 

Figure 5. Luminescence strength with various 

BaSO4 proportions 

 

 

 
 

Figure 6. CRI values with various BaSO4 proportions 

 

 

Table 1 compares the scattering coefficients and reduced scattering coefficients of several 

materials with different particle sizes. The newly investigated BaSO4 shows a scattering coefficient of 

80.35 mm-1 and a reduced scattering coefficient of 11.36 mm-1, values that are nearly identical to those of 

ZnO (80.3 and 11.4 mm-1). This indicates that BaSO4 and ZnO exhibit comparable scattering strength and 
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angular redistribution of light. TiO2, in contrast, presents a lower scattering coefficient of 40.5 mm-1 but 

the highest reduced scattering coefficient of 12.3 mm-1, suggesting more effective multiple scattering. 

Meanwhile, CaCO3 demonstrates much weaker scattering, with coefficients of 8.96 mm-1 and 0.15 mm-1, 

placing it at the lower end of performance in this comparison. 

Table 2 highlights the photometric properties of these scattering materials when incorporated into 

YAG:Ce3+-based WLEDs. BaSO4 achieves a YAG:Ce3+ ratio of 13.6% and a CCT of 6,000 K, with a 

relatively high D-CCT of 184.39 K. Although its CRI is moderate (46.1), its CQS (62.65) and luminous flux 

(174.8 lm) are high, making it a promising material for brightness enhancement. ZnO provides lower 

luminous flux (146.6 lm) but higher CRI (58.1), while TiO2 shows balanced values with a CRI of 55, CQS of 

61.2, and luminous flux of 142 lm. CaCO3, despite achieving a very high luminous flux (173.35 lm), suffers 

from a large D-CCT (420.59 K), which indicates poorer color stability. Together, these results suggest that 

BaSO4 is a strong candidate for high-brightness WLED applications, performing on par with ZnO in scattering 

properties while surpassing it in luminous efficiency. However, for applications where color stability and 

rendering are more critical, TiO2 or ZnO may offer a better trade-off compared with BaSO4 and CaCO3. 

 

 

 
 

Figure 7. CQS values with various BaSO4 

proportions 

 
 

Figure 8. Luminous power of the WLED 

 

 

Table 1. Result comparison of scattering coefficients influenced by particle sizes of scattering 
Scattering 
materials 

Scattering coefficients 
(mm-1) 

Reduced scattering 
coefficients (mm-1) 

References 

BaSO4 80.35 11.36 This work 

ZnO 80.3 11.4 [19] 

TiO2 40.5 12.3 [21] 
CaCO3 8.96 0.15 [23] 

 

 

Table 2. Comparative tables of this research results with reported research 
Scattering 

materials 
YAG:Ce3+ 

(%) 
CCT 

(K) 
D-CCT 

(K) 
CRI CQS Lumen 

(lm) 
References 

BaSO4 13.6 6,000 184.39 46.1 62.65 174.8 This work 
ZnO 7.5 5,000 40.8 58.1 62.4 146.6 [19] 
TiO2 5.07 5,000 48.5 55 61.2 142 [21] 

CaCO3 5.95 6,000 420.59 60.17 62.6 173.35 [23] 

 

 

4. CONCLUSION 

In this work, PVA/BaSO₄ nanofibers were fabricated using both conventional and ultrasonic 

electrospinning, with ultrasonication proving highly effective in suppressing BaSO₄ agglomeration.  

The particle agglomeration index slope decreased from 0.039 to 0.006, and the crystallite size was reduced 

from ~470 to ~300 nm, while the average fiber diameter remained unchanged. SEM, EDX, FTIR, and XRD 

analyses confirmed uniform nanoparticle dispersion and structural modification under ultrasonic processing. 

Functionally, BaSO₄ enhanced both optical and X-ray shielding performance, achieving a peak luminous flux 

of 174.8 lm at 50 wt%, outperforming ZnO and TiO₂ fillers. These results demonstrate the potential of 
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ultrasonic electrospinning for producing multifunctional PVA/BaSO₄ nanofibers suitable for radiation-

protective textiles, biomedical platforms, and WLED diffusers. However, the method remains sensitive to 

processing variables such as frequency, viscosity, and voltage, and long-term optical stability and CRI 

performance were not fully investigated. Future work should therefore assess durability under continuous 

illumination or biomedical exposure, evaluate mechanical performance for wearable use, and explore hybrid 

fillers (Bi₂O₃, WO₃, and TiO₂) to balance luminous flux and CRI. Data-driven optimization of electrospinning 

parameters may further improve scalability and process control, enabling next-generation nanofiber systems 

with enhanced optical, shielding, and mechanical properties. 
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