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This study investigates the electrospinning of cellulose acetate propionate (CAP) and the optimization 
of processing parameters to produce nanofibrous membranes with advanced functionality. CAP, a 
biodegradable and semi-synthetic polymer, offers exceptional thermal and mechanical properties, making 
it a promising material for applications in filtration, wound dressing, and containment membranes. The 
research systematically explores the influence of solution properties, such as polymer concentration and 
solvent ratios, as well as electrospinning conditions, including voltage, flow rate, and collector distance, on 
the morphology and uniformity of the nanofibers. Differential Scanning Calorimetry (DSC) was utilized to 
evaluate the thermal transitions of the material, confirming its suitability for use in applications requiring 
thermal stability and flexibility. The results reveal that the optimized electrospinning parameters lead 
to defect-free and highly uniform nanofibrous membranes, tailored for specific advanced applications. 
This work underscores the significance of CAP as a sustainable alternative to conventional synthetic 
polymers and highlights the critical role of process optimization in achieving desired material properties. 
The findings contribute to the growing demand for eco-friendly and high-performance materials, offering 
innovative solutions for industries such as healthcare and environmental remediation. This research 
establishes a robust foundation for further advancements in CAP-based nanotechnology.
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1. Introduction
Cellulose esters are among the earliest and most widely 

utilized polymers, known for their thermoplastic applications. 
These materials exhibit a desirable combination of optical 
clarity, high flexural and tensile strength, impact resistance, 
and a high modulus1. One notable cellulose ester, cellulose 
acetate propionate (CAP), has been extensively studied due 
to its unique properties and broad range of applications. CAP 
is derived from the chemical modification of cellulose, the 
primary structural component of plants, in which hydroxyl 
groups are partially replaced by acetate and propionate groups, 
thereby altering its physical and chemical properties2. CAP 
is particularly valued for its excellent transparency, making 
it ideal for applications requiring high optical clarity, such 
as photographic films and optical lenses. Additionally, it 
demonstrates strong impact resistance, thermal stability, 
and chemical resistance, rendering it suitable for various 
industrial uses, including biomedical devices, laboratory 
equipment, and packaging3-5.

The polymer’s versatility extends to its compatibility with 
multiple processing methods, such as injection molding and 
extrusion, allowing it to be used across diverse sectors. CAP 
is also partially derived from renewable resources, providing 
an environmental advantage over synthetic polymers, although 
its biodegradability remains variable6. Due to its excellent 
mechanical properties, biocompatibility, and cost-effectiveness, 
CAP shows great promise for electrospinning applications7,8.

Electrospinning is a flexible and widely used technique for 
fabricating polymer-based membranes with diverse applications, 
including filtration, tissue engineering, and energy storage9,10. 
This process involves applying a high voltage to a polymer 
solution, which ejects the solution from a spinneret, forming 
a fine fiber mat on a collector. The properties of the resultant 
nanofibrous membrane are heavily influenced by the selection 
of the polymer and its physicochemical characteristics, as 
well as the electrospinning parameters11-13.

In recent years, CAP-based electrospun membranes 
have gained attention for their potential applications in 
environmental remediation and biomedical fields. Their high 
surface area, tunable porosity, and chemical stability make 
them ideal candidates for filtration systems, particularly 
in wastewater management, where they can effectively 
adsorb and remove pollutants such as synthetic dyes and 
heavy metals14,15. Furthermore, CAP’s biocompatibility and 
mechanical strength enable its use in biomedical applications, 
including drug delivery systems, wound dressings, and 
scaffolds for tissue engineering. These diverse applications 
highlight the adaptability of CAP membranes in addressing 
both environmental and medical challenges16-20.

Given the increasing demand for sustainable and high-
performance materials, optimizing the electrospinning 
process for CAP membranes is crucial to enhancing their 
functional properties. By refining key electrospinning 
parameters, such as applied voltage, collector distance and 
flow rate it is possible to tailor the membrane’s morphology 
and performance for specific applications. This study aims to 
explore the influence of these parameters on CAP membrane 
fabrication, with a focus on maximizing the electrospinning 
parameters for applications such as wastewater treatment, 
biomedical purpose and environmental applications.

2. Materials and Methods

2.1. Materials
The materials used in this study were: cellulose acetate 

propionate (CAP), supplied by Sigma-Aldrich, Brazil; acetone 
and dimethylformamide (DMF) supplied by Synth, Brazil.

2.2. Methods

2.2.1. Preparation of the CAP solution
Thirty milliliters of a cellulose acetate propionate (CAP) 

solution with a total polymer concentration of 10 wt% were 
prepared. A solvent mixture of acetone/DMF (75/25) was 
used. Initially, the polymer was mixed with acetone and 
stirred for 24 hours. After complete dissolution, DMF was 
gradually added dropwise to the polymer solution, followed 
by an additional 1 hour of stirring.

The viscosity of the solution was measured using 
a Marte MVD-8 digital viscometer, yielding a value of 
419 mPa.s. The conductivity was determined with an AKSO 
conductivity meter, and the value obtained was 5.65 µS. 
These physicochemical properties are essential to achieving 
a stable electrospinning process and directly influence fiber 
morphology and formation. Appropriate viscosity ensures 
chain entanglement, while sufficient conductivity supports 
jet formation under the applied electric field.

The resulting solution was then immediately subjected 
to the electrospinning process.

2.2.2. Electrospinning process
Electrospinning process was carried out using a 3 mL 

syringe equipped with a blunt-tip metal needle in a horizontal 
orientation. The process was performed with an applied 
voltage of 22 kV to 15 kV, using a high voltage source (Faíscas 
ltda.) and a KdScientific ejector pump that composes the 
electrospinning apparatus. The temperature was maintained 
at 24 °C, and the humidity was kept below 35%. The polymer 
solution was subjected to electrospinning with a syringe pump 
(KdScientific ejector pump) operating at a flow rate of 0,1, 
0,5 and 1 mL/h, positioned at three different distances from 
the collector, 16 cm, 12 cm and 10cm (Table 1 and 2). The 
nanofiber mats were collected on a static aluminum collector. 
Electrospinning was continued for 30 min for each sample 
per parameter.

After the electrospinning process, the nanofibrous 
mats were allowed to dry at room temperature for 24 h in 
a desiccator to ensure complete solvent evaporation. The 
resulting membranes were carefully removed from the 
collector and stored in a sealed container to prevent moisture 
absorption before characterization.

All electrospun membranes produced under the tested 
conditions exhibited similar macroscopic characteristics, 
regardless of the processing parameters. As shown in the 
representative image (Figure 1) obtained under 20 kV, 12 cm 
distance, and 0.5 mL/h flow rate, the membranes presented a 
uniform, opaque white appearance with a continuous surface 
and no visible defects or irregularities. The membranes were 
flexible, easy to handle, and maintained structural integrity 
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during removal from the collector and manipulation, as 
evidenced by their clean edges and intact form. Due to the 
lack of distinguishable visual differences between samples 
at the macroscopic level, only scanning electron microscopy 
(SEM) was used to evaluate and compare the morphological 
variations among the fibers.

2.2.3. Thermal characterization
The thermal properties and thermal stability of the 

CAP samples were investigated by differential scanning 
calorimetry (DSC) on a TA Instruments DSC25 Discovery. 
Sample was heated from -40°C to 250°C at a rate of 10°C/
min under nitrogen. It was also studied by thermogravimetric 
analysis (TGA) using a TA Instruments SDT650 Discovery 
thermogravimetric analyzer, with a temperature range between 
20 and 800 °C, and a heating rate of 10 °C/ min. During 
the analyses, a flow of 100 ml/min of nitrogen was used to 
guarantee an inert atmosphere.

2.2.4. High resolution electron microscopy  
(SEM-FEG) analysis

Morphological studies of prepared nanofibers were conducted 
with a high resolution electron microscopy microscope 
(SEM-FEG) (MIRA 4 LMS fabricated by TESCAN) with an 
accelerating voltage of 10 kV. All samples were coated with 
gold under a fin coater for 120 seconds before observation. 
The average fiber diameter of the electrospun fibers was 
measured by ImageJ software from the SEM pictures in 
original magnification of 5kx and 10kx.

Table 1. Membrane processing parameter.

Parameters Voltage (kV) Distance (cm) Flow rate (ml/h)
1 22 16 0.1
2 22 12 0.1
3 22 10 0.1
4 20 16 0.1
5 20 12 0.1
6 20 10 0.1
7 15 16 0.1
8 15 12 0.1
9 15 10 0.1
10 22 16 0.5
11 22 12 0.5
12 22 10 0.5
13 20 16 0.5
14 20 12 0.5
15 20 10 0.5
16 15 16 0.5
17 15 12 0.5
18 15 10 0.5
19 22 16 1
20 22 12 1
21 22 10 1
22 20 16 1
23 20 12 1
24 20 10 1
25 15 16 1
26 15 12 1
27 15 10 1

Table 2. Average fiber diameter according to the parameters.

Sample Diameter (µm) Sample Diameter (µm) Sample Diameter (µm)
1 0,263±0,144 10 0,195±0,113 19 0,239±0,125
2 0,300±0,109 11 0,138±0,056 20 0,279±0,151
3 0,302±0,135 12 0,164±0,073 21 0,245±0,166
4 0,256±0,149 13 0,131±0,068 22 0,229±0,119
5 0,247±0,087 14 0,143±0,067 23 0,325±0,151
6 0,220±0,072 15 0,159±0,114 24 0,236±0,123
7 0,197±0,064 16 0,159±0,083 25 0,258±0,141
8 0,235±0,083 17 0,147±0,057 26 0,325±0,163
9 0,196±0,078 18 0,197±0,095 27 0,393±0,152

Figure 1. Macroscopic image of the CAP membrane, with parameters: 
20 Kv, 12 cm and 0.5 ml/h.

Figure 2. Thermogravimetric curve and its derivative curve (DTG) 
corresponding to a pure cellulose acetate propionate membrane.
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3. Results and Discussion

3.1. Thermal characterization
The thermogravimetric analysis (TGA) of cellulose 

acetate propionate (CAP) reveals several important thermal 
characteristics. Initially, a small weight loss (Figure  2) 
of 0.112 mg (1.12%) occurs below 100°C, which can be 
attributed to the loss of adsorbed moisture or light volatile 
components. The minimal moisture absorption suggests that 
CAP has hydrophobic properties, which is advantageous in 
membrane applications, as it can enhance water selectivity 
while reducing the swelling and fouling of the membrane 
during filtration.

Between 100°C and 200°C (Figure 2), additional peaks 
at 92.98°C and 171.71°C are observed, with weight losses 
of 1.189% (0.148 mg) and 0.679% (0.067 mg), respectively. 
These events likely correspond to the removal of low-
molecular-weight components or minor degradation of 
the side chains. This thermal behavior indicates that CAP 
maintains structural stability under moderate heat exposure, 
a crucial factor for membranes exposed to moderately high 
temperatures during cleaning or sterilization processes. The 
major thermal decomposition occurs at around 363.68°C, 
with a significant weight loss of 89.184% (8.861 mg) 
(Figure  2). This corresponds to the breakdown of the 
cellulose backbone and the acetate and propionate functional 
groups, marking the upper limit of CAP’s thermal stability. 
The ability to withstand temperatures up to 300°C without 
significant degradation makes CAP membranes suitable for 
processes that involve thermal cycling or high-temperature 
cleaning, enhancing their durability in wastewater treatment 
systems2,21,22.

A residue of 0.727 mg (7.317%) remains at 800°C 
(Figure 2). This residual material likely consists of inorganic 
fillers, char, or other thermally stable components. The low 
residual weight indicates CAP’s high purity and minimal 
inorganic content, which is beneficial for ensuring consistent 
membrane performance and reducing potential leaching of 
unwanted substances into the treated water. These results 
demonstrate that CAP’s thermal stability, low moisture 
absorption, and high purity make it an excellent candidate 
for wastewater treatment membranes. Its thermal stability 
up to 300°C ensures the material can endure operational 
and cleaning conditions, while its hydrophobic nature 
enhances fouling resistance and water selectivity21-23. 
Furthermore, the high purity of the material minimizes 

contamination risks, ensuring reliable performance over 
extended periods of use22.

In the DSC thermal analysis (Figure 3) of the cellulose 
acetate propionate (CAP) membrane, the first heating curve 
(Figure 3a) reveals two well-defined endothermic peaks, 
while the second heating cycle exhibits a glass transition 
temperature (Tg). The first endothermic peak, observed 
at 69.44 °C with an onset temperature of 35.53 °C and an 
enthalpy of 6.221 J/g, can be attributed to events such as 
the evaporation of residual solvents, moisture removal, or 
initial molecular relaxation23. This behavior is relevant for 
applications sensitive to heat, such as wound dressings, 
where flexibility and comfort near body temperature are 
desirable. However, this initial transition also highlights 
a thermal limitation that may affect performance under 
higher temperature conditions. The second endothermic 
peak, occurring at 186.52 °C with an onset temperature 
of 167.77 °C and an enthalpy of 9.593 J/g, suggests a 
more significant thermal event, such as partial melting 
or the onset of thermal degradation. This indicates that 
the membrane exhibits good thermal stability, making it 
suitable for applications requiring moderate temperature 
resistance, such as filtration membranes, oil/water separation 
membranes, and dental barrier membranes. The thermal 
resistance up to this range also supports its use in industrial 
processes and sterilization conditions24-27.

In the second heating cycle (Figure  3b), the glass 
transition temperature (Tg) was observed at 131.70 °C, 
marking the temperature at which the material transitions 
from a rigid to a more flexible state. This relatively high Tg is 
advantageous for applications requiring dimensional stability 
and mechanical resistance, such as filtration membranes and 
dental barrier membranes. Despite the relatively high glass 
transition temperature (Tg), the film still exhibits adequate 
flexibility, which is advantageous for wound dressing 
applications. Nevertheless, further enhancements—such as 
the incorporation of plasticizers—could improve comfort 
and adaptability at body temperature22,27-29.

These characteristics underline the potential of CAP 
membranes in various fields, with opportunities for 
specific modifications to better meet the requirements of 
each application.

3.2. Effect of voltage
As observed in the literature, the shape of the initial 

droplet at the needle tip tends to change with the increase 

Figure 3. DSC analysis corresponding to: a) first heating curve; b) second heating curve of a pure cellulose acetate propionate membrane.
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in applied voltage. That said, the applied voltage is also 
strongly correlated with bead formation in the fibers28-31. 
Bead formation primarily occurs due to the high electric field 
applied to the system. The morphology of the electrospun 
fibers shifts from a defect-free structure to a beaded structure 
as the electric field strength increases28,32. Fiber diameter 
gradually decreases with the increasing applied electric 
field, as demonstrated in Table 2. To investigate the effect 
of voltage on the membrane structure and fiber diameter 
of cellulose acetate propionate (CAP), electrospinning was 
performed under electric potentials ranging from 15 to 
22 kV, while other parameters were kept constant (solution 
concentration of 10% w/v in the CAP/acetone/DMF system, 
a feed rate of 0,1, 0,5, 1 ml/h, and a needle-to-collector 
distance of 16 cm). The voltage range was selected based 
on the premise that the lowest voltage should be slightly 
above the critical voltage required for Taylor cone formation.

Different morphological appearances of the electrospun 
membranes were observed under various applied voltages, 
as indicated by SEM images (Figure  4,  5  and  6). The 
experimental results indicate that reducing the applied 
voltage decreases bead density and leads to the formation 
of uniform fibers (Figure 4, 5 and 6). The formation of 
smaller-diameter nanofibers with an increase in applied 
voltage is attributed to the stretching of the polymer 
solution, as there is greater charge repulsion within the 
jet. Nevertheless, increasing the applied voltage beyond 
a critical value will result in the formation of beads or 
nanofibers. The formation of beads with an increase in 
applied voltage is attributed to the reduction in the size of 
the Taylor cone and the increase in jet velocity31.

In Figure 4 at 22 kV and a tip-to-collector distance of 
16 cm, the fibers exhibited uniform morphology with minimal 
bead formation. This condition produced the smallest average 
fiber diameter and the narrowest diameter distribution, 
attributed to the strong electric field and extended flight 
time, which promoted efficient jet stretching and solvent 
evaporation. Reducing the tip-to-collector distance to 12 cm 
at the same voltage resulted in slightly increased bead 
formation, a larger average fiber diameter, and a broader 
diameter distribution, likely due to reduced stabilization 
time for the polymer jet. At 10 cm, the fibers showed more 
prominent bead formation and further increased diameters, 
reflecting limited jet elongation and solvent evaporation. 
At 20 kV, the fibers produced at a 16 cm distance displayed 
moderate uniformity, with some bead formation and slightly 
larger average diameters compared to 22 kV. The diameter 
distribution was broader, indicating reduced stretching forces. 
At 12 cm, bead formation and diameter variation increased, 
while the fibers at 10 cm showed significant bead formation 
and a broader diameter distribution, demonstrating the 
limitations of shorter flight times and reduced stretching. 
At 15 kV, fibers electrospun at 16 cm exhibited irregular 
morphology with prominent bead formation. The average 
diameter was the largest among all tested voltages, and 
the diameter distribution was broad, reflecting insufficient 
electrostatic forces for effective jet stretching. Reducing 
the distance to 12 cm resulted in further increases in bead 
formation and diameter variability, while at 10 cm, the fibers 

displayed extensive bead formation, the largest diameters, 
and the broadest distribution.

At a reduced flow rate of 0.5 mL/h (Figure 5), the fiber 
morphology and diameter distribution improved due to 
enhanced jet stretching and solvent evaporation. At 22 kV 
and 12 cm, fibers exhibited the smallest diameters and the 
most uniform distribution, with minimal bead formation. 
Shorter distances (12 cm and 10 cm) resulted in slightly 
larger diameters and more beads, though the lower flow 
rate mitigated these effects compared to higher flow rates. 
At 20 kV, fibers showed moderate uniformity, with smaller 
diameters and fewer beads at 10 cm, while shorter distances 
led to increased variability. At 15 kV, the reduced flow rate 
improved fiber uniformity across all distances but still 
resulted in the largest diameters and bead formation due 
to insufficient stretching forces.

Increasing the voltage with a flow rate of 1 mL/h 
significantly influenced the fiber diameter distribution 
(Figure 6). At 22 kV, the higher voltage combined with the 
flow rate produced thinner fibers and narrower diameter 
distributions at a 16 cm distance due to enhanced stretching 
forces. However, reducing the distance to 12 cm and 
10 cm resulted in broader distributions and more bead 
formation, caused by limited stabilization time and reduced 
jet elongation. At 20 kV, fibers were slightly thicker with 
moderate uniformity at 10 cm, but bigger distances led 
to increased bead formation and broader distributions, as 
the stretching forces were weaker compared to 22 kV. At 
15 kV, the lowest voltage produced the thickest fibers and 
the broadest diameter distributions across all distances, 
reflecting inadequate electrostatic forces to counteract the 
increased flow rate.

Electrospun fibers with optimized morphology and 
diameter distribution have diverse applications based on 
the parameters used during production. Fibers produced 
at 22 kV with a 16 cm tip-to-collector distance, exhibiting 
uniform morphology, minimal bead formation, and small 
diameters, are suitable for filtration membranes, where 
fine pores and consistent fiber diameter are essential for 
efficient particle capture33-36. Conditions resulting in moderate 
bead formation, such as 20 kV at 12 cm, may be applied 
in scaffolds for tissue engineering, as bead-like structures 
can mimic the porosity required for cell attachment and 
proliferation37. Fibers with prominent bead formation and 
larger diameters, like those at 15 kV and 10 cm, are better 
suited for applications requiring high porosity, such as 
sound absorption materials38,39.

Reducing the flow rate to 0.5 mL/h enhances fiber 
uniformity, making these fibers ideal for drug delivery 
systems, where controlled release depends on precise 
fiber morphology40. These trends align with observations 
by Chinnappan  et  al.40, who reported that optimal fiber 
morphology is achieved within specific ranges of voltage 
and tip-to-collector distance, typically around 13–15 cm, 
which balances stretching and drying time.

Moreover, as highlighted by Ben Dassi and Chamam41, 
optimized electrospun membranes have proven critical 
in wastewater treatment applications due to their high 
surface area, chemical resistance, and tunable morphology. 
Fibers produced under 22 kV with 16 cm spacing showed 
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Figure 4. SEM images showing the applied voltage effect on the morphology of the CAP fibers electrospun from a 10% w/v CAP/
acetone/DMF solution, with a feeding rate of 0.1 ml/h, at a tip-to-collector distance of 10, 12 and 16 cm and varied electrical potentials 
of 22, 20 e 15kV.

Figure 5. SEM images showing the applied voltage effect on the morphology of the CAP fibers electrospun from a 10% w/v CAP/
acetone/DMF solution, with a feeding rate of 0.5 ml/h, at a tip-to-collector distance of 10, 12 and 16 cm and varied electrical potentials 
of 22, 20 e 15kV.
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Figure 6. SEM images showing the applied voltage effect on the morphology of the CAP fibers electrospun from a 10% w/v CAP/
acetone/DMF solution, with a feeding rate of 1 ml/h, at a tip-to-collector distance of 10, 12 and 16 cm and varied electrical potentials 
of 22, 20 e 15kV.

excellent potential for such uses, offering uniformity and 
fine diameters ideal for efficient pollutant capture in filtration 
systems. Conversely, increasing the flow rate to 1 mL/h 
and using 22 kV with 16 cm produces thinner fibers with 
narrow diameter distributions, suitable for applications 
in protective clothing due to their improved mechanical 
properties and breathability42-44.

3.2. Effect of the needle tip to collecting 
device distance

The distance between the needle and the collector 
plays a critical role in determining the shape and size of 
electrospun fibers. It influences key factors such as deposition 
time, solvent evaporation rate, and jet stability, requiring 
an optimal distance to ensure fibers dry properly before 
reaching the collector. This parameter is closely related to 
the polymer solution concentration and applied voltage45,46.

The SEM images provided illustrate the effect of 
varying the needle tip-to-collector distance (10 cm, 12 cm, 
and 16 cm) and flow rate (0.1 ml/h, 0.5 ml/h, and 1 ml/h) 
(Figure 7, 8, 9) on the morphology of electrospun fibers, 
with a constant applied voltage of 22 kV.

At a short distance (10 cm), the limited flight time 
restricts solvent evaporation, resulting in non-uniform 
fibers and bead formation, particularly at higher flow rates. 
For instance, at a low flow rate (0.1 ml/h, Figure 7,3), the 
fibers appear relatively uniform, but increasing the flow 
rate to 0.5 ml/h (Figure 7,12) leads to thicker fibers and 

imperfections. At the highest flow rate (1 ml/h, Figure 7, 
number 21), bead defects are prominent, as the polymer 
solution does not have sufficient time to stretch and solidify. 
For the intermediate distance (12 cm), the slightly longer 
flight time provides a better balance between solvent 
evaporation and fiber stretching. At a low flow rate (0.1 ml/h, 
Figure 7,2), fibers are uniform and bead-free. Increasing the 
flow rate to 0.5 ml/h (Figure 7,11) produces slightly thicker 
fibers with fewer defects compared to the 10 cm distance. 
However, at the highest flow rate (1 ml/h, Figure 7,20), 
defects such as beads and inconsistent fiber deposition 
begin to emerge due to the excessive volume of polymer 
solution. At the longest distance (16 cm), the extended 
flight time allows for sufficient solvent evaporation and jet 
stretching, resulting in the most uniform fibers, especially 
at low flow rates. For example, at 0.1 ml/h (Figure 7,1), the 
fibers are thin, uniform, and bead-free. At a medium flow 
rate (0.5 ml/h, Figure 5,10), the fibers remain consistent but 
slightly thicker. However, at the highest flow rate (1 ml/h, 
Figure 6,19), defects such as beads and uneven deposition 
are observed, as the high flow overwhelms the evaporation 
and stretching process.

At 16 cm, represented by samples 6 and 15 (Figure 8), 
the fibers are smooth, uniform, and bead-free, showcasing 
the benefits of extended flight time. The increased distance 
provides sufficient time for solvent evaporation, resulting 
in well-formed fibers with consistent diameters. Among 
these, sample 24 shows a random fiber distribution with 
many beads, very thick fibers and thin fibers that can be 
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Figure 8. Morphology of the CAP mats (5000x) for the samples obtained for a 10% (w/v) polymer solution, a 75/25 acetone/DMF solvent 
solution and at a traveling according to the parameters in Table 1 and 2, determined by the following numbers: 4, 5, 6; 15, 14, 13; 24, 23, 22.

Figure 7. Morphology of the CAP mats (5000x) for the samples obtained for a 10% (w/v) polymer solution, a 75/25 acetone/DMF solvent 
solution and at a traveling according to the parameters in Table 1 and 2, determined by the following numbers: 1, 2, 3; 10, 11, 12; 19, 20, 21.
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related to the increase in flow rate. The prolonged drying 
time at 16 cm, at 6 and 15, minimizes bead formation, 
making these fibers suitable for high-precision applications. 
At 12 cm, observed in samples 5 and 14 (Figure 8), the 
fibers remain mostly uniform but show slight variations in 
diameter compared to those at 16 cm. The shorter distance 
increases the electric field strength, promoting better jet 
stretching but slightly reducing the time available for 
complete solvent evaporation. Sample 14 shows a lot of 
defects and thin fibers. The samples 5 and 12 indicate that 
12 cm offers a good balance between productivity and fiber 
quality. However, slight thickening of the fibers is visible in 
comparison to those produced at 16 cm. At 10 cm, as seen in 
sample 22, fiber morphology becomes less consistent, with 
noticeable bead formation and increased fiber diameters. 
The reduced needle-to-collector distance and the increase 
of the flow rate shortens the flight time, hindering solvent 
evaporation and leading to rapid deposition of the polymer 
solution. Sample 22, as observed in 24 and 23, exhibits 
significant bead formation, indicative of instability in the 
jet and incomplete drying. The irregular fiber structure at 
this distance demonstrates the limitations of shorter needle-
to-collector distances, especially under high flow rates 
and voltages. On the other hand, images 4 and 13 show 
a uniform structure with homogeneous fiber diameters, 
indicating good interlocking, an essential characteristic 
for membranes used in filtration processes47,48.

At 16 cm, corresponding to samples 7, 16, and 
25 (Figure 9), the fibers exhibit a smooth, uniform, and 
bead-free morphology. The increased distance allows for 
extended flight time, enabling sufficient solvent evaporation 
and improved jet stability. This configuration produces fine 
fibers with minimal defects, ideal for applications requiring 
precision and uniformity. However, sample 25 (1 ml/h) 
shows beads and other fibers with a thicker diameter and 
fibers with a very thin diameter, as shown in Table 2 (e.g. 
0.258±0.141), where a greater standard deviation can be 
observed as a result of the heterogeneous diameter distribution. 
This phenomenon can be explained by the higher flow rate. 
At 12 cm, as observed in samples 8, 17, and 26 (Figure 9), 
the fibers maintain a high degree of uniformity but begin 
to show slight variations in diameter compared to those at 
16 cm. The reduced distance intensifies the electric field 
strength, promoting enhanced jet stretching but offering 
slightly less time for solvent evaporation. Sample 26, 
for example, produces fibers that are thicker than those 
at 16 cm but remain uniform, with some bead defects. 
This intermediate distance strikes a balance between fiber 
consistency and production efficiency, making it suitable for 
applications where moderate quality and higher throughput 
are desired. At 10 cm, represented by samples 9, 18, and 
27 (Figure 9), the fibers display noticeable irregularities, 
including increased diameter and bead formation. The strong 
electric field and short flight time hinder complete solvent 
evaporation, leading to the rapid deposition of the polymer 

Figure 9. Morphology of the CAP mats (5000x) for the samples obtained for a 10% (w/v) polymer solution, a 75/25 acetone/DMF solvent 
solution and at a traveling according to the parameters in Table 1 and 2, determined by the following numbers: 7, 8, 9; 16, 17, 8; 25, 26, 27.
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solution. Sample 27, in particular, exhibits thicker fibers with 
significant bead formation, likely due to jet instability and 
insufficient drying. While shorter distances may increase 
production rates, the compromised fiber quality limits their 
suitability for high-precision applications.

The comparative analysis of these distances reveals a 
clear progression in fiber morphology. At 16 cm, the fibers 
are thin, uniform, and bead-free, reflecting the optimal 
conditions for jet stabilization and solvent evaporation. At 
12 cm, the fibers remain consistent with slight increases 
in diameter, providing a good trade-off between quality 
and productivity. At 10 cm, the fibers are thicker and more 
irregular, with notable bead formation, demonstrating the 
limitations of reduced drying time and stronger electric fields.

The interplay of other parameters, such as voltage and flow 
rate, further influences the observed trends. Higher voltages 
increase jet stretching, counteracting the thickening effects 
of shorter distances to some extent. However, excessively 
high voltages at shorter distances often destabilize the jet, 
exacerbating bead formation. Lower flow rates improve 
fiber uniformity by reducing droplet size and enabling 
better solvent evaporation, even at shorter distances. In 
contrast, higher flow rates contribute to defect formation, 
particularly at 10 cm, due to rapid deposition and incomplete 
drying. Longer distances (16 cm) produce fine, uniform 
fibers suitable for applications like tissue engineering and 
filtration. Intermediate distances (12 cm) balance fiber 
quality and productivity, while shorter distances (10 cm) 
increase throughput but compromise fiber uniformity. By 
optimizing the needle-to-collector distance in conjunction 
with voltage and flow rate, the electrospinning process can 
be tailored to meet specific application requirements47-49.

3.3. The effect of flow rate on fiber diameter in 
correlation with voltage and distance

The flow rate, in combination with voltage and needle-
to-collector distance, significantly affects the fiber diameter 
and morphology during the electrospinning process. The 
statistical analysis of fiber diameters, measured from SEM 
images (magnification 10,000X) across varying flow rates 
(Figure 4-9), demonstrated that flow rate alone does not 

significantly affect fiber diameter. However, variations in 
flow rate can interact with voltage and distance to impact 
fiber morphology and uniformity.

At lower flow rates (e.g., 0.1 mL/h), a smaller volume 
of polymer solution is ejected, leading to smaller droplet 
sizes and a more stable Taylor cone. This allows the 
electric field, especially at higher voltages (e.g., 22 kV), 
to sufficiently stretch the polymer jet, resulting in thinner 
fibers. Additionally, longer needle-to-collector distances 
(e.g., 16 cm) provide more time for solvent evaporation, 
which enhances fiber uniformity and minimizes defects.

Conversely, increasing the flow rate (e.g., 1 mL/h) 
introduces a higher volume of solution at the needle tip, 
forming larger droplets and potentially destabilizing the 
Taylor cone. Under these conditions, the electric field 
strength may become insufficient to fully stretch the polymer 
jet, especially at shorter distances (e.g., 10 cm). This can 
lead to the formation of beads, unspun droplets, and fibers 
with wider diameter distributions. At very high flow rates, 
the increased volume also reduces solvent evaporation 
time, resulting in flattened or web-like structures on the 
collector16. The optimal flow rate (e.g., 0.5 mL/h) balances 
the solution ejection rate with the electric field strength, 
maintaining a stable Taylor cone and producing uniform 
fibers with narrow diameter distributions. This balance is 
particularly evident when paired with moderate voltages 
and distances (e.g., 20 kV and 12 cm), which allow for 
sufficient stretching and solvent evaporation49-52. Very high 
or very low flow rates can lead to the formation of defects 
in the Taylor cone, where the jet can split in two, generating 
a random diameter distribution (Figure  10). Sometimes 
the diameters are too thick, sometimes too thin. The fiber 
can even break during the deposition of the collector51-54.

Morphological analysis revealed that inappropriate 
flow rates—either too high or too low—result in defects 
such as blobs, splitting, or branched fibers. These defects 
arise due to insufficient stretching at high flow rates or due 
to shear stress and intermittent jet formation at low flow 
rates. The combination of optimized flow rate, voltage, 
and needle-to-collector distance is crucial for achieving 
high-quality fibers suitable for advanced applications.

Figure 10. Taylor cone defects during the electrospinning process.
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4. Conclusion
This study demonstrates the potential of cellulose 

acetate propionate (CAP) as a versatile and sustainable 
polymer for the development of nanofibrous membranes 
using electrospinning.

The study revealed that applied voltage played a pivotal 
role in shaping fiber morphology. At higher voltages 
(15-22 kV), thinner fibers were produced due to enhanced 
electrostatic stretching. However, excessively high voltages 
caused droplet formation and disrupted fiber uniformity. 
Similarly, collector distance significantly influenced fiber 
properties. Shorter distances (10-16 cm) generated thinner, 
more uniform fibers, but extremely short distances led to 
random deposition and clumping. Flow rate was another 
key factor; higher rates resulted in thicker fibers due to 
reduced stretching time before solidification and increased 
process instability. These findings highlighted the intricate 
interplay of voltage, collector distance, and flow rate. 
Lower voltages and shorter distances produced thicker, 
more defective fibers, while higher voltages combined 
with longer distances yielded thinner, more uniform 
fibers. The results emphasized the necessity of optimizing 
electrospinning parameters to fabricate CAP fibers with 
desirable properties for diverse applications.

By systematically optimizing processing parameters, we 
achieved defect-free membranes with superior morphological 
uniformity and tailored properties for advanced applications. 
The analysis of thermal transitions using DSC revealed that 
CAP membranes possess the necessary thermal stability 
and flexibility, making them highly suitable for applications 
in filtration, wound dressing, and containment systems.

The significance of this research lies in its alignment 
with the global push toward sustainable and biodegradable 
materials, offering a viable alternative to synthetic polymers 
commonly used in various industries. CAP’s biodegradability 
and compatibility with advanced fabrication techniques like 
electrospinning position it as a key material for addressing 
current environmental and technological challenges. 
Furthermore, this study emphasizes the importance of 
optimizing electrospinning parameters to control fiber 
morphology and enhance material performance. The insights 
gained from this research provide a solid framework for 
future studies aimed at expanding the applicability of CAP-
based nanofibrous membranes in diverse fields, including 
environmental protection and healthcare. The findings 
also highlight the role of innovation in material science 
in driving sustainable development and creating impactful 
technological solutions.
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