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Abstract

Particle matter (PM) pollution seriously threatens public health as it can combine 

with viruses and heavy metals to enter the human body and cause various diseases. 

Electrospun polymer fiber membranes, especially biodegradable materials such as 

polylactic acid, have great potential in PM filtration. However, most polylactic acid 

fiber membranes are imbalanced between filtration efficiency and resistance. Porous 

and bead-like fibers offer higher filtration efficiency and are expected to address these 

challenges with their larger specific surface area. Nonetheless, this structure may 

compromise the mechanical strength of the fiber membrane, thereby affecting the 

stability of gas purification and separation. Additionally, the significant volatilization 

of solvents during solution electrospinning can result in environmental concerns. Here, 

we prepared a double-layer filter with beads and cracks using a green mixed solvent of 

N, N-dimethylacetamide and dimethyl carbonate. The difference in the volatilization 

rate of mixed solvents increases the roughness of the membrane surface and enhances 

the adsorption of PMs. The structural difference between the two layers of membranes 

enables graded filtration of particles, further reducing pressure drop. Moreover, the 

entanglement at the interfaces enhances the mechanical properties of the bilayer 

membrane. It is worth mentioning that the design of the double-layer membrane 

improves the overall hydrophobicity and has practical application potential.

Keywords: Polylactic acid (PLA), Green solvent, Graded filtration, PM pollution, 

Beads
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1.Introduction

The particulate matter pollution and its effects on public health have gained 

significant global attention[1]. In addition to adsorbing viruses and bacteria, particulate 

matters (PMs) can also adsorb heavy metals[2, 3], volatile organic compounds[4, 5] 

and enter the human body through the respiratory tract, leading to various diseases, 

including cancer[6-9]. Electrospun polymer fiber membranes have the advantages of 

high specific area, high porosity, and controllable fiber diameter and morphology, 

which have better particle interception and promote airflow, making them an effective 

choice for solving PM pollution[10]. However, electrospun fiber membranes also face 

some challenges, including solvent toxicity, non-degradability of polymers, high 

resistance, and unstable filtration.

Solvent toxicity and material degradation are urgent environmental issues that need 

to be addressed. Most studies utilize solution electrospinning involving toxic solvents, 

such as dichloromethane[11] and tetrahydrofuran. The environmental impact of solvent 

volatilization and residue cannot be overlooked, and there is an urgent need to 

investigate various solvents or combinations of solvents to ensure good solution state 

and sustainability of polymer solutions[12]. Polymer fiber membranes such as 

polyvinylidene fluoride[13] and polyacrylonitrile[14] have been widely studied for air 

filtration[15]. However, the non-degradability of traditional fiber filters allows them to 

accumulate in the natural environment and may become carriers of harmful substances, 

thereby damaging the ecology[16]. Consequently, biodegradable fiber membranes 

based on polylactic acid (PLA) will be more attractive in replacing traditional fiber 
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filters.

The main issues with filtration membranes are filtration resistance and stability. 

The research on PLA fiber membranes has an imbalance between pressure drop and 

filtration efficiency. Tang[17] utilized the advantages of electrospinning in situ 

polarization to co-spin bone-like nanocrystalline hydroxyapatite bioelectrodes with 

PLA, resulting in a filter membrane with a bimodal structure and enhanced dielectric 

and polarization properties, which enhanced the electrostatic capture of particles. 

Compared with pure PLA fiber membrane, the improved fiber membrane has a particle 

interception efficiency of 94.38% and an air resistance of 55 Pa at an airflow speed of 

32 L/min. In addition, the unique chiral structure of PLA allows it to be made into 

piezoelectric filtration materials. Specifically, by controlling the rotation speed of the 

fiber collector and the injection speed of the spinning solution, poly（L-lactic acid）

exhibits different macroscopic and molecular arrangements, resulting in different 

piezoelectric coefficients. The prepared piezoelectric filter fibers have the advantage of 

stable filtration performance[18, 19], but their air resistance needs to be reduced.

Researchers have prepared fiber membranes with various structures, such as 

spindle-like[20] and porous-like[21], through electrospinning to obtain efficient and 

low-resistance filtration membranes. Increasing the adsorption area of PMs improved 

the filtration efficiency without significantly changing the pressure drop. However, the 

impact of these structures on the mechanical strength of fibers is rarely mentioned. 

Holes and cracks on fibers may lead to a significant decrease in mechanical properties. 

And the mechanical strength of fiber membranes can ensure stable filtration 
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performance[20]. Although mechanical defects can be improved by preparing 

microcrystalline cross-linked structures between Poly (D-lactic acid) and poly (L-lactic 

acid)[21, 22] or by adding high-strength materials, the harsh solvent conditions[23] and 

complex processes required to achieve microcrystalline structures pose new challenges. 

In this work, we selected a green mixed solvent, Dimethyl carbonate (DMC) and 

N, N-dimethylacetamide (DMAc), to prepare PLA electrospun membranes. We 

investigated the effects of solvent ratio and PLA mass fraction on the surface 

morphology of fiber membranes, as well as the filtration characteristics of various 

morphology fiber membranes. Combining fiber membranes with different filtration 

characteristics prepared a double-layer high-efficiency filter with improved mechanical 

strength, enhanced hydrophobicity, and low resistance. We conducted in-depth research 

on the effects of the structure of the double-layer membrane on mechanical and 

filtration performance, including filtration efficiency, pressure drop, and long-term PM 

filtration. A detailed analysis of the enhanced hydrophobic effect in this work was also 

conducted. This work is thought to offer guidance in achieving eco-friendly and 

effective preparation of electrospun fiber membranes. 

2. Experimental 

2.1 Materials

Polylactic acid (PLA) (4032D, Mw=160000) was purchased from Nature Works, 

Co., Ltd., USA. Dimethyl carbonate (DMC) (＞99%) and N, N-dimethylacetamide 

(DMAc) (＞99%) were purchased from Shanghai Macklin Biochemical Technology 
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Co., Ltd, China. All reagents were analytically pure and were not further purified. 

White skin-friendly non-woven fabric was purchased from Han Dun Medical 

Equipment, China.

2.2 Preparation of spinning solution

Prepare five solvents with different volume ratios (DMAc/DMC=1:9, 3:7, 5:5, 7:3, 

and 9:1). Add PLA at mass fractions of 12% and 14%. Name the solutions as follows: 

A1C9-12, A3C7-12, A5C5-12, A7C3-12, A9C1-12, A3C7-14, A5C5-14, based on the 

solvent ratio of DMAc/DMC and PLA addition amount. Specific operation: A total of 

5 ml of mixed solvent was prepared, and its mass was recorded. The PLA powder was 

accurately weighed using an analytical balance (Lichen Technology, FA1004, China) 

and added to the mixed solvent. The mixture was stirred at 50 ℃ for 12 hours until the 

PLA was completely dissolved. The amount of PLA (W1) was calculated according to 

formula (1), where Ws is the mass of the solvent, and Wt is the mass fraction of PLA. 

      （1）
𝑊1

𝑊1 + 𝑊s
= 𝑊t

2.3 Electrospun PLA fiber membrane

The spinning solution was filled into a 10 ml syringe and pushed out at a rate of 1.5 

ml/h through the injection pump. The spinning needle with an inner diameter of 0.84 

mm was connected to a positive voltage of 15.5 KV, and the receiving drum was 

connected to a negative voltage of 5 KV. The drum speed was set at 120 r/min. The 

distance between the needle and the drum was 18 cm, and the relative humidity was 

maintained at 20 ± 10%. The monolayer membrane was spun for 1.5 hours, 1 hour, 45 

minutes, and 30 minutes, respectively. Bilayer membranes were prepared using A3C7-
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12 and A5C5-14, and the three groups of membranes were named D-PLA-1, D-PLA-

2, and D-PLA-3 based on different spinning time ratios (A3C7-12/A5C5-14 = 1:2, 1:1, 

and 2:1). The spinning time for all three groups of membranes was 45 minutes. Taking 

D-PLA-1 as an example, the specific operation included spinning A3C7-12 for 15 

minutes, replacing the spinning solution with A5C5-14, and continuing spinning for 30 

minutes to obtain a bilayer membrane. All fiber membranes were dried at room 

temperature for 24 hours to remove residual solvents.

2.4 Characterization and Testing - Monolayer membrane 

Test the viscosity and conductivity of 7 solution groups using a rotary viscosity 

meter (Lichen Technology, China) and a conductivity meter (DDS-307A, Hangzhou 

Qiwei Instrument, China). After spraying gold onto an appropriately sized fiber 

membrane, observe the morphology using a field emission electron microscope (ZEISS 

Gemini 300, Germany). Image J was then used to measure the diameter of fibers and 

beads. Adobe Photoshop CS6 (PS) binarized the images, creating black-and-white 

images wherein the white part represents surface fibers and the black part denotes pores. 

MATLAB and PS were used to calculate the ratio of black pixels in the binary image 

(S7), from which the porosity of the fiber membrane was obtained[24, 25]. To 

determine the weight and thickness of a specific area (2х2 cm2) of the fiber membrane, 

an analytical balance and micrometer (Deqing Shengtaixin Electronic Technology Co., 

Ltd, China) was utilized. These measurements were then used to calculate the average 

base weight (Table S3) of the fiber membrane. 

A mask filtration performance tester (SC-FT-1702DYY, Shichen, China) was used 
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to measure the filtration efficiency and pressure drop of the PLA fiber membrane. The 

test particle used was NaCl, with a particle size ranging from 0.3 μm to 10 μm, and the 

flow rate was set at 32 L/min. Each group of fiber membranes was measured three times 

to obtain an average value, and the standard deviation was calculated. The quality factor 

(QF) of the fiber filter was then calculated using Equation (2) [26], where η represents 

the filtration efficiency, and ∆P represents the pressure drop. This equation allows us 

to assess the performance of the fiber membrane filter. The relative humidity during 

testing is 25 ± 5%.

    （2）𝑄𝐹 = ―
𝐿𝑛(1 ― 𝜂)

∆𝑃

2.5 Characterization and Testing - Double membrane

The cross-section of D-PLA-1, D-PLA-2, and D-PLA-3 fiber membranes was 

observed using a field emission electron microscope (ZEISS Gemini 300, Germany). 

The tensile strength of A5C5-14, A3C7-12, D-PLA-1, D-PLA-2, D-PLA-3 were 

measured by a universal tensile machine (Xinke Instruments, China), with a tensile rate 

of 5 mm/min and a sample size of 1 х 5 cm2. The filtration efficiency and pressure drop 

tests are the same as those of single-layer membranes.

Water contact angle and filtration performance test in water mist environment

The water contact angle on the upper and lower sides of D-PLA-3 was measured 

using a contact angle tester (Chengde Dingsheng JY-82C, China). Use a spray can to 

spray water on both sides of D-PLA-3 and immediately test the filtration efficiency. 

Record the water evaporation time on the surface of the fiber membrane and test another 

filtration performance.
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PM static filtration performance

Real PM pollution was simulated by burning mosquito coils in the device depicted 

in Fig. S1. Burn mosquito repellent incense as PMs until the PM counter (Lu Yi, 

infrared version, China) reading in one box reaches 999 μg/m3, a fiber membrane or 

non-woven fabric with an effective area of 94.985 cm2 is placed in the middle of the 

two boxes. The initial PM concentration of the two boxes is recorded. After 10 minutes, 

it is measured again to characterize the static interception performance. 

Long-term filtration performance

Long-term filtration performance is an experiment based on static filtration 

performance. The device shown in Fig. S2 is used for testing, and the PM concentration 

in the box is greater than 999 μg/m3, recording the value when the reading starts to 

change and then recording the value every 2 minutes until the PM counter value 

decreases to the ambient value, cycle 5 times. After the PM cycle test, the filtration 

performance of the fiber membrane was tested again. Energy Dispersive Spectrometer 

(EDS) is used to observe fiber membranes' morphology and elemental changes before 

and after PM testing. The testing elements are C, O, Ca, and Si.

3. Results and Discussion

3.1 Solution Properties

The physical properties of polymer solutions, such as solubility, viscosity, and 

conductivity, jointly determine the structure and morphology of fibers[27], thereby 

affecting the filtration performance of fiber membranes. Due to the numerous ester 
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bonds present in its molecular structure, PLA does not readily dissolve in water but 

undergoes degradation[28-30]. Furthermore, PLA exhibits limited solubility in 

anhydrous ethanol[31] and can only be dissolved through organic solvents such as 

chloroform. During electrospinning, a large amount of solvent evaporates, so the 

sustainability of the solvent is also essential. By querying the GlaxoSmithKline Solvent 

Sustainable Development Guidelines[32], the green degree of mixed solvents was 

evaluated (S3). The results are shown in Fig. 1a. Compared to chloroform, 

dichloromethane (DCM), and N, N-dimethylformamide (DMF), the solvents DMAc 

and DMC used in this work have a higher green degree. The Hilbert parameters (δt) 

and Hansen combination parameters[33] are often used to represent the solubility of a 

polymer in a particular solvent. When the δt values of the polymer and solvent are 

similar, their solubility parameters are compatible, making it more likely for them to 

form uniform and stable solutions.

On the other hand, low-quality solvents with significant differences in δt may have 

poor solvating abilities for the polymer. In such cases, the polymer chains may become 

entangled, making it difficult to dissolve them entirely and leading to unstable solution 

states, such as aggregates, gels, or precipitation[34]. In this work, A1C9-12 and A3C7-

14 are unstable. A1C9 has the lowest solubility for PLA among the five solvent 

combinations, as its solubility parameter values differ significantly from PLA (δt (PLA)= 

21.73, δt (A1C9) = 20.43). The unstable solution state of A3C7-14 is due to the addition 

of PLA exceeding the solubility of the solvent. 

Fig. 1b illustrates the measured viscosity and conductivity of seven sets of spinning 
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solutions. As the volume ratio of DMAc/DMC increases, the viscosity of PLA solution 

monotonically decreases, and the conductivity monotonically increases. The change in 

solution viscosity is mainly related to the interaction distance (Ra) and relative energy 

difference (RED) of the five solvent groups. The lower the Ra and RED (as shown in 

Table S2), the greater the solubility of the PLA in mixed solvent, and the corresponding 

solution viscosity is also relatively low. After increasing the mass fraction of PLA, the 

viscosity of the solution significantly increased. Although the viscosity of A3C7-14 

(4180 mPa•s) was lower than that of A5C5-14 (4873 mPa•s), it could not maintain a 

stable solution state due to its low solubility.  The increase in conductivity is a result of 

the combined effect of the dielectric constant and the conductivity of the solvent[35]. 

DMC has both a smaller dielectric constant and conductivity compared to DMAc. 

Therefore, increasing the volume fraction of DMAc leads to a solution with higher 

conductivity. In addition, the conductivity of the solution decreases with the increase 

of PLA mass fraction. The conductivity of A3C7-12 and A5C5-12 is 1 μs/cm and 2 

μs/cm, while the conductivity of A3C7-14 and A5C5-14 is 0.8 μs/cm and 1.6 μs/cm, 

which should be caused by a decrease in the relative content of free solvents[36]. The 

increase in solution viscosity and the decrease in solution conductivity will lead to an 

increase in fiber diameter.
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Fig. 1. (a) Green ranking of mixed solvents. (b) The viscosity and conductivity of solutions. (c) Schematic 

diagram of electrostatic spinning device and PLA fiber membrane. 

3.2 Micro morphology and porosity of monolayer membrane

The electrospinning device used in this article and the surface of the obtained fiber 

membrane are shown in Fig. 1c. PLA solution is sprayed from the tip of the syringe 

and randomly deposited on a drum with a skin-friendly, non-woven fabric. The SEM 

images in Fig. 2 reveal that all seven groups of fibers exhibit varying degrees of bead-

like structures. When the mass fraction of PLA is 12%, as the volume ratio of 

DMAc/DMC increases, the fiber diameter decreases from 96 nm to 26 nm. 

Simultaneously, the number of beads on the fiber increases, and the diameter of the 

beads decreases from 8.18 μm to 3.62 μm. These measurements are summarized in 

Table 1. The formation of beads can be explained as follows: when the viscosity of the 

solution is relatively low compared to the spinning system, the balance between the 

viscoelasticity, surface tension, and electrostatic repulsion of the jet becomes disrupted. 

This resulted in the formation and stability of Taylor cones being affected. The 
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continuity of the jet was difficult to maintain, which led to the formation of a string of 

beads[37]. 

When the solution conductivity is low and the viscosity is high, the electrostatic 

force is insufficient to stretch the molecular chains during the rapid evaporation of the 

solvent. Consequently, the shape of the bead increases and changes from a circular 

shape to a spindle shape[38] (as shown in Fig. S5). In addition, it was observed that the 

fibers of A5C5-12 and A7C3-12 exhibit a network structure. This is because the 

solutions of these two groups have higher conductivity and lower viscosity (Fig. 1b). 

During the leap process, the surface charge density of the jet increases and the viscosity 

decreases, a single jet will split into multiple fibers, and these split fibers will adhere to 

each other to form a fiber reticular structure[39, 40]. When the mass fraction of PLA 

increased to 14%, the fiber diameter in the A3C7 solvent increased from 84 nm to 271 

nm, and the fiber diameter in the A5C5 solvent increased from 66 nm to 353 nm, which 

is directly related to the significant increase in solution viscosity. In addition, there are 

cracks on the surface of the fibers due to the difference in the volatilization rate of the 

mixed solvent, causing phase separation in the jet[41]. These cracks are similar to the 

structure of Platycladus orientalis (as shown in Fig. 2), and the surface area of the fibers 

will increase, providing more adsorption sites for PM[42], thereby improving the 

overall mechanical interception efficiency[43, 44].
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Fig. 2. SEM images and fiber diameter distribution of PLA fibers with different solvent 
combinations and PLA contents: (a) A1C9-12, (b) A3C7-12, (c) A5C5-12, (d) A7C3-12, (e) A9C1-
12, (f) A3C7-14, (g) A5C5-14. (h)The morphology of greening plant side leaf cypress.

Table 1. Average diameter, bead diameter, and porosity of seven fibers.
Group Average fiber 

diameter（nm）
Bead diameter

（μm）
Porosity-PS
（%）

Porosity-MATLAB
（%）

A1C9-12 96.23 ± 35.87 8.18 ± 2.44 77.57 ± 1.44 76.68 ± 1.53

A3C7-12 84.41 ± 34.73 5.23 ± 1.29 81.28 ± 1.73 80.49 ± 1.83
A5C5-12 66.24 ± 38.11 4.20 ± 1.47 72.82 ± 1.69 71.26 ± 1.62
A7C3-12 55.80 ± 33.40 3.91 ± 1.23 84.86 ± 0.99 83.58 ± 1.27
A9C1-12 26.26 ± 10.78 3.62 ± 1.43 77.71 ± 1.14 75.99 ± 1.28
A3C7-14 271.6 ± 0.127 4.85 ± 1.90 90.36 ± 0.42 90.36 ± 0.42
A5C5-14 353.6 ± 0.226 7.07 ± 3.72 90.81 ± 1.46 90.81 ± 1.46

The morphology and diameter of fibers play a crucial role in determining the 

porosity of fiber membranes. In this study, binary images of the surface fibers of seven 

different groups of filter membranes were obtained using Photoshop, and the porosity 
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was calculated. The results, as shown in Fig. 3, indicate that the porosity of the fibers 

is below 85% when the mass fraction of PLA is 12%. This is mainly attributed to the 

smaller fiber diameter. Among these groups, A5C5-12 exhibits the lowest porosity 

(72%) due to its interconnected network structure, suggesting a higher pressure drop. 

Although the fiber and bead diameter of A1C9-12 is larger than A3C7-12, the 

contribution of too few beads to fiber fluffiness is insignificant, resulting in a smaller 

porosity than A3C7-12. The porosity of A5C5-14 and A3C7-14 has been greatly 

improved, reaching over 90%, indicating that the fiber diameter significantly impacts 

the porosity of the membranes. In conclusion, the particle size, stacking density, fiber 

diameter, and arrangement all play a role in the porosity of fiber membranes. Adequate 

porosity is vital for minimizing pressure drop in filter membranes.

Fig. 3.  (a) SEM images and their corresponding binary black and white images. (b) Porosity data of seven 

groups of fibers.

3.3 Filtration performance of monolayer membrane
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Fig. 4. (a) Filtering efficiency and Pressure drop of fiber membranes with a spinning time of 1.5 hours 

and a PLA mass fraction of 12%. (b) The corresponding filtration efficiency and resistance of four groups 

of fiber membranes at different spinning times, 1 - 30 minutes, 2 - 45 minutes, and 3 - 60 minutes. (c) 

Mask filtration performance tester. (d) Schematic diagram of the filtration process.

The device for filtering performance testing in this experiment is shown in Fig. 4c. 

The filtration efficiency and pressure drop of fiber membranes with a PLA mass 

fraction of 12% and a spinning time of 1.5 hours are shown in Fig. 4a. The low filtration 

efficiency (86.93%) and pressure drop (49 Pa) in A1C9-12 can be attributed to the 

unstable solution state, which results in an uneven surface of the fiber membrane. On 

the other hand, A3C7-12 and A5C5-12 show filtration efficiencies above 99%. 

Filtration efficiencies of 96.96% and 81.25% are achieved by A7C3-12 and A9C1-12 

respectively. By examining the SEM images and porosities, it can be inferred that 

A7C3-12 has an uneven pore distribution with more macropores, decreasing particle 
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interception efficiency. Likewise, the low filtration efficiency of A9C1-12 is attributed 

to its fine fibers, excessive beads, and weak fiber strength, which hinders effective 

particle interception. A7C3-12 also suffers from poor fiber strength. The interconnected 

mesh structure of A5C5-12 (99.63%, 154 Pa) results in a lower porosity than A3C7-12 

(99.67%, 140 Pa), leading to slightly higher filtration efficiency and pressure drop.

     To investigate the impact of spinning time and PLA addition on filtration efficiency, 

we selected A3C7 and A5C5 and prepared four sets of membranes: A3C7-12, A3C7-

14, A5C5-12, and A5C5-14. The spinning time corresponds to the base weight of the 

fiber membrane (Table S3). As depicted in Fig. 4b, when the spinning time is reduced 

to 1 hour, the pressure drop of A3C7-12 and A5C5-12 decreases to 107 Pa and 136 Pa, 

respectively. However, A3C7-14 and A5C5-14 show lower pressure drops due to their 

high porosity (>90%), measuring 63 Pa and 59 Pa, respectively. Despite the decline in 

pressure drop, the filtration efficiency of all four membranes remains above 99%, with 

A3C7-12 achieving an impressive filtration efficiency of 99.99%. This indicates that 

simply increasing the base weight of the fiber membrane or reducing the fiber diameter 

to enhance filtration efficiency will result in a denser structure of the fiber membrane, 

leading to a higher pressure drop.

When the spinning time was further reduced to 45 minutes, a significant decrease in 

filtration efficiency and pressure drop was observed among the four groups of fiber 

membranes. Differences between the groups became more evident. The fiber 

membrane using A3C7 as the solvent showed a decrease in pressure drop to below 30 

Pa and a decrease in filtration efficiency to below 96%. On the other hand, the fiber 
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membrane using A5C5 as the solvent maintained a filtration efficiency above 98% but 

with high resistance, measuring 74 Pa for A5C5-12 and 39 Pa for A5C5-14. When the 

spinning time was further reduced to 30 minutes, the filtration efficiency decreased but 

remained above 90% for all four groups of fiber membranes. The characteristic of 

maintaining high filtration efficiency while continuously reducing the base weight of 

the fiber membrane can be attributed to the presence of cracks and beads on the fiber 

surface. As shown in Fig. 4d, the cracks on the fiber membrane surface, caused by the 

difference in the volatilization rate of mixed solvents, increase the specific surface area 

of the fiber and enhance the probability of collision, sedimentation, and adsorption 

between the fiber and particles. The bead-like structure distributed on the fibers reduces 

the stacking density of the fiber membrane, facilitating airflow passage and reducing 

pressure drop. The fluffy fibers extend the particle motion path within the membrane, 

thereby increasing the probability of particle interception. Additionally, the fiber 

diameter plays a role in the porosity of the fiber membrane and its interception and 

collision with particles. 

3.4 Cross-section morphology and tensile strength of double-layer 

fiber membranes

There is a lack of research on the mechanical properties of filter membranes, 

especially those with defective structures. Membranes with poor mechanical strength 

may not be able to sustain airflow and particle impact, thereby reducing filtration 

efficiency. Fig. 5 reveals the cross-sectional morphology and tensile stress-strain curves 

of membranes. A3C7-12 and A5C5-14 were chosen because they have the best and 
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similar quality factors (Fig. S7). The tensile strength of single-layer fiber membranes 

is poor, below 0.8 MPa. A3C7-12 exhibits higher tensile strength and elongation at 

break than A5C5-14. It should be attributed to the presence of more beads in A3C7-12, 

which are interwoven with fiber bundles and can disperse the load during bearing 

capacity. The tensile strength of the three composite membranes has been greatly 

improved compared to single-layer membranes. With the increase of the A3C7-12 ratio, 

the double-layer membrane's tensile strength (Table S4) monotonically increases. The 

tensile strength of D-PLA-3 can reach 2.02 MPa. The gradual increase in tensile 

strength may be attributed to the entanglement of two layers of fiber membranes at the 

interface and the increased ratio of A3C7-12. As shown in the SEM image, the layered 

structure of the double-layer membrane is clearly visible, and the membrane is tightly 

adhered to each other. 

Fig. 5. The cross-sectional morphology and tensile stress-strain curve of the composite membrane.
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3.5 Filtration performance of double membranes

3.5.1 Filtration performance at low humidity

Upon evaluating monolayer membranes for filtration efficiency, it was found that 

such membranes fail to maintain high efficiency under low-pressure drops[45, 46]. For 

instance, when the spinning time of A3C7-12 is set at 45 minutes, the resulting pressure 

drop is at 21 Pa, but the filtration efficiency is only at 94.83%. On the other hand, A5C5-

14 achieves a filtration efficiency of 98.46% but with a relatively high-pressure drop of 

39 Pa. The characteristics of the two sets of fiber membranes in terms of particle size 

filtration were analyzed and are shown in Fig. 6a. It can be observed that for particle 

sizes less than 2.5 μm, A3C7-12 demonstrates better particle filtration compared to 

A5C5-14. Conversely, for particle sizes greater than 2.5 μm, A5C5-15 performs better 

than A3C7-12. Both fiber membranes exhibit interception efficiencies above 90% for 

varying-sized particles. The different particle size filtration characteristics of two 

groups of fibers indirectly illustrate the role of fiber diameter in the collision 

interception of particles. Combining the two to prepare composite membranes can 

achieve graded filtration of particles[47, 48], thereby obtaining a filtration membrane 

with high efficiency and low resistance. 

In the subsequent filtration tests, we conducted filtration on both sides of the double 

membrane, as shown in Fig. 6b. Based on the airflow direction, we categorized the fiber 

membrane into two sides: F and C. C represents the airflow passing through A5C5-14 

first. At the same time, F means passing through A3C7-12 first. Interestingly, the three 



21

membranes exhibited the same pattern, with the filtration efficiency of the C-side being 

higher than that of the F-side. This can be explained by the fact that larger particles are 

intercepted first when the C-side is used as the front end of the filter, while smaller 

particles are retained at the back end for further interception. The clear division of labor 

between the two layers of fibers results in higher filtration efficiency, as shown in Fig. 

6e. On the contrary, fine fibers are not as effective in intercepting larger particles, and 

the continuous impact of particles on the fiber membrane increases the chances of 

particles passing through, resulting in lower filtration efficiency.

The average filtration efficiency values for the C-side of the three groups of 

membranes are 98.94%, 97.55%, and 98.02%, respectively, with corresponding 

average resistance values of 37 Pa, 53 Pa, and 31 Pa. The double-layer membrane 

achieved lower airflow resistance at the same filtration efficiency (98%). The high 

resistance of D-PLA-2 may be attributed to the uneven thickness of A3C7-12, which is 

locally too thick and causes airflow obstruction. Their quality factors are shown in Fig. 

6c. Comparing the filtration performance of D-PLA-3 with commercial surgical masks 

and N95 masks at a test flow rate of 32 L/min (Fig S8), it was found that D-PLA-3 

showed higher filtration efficiency (98.01%) and lower pressure drop (98.01%, 31.37 

Pa) than N95 masks (96.79%, 54.21 Pa). Additionally, the filtration efficiency of D-

PLA-3 and surgical masks was similar, both around 98%, with a pressure drop of 1.66 

Pa lower than surgical masks. Finally, D-PLA-3, which had the lowest resistance and 

the highest average quality factor (0.12 Pa-1), was selected for further experiments.
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3.5.2 High humidity filtration performance

To simulate the filtering effect of the filter in a high humidity environment caused 

by human exhaled water vapor, a small spray can be used to spray water on both sides 

of D-PLA-3, with side C as the front end of the filter, and immediately tested. The 

results are shown in Fig. 6d, and after spraying water, the pressure drop of the fiber 

membrane increased significantly, from 31 Pa to 41 Pa. The filtering efficiency slightly 

decreased, from 98.02% to 97.94%. After the water vapor on the surface of the fiber 

membrane evaporates rapidly (3 minutes), the resistance returns to its original value. 

Water contact angle testing was conducted on both sides of the composite filtration 

membrane. The water contact angle on the A5C5-14 surface was 124 °, and the water 

contact angle on the A3C7-12 surface was 130 ° (Fig. S9). Both sides were hydrophobic 

materials, but A3C7-12 showed rapid absorption characteristics during testing, which 

can be attributed to the wicking effect of ultrafine fibers[49, 50]. 

The entire filtration process can be described as follows: During water spraying, a 

considerable quantity of liquid droplets accumulates at the front of the filter, obstructing 

the pores on the surface of the fiber membrane. This creates a convoluted and intricate 

airflow pathway at the micro-scale, causing increased resistance[51]. However, due to 

the hydrophobicity of the fiber surface, a portion of the droplets will evaporate (Fig. 

6f). At the same time, the rest will be absorbed due to the F-side wicking effect, which 

exhibits hydrophobic properties and behaves like a lotus leaf. Additionally, the bead on 

the F-side mimics the structure of spider silk, creating differences in Laplacian 

pressure[52, 53] and surface energy gradient. This causes the droplets to be transported 
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to the beads directionally and then dropped (Fig. 6f). The expression for Laplace 

pressure (∆P )[54] can be written as follows: 

   （3）∆𝑃 = 2𝛾(
1

𝑅1
―

1
𝑅2

)

Among them, R1 and R2 are the local radii at both ends of the droplet, γ is the surface 

tension of water. In Fig. 6f, the radius of R2 is greater than R1, which means that the 

Laplace pressure near the spindle knot is less than the joint. The nonequilibrium 

pressure difference will drive the droplet to transport towards the spindle knot. α and θ 

represent the backward and forward contact angles of water droplets on fibers. Spindle 

knots composed of random nanofibers typically have higher surface energy and smaller 

contact angles than joints composed of axially parallel nanofibers. The surface energy 

gradient force caused by differences in surface roughness causes water droplets to move 

from joints with poor hydrophilicity to spindle knots with higher wettability[54]. 

Considering these factors, the resistance of the fiber membrane has returned to its 

original value.
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Fig. 6. (a) The filtration characteristics of A3C7-12 and A5C5-14 for particles with different particle sizes. 

(b) Double-sided filtration effect and pressure drop of composite membranes. (c) Quality factor of the 

composite film. (d) Filtration properties and water contact angle of D-PLA-3 before and after water 

spraying. (e) Schematic diagram of graded filtering. (f) Schematic diagram of core suction effect, lotus 

leaf effect, and Laplace pressure of composite membranes.

3.6 PM filtration performance

The static PM filtration performance of the fibers was characterized using the 

schematic diagram of the device shown in Fig. S1. Mosquito-repellent incense was 

burned in the transparent box on the left until the PM concentration exceeded 999 μg/m3. 

The PM concentration in the mosquito incense free box was recorded at the beginning 

and again after 10 minutes. The PM2.5 concentration in the non-filtration membrane 

group increased from 36 μg/m3 to 84 μg/m3, and the PM10 concentration increased 

from 47 μg/m3 to 110 μg/m3. On the other hand, the PM2.5 concentration of the 

filtration membrane (D-PLA-3) group only increased from 29 μg/m3 to 30 μg/m3, and 

the PM10 concentration increased from 38 μg/m3 to 39 μg/m3, indicating that the 
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filtration membrane had excellent static PM interception performance.

The long-term PM filtration performance of the fiber membrane was tested using 

the device shown in Fig. S2. Mosquito repellent incense was burned, causing the PM 

concentration inside the box to exceed 999 μg/m3 (which is far above the PM standard 

range). After 250 minutes of high PM pollution cycle testing, the filtration efficiency 

of the D-PLA-3 showed a slight decrease from 98.02% to 96.66%, with a resistance of 

32 Pa. This decrease in efficiency is speculated to be due to the accumulation of 

particles and reduction in surface charge. The PM cycle test curves of D-PLA-3 are 

shown in Fig. 7a,b.

The surface morphology of the fibers was observed after the filtration cycle 

experiment, and the content and distribution of C, O, Ca, and Si were measured using 

EDS spectroscopy. The sandalwood and clay in mosquito repellent incense contain Ca 

and Si elements, while the fiber membrane before filtration does not. In the semi-

quantitative analysis results of elements (S13 and Fig. 7e), the filtered fiber membrane 

exhibited small particle aggregation, as depicted in Fig. 7c. This aggregation is visible 

as a bright purple color in Fig. 7d, indicating that the aggregates consist of mosquito 

repellent incense particles. The EDS spectrum results showed (Fig. 7d) that these 

elements were evenly distributed on the surface of the fiber membrane, demonstrating 

the particle interception effect of the fiber membrane. This indicates that the rough 

surface of the fiber membrane we prepared can effectively and uniformly intercept PM. 
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Fig. 7. Dynamic cycle curve of (a) PM2.5 and (b) PM10. (c) SEM image after PM filtration. (d) EDS element 

distribution diagram after PM filtration. (e) Atomic percentage and weight percentage of four elements 

of C, O, Si, and Ca on the fiber membrane after PM filtration.

4. Conclusion

This article uses green mixed solvent DMC/DMAc and degradable PLA materials to 

prepare electrospun fiber membranes for air filtration. DMC/DMAc mixed solvent 

displays a favorable blend of environmental friendliness and solubility, making it more 

eco-friendly compared to chloroform and more efficient in dissolving PLA than 

anhydrous ethanol. These materials allow for creating a surface rough fiber membrane 

with beads, thanks to the differences in volatilization rate and dielectric constant 

between the solvents. The presence of cracks on the fiber surface increases the surface 

area of the membrane, improving particle interception efficiency. Additionally, the 

presence of beads increases the distance between adjacent fibers, reducing pressure 
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drop and improving filtration efficiency by creating a more tortuous movement path for 

particles within the membrane. Based on these findings, a double-layer filter with a 

pore size gradient was designed and prepared. The layered structure of coarse and fine 

fibers enables graded filtration of particles. Optimization achieved particle removal 

efficiency of over 98% and a low-pressure drop of 31 Pa. The infiltration winding 

between the interfaces also increased the tensile strength of the fiber membrane.

Furthermore, this hydrophobic membrane exhibited enhanced moisture permeability 

by combining the lotus leaf and core suction effects. After cycling for 250 minutes 

under high PM pollution conditions, the filtration efficiency decreased by 1.36%, and 

the pressure drop increased by 1 Pa. This highlights the potential application of this 

green and environmentally friendly double-layer filter.
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1. A PLA electrospun fiber membrane with hierarchical structure was prepared

2. The applied solvent DMAC/DMC has a high degree of greenness

3. Membrane has high filtration efficiency, reduced pressure, excellent strength
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