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Abstract. Background. The paper presents an original method for generating air nanobubbles in water. 
Research into nanobubble generation methods is of current interest due to their unique properties and 
potential applications in various fields, including oil and gas. Traditional methods for nanobubble 
production are often complex, which stimulates the search for new, simpler approaches. Objective. To 
describe and experimentally validate a new, simple method for generating air nanobubbles in water by 
filtration through a dry nanoporous membrane. Materials and methods. For nanobubble generation, 
deionized water was filtered through a dry syringe filter with an Anopore membrane (pore diameter 20 
nm). Detection and characterization of nanobubbles were performed using dynamic light scattering and 
ultramicroscopy. Nanoparticle tracking analysis was used for independent determination of nanobubble 
sizes. Results. It was shown that the proposed method leads to nanobubble formation. The average 
nanobubble radius immediately after filtration was about 50 nm, increasing to 130–150 nm over 30 min. 
The concentration of nanobubbles increased by an order of magnitude within 20 min. Nanobubble 
formation was not observed when using a prewetted Anopore filter or filters made of polyethersulfone. 
Conclusions. A simple and reproducible method for generating nanobubbles based on water filtration 
through a dry Anopore membrane was developed. The presence and characteristics of nanobubbles 
were confirmed by independent experimental methods. Further research is required for a complete 
understanding of the nanobubble formation mechanism and their properties. 
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Introduction 

Nanobubbles (NBs) are gas-filled cavities 

with diameters typically below 200 nm, 

exhibiting unique physicochemical properties 

due to their nanoscale dimensions. Unlike 

conventional microbubbles, NBs demonstrate 

exceptional stability in liquid media, persisting 

for weeks or even months. The extremely large 

surface area-to-volume ratio of NBs enhances 

gas transfer efficiency, making them valuable in 

biomedical, environmental and industrial 

applications. Their behavior defies classical 

bubble dynamics, as they exhibit anomalous 

mobility and interfacial interactions that remain 

subjects of active research. 

Nanobubbles can be generated through 

various methods, including ultrasonic cavitation, 

membrane diffusion and electrochemical 

processes [1]. Their applications span multiple 

fields: biomedicine (contrast-enhanced imaging, 

drug delivery, tissue oxygenation) [2, 3]; water 

treatment (pollutant degradation, disinfection) 

[4]; agriculture (enhanced plant growth, 

precision agrochemical delivery) [5]; mining and 

industry (improved froth flotation, surface 

cleaning, water preparation and others) [6]. The 

field of nanobubble research is relatively young. 

Due to the difficulties in obtaining and detecting 

NBs, there are few articles on this topic, but 

their number is growing every year.  

Some of the first theoretical descriptions 

of NBs were made in the work [7]. Epstein and 

Plesset formulated a pioneering theoretical 

model describing gas bubble dissolution in 

liquids, combining diffusion theory with the 

Laplace pressure equation. According to the 

Epstein–Plesset theory, a bubble with a radius  

of 100 nm will have an internal pressure 

approximately 14.4 times higher than 

atmospheric, and its lifetime cannot exceed 1 ms, 

which contradicts experiments in which the NB 

lifetime is significantly longer, up to several 

days. The paradox between the short lifetime 

predicted by the Epstein–Plesset theory and the 

experimentally observed long lifetime of NBs in 

water has not yet been resolved [8–10]. There 

are several theories explaining the possibility of 

the existence of long-lived NBs [11, 12]. 

Of particular interest is the potential use 

of nanobubbles in the oil and gas industry, 

where efficient flow control and enhanced oil 

recovery are critically important. The following 

are the main promising areas of application for 

nanobubbles in the oil and gas industry. 

Enhanced oil recovery: nanobubbles can reduce 

oil viscosity by dissolving gas, create “gas 

traffic” to improve mobility and change rock 

wettability to be more hydrophilic, facilitating 

the detachment of oil droplets from the rock 

surface [13]. There are studies that show that 

CO2 NBs can enhance oil recovery in tight shale 

reservoirs [14]. However, the implementation of 

nanobubble technologies in oil and gas practice 

is associated with a number of fundamental and 

technological challenges. Key among these is 

the issue of nanobubble stability under reservoir 

conditions (high temperatures, pressures, 

formation water salinity), which can 

significantly limit their lifetime and 

effectiveness [15]. Furthermore, questions 

related to the behavior of nanobubbles in porous 

media remain open: the mechanisms of their 

transport, retention and interaction with fluids 

and rock are insufficiently studied. The problem 

of large-scale, cost-effective and stable 

generation of nanobubbles directly at the field 

level has not been fully resolved. Thus, despite 

their significant potential, the use of 

nanobubbles in the oil and gas industry requires 

in-depth research aimed at understanding their 

behavior under real reservoir conditions, 

developing reliable generation methods and 

optimizing their application technologies to 

address specific production challenges. 
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The objective of the paper is to describe 

and experimentally validate a new method for 

producing air nanobubbles in water. This 

method is significantly simpler than other 

methods. 

 

Material and methods 

To detect NBs, we used the dynamic light 

scattering (DLS) method (via Photocor 

Compact-Z, Russia), which allows measuring 

the size of nanoobjects in liquid, and the 

ultramicroscopy method (via NP Counter, 

Russia)1, which, due to special illumination of 

the sample with a laser (analogous to the dark-

field method in optical microscopy), allows 

visualizing nanoobjects in liquid (from 10 nm), 

observing their movement and measuring their 

numerical concentration. 

The proposed new method for obtaining 

air nanobubbles in water consists in filtering a 

small volume (2–3 ml) of distilled, deionized, 

purified by reverse osmosis water (Solopharm 

medical water for injection, Russia) through a 

dry syringe filter with a pore diameter of 20 nm. 

To obtain NBs, a Whatman Anotop 10 syringe 

filter containing an inorganic Anopore 

membrane was used. During filtering, it was 

necessary to apply force to the syringe plunger 

in order to force the water through the filter. 

Immediately after filtration, a portion of the 

water sample (approximately 1 ml) was placed 

in a cuvette in the DLS device, and another 

portion (approximately 1 ml) in a separate 

cuvette in the ultramicroscopy device. Every 

minute, measurements were taken of the 

scattered light intensity, the correlation function 

of the scattered light intensity fluctuations 

(hydrodynamic radius of the particles) and the 

numerical concentration of the particles. 

 

 
1 NP Counter. URL: https://npcounter.ru/ (accessed 

1 September 2025). 

Results and discussion 

The initial water sample was preliminarily 

examined by DLS and ultramicroscopy. The 

scattering intensity on the water sample before 

filtration was 5,100±100 cps (counts per 

second), and correlation functions indicating the 

presence of particles in the water were not 

observed. During the examination of the initial 

water by ultramicroscopy, particles (background 

contamination) periodically entered the field of 

view of the device; the concentration of such 

particles was estimated at about 106 pcs/ml. 

Fig. 1 shows images of a typical 

ultramicroscope view when observing clean 

water (a), a water sample immediately after 

filtration through a 20 nm filter (b) and a water 

sample 10 min after filtration (c). In each of the 

images, a light horizontal line can be seen in the 

center – this is the scattering of the focused laser 

beam on water molecules (Rayleigh scattering). 

Only in this area, in a small part of the entire 

sample volume illuminated by the laser, objects 

are observed and counted. This volume is  

1.210-7 ml. In Figs. 1b and 1c, there are bright 

light dots in the images – this is scattering on 

individual nanosized objects in water. We 

assume that these are air nanobubbles formed as 

a result of filtering water through 20 nm filter 

pores. The filter was prewashed with water 

several times and the observed objects cannot be 

particles washed off the filter. It can be noted 

that immediately after filtration there are fewer 

such objects in the water than after 10 min. This 

can most likely be explained by the fact that the 

concentration and size of NBs increases with 

time after filtration. At the beginning of the 

experiment, the size and concentration of NBs 

are such that the ultramicroscopy and DLS 

methods register particles at the sensitivity limit 

of the devices used. 
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а/a б/b в/c 

Fig. 1. Typical ultramicroscopic view of pure water (a),  

a water sample immediately after filtration through a 20 nm Anopore membrane filter (b)  

and a water sample 10 min after filtration (c) 

Рис. 1. Типичный вид поля зрения при наблюдении в ультрамикроскоп чистой воды (а),  
образца воды сразу после фильтрации через фильтр с мембраной Anopore 20 нм (б)  

и образца воды через 10 мин после фильтрации (в) 

 

For a water sample filtered through  

a 20 nm Anopore membrane filter, the  

scattered light intensity and numerical 

concentration of NBs were measured as a 

function of time. In 30 min, the scattered  

light intensity increased from 5,000 cps  

to 40,000 cps (Fig. 2a). The numerical 

concentration of NBs increased by almost an 

order of magnitude in 20 min and reached 

saturation (Fig. 2b). 
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Fig. 2. Time dependence of the intensity of scattered light (a) and the concentration of NBs (b)  
in a water sample after filtration 

Рис. 2. Зависимость от времени интенсивности рассеянного света (а) и концентрации НП (б)  

в образце воды после фильтрации 

 

The increase in scattered light intensity 

may be due to both the growth in NBs size and 

concentration in the volume and the growth of 

macrobubbles on the walls of the cuvette, the 

appearance of which may lead to glare and 

affect the measured value of scattered light 

intensity. A photo of a cuvette with such surface 

macrobubbles on the walls of the cuvette is 

shown in Fig. 3. At the same time, the effect of 

such glare on the process of measuring the 

particle size by the DLS method (correlation 

functions of scattered light) is insignificant. 
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Fig. 3. Image of surface microbubbles on the cuvette walls 

Рис. 3. Изображение поверхностных микропузырьков на стенках кюветы 

 

Measurements of the sizes (hydrodynamic 

radius) of NBs by the DLS method  

show that immediately after filtration, the 

average radius of NBs is about 50 nm,  

and after 30 min, the average radius becomes 

130–150 nm. Such sizes are typical for NB 

samples [1]. In this sample, the nanoparticle  

size was measured using nanoparticle tracking 

analysis (NTA). Fig. 4 shows the nanoparticle 

size distribution. The maximum of this 

distribution is about 150 nm, which is in good 

agreement with the average particle size in this 

sample obtained by dynamic light scattering 

(DLS). 
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Fig. 4. Nanoparticle size distribution measured by nanoparticle tracking analysis 

Рис. 4. Распределение наночастиц по размерам,  
измеренное методом анализа траекторий наночастиц 

 

A day after sample preparation, the 

presence of NBs is not detected by the DLS 

method probably because of their low 

concentration. Using the ultramicroscopy 

method, objects can be detected in such a sample 

a day after preparation. Their concentration is 

about 107 pcs/ml, which is higher than the 

background values for the source water, but 

lower than the concentration of NBs in the first 

half hour after sample preparation. 
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It is important to note that after filtering 

water through a filter with 20 nm pores 

(Anopore membrane), after some time, 

macrobubbles visible to the naked eye appear on 

the walls of the cuvette. The filtration process 

leads to the appearance of air bubbles on the 

walls of the cuvette. Macrobubbles on the walls 

of the cuvette may be the result of the formation 

of surface nanobubbles [16] on the walls and 

their subsequent growth to macro sizes. 

When filtering water through a prewetted 

filter, the formation of NBs was not observed by 

the ultramicroscopy and DLS methods. On the 

same filter, after drying, the formation of NBs 

was reproduced in more than three experiments 

and on two different filters. For 20 nm syringe 

filters with polyethersulfone (PES) as a filter 

element, the formation of neither nanobubbles in 

the volume by the ultramicroscopy method nor 

macrobubbles with the naked eye on the walls of 

the cuvette after filtration was observed. In such 

filters, the filter material differs significantly from 

the filter material (pore shape) of the Anopore 

membrane used in Whatman Anotop filters which 

has sharply defined capillary pore structure. 

Apparently, when filtering water through 

a dry filter, when the filter pores contain some 

air, NBs are formed. Their size and 

concentration are such that immediately after 

filtration, their detection by the DLS and 

ultramicroscopy methods occurs at the limit of 

sensitivity of the devices used in the study and, 

accordingly, these parameters are measured with 

low accuracy. However, after a few minutes the 

NBs size increases, which leads to an increase in 

the scattering of laser radiation on NBs and the 

accuracy and reliability of measurements by the 

ultramicroscopy and DLS methods increases. 

It is important to note that not all samples 

in which NBs were detected by the 

ultramicroscopy method after filtration could 

measure the NBs size by the DLS method. 

Apparently, it was not always possible to obtain 

a NBs concentration sufficient for measurements 

by the DLS method. An additional study was 

conducted to determine the sensitivity threshold 

of the DLS device used. Samples of aqueous 

solutions of SiO2 nanoparticles (100 nm and 

200 nm) and a colloidal gold sample (34 nm),  

in which the DLS method measures particle 

sizes (correlation functions of scattered light 

intensity fluctuations) with good accuracy and 

reproducibility, were titrated with pure water to 

a concentration of nanoparticles at which the 

DLS device does not allow measuring the 

particle size in these samples due to the  

low concentration. Then, the numerical 

concentration of nanoparticles was measured in 

such samples by ultramicroscopic analysis. For 

all samples, this concentration was about 108 

pcs/ml. Thus, it can be stated that at 

concentrations of nanoobjects in water below 

this value, the DLS device used will not allow 

measuring the particle size. This was observed 

for some samples during experiments with NBs. 

 

Conclusions 

This paper describes a simple method for 

producing air nanobubbles in water. In studies 

published to date, generating nanobubbles using 

membranes with varying pore sizes involves 

forcing gas through the membranes into the 

aqueous phase. In the method proposed in this 

paper for producing nanobubbles, water is 

forced through the pores. 

The presence of NBs in the samples was 

confirmed by two experimental methods (DLS 

and ultramicroscopy). The data obtained on the 

size and concentration of NBs in the investigated 

samples are in good agreement with the 

published data of other authors. 

The described method for obtaining NBs 

is quite simple and easily reproducible, but for a 

better understanding of the mechanisms of  

NBs formation during water filtration through  

a 20 nm Anopore membrane filter and the study 

of the physicochemical properties of such NBs, 

additional research is required. 
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ИННОВАЦИОННЫЕ ТЕХНОЛОГИИ ОСВОЕНИЯ НЕФТЕГАЗОВЫХ РЕСУРСОВ  
В СЛОЖНЫХ ГОРНО-ГЕОЛОГИЧЕСКИХ И ЭКСТРЕМАЛЬНЫХ  
ПРИРОДНО-КЛИМАТИЧЕСКИХ УСЛОВИЯХ 
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Исследование свойств нанопузырьков воздуха в воде, 
полученных при помощи мембраны Anopore 
 
В.Н. Курьяков 
Институт проблем нефти и газа РАН, Россия, 119333, Москва, ул. Губкина, д. 3 

 

Аннотация. Актуальность. В работе представлено описание оригинального метода получения 
нанопузырьков воздуха в воде. Исследование методов генерации нанопузырьков актуально в 
связи с их уникальными свойствами и перспективами применения в различных отраслях, включая 
нефтегазовую. Традиционные способы получения нанопузырьков часто сложны, что стимулирует 
поиск новых, более простых подходов. Цель работы. Описание и экспериментальная проверка 
нового простого метода получения нанопузырьков воздуха в воде путем фильтрации через сухую 
мембрану с нанопорами. Материалы и методы. Для генерации нанопузырьков использовалась 
фильтрация деионизированной воды через сухой шприцевой фильтр с мембраной Anopore 
(диаметр пор 20 нм). Детектирование и характеристика нанопузырьков проводились методами 
динамического светорассеяния и ультрамикроскопии. Анализ траекторий наночастиц применялся 
для независимого определения размеров нанопузырьков. Результаты. Показано, что 
предложенный метод приводит к образованию нанопузырьков. Их средний радиус 
непосредственно после фильтрации составлял около 50 нм, увеличиваясь до 130–150 нм в 
течение 30 мин. Концентрация нанопузырьков возрастала на порядок за 20 мин. Образование 
нанопузырьков не наблюдалось при использовании предварительно смоченного фильтра или 
фильтров из полиэфирсульфона. Выводы. Разработан простой и воспроизводимый метод 
получения нанопузырьков, основанный на фильтрации воды через сухую мембрану Anopore. 
Наличие и характеристики нанопузырьков подтверждены независимыми экспериментальными 
методами. Для полного понимания механизма формирования нанопузырьков и их свойств 
требуются дальнейшие исследования. 

Ключевые слова: нанопузырьки, ультрамикроскопия, мембрана Anopore, динамическое 
светорассеяние 

Финансирование: работа выполнена в рамках государственного задания ИПНГ РАН  
№ 125020501404-4. 

Для цитирования: Курьяков В.Н. Исследование свойств нанопузырьков воздуха в воде, 
полученных при помощи мембраны Anopore // Актуальные проблемы нефти и газа. 2025. Т. 16,  
№ 4. P. 553–563. (На англ. яз.). EDN: MPCLZP 

 
 Курьяков Владимир Николаевич, Vladimir.kuryakov@ipng.ru 

© Курьяков В.Н., 2025 

 Контент доступен под лицензией Creative Commons Attribution 4.0 License.



Актуальные проблемы нефти и газа. Т. 16, № 4, 2025 http://oilgasjournal.ru 

 

562 
 

Вклад автора 

В.Н. Курьяков – концептуализация, администрирование данных, формальный анализ, 

методология, проведение исследования, верификация данных, визуализация, создание черновика 

рукописи, создание рукописи и ее редактирование. 

 

Конфликт интересов 

Автор заявляет об отсутствии конфликта интересов. 

 

Список источников 

1. Zhou L., Wang S., Zhang L., Hu J. Generation and stability of bulk nanobubbles: A review and 

perspective // Current Opinion in Colloid & Interface Science. 2021. Vol. 53. P. 101439. 

https://doi.org/10.1016/j.cocis.2021.101439 

2. Mahmoodi M., Nouri M., Ghodousi M. et al. Unveiling the therapeutic potential of ultrasound-

responsive micro/nanobubbles in cancer management // Inorganic Chemistry Communications. 2025. 

Vol. 172. P. 113765. https://doi.org/10.1016/j.inoche.2024.113765 

3. Na L., Fan F. Advances in nanobubbles for cancer theranostics: Delivery, imaging  

and therapy // Biochemical Pharmacology. 2024. Vol. 226. P. 116341. 

https://doi.org/10.1016/j.bcp.2024.116341 

4. Singh E., Kumar A., Lo S.-L. Advancing nanobubble technology for carbon-neutral water 

treatment and enhanced environmental sustainability // Environmental Research. 2024. Vol. 252. 

P. 118980. https://doi.org/10.1016/j.envres.2024.118980 

5. Pal P., Anantharaman H. CO2 nanobubbles utility for enhanced plant growth and 

productivity: Recent advances in agriculture // Journal of CO2 Utilization. 2022. Vol. 61. P. 102008. 

https://doi.org/10.1016/j.jcou.2022.102008 

6. Cotrina-Teatino M.A., Marquina-Araujo J.J., Contreras-Valverde J.S., Valdivieso-Saavedra 

M.A. Nanobubbles and the flotation process in mineral recovery: A bibliometric and systematic literature 

analysis covering the period 2005–2024 // Minerals Engineering. 2025. Vol. 227. P. 109310. 

https://doi.org/10.1016/j.mineng.2025.109310 

7. Epstein P.S., Plesset M.S. On the stability of gas bubbles in liquid-gas solutions // The Journal 

of Chemical Physics. 1950. Vol. 18, No. 11. P. 1505–1509. https://doi.org/10.1063/1.1747520 

8. Wang Y., Shen Z., Guo Z. et al. Effects of nanobubbles on peptide self-assembly // Nanoscale. 

2018. Vol. 10, No. 42.  P. 20007–20012. https://doi.org/10.1039/C8NR06142D 

9. Wang Y., Bhushan B. Boundary slip and nanobubble study in micro/nanofluidics using atomic 

force microscopy // Soft Matter. 2010. Vol. 6, No. 1. P. 29–66. https://doi.org/10.1039/B917017K 

10. German S.R., Chen Q., Edwards M.A., White H.S. Electrochemical measurement of hydrogen 

and nitrogen nanobubble lifetimes at Pt nanoelectrodes // Journal of The Electrochemical Society. 2016. 

Vol. 163, No. 4. P. H3160–H3165. https://doi.org/10.1149/2.0221604jes 

11. Brenner M.P., Lohse D. Dynamic equilibrium mechanism for surface nanobubble  

stabilization // Physical Review Letters. 2008. Vol. 101, No. 21. P. 214505. 

https://doi.org/10.1103/PhysRevLett.101.214505 

12. Weijs J.H., Seddon J.R.T., Lohse D. Diffusive shielding stabilizes bulk nanobubble clusters // 

ChemPhysChem. 2012. Vol. 13, No. 8. P. 2197–2204. https://doi.org/10.1002/cphc.201100807 

https://doi.org/10.1016/j.cocis.2021.101439
https://doi.org/10.1016/j.inoche.2024.113765
https://doi.org/10.1016/j.bcp.2024.116341
https://doi.org/10.1016/j.envres.2024.118980
https://doi.org/10.1016/j.jcou.2022.102008
https://doi.org/10.1016/j.mineng.2025.109310
https://doi.org/10.1063/1.1747520
https://doi.org/10.1039/C8NR06142D
https://doi.org/10.1039/B917017K
https://doi.org/10.1149/2.0221604jes
https://doi.org/10.1103/PhysRevLett.101.214505
https://doi.org/10.1002/cphc.201100807


Актуальные проблемы нефти и газа. Т. 16, № 4, 2025 http://oilgasjournal.ru 

 

563 
 

13. Nirmalkar N., Pacek A.W., Barigou M. On the existence and stability of bulk nanobubbles // 

Langmuir. 2018. Vol. 34, No. 37. P. 10964–10973. https://doi.org/10.1021/acs.langmuir.8b01163 

14. Sun H., Gao Y., Yuan W. et al. Mechanism of CO2 micro-nano bubble-driven enhanced oil 

recovery in tight shale oil reservoirs // Energy. 2025. Vol. 334. P. 137613. 

https://doi.org/10.1016/j.energy.2025.137613 

15. Sobhy A., Gamal H., El-Din M.S.N. Stability of nanobubbles under reservoir conditions: A 

critical review // Energy Reports. 2023. Vol. 9. P. 4562–4575. https://doi.org/10.1016/j.egyr.2023.03.108 

16. Foudas A.W., Kosheleva R.I., Favvas E.P. et al. Fundamentals and applications of 

nanobubbles: A review // Chemical Engineering Research and Design. 2023. Vol. 189. P. 64–86. 

https://doi.org/10.1016/j.cherd.2022.11.013 

 

 

Информация об авторе 

Владимир Николаевич Курьяков – к.ф.-м.н., ведущий научный сотрудник, Институт проблем 

нефти и газа РАН, Москва, Россия; SPIN-код: 7000-1166, https://orcid.org/0000-0002-1271-8082;  

e-mail: Vladimir.kuryakov@ipng.ru 

 

 

Поступила в редакцию 05.11.2025 

Принята к публикации 20.12.2025 

 

https://doi.org/10.1021/acs.langmuir.8b01163
https://doi.org/10.1016/j.energy.2025.137613
https://doi.org/10.1016/j.egyr.2023.03.108
https://doi.org/10.1016/j.cherd.2022.11.013
https://orcid.org/0000-0002-1271-8082

