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С ростом загрязнения воздуха и периодическими вспышками эпидемий все больше внимания уде-

ляется устройствам фильтрации. Основными компонентами загрязняющих веществ в воздухе явля-

ются твердые частицы, жидкий аэрозоль, биоаэрозоль и газ/пар. С ростом спроса на высокопроиз-

водительные и высокоэффективные фильтры разрабатываются новые материалы и 

функциональные возможности с применением передовых технологий.  

Цель работы — рассмотрение полимерных волокнистых материалов (ПВМ), получаемых по двум 

технологиям: выдувания из расплава полимера (melt-blowing) и электропрядения (melt-spinning). Для бо-

лее полного понимания процессов, лежащих в основе фильтрации, рассмотены также механизмы 

очистки газовых сред от примесей.  

Показано, что повышения эффективности фильтрации ПВМ добиваются различными метода-

ми, в частности созданием композитных (или многослойных) фильтроэлементов и ПВМ в электрет-

ном состоянии. Электретные нетканые материалы играют все более важную роль в борьбе с за-

грязнением воздуха из-за их выдающихся фильтрационных характеристик и относительно низкого 

сопротивления фильтрации. Чаще всего хорошими электретными свойствами обладают ПВМ на 

основе полимерных смесей или полимеров, наполненных функциональными добавками. В заключение 

отмечено, что перспективы применения ПВМ в системах фильтрации связаны с использованием но-

вых материалов, в частности биоразлагаемых, а также экологически чистых и низкоэнергозатрат-

ных технологий получения высокоэффективных фильтров. 

Ключевые слова: полимерные волокнисто-пористые материалы, фильтры, эффективность фильтрации, вы-

дувание расплава полимера, электропрядение, электретные фильтроматериалы. 
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With the increase of air pollution and periodic outbreaks of epidemics, more and more attention are paid 

to filtration devices. The main components of air pollutants are particulate matter, liquid aerosol, bioaerosol 

and gas/vapor. With the increasing demand for high-performance and high-efficiency filters, new materials and 

functionalities are developed using advanced technologies.  

The purpose of this work is to consider polymer fibrous-porous materials (PFM) obtained using two tech-

nologies: polymer melt-blowing and melt-spinning. Mechanisms for cleaning gas environments from impurities 

are also considered.  

It is shown that the filtration efficiency of polymeric fibrous materials is improved by various methods, 

particularly the creation of composite (or multilayer) filter elements and PFM in the electret state. Electret 

nonwovens are playing an increasingly important role in air pollution control due to their outstanding filtration 
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performance and relatively low filtration resistance. Most often, good electret properties are possessed by PFM 

based on polymer mixtures or polymers filled with functional additives. In conclusion, it is noted that the prospects 

for the use of PFM in filtration systems are associated with the use of new materials, in particular biodegradable 

ones, as well as environmentally friendly and low-energy technologies for obtaining highly efficient filters. 

Keywords: polymer fibrous-porous materials, filters, filtration efficiency, polymer melt blowing, electrospinning, 

electret filter materials. 

Поступила в редакцию 03.02.2025 

© В. А. Гольдаде, С. В. Зотов, В. Ю. Гарбарук, М. А. Коваленко, В. М. Шаповалов, 2025 

 

 

 

Образец цитирования: 

 

Гольдаде В. А., Зотов С. В., Гарбарук В. Ю., Коваленко М. А., Шаповалов В. М. Волокнисто-пористые по-

лимерные материалы для фильтрации воздуха и газов (обзор) // Полимерные материалы и технологии. 2025. 

Т. 11, № 1. С. 6–25. http://doi.org/10.32864/polymmattech-2025-11-1-6-25 

 

Citation sample: 

 

Gol'dade V. A., Zotov S. V., Garbaruk V. Yu., Kovalenko M. A., Shapovalov V. M. Voloknisto-poristye polimernye 

materialy dlya fil'tratsii vozdukha i gazov (obzor) [Fibrous-porous polymeric materials for air and gas filtration 

(review)]. Polimernye materialy i tekhnologii [Polymer Materials and Technologies], 2025, vol. 11, no. 1, pp. 6–25. 

http://doi.org/10.32864/polymmattech-2025-11-1-6-25 

Литература 

1. Baker R. E., Mahmud A. S., Miller I. F., Rajeev M., Rasambainarivo F., Rice B. L., Takahashi S., Tatem A. J., Wagner  C. E., 

Wang L.-F, Wesolowski A., Metcalf C. J. E. Infectious disease in an era of global change // Nature Reviews Microbiology, 

2022, vol. 20, pp. 193–205. doi: 10.1038/s41579-021-00639-z 
2. Bontinck A, Maes T, Joos G. Asthma and air pollution: recent insights in pathogenesis and clinical implications // Current Opinion in 

Pulmonary Medicine, 2020, vol. 26, no. 1, pp. 10–19. doi: 10.1097/MCP.0000000000000644  

3. Cohen A. J., Brauer M., Burnett R., Anderson H. R., Frostad J., Estep K., Balakrishnan K., Brunekreef B., Dandona L., Dandona R., Feigin V., 
Freedman G., Hubbell B., Jobling A., Kan H., Knibbs L., Liu Y., Martin R., Morawska L., Pope C. A. 3rd, Shin H., Straif K., Shaddick G., Thomas 

M., Dingenen R. van, Donkelaar A. van, Vos T., Murray C. J. L., Forouzanfar M. H. Estimates and 25-year trends of the global burden of 

disease attributable to ambient air pollution: an analysis of data from the Global Burden of Diseases Study 2015 // The Lancet, 2017, vol. 
389, is. 10082, pp. 1907–1918. doi: 10.1016/S0140-6736(17)30505-6 

4. Liu Y., Shao H., Wang H., Ji Z., Bai R., Chen F., Li B., Chang C., Lin T. Improvement of air filtration performance using nanofibrous 

membranes with a periodic variation in packing density // Adv. Mater. Interfaces, 2022, vol. 9, is. 2. doi: 10.1002/admi.202101848 
5. Choi D., Choi M., Jeong H., Heo J., Kim T., Park S., Jin Y., Lee S., Hong J. Co-existing “spear-and-shield” air filter: Anchoring proteinaceous 

pathogen and self-sterilized nanocoating for combating viral pandemic // Chem. Eng. J., 2021, vol. 426. doi: 10.1016/j.cej.2021.130763 

6. Xu Y. Q., Zhang X. M., Hao X. B., Teng D., Zhao T., Zeng Y. Micro/nanofibrous nonwovens with high filtration performance and radiative heat 
dissipation property for personal protective face mask // Chem. Eng. J., 2021, vol. 423. doi: 10.1016/j.cej.2021.130175 

7. Song X., He X., Mengke Tang M., Wang C., Zhang Y., Li X., Li T., Ke L., Li X., Mingming Zh., Shenghui Zh. Multi-protection from microbial 

and PM pollutants by humidity-resistant, breathable and self-charging nanofibrous membranes // ACS Sustainable Chemistry & Engineer-
ing, 2024, vol. 12 (32), pp. 12216–12225. doi: 10.1021/acssuschemeng.4c04333 

8. Ke L., Yang T., Liang C., Guan X., Li T., Jiao Y., Tang D., Huang D., Li S., Zhang S., He X., Xu H. Electroactive, antibacterial, and 

biodegradable poly(lactic acid) nanofibrous air filters for healthcare // ACS Appl. Mater. Interfaces, 2023, vol. 15, is. 27, pp. 32463–32474. 
doi: 10.1021/acsami.3c05834 

9. Habibi S., Ghajarieh A. Application of nanofibers in virus and bacteria filtration // Russ. J. Appl. Chem., 2022, vol. 95, pp. 486–498. doi: 

10.1134/S1070427222040036 
10. Zhang Sh., Wang N., Zhang Q., Guan R., Qu Zh., Sun L., Sun L. The rise of electroactive materials in face masks for preventing virus infec-

tions // ACS Applied Materials & Interfaces, 2023, vol. 15, pp. 48839–48854. doi: 10.1021/acsami.3c10465 

Для приобретения полного текста статьи, обращайтесь в редакцию журнала 
Full text of articles can be purchased from the editorial office 

 

Адрес редакции: ул. Кирова, 32а, 246050, г. Гомель, Беларусь 

Телефон/факс:  +375 (232) 34 06 36 / 34 17 11 

 
Address: Kirov St., 32a, 246050, Gomel, Belarus  

Phone: +375 (232) 34 06 36. Fax: +375 (232) 34 17 11 

 

E-mail: polmattex@gmail.com 

Web: http://mpri.org.by/izdaniya/pmt/  

https://doi.org/10.1038/s41579-021-00639-z
https://doi.org/10.1016/S0140-6736(17)30505-6
http://dx.doi.org/10.1002/admi.202101848
https://doi.org/10.1016/j.cej.2021.130763
https://doi.org/10.1016/j.cej.2021.130175
https://doi.org/10.1021/acssuschemeng.4c04333
https://pubs.acs.org/doi/10.1021/acsami.3c05834
https://pubs.acs.org/doi/10.1021/acsami.3c05834
https://pubs.acs.org/doi/10.1021/acsami.3c05834?goto=supporting-info
https://doi.org/10.1021/acsami.3c10465
http://mpri.org.by/izdaniya/pmt/
mailto:polmattex@gmail.com
http://mpri.org.by/izdaniya/pmt/


В. А. Гольдаде, С. В. Зотов, В. Ю. Гарбарук, М. А. Коваленко, В. М. Шаповалов 8 

11. Lu T., Cui J., Qu Q., Wang Y., Zhang J., Xiong R., Ma W., Huang C. Multistructured electrospun nanofibers for air filtration: A review // 

ACS Appl. Mater. Interfaces, 2021, vol. 13, is. 20, pp. 23293–23313. doi: 10.1021/acsami.1c06520 
12. Zhang J., Chen G., Bhat G. S., Azari H., Pen H. Electret characteristics of melt-blown polylactic acid fabrics for air filtration application // J. 

Appl. Polym. Sci., 2019, vol. 137, is. 4. doi: 10.1002/app.48309 

13. Liu G., Xiao M., Zhang X., Gal C., Chen X., Liu L., Pan S., Wu J., Tang L., Clements-Croome D. A review of air filtration technologies for 
sustainable and healthy building ventilation // Sustain. Cities Soc., 2017, vol. 32, pp. 375–396. doi: 10.1016/j.scs.2017.04.011 

14. Wang Z., Pan Z. Preparation of hierarchical structured nano-sized/porous poly(lactic acid) composite fibrous membranes for air filtration // 

Appl. Surf. Sci., 2015, vol. 356, pp. 1168–1179. doi: 10.1016/j.apsusc.2015.08.211 
15. Meng D., Zhang Y, Wu J. Graphene/polyimide nanofibrous mat for high-efficiency filtration // AATCC J. Res., 2022, vol. 9, pp. 176–181. 

doi: 10.1177/24723444221084403 

16. Leung W. W.-F., Hung C.-H., Yuen P.-T. Effect of face velocity, nanofiber packing density and thickness on filtration performance of 
filters with nanofibers coated on a substrate // Separation and purification technology, 2010, vol. 71, is. 1, pp. 30–37. doi: 

10.1016/j.seppur.2009.10.017 

17. Hassan M. A., Yeom B. Y., Wilkie A., Pourdeyhimi B., Khan S. A. Fabrication of nanofiber meltblown membranes and their filtration 
properties // Journal of Membrane Science, 2013, vol. 427, pp. 336–344. doi: 10.1016/j.memsci.2012.09.050 

18. Ma M., Xu D., Zhao J., Gao B. Disposable face masks release micro particles to the aqueous environment after simulating sunlight aging: 

Microplastics or non-microplastics? // J. Hazard. Mater., 2023, vol. 443. doi: 10.1016/j.jhazmat.2022.130146 
19. Huang L., Arena J. T., Manickam S. S., Jiang X., Willis B. G., McCutcheon J. R. Improved mechanical properties and hydrophilicity of 

electrospun nanofiber membranes for filtration applications by dopamine modification // J. Membr. Sci., 2014, vol. 460, pp. 241–249. doi: 

10.1016/j.memsci.2014.01.045 
20. Zhang L., Li L., Wang L., Nie J., Ma G. Multilayer electrospun nanofibrous membranes with antibacterial property for air filtration // Appl. Surf. 

Sci., 2020, vol. 515. doi: 10.1016/j.apsusc.2020.145962 

21. Muller A.-K., Xu Z.-K., Greiner A. Preparation and performance assessment of low-pressure affinity membranes based on functionalized, 
electrospun polyacrylates for gold nanoparticle filtration // ACS Appl. Mater. Interfaces, 2021, vol. 13, pp. 15659–15667. 

doi: 10.1021/acsami.1c01217 

22. Davies C. N. Air filtration. London ; New York : Academic Press, 1973. 171 p. 
23. Piekaar H. W., Clarenburg L. A. Aerosol filters – The tortuosity factor in fibrous filters // Chemical Engineering Science, 1967, vol. 22, is. 12, pp. 

1817–1827. doi: 10.1016/0009-2509(67)80212-4 
24. Graham K., Ouyang M., Raether T., Grafe T., McDonald B., Knauf P. Polymeric nanofibers in air filtration applications // Fifteenth 

Annual Technical Conference & Expo of the American Filtration & Separations Society, Galveston, Texas, April 9–12, 2002 

[Электронный ресурс]. URL: 
https://www.thefutureisnear.org/student_research/current_research/documents/filtration/052022%28filtration%29.pdf (дата обращения: 

30.01.2025) 

25. Ramarao B. V., Tien C., Mohan S. Сalculation of single-fiber efficiencies for interception and impaction with superposed Brownian-Motion 
// Journal of Aerosol Science, 1994, vol. 25, no. 2, pp. 295–313. doi: 10.1016/0021-8502(94)90081-7 

26. Payet S., Boulaud D., Madelaine G., Renoux A. Penetration and pressure drop of a HEPA filter during loading with submicron liquid particles 

// J. Aerosol Sci., 1992, vol. 23, is. 7, pp. 723–735. doi: 10.1016/0021-8502(92)90039-X 
27. Rosner D., Tandon P. Rational prediction of inertially induced particle deposition rates for a cylindrical target in a dust-laden stream // 

Chemical Engineering Science, 1995, vol. 50, is. 21, pp. 3409–3431. doi: 10.1016/0009-2509(95)00161-W 

28. Rosner D., Tandon P., Konstandopoulos A. G. Local size distributions of particles deposited by inertial impaction on a cylindrical 
target in dust-laden streams // Journal of Aerosol Science, 1995, vol. 26, is. 8, pp. 1257–1279. doi: 10.1016/0021-8502(95)00045-3 

29. Thomas D., Penicot P., Contal P., Leclerc D., Vendel J. Clogging of fibrous filters by solid aerosol particles. Experimental and modelling 

study // Chemical Engineering Science, 2001, vol. 56, is. 11, pp. 3549–3561. doi: 10.1016/S0009-2509(01)00041-0 
30. Qin X.-H., Wang S.-Y. Filtration properties of electrospinning nanofibers // Journal of Applied Polymer Science, 2006, vol. 102, is. 2, pp. 

1285–1290. doi: 10.1002/app.24361 

31. Zhu Ch., Lin Ch.-H., Cheung Ch. S. Inertial impaction-dominated fibrous filtration with rectangular or cylindrical fibers // Powder 
Technology, 2000, vol. 112, is. 1-2, pp. 149–162. doi: 10.1016/S0032-5910(99)00315-0 

32. Bull K. Cabin air filtration: Helping to protect occupants from infectious diseases // Travel Medicine and Infectious Disease, 2008, vol. 6, is. 

3, pp. 142–144. doi: 10.1016/j.tmaid.2007.08.004 
33. Wei J., Chun-Shun C., Cheong-Ki C., Chao Z. The aerosol penetration through an electret fibrous filter // Chin. Phys., 2006, vol. 15, no. 8, 

pp. 1864–1870. doi: 10.1088/1009-1963/15/8/039  

34. Li P., Wang Ch., Zhang Y., Wei F. Air filtration in the free molecular flow regime: A review of high-efficiency particulate air filters based 
on carbon nanotubes // Small, 2014, vol. 10, is. 22, pp. 4543–4561. doi: 10.1002/smll.201401553 

35. Yang C. Aerosol Filtration Application using fibrous media – An industrial perspective // Chinese Journal of Chemical Engineering, 2012, vol. 

20, is. 1, pp. 1–9. doi: 10.1016/S1004-9541(12)60356-5 
36. Zhu M., Han J., Wang F., Shao W., Xiong R., Zhang Q., Pan H., Yang Y., Samal S. K., Zhang F., Huang C. Electrospun nanofibers 

membranes for effective air filtration // Macromolecular materials and engineering, 2017, vol. 302, is. 1. doi: 10.1002/mame.201600353 

37. Ramskill E. A., Anderson W. L. The inertial mechanism in the mechanical filtration of aerosols // Journal of Colloid Science, 1951, vol. 6, 
is. 5, pp. 416–428.  

38. Friedlander S. K. Theory of aerosol filtration // Industrial and Engineering Chemistry, 1958, vol. 50, is. 8, pp. 1161–1164. 

doi: 10.1021/ie50584a036 
39. Sahay R., Suresh Kumar P., Sridhar R., Sundaramurthy J., Venugopal J., Mhaisalkarc S. G., Ramakrishna S. Electrospun composite nanofibers 

and their multifaceted applications // Journal of Materials Chemistry, 2012, vol. 22, is. 26, pp. 12953–12971. doi: 10.1039/C2JM30966A 

40. Wang Ch.-S. Electrostatic forces in fibrous filters – A review // Powder Technology, 2001, vol. 118, is. 1-2, pp. 166–170. 
doi: 10.1016/S0032-5910(01)00307-2 

41. Nonwoven fabrics: raw materials, manufacture, applications, characteristics, testing processes / eds. Albrecht W., Fuchs H., Kittelmann W. 

1st ed. Weinheim : Wiley-VCH, 2003. 737 p.  
42. Bhat G., Malkan S. Polymer-laid web formation // Handbook of nonwovens / ed. S. J. Russell. 1st ed. Cambridge, UK : Woodhead Publ., 

2007, pp.180–182. 

43. Yesil Y., Bhat G. S. Porosity and barrier properties of polyethylene meltblown nonwovens // J. Text. Inst., 2017, vol. 108, is. 6, pp. 1035–
1040. doi: 10.1080/00405000.2016.1218109 

44. Brochocka A., Majchrzycka K. Technology for the production of bioactive melt-blown filtration materials applied to respiratory protective 

devices // Fibres Text. Eastern Europe, 2009, vol. 17, no. 5 (76), pp. 92–98.  
45. Cheng S, Muhaiminul A. S., Yue Z., Wang Y., Xiao Y., Militky J., Prasad M., Zhu G. Effect of temperature on the structure and filtration per-

formance of polypropylene melt-blown nonwovens // Autex. Res. J., 2020, vol. 21, is. 2. doi: 10.2478/aut-2019-0067 

https://doi.org/10.1021/acsami.1c06520
https://doi.org/10.1002/app.48309
https://doi.org/10.1016/j.scs.2017.04.011
https://doi.org/10.1016/j.apsusc.2015.08.211
https://doi.org/10.1177/24723444221084403
https://doi.org/10.1016/j.seppur.2009.10.017
https://doi.org/10.1016/j.seppur.2009.10.017
http://dx.doi.org/10.1016/j.memsci.2012.09.050
https://doi.org/10.1016/j.jhazmat.2022.130146
https://doi.org/10.1016/j.memsci.2014.01.045
https://doi.org/10.1016/j.memsci.2014.01.045
https://doi.org/10.1016/j.apsusc.2020.145962
https://doi.org/10.1021/acsami.1c01217
https://catalog.loc.gov/vwebv/search?searchArg=Davies,%20C.%20N.%20(Charles%20Norman),%201910-&searchCode=NAME%2B&searchType=1&recCount=25
https://doi.org/10.1016/0009-2509(67)80212-4
https://www.thefutureisnear.org/student_research/current_research/documents/filtration/052022%28filtration%29.pdf
https://doi.org/10.1016/0021-8502(92)90039-X
https://doi.org/10.1016/0009-2509(95)00161-W
https://doi.org/10.1016/0021-8502(95)00045-3
https://doi.org/10.1016/S0009-2509(01)00041-0
https://doi.org/10.1002/app.24361
https://doi.org/10.1016/S0032-5910(99)00315-0
https://doi.org/10.1016/j.tmaid.2007.08.004
https://doi.org/10.1002/smll.201401553
https://doi.org/10.1016/S1004-9541(12)60356-5
https://doi.org/10.1002/mame.201600353
https://doi.org/10.1039/C2JM30966A
https://doi.org/10.1016/S0032-5910(01)00307-2
https://doi.org/10.1080/00405000.2016.1218109
http://dx.doi.org/10.2478/aut-2019-0067


Волокнисто-пористые полимерные материалы для фильтрации воздуха и газов (обзор) 9 

46. Introduction (historical review) // Melt blowing: equipment, technology, and polymer fibrous materials / Pinchuk L., Goldade V., Makare-

vich A., Kestelman V. Berlin [et al.] : Springer, 2002, pp. 1–3.  
47. Erben J., Pilarova K., Sanetrnik F., Chvojka J., Jencova V., Blazkova L., Havlicek J., Novak O., Mikes P., Prosecka E., Lukas D, Kuzelova 

Kostakova E. The combination of meltblown and electrospinning for bone tissue engineering // Mater. Lett., 2015, vol. 143, pp. 172–176. doi: 

10.1016/j.matlet.2014.12.100 
48. Vadas D., Kmetykó D., Marosi G., Bocz K. Application of melt-blown poly (lactic acid) fibres in self-reinforced composites // Polymers, 2018, 

vol. 10, is. 7. doi: 10.3390/polym10070766 

49. Wang H., Zhang Y., Gao H., Jin X., Xie X. Composite melt-blown nonwoven fabrics with large pore size as Li-ion battery separator // Int. 
J. Hydrogen Energy, 2016, vol. 41, pp. 324–330. doi: 10.1016/j.ijhydene.2015.09.130 

50. Balogh A., Farkas B., Faragó K., Farkas A., Wagner I., Assche I. van, Verreck G., Nagy Z. K., Marosi G. Melt-blown and electrospun drug-loaded 

polymer fiber mats for dissolution enhancement: a comparative study // J. Pharm. Sci., 2015, vol. 104, is. 5, pp. 1767–1776. doi: 
10.1002/jps.24399 

51. Souzandeh H., Wang Y., Netravali A. N., Zhong W.-H. Towards sustainable and multifunctional air-filters: A review on biopolymer-based 

filtration materials // Polym. Rev., 2019, vol. 59, pp. 651–686. doi: 10.1080/15583724.2019.1599391 
52. Gereffi G. What does the COVID-19 pandemic teach us about global value chains? The case of medical supplies // J. Int. Business Policy, 2020, vol. 

3, pp. 287–301. doi: 10.1057/s42214-020-00062-w 

53. Bai Y., Yao L., Wei T., Tian F., Jin D.-Y., Chen L., Wang M. Presumed asymptomatic carrier transmission of COVID-19 // J. Amer. Med. 
Association, 2020, vol. 323, pp. 1406–1407. doi: 10.1001/jama.2020.2565 

54. Kara Y., Molnár K. A review of processing strategies to generate melt-blown nano/microfiber mats for high-efficiency filtration applica-

tions // Journal of Industrial Textiles, 2022, vol. 51, is. 1, pp. 137S–180S. doi: 10.1177/15280837211019488 
55. Lin J.-H., Lin Y.-Y., Sue Y.-M., Lin M.-C., Chen Y.-S., Lou C.-W. Long-lasting electret melt-blown nonwoven functional filters made of or-

ganic/inorganixc macromolecular micron materials: manufacturing techniques and property evaluations // Polymers, 2023, vol. 15, is. 10. 

doi: 10.3390/polym15102306 
56. Kara Y., Molnár K. Revealing of process–structure–property relationships of fine polypropylene fiber mats generated via melt 

blowing // Polym. Adv. Technol., 2021, vol. 32, is. 6, pp. 2416–2432. doi: 10.1002/pat.5270 

57. Structure of Melt-Blown polymer fibrous materials (PFM) // Melt blowing: equipment, technology, and polymer fibrous materials / Pinchuk 
L., Goldade V., Makarevich A., Kestelman V. Berlin [et al.] : Springer, 2002, pp. 53–64.  

58. Lin X., Suna W., Minggang Lina M., Chen T., Duan K., Lin H., Zhanga С., Qi H. Bicomponent core/sheath melt-blown fibers for air filtra-
tion with ultra-low resistance // RSC Advances, 2024, vol. 14, pp. 14100–14113. doi: 10.1039/D4RA02174F 

59. Ellison C. J., Phatak A., Giles D. W., Macosko C. W., Bates F. S. Melt blown nanofibers: fiber diameter distributions and onset of fiber breakup 

// Polymer, 2007, vol. 48, is. 11, pp. 3306–3316. doi: 10.1016/j.polymer.2007.04.005 
60. Yu Y., Xiong S., Huang H., Zhao L., Nie K., Chen S., Xu J., Yin X., Wang H., Wang L. Fabrication and application of poly (phenylene sulfide) 

ultrafine fiber // Reactive Funct. Polym., 2020, vol. 150. doi: 10.1016/j.reactfunctpolym.2020.104539 

61. Zhao R., Wadsworth L. C. Attenuating PP/PET bicomponent melt blown microfibers // Polym. Eng. Sci., 2004, vol. 43, is. 2, pp. 463–469. 
doi: 10.1002/pen.10037 

62. Zhang D., Sun C., Beard J., Brown H., Carson I., Hwo C. Development and characterization of poly(trimethylene terephthalate)-based 

bicomponent meltblown nonwovens // J. Appl. Polym. Sci., 2002, vol. 83, is. 6, pp. 1280–1287. doi: 10.1002/app.2295 
63. Wente V. A. Superfine thermoplastic fibers // Ind. Eng. Chem., 1956, vol. 48, is. 8, pp. 1342–1346. doi: 10.1021/IE50560A034 

64. Yesil Y., Bhat G. S. Structure and mechanical properties of polyethylene melt blown nonwovens // Int. J. Cloth Sci. Technol., 2016, vol. 28, pp. 

780–793. doi: 10.1108/IJCST-09-2015-0099 
65. Brochocka A. Efficiency of electret polycarbonate nonwovens in respiratory protection against nanoparticles // Autex. Res. J., 2017, vol. 17, 

no. 2, pp. 188–198. doi: 10.1515/aut-2017-0004 

66. Safranski D. L., Boothby J. M., Kelly C. N., Beatty K., Lakhera N., Frick C. P., Lin A., Guldberg R. E., Griffis J. C. Thermo-mechanical 
behavior and structure of melt blown shape-memory polyurethane nonwovens // J. Mech. Behav. Biomed. Mater., 2016, vol. 62, pp. 545–

555. doi: 10.1016/j.jmbbm.2016.05.038 

67. Hammonds R. L., Gazzola W. H., Benson R. S. Physical and thermal characterization of polylactic acid meltblown nonwovens // J. Appl. Polym. 
Sci., 2014, vol. 131, is. 15. doi: 10.1002/app.40593 

68. Henry J. J., Goldbach J., Stabler S., Devisme S., Chauveau J. Advancements in the production of melt blown fibres // Filtrati on 

Sep., 2016, vol. 53, is. 3, pp. 36–40. doi: 10.1016/S0015-1882(16)30123-9 
69. Deng N., He H., Yan J., Zhao Y., Ticha E. B., Liu Y., Kang W, Cheng B. One-step melt-blowing of multi-scale micro/nano fabric 

membrane for advanced air-filtration // Polymer, 2019, vol. 165, pp. 174–179. doi: 10.1016/j.polymer.2019.01.035 

70. Xu Q. Y., Wang Y. M. The effects of processing parameter on Melt-Blown filtration materials // Adv. Mater. Res., 2013, vol. 650, pp. 78–84. 
doi: 10.4028/www.scientific.net/AMR.650.78 

71. Tsai P., Yan Y. The influence of fiber and fabric properties on nonwoven performance // Applications of nonwovens in technical textiles / 

ed. R. A. Chapman. Boca Raton [et al.] : CRC Press ; Oxford [et al.] : Woodhead Publ., 2010, pp. 18–45. 
72. Thomas D., Contal P., Renaudin V., Penicot P., Leclerc D., Vendel J. Modelling pressure drop in HEPA filters during dynamic filtration // J. 

Aerosol. Sci., 1999, vol. 30, is. 2, pp. 235–246. doi: 10.1016/S0021-8502(98)00036-6 

73. Xiao Y., Sakib N., Yue Z., Wang Y., Cheng S., You J., Militky J., Venkataraman M., Zhu G. Study on the relationship between structure 
parameters and filtration performance of polypropylene meltblown nonwovens // Autex Res. J., 2019, vol. 20, is. 4. doi: 10.2478/aut-2019-

0029 

74. Wang Q., Maze B., Tafreshi H.V., Pourdeyhimi B. A case study of simulating submicron aerosol filtration via lightweight spun-bonded 
filter media // Chem. Eng. Sci., 2006, vol. 61, is. 15, pp. 4871–4883. doi: 10.1016/j.ces.2006.03.039 

75. Hutten I. M. Handbook of nonwoven filter media. Ch. 3. Properties of nonwoven filter media. Amsterdam [et al.] : Elsevier : Butterworth-

Heinemann, 2007, pp. 71–102. 
76. Jaganathan S., Vahedi Tafreshi H., Pourdeyhimi B. On the pressure drop prediction of filter media composed of fibers with bimodal 

diameter distributions // Powder Technol., 2008, vol. 181, pp. 89–95. doi: 10.1016/j.powtec.2007.07.002 

77. Kothari V. K., Newton A. The air-permeability of non-woven fabrics // J. Text. Inst., 1974, vol. 65, is. 10, pp. 525–531. 
doi: 10.1080/00405007408630140 

78. Gora A., Sahay R., Thavasi V., Ramakrishna S. Melt-electrospun fibers for advances in bio medical engineering, clean energy, filtration, 

and separation // Polym. Rev., 2011, vol. 51, is. 3, pp. 265–287. doi: 10.1080/15583724.2011.594196 
79. Кравцов А. Г., Гольдаде В. А., Зотов С. В. Полимерные электретные фильтроматериалы для защиты органов дыхания. Гомель : 

ИММС НАН Беларуси, 2003. 204 с. 

80. Шумская В. Ю., Гракович П. Н., Зотов С. В., Шаповалов В. М., Григорьев А. Я. Тенденции и перспективы использования полимерных 
волокнисто-пористых фильтров в составе средств индивидуальной защиты органов дыхания для предупреждения вирусной ин-

фекции COVID-19 // Полимерные материалы и технологии. 2022. Т. 8, № 3. С. 6–23. doi: 10.32864/polymmattech-2022-8-3-6-23 

https://doi.org/10.1016/j.matlet.2014.12.100
https://doi.org/10.1016/j.matlet.2014.12.100
https://doi.org/10.3390/polym10070766
http://dx.doi.org/10.1016/j.ijhydene.2015.09.130
https://doi.org/10.1002/jps.24399
https://doi.org/10.1002/jps.24399
http://dx.doi.org/10.1080/15583724.2019.1599391
https://doi.org/10.1057/s42214-020-00062-w
https://doi.org/10.1177/15280837211019488
https://pubmed.ncbi.nlm.nih.gov/?term=%22Lin%20JH%22%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=%22Lin%20YY%22%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=%22Sue%20YM%22%5BAuthor%5D
https://doi.org/10.3390/polym15102306
https://doi.org/10.1002/pat.5270
https://doi.org/10.1039/D4RA02174F
https://doi.org/10.1016/j.polymer.2007.04.005
http://dx.doi.org/10.1016/j.reactfunctpolym.2020.104539
https://doi.org/10.1002/pen.10037
http://dx.doi.org/10.1108/IJCST-09-2015-0099
http://dx.doi.org/10.1515/aut-2017-0004
https://doi.org/10.1002/app.40593
https://doi.org/10.1016/S0015-1882(16)30123-9
https://doi.org/10.1016/j.polymer.2019.01.035
https://doi.org/10.4028/www.scientific.net/AMR.650.78
https://doi.org/10.1016/S0021-8502(98)00036-6
https://doi.org/10.2478/aut-2019-0029
https://doi.org/10.2478/aut-2019-0029
http://dx.doi.org/10.1016/j.ces.2006.03.039
https://doi.org/10.1016/j.powtec.2007.07.002
https://doi.org/10.1080/15583724.2011.594196
https://pmt.mpri.org.by/wp-content/uploads/2022/12/3/2-Shumskaya.pdf


В. А. Гольдаде, С. В. Зотов, В. Ю. Гарбарук, М. А. Коваленко, В. М. Шаповалов 10 

81. Снежков В. В. Высокоэффективные фильтрующие элементы ЭФВП на основе полимерных микроволокнистых материалов // Вестник Га-

зпроммаша. № 10. [Электронный ресурс]. URL: http://www.gazprommash.ru/factory/vestnik/vestnik10/st_13/ (дата обращения : 30.01.2025). 
82. Kadam V. V., Wang L., Padhye R. Electrospun nanofibre materials to filter air pollutants–A review // Journal of Industrial 

Textiles, 2018, vol. 47, is. 8, pp. 2253–2280. doi: 10.1177/1528083716676812 

83. Петрянов И. В., Козлов В. И., Басманов П. И., Огородников Б. И. Волокнистые фильтрующие материалы ФП. Москва : Знание, 
1968. 78 с. 

84. Ramesh Kumar P., Khan N., Vivekanandhan S., Satyanarayana N., Mohanty A. K., Misra M. Nanofibers: Effective generation by 

electrospinning and their applications // Journal of Nanoscience and Nanotechnology, 2012, vol. 12, no.  1, pp. 1–25. 
doi: 10.1166/jnn.2012.5111 

85. Шутов А. А., Астахов В. Ю. Формирование волокнистых фильтрующих мембран методом электропрядения // Журнал технической 

физики. 2006. Т. 76, вып. 8. С. 132–135. 
86. Cui Y., Jiang Z., Xu C., Zhu M., Lia W., Wang C. Preparation, filtration, and photocatalytic properties of PAN@g-C3N

4 fibrous membranes 

by electrospinning // RSC Adv., 2021, vol. 11, is. 32, pp. 19579–19586. doi: 10.1039/d1ra03234h 

87. Thomas M. S., Pillai P. K. S., Farrowc S. C., Pothan L. A., Thomas S. Electrospinning as an important tool for fabrication of nanofibers for 
advanced applications – A brief review // Gen. Chem., 2021, vol. 7. doi: 10.21127/yaoyigc20200022 

88. Zhu M., Hua D., Pan H., Wang F., Manshian B., Soenen S. J., Xiong R., Huang C. Green electrospun and crosslinked poly(vinyl 

alcohol)/poly(acrylic acid) composite membranes for antibacterial effective air filtration // J. Coll. Interface Sci., 2018, vol. 511, pp. 411–
423. doi: 10.1016/j.jcis.2017.09.101 

89. Russo F., Castro-Muñoz R., Santoro S., Galiano F., Figoli A. A review on electrospun membranes for potential air filtration application 

// Journal of Environmental Chemical Engineering, 2022, vol. 10, is. 5. doi: 10.1016/j.jece.2022.108452 
90. Jing L., Shim K., Toe C. Y., Fang T., Zhao C., Amal R., Sun K.-N., Kim J. H., Ng Y. H. Electrospun polyacrylonitrile-ionic liquid nanofibers 

for superior PM2.5 capture capacity // ACS Appl. Mater. Interfaces, 2016, vol. 8, is. 11, pp. 7030–7036. doi: 10.1021/acsami.5b12313 

91. Li J., He X., Ke L., Wang C., Chen Yu., Zhu G., Shao J., Zhang Y. Hierarchically nano-decorated poly(lactic acid) nanofibers 
for humidity-resistant respiratory healthcare and high-accuracy disease diagnosis // ACS Applied Materials & Interfaces, 2024, 

vol. 16, is. 39, pp. 52476–52486. doi: 10.1021/acsami.4c11843 

92. Wang C., Zhang L., He X., Zhu G., Li X., Zhang Y., Zhu X., Li H., Zhang M., Xu H. Self-crystal electret poly(lactic acid) nanofibers for 
high-flow air purification and AI-assisted respiratory diagnosis // Journal of Hazardous Materials, 2025, vol. 485. doi: 

10.1016/j.jhazmat.2024.136932   
93. Shen M., Li J., Ke L., Zhang Y., Zhu G., Li X., Li J.-Q.  Bioinspired tree-like electroactive poly(lactic acid) nanofibers with enhanced 

surface activity and interfacial polarization for intelligent health management // Separation and Purification Technology, 2025, vol. 360. 

doi: 10.1016/j.seppur.2024.131065 
94. Xu Ch., Jiang L., Zhang Y., Zhu G., Zhu X., Zhao Y., Li X.-P. Lotus leaf-inspired poly(lactic acid) nanofibrous membranes with en-

hanced humidity resistance for superefficient PM filtration and high-sensitivity passive monitoring // Journal of Hazardous Ma-

terials, 2025, vol. 488. doi: 10.1016/j.jhazmat.2025.137516 
95. He X., Li J., Wang C., Li X., Jiang L., Zhu G., Yifan Z., Jiang S., Mingming Z., Huan X. Highly air-permeable and dust-holding 

protective membranes by hierarchical structuring of electroactive poly(lactic acid) micro- and nanofibers // Journal of Hazardous 

Materials, 2024, vol. 480. doi: 10.1016/j.jhazmat.2024.136462 
96. Jiang L., Zhang L., He X., Tang M., Wang C., Xu C., Li X., Zhu X., Chen R., Zhang Y., Shao J. High-efficiency respiratory protection 

and intelligent monitoring by nanopatterning of electroactive poly(lactic acid) nanofibers  // International Journal of Biological 

Macromolecules, 2025, vol. 289. doi: 10.1016/j.ijbiomac.2024.138769 
97. Zhao J., Liu X., Pu X., Shen Z., Xu W., Yang J. Preparation method and application of porous poly(lactic acid) membranes: A review // 

Polymers, 2024, vol. 16, is. 13. doi: 10.3390/polym16131846 

98. Gao H., Liu G., Guan J., Wang X, Yu J., Ding B. Biodegradable hydro-charging polylactic acid melt-blown nonwovens with efficient 
PM0.3 removal // Chem. Eng. J., 2023, vol. 458. doi: 10.1016/j.cej.2023.141412 

99.  Li H., Wang Z., Zhang H., Pan Z. Nanoporous PLA/(chitosan nanoparticle) composite fibrous membranes with excellent air filtration and 

antibacterial performance // Polymers, 2018, vol. 10, is. 10. doi: 10.3390/polym10101085 
100. Sun N., Shao W., Zheng J., Zhang Y., Li J., Liu S., Wang K., Niu J., Li B., Gao Y., Liu F., Jiang H., He J. Fabrication of fully degradable 

branched poly (lactic acid) nanofiber membranes for high-efficiency filter paper materials // J. Appl. Polym. Sci., 2022, vol. 139, is. 47. doi: 

10.1002/app.53186 
101. Wang Z., Pan Z. Preparation of hierarchical structured nano-sized/porous poly(lactic acid) composite fibrous membranes for air filtration // 

Appl. Surf. Sci., 2015, vol. 356, pp. 1168–1179. doi: 10.1016/j.apsusc.2015.08.211 

102. Cao Q., Meng X., Tan S., Xin Z., Turng L.-S., Li J., Yao Z., Zhai Z., Duan R. Electrospun bead-in-string fibrous membrane prepared from 
polysilsesquioxane-immobilising poly(lactic acid) with low filtration resistance for air filtration // J. Polym. Res., 2020, vol. 27. doi: 

10.1007/s10965-019-1919-x 

103. Li X., Zhu G., Tang M., Li T., Wang C., Song X., Zhang S., Zhu J., He X., Hakkarainen M., Xu H. Biodegradable MO filters for effective 
air filtration and sterilization by coupling MOF functionalization and mechanical polarization of fibrous poly(lactic acid) // ACS Appl. 

Mater. Interfaces, 2023, vol. 15, is. 22, pp. 26812–26823. doi: 10.1021/acsami.3c03932 

104. Xing J. Zhang W., Sun Sh., Liu Z. Preparation of porous polylactic acid nanofibers and application in non-electret high-efficiency filtration 
composites // RSC Adv., 2024, vol. 14, is. 21, pp. 14857–14867. doi: 10.1039/D4RA01278J 

105. Zhang Z., Ji D., He H., Ramakrishna S. Electrospun ultrafine fibers for advanced face masks // Mater. Sci. Eng. R.: Rep., 2021, vol. 143. 

doi: 10.1016/j.mser.2020.100594 
106. Al-Abduljabbar A., Farooq I. Electrospun polymer nanofibers: processing, properties, and applications // Polymers, 2023, vol. 15. doi: 

10.3390/polym15010065 

107. Zhu M., Han J., Wang F., Shao W., Xiong R., Zhang Q., Pan H., Yang Y., Samal S. K., Zhang F., Huang C. Electrospun nanofibers 
membranes for effective air filtration // Macromol. Mater. Eng., 2017, vol. 302. doi: 10.1002/mame.201600353 

108. Nadaf A., Gupta A., Hasan N., Fauziya, Ahmad S., Kesharwani P., Ahmad F. J. Recent update on electrospinning and electrospun nanofibers: 

current trends and their applications // RSC Adv., 2022, vol. 12, pp. 23808–23828. doi: 10.1039/d2ra02864f 
109. Zhang H., Liu J., Zhang X., Huang Ch., Jin X. Design of electret polypropylene melt blown air filtration material containing nucleating 

agent for effective PM2.5 capture // RSC Advances, 2025, is. 10. doi: 10.1039/C7RA10916D    

110. Lee K. S., Hasolli N., Lee J. R., Kim K.-D., Kim S.-D., Park Y.-O., Hwang J. Dust loading performance of a non-electret HVAC filter module in 
the presence of an external electric field. // Sep. Purif. Technol., 2020, vol. 250. doi: 10.1016/j.seppur.2020.117204 

111. Bai Y., Han C.B., He C., Gu G. Q., Nie J. H., Shao J. J., Xiao T. X., Deng C. R., Wang Z. L. Washable multilayer triboelectric air filter for 

efficient particulate matter PM2.5 // Removal. Adv. Funct. Mater., 2018, vol. 28. doi: 10.1002/adfm.201706680 
112. Cho Y., Son Y., Ahn J., Lim H., Ahn S., Lee J., Bae P. K., Kim I.-D. Multifunctional filter membranes based on self-assembled core–shell 

biodegradable nanofibers for persistent electrostatic filtration through the triboelectric effect // ACS Nano, 2022, vol. 16, is. 11, pp. 19451–

http://www.gazprommash.ru/factory/vestnik/vestnik10/st_13/
https://scholar.google.com/citations?user=ConvE-8AAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=bWaMXqYAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=Y-iTJR4AAAAJ&hl=en&oi=sra
https://journals.sagepub.com/doi/abs/10.1177/1528083716676812
https://doi.org/10.1039/d1ra03234h
https://www.sciencedirect.com/journal/journal-of-colloid-and-interface-science
vol.%20511
https://doi.org/10.1016/j.jcis.2017.09.101
https://www.sciencedirect.com/journal/journal-of-environmental-chemical-engineering
https://doi.org/10.1016/j.jece.2022.108452
https://doi.org/10.1021/acsami.5b12313
https://doi.org/10.1021/acsami.4c11843
https://doi.org/10.1016/j.jhazmat.2024.136932
https://doi.org/10.1016/j.jhazmat.2024.136932
https://doi.org/10.1016/j.seppur.2024.131065
https://doi.org/10.1016/j.jhazmat.2025.137516
https://doi.org/10.1016/j.jhazmat.2024.136462
https://doi.org/10.1016/j.ijbiomac.2024.138769
https://doi.org/10.3390/polym16131846
https://doi.org/10.1016/j.cej.2023.141412
https://doi.org/10.3390/polym10101085
https://doi.org/10.1002/app.53186
https://doi.org/10.1002/app.53186
https://doi.org/10.1016/j.apsusc.2015.08.211
https://doi.org/10.1007/s10965-019-1919-x
https://doi.org/10.1007/s10965-019-1919-x
https://doi.org/10.1021/acsami.3c03932
https://pubmed.ncbi.nlm.nih.gov/?term=Xing%20J%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Zhang%20W%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Sun%20S%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Liu%20Z%5BAuthor%5D
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11075747/
https://doi.org/10.1039/D4RA01278J
https://doi.org/10.1016/j.mser.2020.100594
https://doi.org/10.3390/polym15010065
https://doi.org/10.3390/polym15010065
https://doi.org/10.1039/C7RA10916D
https://doi.org/10.1016/j.seppur.2020.117204
http://dx.doi.org/10.1002/adfm.201706680
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=qDup0i8AAAAJ&citation_for_view=qDup0i8AAAAJ:dhFuZR0502QC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=qDup0i8AAAAJ&citation_for_view=qDup0i8AAAAJ:dhFuZR0502QC


Волокнисто-пористые полимерные материалы для фильтрации воздуха и газов (обзор) 11 

19463.  doi: 10.1021/acsnano.2c09165 

113. Thakur R., Das D., Das A. Study of charge decay in corona-charged fibrous electrets // Fibers Polym., 2014, vol. 15, pp. 1436–1443. doi: 
10.1007/s12221-014-1436-9 

114. Chio H. J., Park E. S., Kim J. U., Kim S. H., Lee M.-H. Experimental study on charge decay of electret filter due to organic solvent 

exposure // Aerosol Sci. Technol., 2015, vol. 49, is. 10, pp. 977–983. doi: 10.1080/02786826.2015.1086724 
115. Гарбарук В. Ю., Зотов С. В., Коваленко М. А., Гольдаде В. А., Шаповалов В. М. Влияние электретного наполнителя на 

эффективность фильтрации воздуха волокнисто-пористыми материалами на основе полипропилена // Полимерные материалы и 

технологии, 2024. Т. 10, № 2. С. 77–82.  
116. Шумская В. Ю., Григорьев А. Я. Фильтрация водных аэрозолей композитными волокнисто-пористыми системами на основе поли-

пропилена и политетрафторэтилена // Полимерные материалы и технологии. 2021. Т. 7, № 2. С. 39–47. 

117. Фильтрующие полимерные волокнистые материалы ФПП // Esfil Tehno. 2021 [Электронный ресурс]. URL: 
https://www.esfiltehno.ee/ru/%d0%be%d1%81%d0%bd%d0%be%d0%b2%d0%bd%d1%8b%d0%b5-%d1%84%d0%b8%d0%bb%d1% 

8c%d1%82%d1%80%d1%83%d1%8e%d1%89%d0%b8%d0%b5-%d0%bc%d0%b0%d1%82%d0%b5%d1%80%d0%b8%d0%b0% 

d0%bb%d1%8b/%d1%84%d0%b8%d0%bb%d1%8c%d1%82%d1%80%d1%83%d1%8e%d1%89%d0%b8%d0%b5-%d0%bf%d0%be%-
d0%bb%d0%b8%d0%bc%d0%b5%d1%80%d0%bd%d1%8b%d0%b5-%d0%b2%d0%be%d0%bb%d0%be%d0%ba%d0%bd%d0%b8% 

d1%81%d1%82%d1%8b%d0%b5-%d0%bc%d0%b0%d1%82%d0% b5%d1%80%d0%b8%d0%b0%d0%bb%d1%8b-%d1%84%d0%bf% d0%bf/ 

(дата обращения: 30.01.2025). 
118. Кравцов А. Г., Плескачевский Ю. М., Зотов С. В., Зубарева А. В. Перспективные волокнисто-пористые системы для целей радиоэко-

логии // Пористые проницаемые материалы: технологии и изделия на их основе : материалы 5-го международного симпозиума 

(Минск, 30–31 октября 2014 г.). Минск : Беларуская навука, 2014. С. 248–255. 
119. Димитров Б. Развитие на интегрираните респираторни защитни системи // Pадиационната безопасност в съвременния свят : докла-

ди от международна научна конференция, 15–17 ноември 2023 година, Велико Търново : Т. 1. България, 2023. С. 137–144. 

doi: 10.34660/INF.2023.83.99.016 
120. Патент 2198718 РФ, МПК B01D 39/16, A62B 23/02 Способ получения электретного тонковолокнистого фильтрующего материала 

для респираторов / А. Г. Кравцов, А. В. Воробьев, Л. С. Пинчук, В. А. Гольдаде, Ю. В. Громыко; № 2001126627/12; заявл. 01.10.2001; опубл. 

20.02.2003, Бюл. № 5. 
121. Peters A., Lotfinejad N., Palomo R. Zingg W., Parneix P., Ney H., Pittet D. Decontaminating N95/FFP2 masks for reuse during the COVID-19 

epidemic: A systematic review // Antimicrob. Resist. Infect. Control, 2021, vol. 10. doi: 10.1186/s13756-021-00993-w 
122. Wang P. L., Roschli A., Paranthaman M. P., Theodore M., Cramer C. L., Zangmeister C., Zhang Y., Urban J. J., Love L. Recent 

developments in filtration media and respirator technology in response to COVID-19 // MRS Bull, 2021, vol. 46, is. 9, pp. 822–831. 

doi: 10.1557/s43577-021-00173-6 
123. Barhate R. S., Ramakrishna S. Nanofibrous filtering media: filtration problems and solutions from tiny materials // J. Membr. 

Sci., 2007, vol. 296, is. 1-2, pp. 1–8. doi: 10.1016/j.memsci.2007.03.038 

124. Majchrzycka K., Brochocka A., Grzybowski P. Modelling the viability of microorganisms of poly(lactic acid) melt-blown nonwoven fabrics 
for the use of respiratory protection // Fibres Text. East. Eur., 2015, vol. 23, is. 5, pp. 107–113. doi: 10.5604/12303666.1161766 

125. Wang C. S., Otani Y. Removal of nanoparticles from gas streams by fibrous filters: a review // Ind. Eng. Chem. Res., 2013, vol. 52, pp. 5–

17. doi: 10.1021/ie300574m 
126. Yang A., Cai L., Zhang R., Wang J., Hsu P.-C., Wang H., Zhou G., Xu J., Cui Y. Thermal management in nanofiber-based face mask // 

Nano Lett., 2017, vol. 17, pp. 3506–3510. doi: 10.1021/acs.nanolett.7b00579 

127. Liu J. X., Zhang X., Zhang H. F., Zheng L., Huang C., Wu H., Wang R., Jin X. Low resistance bicomponent spunbond materials for fresh 
air filtration with ultra-high dust holding capacity // RSC Adv., 2017, vol. 7, pp. 43879–43887. doi: 10.1039/c7ra07694k 

128. Zhao M., Liao L., Xiao W., Yu X., Wang H., Wang Q., Lin Y. L., Kilinc-Balci F. S., Price A., Chu L., Chu M. C., Chu S., Cui Y. Household 

materials selection for homemade cloth face coverings and their filtration efficiency enhancement with triboelectric charging // Nano Lett., 
2020, vol. 20, is. 7, pp. 5544–5552. doi: 10.1021/acs.nanolett.0c02211 

129. Zhang S., Liu H., Tang N., Ali N., Yu J., Ding B. Highly efficient, transparent, and multifunctional air filters using self-assembled 2D 

nanoarchitectured fibrous networks // ACS Nano, 2019, vol. 13, pp. 13501–13512. doi: 10.1021/acsnano.9b07293 
130. Zhou Y., Liu Y., Zhang M., Feng Zh., Yu D.-G., Wang K. Electrospun nanofiber membranes for air filtration: A review // Nanomaterials, 

2022, vol. 12, is. 7. doi: 10.3390/nano12071077  

131. Jiang Z. C., Zhang H. Y., Zhu M. M., Lv D., Yao J., Xiong R., Huang C. Electrospun soy-protein-based nanofibrous membranes for 
effective antimicrobial air filtration // J. Appl. Polym. Sci., 2018, vol. 135, is. 8. doi: 10.1002/app.45766 

132. Greiner A., Wendorff J. H. Electrospinning: a fascinating method for the preparation of ultrathin fibres // Angew. Chem.-Int. Edit., 2007, vol. 

46, pp. 5670–5703. doi: 10.1002/anie.200604646 
133. Zhao X. L., Li Y. Y., Hua T., Jiang P., Yin X., Yu J., Ding B. Cleanable air filter transferring moisture and effectively capturing 

PM2.5 // Small, 2017, vol. 13, is. 11. doi: 10.1002/smll.201603306 

134. Wang S., Zhao X. L., Yin X., Yu J., Ding B. Electret polyvinylidene fluoride nanofibers hybridized by polytetrafluoroethylene nanoparticles 
for high-efficiency air filtration // ACS Appl. Mater. Interfaces, 2016, vol. 8, pp. 23985–23994. doi: 10.1021/acsami.6b08262  

135. Патент 24221 РБ, МПК B 01D 39/16. Многослойный полимерный фильтрующий материал для очистки газов и способ его получе-

ния: / В. Ю. Шумская, В. В. Снежков, Л. Ф. Иванов, А. Я. Григорьев. № 20220136; заявл. 26.05.2022; опубл. 30.12.2023. 
136. Патент 24261 РБ, МПК A 41D 13/11, A 62B 23/02, B 01D 39/16, B 32B 5/26. Многослойный полимерный волокнисто-пористый 

фильтрующий материал для очистки воздуха от бактериальных загрязнений / В. Ю. Шумская, С. В. Зотов, П. Н. Гракович, В. М. 

Шаповалов, А. Я. Григорьев, А. В. Бильдюкевич, А. П. Поликарпов. № a20230012; заявл. 06.01.2023; опубл. 20.04.2024.  
137. Заявка а20240073 РБ. Композиционный волокнисто-пористый материал / С. В. Зотов, В. А. Гольдаде, М. А. Коваленко, К. В. Ов-

чинников, В. М. Шаповалов, В. Ю. Шумская, В. Ю. Гарбарук, В. В. Снежков. Заявл. 29.03.2024. 

138. Заявка а20240242 РБ. Волокнисто-пористый фильтрующий материал на основе полифениленсульфида / В. Ю. Гарбарук, В. В. 
Снежков, С. И. Гузенков, А. В. Старинский, В. М. Шаповалов, В. А. Гольдаде, С. В. Зотов, К. В. Овчинников, М. А. Коваленко, В. 

Ю. Шумская. Заявл. 13.11.2024. 

References 

1. Baker R. E., Mahmud A. S., Miller I. F., Rajeev M., Rasambainarivo F., Rice B. L., Takahashi S., Tatem A. J., Wagner C. E., Wang L.-F, 

Wesolowski A., Metcalf C. J. E. Infectious disease in an era of global change. Nature Reviews Microbiology, 2022, vol. 20, pp. 193–205. doi: 

10.1038/s41579-021-00639-z 
2. Bontinck A, Maes T, Joos G. Asthma and air pollution: recent insights in pathogenesis and clinical implications. Current Opinion in 

Pulmonary Medicine, 2020, vol. 26, no. 1, pp. 10–19. doi: 10.1097/MCP.0000000000000644  

3. Cohen A. J., Brauer M., Burnett R., Anderson H. R., Frostad J., Estep K., Balakrishnan K., Brunekreef B., Dandona L., Dandona R., Feigin V., 

https://pubs.acs.org/doi/10.1021/acsnano.2c09165?goto=supporting-info
https://doi.org/10.1007/s12221-014-1436-9
https://doi.org/10.1007/s12221-014-1436-9
https://doi.org/10.1080/02786826.2015.1086724
https://www.esfiltehno.ee/ru/%d0%be%d1%81%d0%bd%d0%be%d0%b2%d0%bd%d1%8b%d0%b5-%d1%84%d0%b8%d0%bb%d1%25%208c%d1%82%d1%80%d1%25%1f83%d1%8e%d1%89%d0%b8%d0%b5-%d0%bc%d0%b0%d1%82%d0%b5%25%1fd1%80%d0%b8%d0%b0%25%20d0%bb%d1%8b/%d1%84%d0%b8%d0%bb%d1%8c%d1%82%d1%80%d1%83%d1%8e%d1%89%d0%b8%d0%b5-%d0%bf%d0%be%25%1fd0%bb%d0%b8%d0%bc%d0%b5%d1%80%d0%bd%d1%8b%d0%b5-%d0%25%1fb2%d0%be%d0%bb%d0%be%d0%ba%d0%bd%d0%b8%25%20d1%81%d1%82%d1%8b%d0%b5-%d0%bc%d0%b0%d1%82%d0%25%20b5%d1%80%d0%b8%d0%b0%d0%25%1fbb%d1%8b-%d1%84%d0%bf%25%20d0%bf/
https://www.esfiltehno.ee/ru/%d0%be%d1%81%d0%bd%d0%be%d0%b2%d0%bd%d1%8b%d0%b5-%d1%84%d0%b8%d0%bb%d1%25%208c%d1%82%d1%80%d1%25%1f83%d1%8e%d1%89%d0%b8%d0%b5-%d0%bc%d0%b0%d1%82%d0%b5%25%1fd1%80%d0%b8%d0%b0%25%20d0%bb%d1%8b/%d1%84%d0%b8%d0%bb%d1%8c%d1%82%d1%80%d1%83%d1%8e%d1%89%d0%b8%d0%b5-%d0%bf%d0%be%25%1fd0%bb%d0%b8%d0%bc%d0%b5%d1%80%d0%bd%d1%8b%d0%b5-%d0%25%1fb2%d0%be%d0%bb%d0%be%d0%ba%d0%bd%d0%b8%25%20d1%81%d1%82%d1%8b%d0%b5-%d0%bc%d0%b0%d1%82%d0%25%20b5%d1%80%d0%b8%d0%b0%d0%25%1fbb%d1%8b-%d1%84%d0%bf%25%20d0%bf/
https://www.esfiltehno.ee/ru/%d0%be%d1%81%d0%bd%d0%be%d0%b2%d0%bd%d1%8b%d0%b5-%d1%84%d0%b8%d0%bb%d1%25%208c%d1%82%d1%80%d1%25%1f83%d1%8e%d1%89%d0%b8%d0%b5-%d0%bc%d0%b0%d1%82%d0%b5%25%1fd1%80%d0%b8%d0%b0%25%20d0%bb%d1%8b/%d1%84%d0%b8%d0%bb%d1%8c%d1%82%d1%80%d1%83%d1%8e%d1%89%d0%b8%d0%b5-%d0%bf%d0%be%25%1fd0%bb%d0%b8%d0%bc%d0%b5%d1%80%d0%bd%d1%8b%d0%b5-%d0%25%1fb2%d0%be%d0%bb%d0%be%d0%ba%d0%bd%d0%b8%25%20d1%81%d1%82%d1%8b%d0%b5-%d0%bc%d0%b0%d1%82%d0%25%20b5%d1%80%d0%b8%d0%b0%d0%25%1fbb%d1%8b-%d1%84%d0%bf%25%20d0%bf/
https://www.esfiltehno.ee/ru/%d0%be%d1%81%d0%bd%d0%be%d0%b2%d0%bd%d1%8b%d0%b5-%d1%84%d0%b8%d0%bb%d1%25%208c%d1%82%d1%80%d1%25%1f83%d1%8e%d1%89%d0%b8%d0%b5-%d0%bc%d0%b0%d1%82%d0%b5%25%1fd1%80%d0%b8%d0%b0%25%20d0%bb%d1%8b/%d1%84%d0%b8%d0%bb%d1%8c%d1%82%d1%80%d1%83%d1%8e%d1%89%d0%b8%d0%b5-%d0%bf%d0%be%25%1fd0%bb%d0%b8%d0%bc%d0%b5%d1%80%d0%bd%d1%8b%d0%b5-%d0%25%1fb2%d0%be%d0%bb%d0%be%d0%ba%d0%bd%d0%b8%25%20d1%81%d1%82%d1%8b%d0%b5-%d0%bc%d0%b0%d1%82%d0%25%20b5%d1%80%d0%b8%d0%b0%d0%25%1fbb%d1%8b-%d1%84%d0%bf%25%20d0%bf/
https://www.esfiltehno.ee/ru/%d0%be%d1%81%d0%bd%d0%be%d0%b2%d0%bd%d1%8b%d0%b5-%d1%84%d0%b8%d0%bb%d1%25%208c%d1%82%d1%80%d1%25%1f83%d1%8e%d1%89%d0%b8%d0%b5-%d0%bc%d0%b0%d1%82%d0%b5%25%1fd1%80%d0%b8%d0%b0%25%20d0%bb%d1%8b/%d1%84%d0%b8%d0%bb%d1%8c%d1%82%d1%80%d1%83%d1%8e%d1%89%d0%b8%d0%b5-%d0%bf%d0%be%25%1fd0%bb%d0%b8%d0%bc%d0%b5%d1%80%d0%bd%d1%8b%d0%b5-%d0%25%1fb2%d0%be%d0%bb%d0%be%d0%ba%d0%bd%d0%b8%25%20d1%81%d1%82%d1%8b%d0%b5-%d0%bc%d0%b0%d1%82%d0%25%20b5%d1%80%d0%b8%d0%b0%d0%25%1fbb%d1%8b-%d1%84%d0%bf%25%20d0%bf/
http://dx.doi.org/10.34660/INF.2023.83.99.016
https://doi.org/10.1186/s13756-021-00993-w
https://doi.org/10.1557/s43577-021-00173-6
https://doi.org/10.1016/j.memsci.2007.03.038
https://dx.doi.org/10.1021/acs.nanolett.0c02211
https://pubs.acs.org/doi/abs/10.1021/acsnano.9b07293
https://doi.org/10.3390/nano12071077
https://doi.org/10.1002/app.45766
https://doi.org/10.1002/smll.201603306


В. А. Гольдаде, С. В. Зотов, В. Ю. Гарбарук, М. А. Коваленко, В. М. Шаповалов 12 

Freedman G., Hubbell B., Jobling A., Kan H., Knibbs L., Liu Y., Martin R., Morawska L., Pope C. A. 3rd, Shin H., Straif K., Shaddick G., 

Thomas M., Dingenen R. van, Donkelaar A. van, Vos T., Murray C. J. L., Forouzanfar M. H. Estimates and 25-year trends of the global 
burden of disease attributable to ambient air pollution: an analysis of data from the Global Burden of Diseases Study 2015. The Lancet, 

2017, vol. 389, is. 10082, pp. 1907–1918. doi: 10.1016/S0140-6736(17)30505-6 

4. Liu Y., Shao H., Wang H., Ji Z., Bai R., Chen F., Li B., Chang C., Lin T. Improvement of air filtration performance using nanofibrous 
membranes with a periodic variation in packing density. Adv. Mater. Interfaces, 2022, vol. 9, is. 2. doi: 10.1002/admi.202101848 

5. Choi D., Choi M., Jeong H., Heo J., Kim T., Park S., Jin Y., Lee S., Hong J. Co-existing “spear-and-shield” air filter: Anchoring 

proteinaceous pathogen and self-sterilized nanocoating for combating viral pandemic. Chem. Eng. J., 2021, vol. 426. doi: 
10.1016/j.cej.2021.130763 

6. Xu Y. Q., Zhang X. M., Hao X. B., Teng D., Zhao T., Zeng Y. Micro/nanofibrous nonwovens with high filtration performance and radiative 

heat dissipation property for personal protective face mask. Chem. Eng. J., 2021, vol. 423. doi: 10.1016/j.cej.2021.130175 
7. Song X., He X., Mengke Tang M., Wang C., Zhang Y., Li X., Li T., Ke L., Li X., Mingming Zh., Shenghui Zh. Multi-protection from microbial 

and PM pollutants by humidity-resistant, breathable and self-charging nanofibrous membranes. ACS Sustainable Chemistry & 

Engineering, 2024, vol. 12, is. 32, pp. 12216–12225. doi: 10.1021/acssuschemeng.4c04333 
8. Ke L., Yang T., Liang C., Guan X., Li T., Jiao Y., Tang D., Huang D., Li S., Zhang S., He X., Xu H. Electroactive, antibacterial, and 

biodegradable poly(lactic acid) nanofibrous air filters for healthcare. ACS Appl. Mater. Interfaces, 2023, vol. 15, is. 27, pp. 32463–32474. 

doi: 10.1021/acsami.3c05834 
9. Habibi S., Ghajarieh A. Application of nanofibers in virus and bacteria filtration. Russ. J. Appl. Chem., 2022, vol. 95, pp. 486–498. doi: 

10.1134/S1070427222040036 

10. Zhang Sh., Wang N., Zhang Q., Guan R., Qu Zh., Sun L., Sun L. The rise of electroactive materials in face masks for preventing virus 
infections. ACS Applied Materials & Interfaces, 2023, vol. 15, pp. 48839–48854. doi: 10.1021/acsami.3c10465 

11. Lu T., Cui J., Qu Q., Wang Y., Zhang J., Xiong R., Ma W., Huang C. Multistructured electrospun nanofibers for air filtration: A review. 

ACS Appl. Mater. Interfaces, 2021, vol. 13, is. 20, pp. 23293–23313. doi: 10.1021/acsami.1c06520 
12. Zhang J., Chen G., Bhat G. S., Azari H., Pen H. Electret characteristics of melt-blown polylactic acid fabrics for air filtration application. J. 

Appl. Polym. Sci., 2019, vol. 137, is. 4. doi: 10.1002/app.48309 

13. Liu G., Xiao M., Zhang X., Gal C., Chen X., Liu L., Pan S., Wu J., Tang L., Clements-Croome D. A review of air filtration technologies for 
sustainable and healthy building ventilation. Sustain. Cities Soc., 2017, vol. 32, pp. 375–396. doi: 10.1016/j.scs.2017.04.011 

14. Wang Z., Pan Z. Preparation of hierarchical structured nano-sized/porous poly(lactic acid) composite fibrous membranes for air filtration. 
Appl. Surf. Sci., 2015, vol. 356, pp. 1168–1179. doi: 10.1016/j.apsusc.2015.08.211 

15. Meng D., Zhang Y., Wu J. Graphene/polyimide nanofibrous mat for high-efficiency filtration. AATCC J. Res., 2022, vol. 9, pp. 176–181. 

doi: 10.1177/24723444221084403 
16. Leung W. W.-F., Hung C.-H., Yuen P.-T. Effect of face velocity, nanofiber packing density and thickness on filtration performance of 

filters with nanofibers coated on a substrate. Separation and purification technology, 2010, vol. 71, is. 1, pp. 30–37. doi: 

10.1016/j.seppur.2009.10.017 
17. Hassan M. A., Yeom B. Y., Wilkie A., Pourdeyhimi B., Khan S. A. Fabrication of nanofiber meltblown membranes and their filtration 

properties. Journal of Membrane Science, 2013, vol. 427, pp. 336–344. doi: 10.1016/j.memsci.2012.09.050 

18. Ma M., Xu D., Zhao J., Gao B. Disposable face masks release micro particles to the aqueous environment after simulating sunlight aging: 
Microplastics or non-microplastics? J. Hazard. Mater., 2023, vol. 443. doi: 10.1016/j.jhazmat.2022.130146 

19. Huang L., Arena J. T., Manickam S. S., Jiang X., Willis B. G., McCutcheon J. R. Improved mechanical properties and hydrophilicity of 

electrospun nanofiber membranes for filtration applications by dopamine modification. J. Membr. Sci., 2014, vol. 460, pp. 241–249. doi: 
10.1016/j.memsci.2014.01.045 

20. Zhang L., Li L., Wang L., Nie J., Ma G. Multilayer electrospun nanofibrous membranes with antibacterial property for air filtration. Appl. 

Surf. Sci., 2020, vol. 515. doi: 10.1016/j.apsusc.2020.145962 
21. Muller A.-K., Xu Z.-K., Greiner A. Preparation and performance assessment of low-pressure affinity membranes based on 

functionalized, electrospun polyacrylates for gold nanoparticle filtration. ACS Appl. Mater. Interfaces, 2021, vol. 13, pp. 15659–15667. 

doi: 10.1021/acsami.1c01217 
22. Davies C. N. Air filtration. London ; New York : Academic Press, 1973. 171 p. 

23. Piekaar H. W., Clarenburg L. A. Aerosol filters – The tortuosity factor in fibrous filters. Chemical Engineering Science, 1967, vol. 22, is. 12, pp. 

1817–1827. doi: 10.1016/0009-2509(67)80212-4 
24. Graham K., Ouyang M., Raether T., Grafe T., McDonald B., Knauf P. Polymeric nanofibers in air filtration applications. 2002. Available at: 

https://www.thefutureisnear.org/student_research/current_research/documents/filtration/052022%28filtration%29.pdf  (accessed 

30.01.2025) 
25. Ramarao B. V., Tien C., Mohan S. Salculation of single-fiber efficiencies for interception and impaction with superposed Brownian-Motion. 

Journal of Aerosol Science, 1994, vol. 25, no. 2, pp. 295–313. doi: 10.1016/0021-8502(94)90081-7 

26. Payet S., Boulaud D., Madelaine G., Renoux A. Penetration and pressure drop of a HEPA filter during loading with submicron liquid 
particles. J. Aerosol Sci., 1992, vol. 23, is. 7, pp. 723–735. doi: 10.1016/0021-8502(92)90039-X 

27. Rosner D., Tandon P. Rational prediction of inertially induced particle deposition rates for a cylindrical target in a dust-laden stream. 

Chemical Engineering Science, 1995, vol. 50, is. 21, pp. 3409–3431. doi: 10.1016/0009-2509(95)00161-W 
28. Rosner D., Tandon P., Konstandopoulos A. G. Local size distributions of particles deposited by inertial impaction on a cylindrical 

target in dust-laden streams. Journal of Aerosol Science, 1995. vol. 26, is. 8, pp. 1257–1279. doi: 10.1016/0021-8502(95)00045-3 

29. Thomas D., Penicot P., Contal P., Leclerc D., Vendel J. Clogging of fibrous filters by solid aerosol particles. Experimental and modelling 
study. Chemical Engineering Science, 2001, vol. 56, is. 11, pp. 3549–3561. doi: 10.1016/S0009-2509(01)00041-0 

30. Qin X.-H., Wang S.-Y. Filtration properties of electrospinning nanofibers. Journal of Applied Polymer Science, 2006, vol. 102, is. 2, pp. 

1285–1290. doi: 10.1002/app.24361 
31. Zhu Ch., Lin Ch.-H., Cheung Ch. S. Inertial impaction-dominated fibrous filtration with rectangular or cylindrical fibers. Powder 

Technology, 2000, vol. 112, is. 1-2, pp. 149–162. doi: 10.1016/S0032-5910(99)00315-0 

32. Bull K. Cabin air filtration: Helping to protect occupants from infectious diseases. Travel Medicine and Infectious Disease, 2008, vol. 6, is. 3, pp. 
142–144. doi: 10.1016/j.tmaid.2007.08.004 

33. Wei J., Chun-Shun C., Cheong-Ki C., Chao Z. The aerosol penetration through an electret fibrous filter. Chin. Phys., 2006, vol. 15, no. 8, 

pp. 1864–1870. doi: 10.1088/1009-1963/15/8/039  
34. Li P., Wang Ch., Zhang Y., Wei F. Air filtration in the free molecular flow regime: A review of high-efficiency particulate air filters based 

on carbon nanotubes. Small, 2014, vol. 10, is. 22, pp. 4543–4561. doi: 10.1002/smll.201401553 

35. Yang C. Aerosol filtration application using fibrous media – An industrial perspective. Chinese Journal of Chemical Engineering, 2012, vol. 20, 
is. 1, pp. 1–9. doi: 10.1016/S1004-9541(12)60356-5 

36. Zhu M., Han J., Wang F., Shao W., Xiong R., Zhang Q., Pan H., Yang Y., Samal S. K., Zhang F., Huang C. Electrospun nanofibers 



Волокнисто-пористые полимерные материалы для фильтрации воздуха и газов (обзор) 13 

membranes for effective air filtration. Macromolecular materials and engineering, 2017, vol. 302, is. 1. doi: 10.1002/mame.201600353 

37. Ramskill E. A., Anderson W. L. The inertial mechanism in the mechanical filtration of aerosols. Journal of Colloid Science, 1951, vol. 6, is. 
5, pp. 416–428.  

38. Friedlander S. K. Theory of aerosol filtration. Industrial and Engineering Chemistry, 1958, vol. 50, is. 8, pp. 1161–1164. 

doi: 10.1021/ie50584a036 
39. Sahay R., Suresh Kumar P., Sridhar R., Sundaramurthy J., Venugopal J., Mhaisalkarc S. G., Ramakrishna S. Electrospun composite 

nanofibers and their multifaceted applications. Journal of Materials Chemistry, 2012, vol. 22, is. 26, pp. 12953–12971. doi: 

10.1039/C2JM30966A 
40. Wang Ch.-S. Electrostatic forces in fibrous filters – A review. Powder Technology, 2001, vol. 118, is. 1-2, pp. 166–170. 

doi: 10.1016/S0032-5910(01)00307-2 

41. Nonwoven fabrics: raw materials, manufacture, applications, characteristics, testing processes. Eds. Albrecht W., Fuchs H., Kittelmann W. 
1st ed. Weinheim : Wiley-VCH, 2003. 737 p.  

42. Bhat G., Malkan S. Polymer-laid web formation. Handbook of nonwovens. Ed. S. J. Russell. 1st ed. Cambridge, UK : Woodhead Publ., 

2007, pp.180–182. 
43. Yesil Y., Bhat G. S. Porosity and barrier properties of polyethylene meltblown nonwovens. J. Text. Inst., 2017, vol. 108, is. 6, pp. 1035–1040. 

doi: 10.1080/00405000.2016.1218109 

44. Brochocka A., Majchrzycka K. Technology for the production of bioactive melt-blown filtration materials applied to respiratory protective 
devices. Fibres Text. Eastern Europe, 2009, vol. 17, no. 5 (76), pp. 92–98.  

45. Cheng S, Muhaiminul A. S., Yue Z., Wang Y., Xiao Y., Militky J., Prasad M., Zhu G. Effect of temperature on the structure and filtration 

performance of polypropylene melt-blown nonwovens. Autex. Res. J., 2020, vol. 21, is. 2. doi: 10.2478/aut-2019-0067 
46. Introduction (historical review). Melt blowing: equipment, technology, and polymer fibrous materials / Pinchuk L., Goldade V., Makarevich A., 

Kestelman V. Berlin [et al.] : Springer, 2002, pp. 1–3.  

47. Erben J., Pilarova K., Sanetrnik F., Chvojka J., Jencova V., Blazkova L., Havlicek J., Novak O., Mikes P., Prosecka E., Lukas D., Kuzelova 
Kostakova E. The combination of meltblown and electrospinning for bone tissue engineering. Mater. Lett., 2015, vol. 143, pp. 172–176. 

doi: 10.1016/j.matlet.2014.12.100 

48. Vadas D., Kmetykó D., Marosi G., Bocz K. Application of melt-blown poly (lactic acid) fibres in self-reinforced composites. Polymers, 
2018, vol. 10, is. 7. doi: 10.3390/polym10070766 

49. Wang H., Zhang Y., Gao H., Jin X., Xie X. Composite melt-blown nonwoven fabrics with large pore size as Li-ion battery separator. Int. J. 
Hydrogen Energy, 2016, vol. 41, pp. 324–330. doi: 10.1016/j.ijhydene.2015.09.130 

50. Balogh A., Farkas B., Faragó K., Farkas A., Wagner I., Assche I. van, Verreck G., Nagy Z. K., Marosi G. Melt-blown and electrospun drug-

loaded polymer fiber mats for dissolution enhancement: a comparative study. J. Pharm. Sci., 2015, vol. 104, is. 5, pp. 1767–1776. doi: 
10.1002/jps.24399 

51. Souzandeh H., Wang Y., Netravali A.N., Zhong W.-H. Towards sustainable and multifunctional air-filters: A review on biopolymer-based 

filtration materials. Polym. Rev., 2019, vol. 59, pp. 651–686. doi: 10.1080/15583724.2019.1599391 
52. Gereffi G. What does the COVID-19 pandemic teach us about global value chains? The case of medical supplies. J. Int. Business 

Policy, 2020, vol. 3, pp. 287–301. doi: 10.1057/s42214-020-00062-w 

53. Bai Y., Yao L., Wei T., Tian F., Jin D.-Y., Chen L., Wang M. Presumed asymptomatic carrier transmission of COVID-19. J. Amer. Med. 
Association, 2020, vol. 323, pp. 1406–1407. doi: 10.1001/jama.2020.2565 

54. Kara Y., Molnár K. A review of processing strategies to generate melt-blown nano/microfiber mats for high-efficiency filtration 

applications. Journal of Industrial Textiles, 2022, vol. 51, is. 1, pp. 137S–180S. doi: 10.1177/15280837211019488 
55. Lin J.-H., Lin Y.-Y., Sue Y.-M., Lin M.-C., Chen Y.-S., Lou C.-W. Long-lasting electret melt-blown nonwoven functional filters made of 

organic/inorganixc macromolecular micron materials: manufacturing techniques and property evaluations. Polymers, 2023, vol. 15, is. 10. 

doi: 10.3390/polym15102306 
56. Kara Y., Molnár K. Revealing of process–structure–property relationships of fine polypropylene fiber mats generated via melt 

blowing. Polym. Adv. Technol., 2021, vol. 32, is. 6, pp. 2416–2432. doi: 10.1002/pat.5270 

57. Structure of Melt-Blown polymer fibrous materials (PFM). Melt blowing: equipment, technology, and polymer fibrous materials / Pinchuk 
L., Goldade V., Makarevich A., Kestelman V. Berlin [et al.] : Springer, 2002, pp. 53–64.  

58. Lin X., Suna W., Minggang Lina M., Chen T., Duan K., Lin H., Zhanga С., Qi H. Bicomponent core/sheath melt-blown fibers for air 

filtration with ultra-low resistance. RSC Advances, 2024, vol. 14, pp. 14100–14113. doi: 10.1039/D4RA02174F 
59. Ellison C.J., Phatak A., Giles D. W., Macosko C. W., Bates F. S. Melt blown nanofibers: fiber diameter distributions and onset of fiber 

breakup. Polymer, 2007, vol. 48, is. 11, pp. 3306–3316. doi: 10.1016/j.polymer.2007.04.005 

60. Yu Y., Xiong S., Huang H., Zhao L., Nie K., Chen S., Xu J., Yin X., Wang H., Wang L. Fabrication and application of poly (phenylene 
sulfide) ultrafine fiber. Reactive Funct. Polym., 2020, vol. 150. doi: 10.1016/j.reactfunctpolym.2020.104539 

61. Zhao R., Wadsworth L. C. Attenuating PP/PET bicomponent melt blown microfibers. Polym. Eng. Sci., 2004, vol. 43, is. 2, pp. 463–469. 

doi: 10.1002/pen.10037 
62. Zhang D., Sun C., Beard J., Brown H., Carson I., Hwo C. Development and characterization of poly(trimethylene terephthalate)-based 

bicomponent meltblown nonwovens. J. Appl. Polym. Sci., 2002, vol. 83, is. 6, pp. 1280–1287. doi: 10.1002/app.2295 

63. Wente V. A. Superfine thermoplastic fibers. Ind. Eng. Chem., 1956, vol. 48, is. 8, pp. 1342–1346. doi: 10.1021/IE50560A034 
64. Yesil Y., Bhat G. S. Structure and mechanical properties of polyethylene melt blown nonwovens. Int. J. Cloth Sci. Technol., 2016, vol. 28, 

pp. 780–793. doi: 10.1108/IJCST-09-2015-0099 

65. Brochocka A. Efficiency of electret polycarbonate nonwovens in respiratory protection against nanoparticles. Autex. Res. J., 2017, vol. 17, 
no. 2, pp. 188–198. doi: 10.1515/aut-2017-0004 

66. Safranski D. L., Boothby J. M., Kelly C. N., Beatty K., Lakhera N., Frick C. P., Lin A., Guldberg R. E., Griffis J. C. Thermo-mechanical 

behavior and structure of melt blown shape-memory polyurethane nonwovens. J. Mech. Behav. Biomed. Mater., 2016, vol. 62, pp. 545–555. 
doi: 10.1016/j.jmbbm.2016.05.038 

67. Hammonds R. L., Gazzola W. H., Benson R. S. Physical and thermal characterization of polylactic acid meltblown nonwovens. J. Appl. Polym. 

Sci., 2014, vol. 131, is. 15. doi: 10.1002/app.40593 
68. Henry J. J., Goldbach J., Stabler S., Devisme S., Chauveau J. Advancements in the production of melt blown fibres. Filtration Sep., 

2016, vol. 53, is. 3, pp. 36–40. doi: 10.1016/S0015-1882(16)30123-9 

69. Deng N., He H., Yan J., Zhao Y., Ticha E. B., Liu Y., Kang W., Cheng B. One-step melt-blowing of multi-scale micro/nano fabric 
membrane for advanced air-filtration. Polymer, 2019, vol. 165, pp. 174–179. doi: 10.1016/j.polymer.2019.01.035 

70. Xu Q. Y., Wang Y. M. The effects of processing parameter on Melt-Blown filtration materials. Adv. Mater. Res., 2013, vol. 650, pp. 78–84. doi: 

10.4028/www.scientific.net/AMR.650.78 
71. Tsai P., Yan Y. The influence of fiber and fabric properties on nonwoven performance. Applications of nonwovens in technical textiles. Ed. 

R. A. Chapman. Boca Raton [et al.] : CRC Press ; Oxford [et al.] : Woodhead Publ., 2010, pp. 18–45. 



В. А. Гольдаде, С. В. Зотов, В. Ю. Гарбарук, М. А. Коваленко, В. М. Шаповалов 14 

72. Thomas D., Contal P., Renaudin V., Penicot P., Leclerc D., Vendel J. Modelling pressure drop in HEPA filters during dynamic filtration. J. 

Aerosol. Sci., 1999, vol. 30, is. 2, pp. 235–246. doi: 10.1016/S0021-8502(98)00036-6 
73. Xiao Y., Sakib N., Yue Z., Wang Y., Cheng S., You J., Militky J., Venkataraman M., Zhu G. Study on the relationship between structure 

parameters and filtration performance of polypropylene meltblown nonwovens. Autex Res. J., 2019, vol. 20, is. 4. doi: 10.2478/aut-2019-

0029 
74. Wang Q., Maze B., Tafreshi H. V., Pourdeyhimi B. A case study of simulating submicron aerosol filtration via lightweight spun-bonded 

filter media. Chem. Eng. Sci., 2006, vol. 61, is. 15, pp. 4871–4883. doi: 10.1016/j.ces.2006.03.039 

75. Hutten I. M. Handbook of nonwoven filter media. Ch. 3. Properties of nonwoven filter media. Amsterdam [et al.] : Elsevier : Butterworth-
Heinemann, 2007, pp. 71–102. 

76. Jaganathan S., Vahedi Tafreshi H., Pourdeyhimi B. On the pressure drop prediction of filter media composed of fibers with bimodal 

diameter distributions. Powder Technol., 2008, vol. 181, pp. 89–95. doi: 10.1016/j.powtec.2007.07.002 
77. Kothari V. K., Newton A. The air-permeability of non-woven fabrics. J. Text. Inst., 1974, vol. 65, is. 10, pp. 525–531. 

doi: 10.1080/00405007408630140 

78. Gora A., Sahay R., Thavasi V., Ramakrishna S. Melt-electrospun fibers for advances in bio medical engineering, clean energy, filtration, 
and separation. Polym. Rev., 2011, vol. 51, is. 3, pp. 265–287. doi: 10.1080/15583724.2011.594196 

79. Kravtsov A. G., Gol'dade V. A., Zotov S. V. Polimernye elektretnye fil'tromaterialy dlya zashchity organov dykhaniya [Polymer electret fil-

tering materials for breath organs protection]. Gomel' : IMMS NAN Belarusi Publ., 2003. 204 p. 
80. Shumskaya V. Yu., Grakovich P. N., Zotov S. V., Shapovalov V. M., Grigor'ev A. Ya. Tendentsii i perspektivy ispol'zovaniya polimernykh 

voloknisto-poristykh fil'trov v sostave sredstv individual'noy zashchity organov dykhaniya dlya preduprezhdeniya virusnoy infektsii COVID-19 

[Trends and prospects using of polymer fibrous porous filters in personal respiratory protection equipment to prevent the COVID-19 virus infection]. 
Polimernye materialy i tekhnologii [Polymer Materials and Technologies], 2022, vol. 8, no. 3, pp. 6–23. doi: 10.32864/polymmattech-2022-8-3-6-23 

81. Snezhkov V. V. Vysokoeffektivnye fil'truyushchie elementy EFVP na osnove polimernykh mikrovoloknistykh materialov  [High-

efficient filtering element based on polymer micro-fibrous materials]. Available at: 
http://www.gazprommash.ru/factory/vestnik/vestnik10/st_13/ (accessed 30.01.2025). 

82. Kadam V. V., Wang L., Padhye R. Electrospun nanofibre materials to filter air pollutants  – A review. Journal of Industrial Textiles, 

2018, vol. 47, is. 8, pp. 2253–2280. doi: 10.1177/1528083716676812 
83. Petryanov I. V., Kozlov V. I., Basmanov P. I., Ogorodnikov B. I. Voloknistye fil'truyushchie materialy FP [Fibrous filtering materials FP]. 

Moscow : Znanie Publ., 1968. 78 p. 
84. Ramesh Kumar P., Khan N., Vivekanandhan S., Satyanarayana N., Mohanty A. K., Misra M. Nanofibers: Effective generation by 

electrospinning and their applications. Journal of Nanoscience and Nanotechnology, 2012, vol. 12, no. 1, pp. 1–25. 

doi: 10.1166/jnn.2012.5111 
85. Shutov A. A., Astakhov V. Yu. Formirovanie voloknistykh fil'truyushchikh membran metodom elektropryadeniya [Forming of fibrous fil-

tering membrans by electrospinning method]. Zhurnal tekhnicheskoy fiziki [Technical Physics], 2006, vol. 76, is. 8, pp. 132–135. 

86. Cui Y., Jiang Z., Xu C., Zhu M., Lia W., Wang C. Preparation, filtration, and photocatalytic properties of PAN@g-C3N4 fibrous membranes 
by electrospinning. RSC Adv., 2021, vol. 11, is. 32, pp. 19579–19586. doi: 10.1039/d1ra03234h 

87. Thomas M. S., Pillai P. K. S., Farrow S. C., Pothan L. A., Thomas S. Electrospinning as an Important tool for fabrication of nanofibers for 

advanced applications – A brief review. Gen. Chem., 2021, vol. 7. doi: 10.21127/yaoyigc20200022 
88. Zhu M., Hua D., Pan H., Wang F., Manshian B., Soenen S. J., Xiong R., Huang C. Green electrospun and crosslinked poly(vinyl 

alcohol)/poly(acrylic acid) composite membranes for antibacterial effective air filtration. J. Coll. Interface Sci., 2018, vol. 511, pp. 411–423. 

doi: 10.1016/j.jcis.2017.09.101 
89. Russo F., Castro-Muñoz R., Santoro S., Galiano F., Figoli A. A review on electrospun membranes for potential air filtration application. 

Journal of Environmental Chemical Engineering, 2022, vol. 10, is. 5. doi: 10.1016/j.jece.2022.108452 

90. Jing L., Shim K., Toe C. Y., Fang T., Zhao C., Amal R., Sun K.-N., Kim J. H., Ng Y. H. Electrospun polyacrylonitrile-ionic liquid 
nanofibers for superior PM2.5 capture capacity. ACS Appl. Mater. Interfaces, 2016, vol. 8, is. 11, pp. 7030–7036. 

doi: 10.1021/acsami.5b12313 

91. Li J., He X., Ke L., Wang C., Chen Yu., Zhu G., Shao J., Zhang Y. Hierarchically Nano-Decorated Poly(lactic acid) Nanofibers for Humidity-
Resistant Respiratory Healthcare and High-Accuracy Disease Diagnosis. ACS Applied Materials & Interfaces, 2024, vol. 16, is. 39, pp. 

52476–52486. doi: 10.1021/acsami.4c11843 

92. Wang C., Zhang L., He X., Zhu G., Li X., Zhang Y., Zhu X., Li H., Zhang M., Xu H. Self-crystal electret poly(lactic acid) nanofibers for 
high-flow air purification and AI-assisted respiratory diagnosis. Journal of Hazardous Materials, 2025, vol. 485. doi: 

10.1016/j.jhazmat.2024.136932   

93. Shen M., Li J., Ke L., Zhang Y., Zhu G., Li X., Li J.-Q. Bioinspired tree-like electroactive poly(lactic acid) nanofibers with enhanced 
surface activity and interfacial polarization for intelligent health management. Separation and Purification Technology, 2025, vol. 360. 

doi: 10.1016/j.seppur.2024.131065 

94. Xu Ch., Jiang L., Zhang Y., Zhu G., Zhu X., Zhao Y., Li X.-P. Lotus leaf-inspired poly(lactic acid) nanofibrous membranes with 
enhanced humidity resistance for superefficient PM filtration and high-sensitivity passive monitoring. Journal of Hazardous 

Materials, 2025, vol. 488. doi: 10.1016/j.jhazmat.2025.137516 

95. He X., Li J., Wang C., Li X., Jiang L., Zhu G., Yifan Z., Jiang S., Mingming Z., Huan X. Highly air-permeable and dust-holding protective 
membranes by hierarchical structuring of electroactive poly(lactic acid) micro- and nanofibers. Journal of Hazardous Materials, 2024, vol. 

480. doi: 10.1016/j.jhazmat.2024.136462 

96. Jiang L., Zhang L., He X., Tang M., Wang C., Xu C., Li X., Zhu X., Chen R., Zhang Y., Shao J. High-efficiency respiratory protection and 
intelligent monitoring by nanopatterning of electroactive poly(lactic acid) nanofibers. International Journal of Biological Macromolecules, 

2025, vol. 289. doi: 10.1016/j.ijbiomac.2024.138769 

97. Zhao J., Liu X., Pu X., Shen Z., Xu W., Yang J. Preparation method and application of porous poly(lactic acid) membranes: A 
review. Polymers, 2024, vol. 16, is. 13. doi: 10.3390/polym16131846 

98. Gao H., Liu G., Guan J., Wang X, Yu J., Ding B. Biodegradable hydro-charging polylactic acid melt-blown nonwovens with efficient 

PM0.3 removal. Chem. Eng. J., 2023, vol. 458. doi: 10.1016/j.cej.2023.141412 
99. Li H., Wang Z., Zhang H., Pan Z. Nanoporous PLA/(chitosan nanoparticle) composite fibrous membranes with excellent air filtration and 

antibacterial performance. Polymers, 2018, vol. 10, is. 10. doi: 10.3390/polym10101085 

100. Sun N., Shao W., Zheng J., Zhang Y., Li J., Liu S., Wang K., Niu J., Li B., Gao Y., Liu F., Jiang H., He J. Fabrication of fully degradable 
branched poly (lactic acid) nanofiber membranes for high-efficiency filter paper materials. J. Appl. Polym. Sci., 2022, vol. 139, is. 47. doi: 

10.1002/app.53186 

101. Wang Z., Pan Z. Preparation of hierarchical structured nano-sized/porous poly(lactic acid) composite fibrous membranes for air filtration. 
Appl. Surf. Sci., 2015, vol. 356, pp. 1168–1179. doi: 10.1016/j.apsusc.2015.08.211 

102. Cao Q., Meng X., Tan S., Xin Z., Turng L.-S., Li J., Yao Z., Zhai Z., Duan R. Electrospun bead-in-string fibrous membrane prepared from 



Волокнисто-пористые полимерные материалы для фильтрации воздуха и газов (обзор) 15 

polysilsesquioxane-immobilising poly(lactic acid) with low filtration resistance for air filtration. J. Polym. Res., 2020, vol. 27. doi: 

10.1007/s10965-019-1919-x 
103. Li X., Zhu G., Tang M., Li T., Wang C., Song X., Zhang S., Zhu J., He X., Hakkarainen M., Xu H. Biodegradable MO filters for effective air 

filtration and sterilization by coupling MOF functionalization and mechanical polarization of fibrous poly(lactic acid). ACS Appl. Mater. 

Interfaces, 2023, vol. 15, is. 22, pp. 26812–26823. doi: 10.1021/acsami.3c03932 
104. Xing J. Zhang W., Sun Sh., Liu Z. Preparation of porous polylactic acid nanofibers and application in non-electret high-efficiency filtration 

composites. RSC Adv., 2024, vol. 14, is. 21, pp. 14857–14867. doi: 10.1039/D4RA01278J 

105. Zhang Z., Ji D., He H., Ramakrishna S. Electrospun ultrafine fibers for advanced face masks. Mater. Sci. Eng. R.: Rep., 2021, vol. 143. doi: 
10.1016/j.mser.2020.100594 

106. Al-Abduljabbar A., Farooq I. Electrospun Polymer Nanofibers: Processing, Properties, and Applications. Polymers, 2023, vol. 15. doi: 

10.3390/polym15010065 
107. Zhu M., Han J., Wang F., Shao W., Xiong R., Zhang Q., Pan H., Yang Y., Samal S. K., Zhang F., Huang C. Electrospun nanofibers 

membranes for effective air filtration. Macromol. Mater. Eng., 2017, vol. 302. doi: 10.1002/mame.201600353 

108. Nadaf A., Gupta A., Hasan N., Fauziya, Ahmad S., Kesharwani P., Ahmad F. J. Recent update on electrospinning and electrospun nanofibers: 
current trends and their applications. RSC Adv., 2022, vol. 12, pp. 23808–23828. doi: 10.1039/d2ra02864f 

109. Zhang H., Liu J., Zhang X., Huang Ch., Jin X. Design of electret polypropylene melt blown air filtration material containing nucleating 

agent for effective PM2.5 capture. RSC Advances, 2025, is. 10. doi: 10.1039/C7RA10916D    
110. Lee K. S., Hasolli N., Lee J. R., Kim K.-D., Kim S.-D., Park Y.-O., Hwang J. Dust loading performance of a non-electret HVAC filter module 

in the presence of an external electric field. Sep. Purif. Technol., 2020, vol. 250. doi: 10.1016/j.seppur.2020.117204 

111. Bai Y., Han C. B., He C., Gu G. Q., Nie J. H., Shao J. J., Xiao T. X., Deng C. R., Wang Z. L. Washable multilayer triboelectric air filter for 
efficient particulate matter PM2.5. Removal. Adv. Funct. Mater., 2018, vol. 28. doi: 10.1002/adfm.201706680 

112. Cho Y., Son Y., Ahn J., Lim H., Ahn S., Lee J., Bae P. K., Kim I.-D. Multifunctional filter membranes based on self-assembled core–shell 

biodegradable nanofibers for persistent electrostatic filtration through the triboelectric effect. ACS Nano, 2022, vol. 16, is. 11, pp. 19451–
19463.  doi: 10.1021/acsnano.2c09165 

113. Thakur R., Das D., Das A. Study of charge decay in corona-charged fibrous electrets. Fibers Polym., 2014, vol. 15, pp. 1436–1443. doi: 

10.1007/s12221-014-1436-9 
114. Chio H. J., Park E. S., Kim J. U., Kim S. H., Lee M.-H. Experimental study on charge decay of electret filter due to organic solvent 

exposure. Aerosol Sci. Technol., 2015, vol. 49, is. 10, pp. 977–983. doi: 10.1080/02786826.2015.1086724 
115. Garbaruk V. Yu., Zotov S. V., Kovalenko M. A., Gol'dade V. A., Shapovalov V. M. Vliyanie elektretnogo napolnitelya na effektivnost' 

fil'tratsii vozdukha voloknisto-poristymi materialami na osnove polipropilena [Influence of electret filler on the efficiency of air filtration by 

porous fiber materials based on polypropylene]. Polimernye materialy i tekhnologii [Polymer Materials and Technologies], 2024, vol. 10, 
no. 2, pp. 77–82.  

116. Shumskaya V. Yu., Grigor'ev A. Ya. Fil'tratsiya vodnykh aerozoley kompozitnymi voloknisto-poristymi sistemami na osnove polipropilena 

i politetraftoretilena [Filtration of aqueous aerosols by composite fibrousporous systems based on polypropylene and polytetrafluoroeth-
ylene]. Polimernye materialy i tekhnologii [Polymer Materials and Technologies], 2021, vol. 7, no. 2, pp. 39–47. 

117. Fil'truyushchie polimernye voloknistye materialy FPP [Filtering polymer fibrous materials FPP]. (2021). Available at: 

https://www.esfiltehno.ee/ru/%d0%be%d1%81%d0%bd%d0%be%d0%b2%d0%bd%d1%8b%d0%b5-%d1%84%d0%b8%d0%-
bb%d1%8c%d1%82%d1%80%d1%¬83%d1%8e%d1%89%d0%b8%d0%b5-%d0%bc%d0%b0%d1%82%d0%b5%-d1%80%-

d0%b8%d0%b0%d0%bb%d1%8b/%d1%84%d0%b8%d0%bb%d1%8c%d1%82%d1%80%d1%83%d1%8e%d1%89%d0%b8%d0%b5-

%d0%bf%d0%be%¬d0%bb%d0%b8%d0%bc%d0%b5%d1%80%d0%bd%d1%8b%d0%b5-%d0%-b2%d0%be%-
d0%bb%d0%be%d0%ba%d0%bd%d0%b8%d1%81%d1%82%d1%8b%d0%b5-%d0%bc%d0%b0%d1%82%d0%b5%d1%80%-

d0%b8%d0%b0%d0%¬bb%d1%8b-%d1%84%d0%bf%d0%bf/ (accessed 30.01.2025). 

118. Kravtsov A. G., Pleskachevskiy Yu. M., Zotov S. V., Zubareva A. V. Perspektivnye voloknisto-poristye sistemy dlya tseley radioekologii [Pro-
spect fibrous-porous systems for reduo-ecology purposes]. Materialy 5 mezhdunarodnogo simpoziuma «Poristye pronitsaemye materialy: 

tekhnologii i izdeliya na ikh osnove» [Materials of 5 international symposia “Porous permeable materials: Technologies and products based 

on”]. Minsk : Belaruskaya navuka Publ., 2014, pp. 248–255. 
119. Dimitrov B. Razvitie na integriranite respiratorni zashchitni sistemi [Development of integrated respiratory protective systems]. Dokladi ot 

mezhdunarodna nauchna konferentsiya «Padiatsionnata bezopasnost v s"vremenniya svyat» [Reports of the international scientific confer-

ence “Radiation safety in modern world”]. B"lgariya, 2023, vol. 1. pp. 137–144. doi: 10.34660/INF.2023.83.99.016 
120. Kravtsov A. G., Vorob'ev A. V., Pinchuk L. S., Gol'dade V. A., Gromyko Yu. V. Sposob polucheniya elektretnogo tonkovoloknistogo 

fil'truyushchego materiala dlya respiratorov [Method for producing electret fine-fiber filter material for respirators]. Patent RF, no. 2198718, 

2003. 
121. Peters A., Lotfinejad N., Palomo R. Zingg W., Parneix P., Ney H., Pittet D. Decontaminating N95/FFP2 masks for reuse during the COVID-

19 epidemic: A systematic review. Antimicrob. Resist. Infect. Control, 2021, vol. 10. doi: 10.1186/s13756-021-00993-w 

122. Wang P. L., Roschli A., Paranthaman M. P., Theodore M., Cramer C. L., Zangmeister C., Zhang Y., Urban J. J., Love L. Recent 
developments in filtration media and respirator technology in response to COVID-19. MRS Bull, 2021, vol. 46, is. 9, pp. 822–831. doi: 

10.1557/s43577-021-00173-6 

123. Barhate R. S., Ramakrishna S. Nanofibrous filtering media: filtration problems and solutions from tiny materials. J. Membr. Sci., 2007, vol. 296, is. 1-
2, pp. 1–8. doi: 10.1016/j.memsci.2007.03.038 

124. Majchrzycka K., Brochocka A., Grzybowski P. Modelling the viability of microorganisms of poly(lactic acid) melt-blown nonwoven fabrics 

for the use of respiratory protection. Fibres Text. East. Eur., 2015, vol. 23, is. 5, pp. 107–113. doi: 10.5604/12303666.1161766 
125. Wang C. S., Otani Y. Removal of nanoparticles from gas streams by fibrous filters: A review. Ind. Eng. Chem. Res., 2013, vol. 52, pp. 5–17. 

doi: 10.1021/ie300574m 

126. Yang A., Cai L., Zhang R., Wang J., Hsu P.-C., Wang H., Zhou G., Xu J., Cui Y. Thermal management in nanofiber-based face mask. Nano 
Lett., 2017, vol. 17, pp. 3506–3510. doi: 10.1021/acs.nanolett.7b00579 

127. Liu J. X., Zhang X., Zhang H. F., Zheng L., Huang C., Wu H., Wang R., Jin X. Low resistance bicomponent spunbond materials for fresh 

air filtration with ultra-high dust holding capacity. RSC Adv., 2017, vol. 7, pp. 43879–43887. doi: 10.1039/c7ra07694k 
128. Zhao M., Liao L., Xiao W., Yu X., Wang H., Wang Q., Lin Y. L., Kilinc-Balci F. S., Price A., Chu L., Chu M. C., Chu S., Cui Y. 

Household materials selection for homemade cloth face coverings and their filtration efficiency enhancement with triboelectric 

charging. Nano Lett., 2020, vol. 20, is. 7, pp. 5544–5552. doi: 10.1021/acs.nanolett.0c02211 
129. Zhang S., Liu H., Tang N., Ali N., Yu J., Ding B. Highly efficient, transparent, and multifunctional air filters using self-assembled 2D 

nanoarchitectured fibrous networks. ACS Nano, 2019, vol. 13, pp. 13501–13512. doi: 10.1021/acsnano.9b07293 

130. Zhou Y., Liu Y., Zhang M., Feng Zh., Yu D.-G., Wang K. Electrospun nanofiber membranes for air filtration: A review. Nanomaterials, 
2022, vol. 12, is. 7. doi: 10.3390/nano12071077  

131. Jiang Z. C., Zhang H. Y., Zhu M. M., Lv D., Yao J., Xiong R., Huang C. Electrospun soy-protein-based nanofibrous membranes for 



В. А. Гольдаде, С. В. Зотов, В. Ю. Гарбарук, М. А. Коваленко, В. М. Шаповалов 16 

effective antimicrobial air filtration. J. Appl. Polym. Sci., 2018, vol. 135, is. 8. doi: 10.1002/app.45766 

132. Greiner A., Wendorff J. H. Electrospinning: a fascinating method for the preparation of ultrathin fibres. Angew. Chem.-Int. Edit., 2007, vol. 
46, pp. 5670–5703. doi: 10.1002/anie.200604646 

133. Zhao X. L., Li Y. Y., Hua T., Jiang P., Yin X., Yu J., Ding B. Cleanable air filter transferring moisture and effectively capturing 

PM2.5. Small, 2017, vol. 13, is. 11. doi: 10.1002/smll.201603306 
134. Wang S., Zhao X. L., Yin X., Yu J., Ding B. Electret polyvinylidene fluoride nanofibers hybridized by polytetrafluoroethylene nanoparticles 

for high-efficiency air filtration. ACS Appl. Mater. Interfaces, 2016, vol. 8, pp. 23985–23994. doi: 10.1021/acsami.6b08262  

135. Shumskaya V. Yu., Snezhkov V. V., Ivanov L. F., Grigor'ev A. Ya. Mnogosloynyy polimernyy fil'truyushchiy material dlya ochistki gazov i 
sposob ego polucheniya [Multilayer polymer filter material for gas purification and method for its production]. Patent RB, no. 24221, 2023. 

136. Shumskaya V. Yu., Zotov S. V., Grakovich P. N., Shapovalov V. M., Grigor'ev A. Ya., Bil'dyukevich A. V., Polikarpov A. P. Mnogosloynyy 

polimernyy voloknisto-poristyy fil'truyushchiy material dlya ochistki vozdukha ot bakterial'nykh zagryazneniy [Multilayer polymer fibrous-
porous filter material for air purification from bacterial contaminants]. Patent RB, no. 24261, 2024.  

137. Zotov S. V., Gol'dade V. A., Kovalenko M. A., Ovchinnikov K. V., Shapovalov V. M., Shumskaya V. Yu., Garbaruk V. Yu., Snezhkov V. V. 

Kompozitsionnyy voloknisto-poristyy material [Composite fibrous-porous material]. Appl. BY, no. a20240073, 2024. 
138. Garbaruk V. Yu., Snezhkov V. V., Guzenkov S. I., Starinskiy A. V., Shapovalov V. M., Gol'dade V. A., Zotov S. V., Ovchinnikov K. V., 

Kovalenko M. A., Shumskaya V. Yu. Voloknisto-poristyy fil'truyushchiy material na osnove polifenilensul'fida [Fibrous-porous filtering 

material based on polyphenilen sulphid]. Appl. BY, no. a20240242, 2024. 

 

 
 


