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A B S T R A C T

In recent years, aerated drip irrigation (ADI) has emerged as an innovative practice for efficient irrigation. It 
offers new approaches for the synchronized delivery of water and air, thereby enhancing the economic benefits 
of crops. Most previous studies have concentrated on the impact of imposed aeration within the irrigation stream 
on the soil environment and crop growth; increasing dissolved or soil air oxygen concentration in the root zone 
resulting in healthy root growth in otherwise unfavorable hypoxic soil conditions. However, the microbubbles 
(MBs) in irrigation water generated by aeration equipment serve multiple purposes. They are involved not only 
in the distribution of water and air through drip irrigation systems but also in the functional integrity of emitters 
and in altering the soil habitats in the crop root zone through various biochemical and biophysical mechanisms. 
Micro- and nano-bubble-mediated changes to the drip irrigation system and the soil microenvironment in the 
crop root zone have localized effects on microbial community aggregation, leading to significant ecological 
consequences. We outline the use of chemical gas filling (a weak solution of a peroxide directly into the 
rhizosphere) and mechanical gas filling devices (air compressors, venturi injectors, twin vortices, fluid oscilla
tors, and micro-nano bubble (MNB) generators). This review emphasizes the role of ADI in improving crop 
growth, soil conditions, microbial populations and the management of emitter clogging in drip irrigation sys
tems. Subsequently, we explore the key issues that need to be addressed in current ADI technology and discuss 
how micro- nano-bubble-induced alterations in the microenvironments of both the drip irrigation system, and the 
root zone soil can be harnessed. This approach can help manage and manipulate microbial communities, combat 
clogging in drip irrigation emitters, improve soil conditions for plant growth, and ultimately increase crop yields, 
resulting in a viable option for farmers world-wide.

1. Introduction

1.1. Background

Water scarcity has become a global concern, which with the passage 
of time will gain more attention and should seriously be managed 
(Janjua et al., 2021). Van Dijk et al. (2021) reported that with a sharp 
rise in population there will be a 35–56 % increase in the world’s overall 
food demand between 2010 and 2050. In the agriculture sector, water is 
a crucial component needed to preserve agricultural productivity (Tang 
et al., 2024). A country’s development strategy must include enhanced 
water productivity hand-in-hand with agricultural water conservation 
(Mujtaba et al., 2024). This is necessary to ensure food security (Molden, 

2007) and modernize agriculture (Sanchis-Ibor et al., 2021).
When considering global food demand research, along with the im

pacts of anthropogenic climatic change (Sun et al., 2013), it has been 
inferred that the industrial sector’s explosive growth and water demand 
are posing new challenges for irrigated agriculture (Taft, 2015). Tradi
tional agricultural irrigation methods have become increasingly unable 
to meet the needs of modern agriculture. Playán and Mateos (2006)
emphasized that the economic return on irrigation management is far 
higher than that of improving irrigation structures. Agricultural water 
saving is the inevitable choice for promoting the sustainable develop
ment of agriculture (Patle et al., 2020), by a) vigorously developing 
high-efficiency water-saving irrigation technology (Khan et al., 2021), 
b) proposing new methods for breaking through traditional models 
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(Tang et al., 2024), and c) marketing high-performance irrigation sys
tems that use less water, all as crucial approaches to increase the 
effectiveness of water resources for agriculture (Levidow et al., 2014).

Therefore, it is necessary to respond to the pressing need for 
increased scientific and technological capacity to progress agricultural 
productivity, with an emphasis on improving water management prac
tices. A key component of this review is a methodical investigation of 
aerated irrigation systems, which have the potential to impact the global 
irrigation industry and research environment by enhancing agricultural 
production, guaranteeing food security, and maintaining irrigation 
effectiveness and ecological sustainability.

1.2. The need for aerated drip irrigation (ADI)

Water conservation in agriculture now faces additional demands and 
difficulties due to the current state of agricultural development and due 
to the increasing demands on freshwater withdrawals by domestic and 
commercial users. Mueller et al. (2012) suggest that scientific manage
ment of water and fertilizer plays a key role in responding to food se
curity and achieving sustainable development in agriculture. On the one 
hand it is argued that increasing water usage and creating 
high-efficiency water-saving technology can help mitigate the possible 
effects of future global climate change on agricultural development 
(Elliott et al., 2014). Yet on the other hand, Hongna et al. (2018) suggest 
that the current research goal on agriculturally efficient water man
agement is insufficient to meet the needs of agricultural development. 
The latter propose that agricultural high-efficiency water is urgently 
needed to pursue fertilizer and water savings, market entry of 
water-saving products, and green ecology transformations. As a result, 
creating high-efficiency water-saving agriculture requires going beyond 
the single element approach and must fully utilize a variety of useful 
resources while integrating the growing environment for crops, their 
photosynthesis, water consumption, and farmland management to in
crease multi-element agricultural water efficiency in a synergistic way.

With irrigated agriculture, lack of soil oxygen is known to constrain 
root growth and activity (Gliński and Stępniewski, 2018) reducing the 
efficiency of crop water use (Dhungel et al., 2012). This phenomenon is 
particularly evident in fine-textured, clayey (heavy) soils characterized 
by slow drainage rates and slow recharge of soil air following irrigation 
(Drew and Lynch, 1980; Gliński and Stępniewski, 2018). Irrigation 
practices utilizing treated wastewater or saline water have been impli
cated in exacerbating oxygen deficiencies in the soil (Assouline and 
Narkis, 2013; Bhattarai et al., 2006). This is primarily attributed to 
oxygen demand of dissolved organic matter in wastewater, and the 
elevated irrigation volumes required for salt leaching. Additionally, 
elevated soil temperatures, exacerbated during the daytime, have been 
identified as another contributing factor to soil oxygen deficiencies 
(Crawford and Braendle, 1996; Asplund and Curtis, 2001; Ityel et al., 
2014), as has the use of both plastic film mulch (Li et al., 2022) and 
organic mulching materials (Qian et al., 2022) that prevent air intake by 
the soil from the aerial environment.

Following a comprehensive examination of the effects of soil hypoxia 
and aeration on crop growth and development, numerous scholars have 
synthesized various strategies to improve soil water and gas dynamics 
where these were not optimal for root and crop growth. Examples 
include enhancing soil structure through deep tillage interventions 
(Abu-Hamdeh, 2003; Gomez and Garland, 2012), establishing artificial 
ventilation channels (Day et al., 1995; Qian et al., 2022), implementing 
judicious irrigation and drainage protocols (Van Lanen et al., 1992; 
Khan et al., 2002; Skiba and Ball, 2002; Scott and Renaud, 2015) 
including pulsed drip irrigation (Mohammadi et al., 2024) along with 
selection of crop varieties with tolerance to hypoxic soil conditions 
(Stepanova et al., 2002; Vartapetian et al., 2014).

Traditional sub-surface drip irrigation is prone to an exclusion of soil 
air (and consequently oxygen) around the root volume during and after 
irrigation events (Bhattarai et al., 2005; Qiao et al., 2023), causing an 

anaerobic environment in the root zone (Mahmoudi et al., 2022; Zhu 
et al., 2022), which reduces soil oxygen concentration (Zhou et al., 
2022) and directly prevents aerobic respiration of the roots (Lei et al., 
2024). The practice of aerated drip irrigation (ADI), this century’s 
innovative approach, is an evolving water-saving method which aids in 
overcoming such oxygen-limited soil conditions. This method employs a 
combination of drip irrigation and aeration devices which optimize soil 
conditions for root growth, particularly during and immediately 
following drip irrigation when the wetted zone tends towards anoxia 
(Bhattarai et al., 2005). This technique delivers air, gaseous oxygen or 
oxygen-rich chemicals to the soil precisely. The methods carefully 
control fertilizer distribution, water management, and soil gas compo
sition. The aerated irrigation method through multiple environmental 
modifications and growth factors significantly changes the root envi
ronment, resulting in marked increase in water use efficiency. Various 
studies have been conducted highlighting the efficiency of ADI in 
decreasing soil mechanical strength, increasing its soil aeration, soil air 
permeability and air-filled porosity (Baram et al., 2022; Niu et al., 2012; 
Zhu et al., 2016, 2019, 2020). These pivotal processes play crucial roles 
in alleviating soil hypoxia (Bhattarai et al., 2004, 2005, 2010; Friedman 
and Naftaliev, 2012; Wang et al., 2022), which results in an optimal 
environment for crop root development, maintaining crop metabolism, 
and optimizing water and nutrient use (Chen et al., 2018; Du et al., 
2018; Pendergast et al., 2019). It has also been reported by numerous 
authors that this method results in better water conservation and 
increased production (Cui et al., 2020a; Liu et al., 2019; Pendergast 
et al., 2013; Wu et al., 2019). Indeed, although Fan et al. (2021b) report 
that aeration increases the emitter flow rate, Sun et al. (2024) show that 
the irrigation flow rate decreases with increased air ratio in the irriga
tion water, as did one or our studies (Figure 6b in Torabi et al., 2013) 
and the addition of air or oxygen as bubbles to the irrigation stream 
reduces proportionately the amount of water delivered per unit time 
given a constant pressure (for example a venturi device can draw about 
12–15 % by volume of water (e.g., Bhattarai et al., 2013)) and contribute 
to the air void fraction, leading to an often overlooked improvement in 
water use efficiency.

Thus, ADI technology emerges as an important solution for reducing 
crop rhizosphere hypoxia, offering an optimal method for precise 
dissemination of water, nutrients and gases within the crop root zone. 
This innovative method not only helps to achieve respectable yields, but 
also catalyzes substantial research investments, advancing the drip 
irrigation methodologies.

2. The status of aerated drip irrigation

Notably, the regulation of soil water and gas environments within 
the crop root zone through subsurface drip irrigation has attracted 
considerable research attention. This includes active aeration of the root 
zone by forcing air or oxygen directly through the irrigation infra
structure, generally after an irrigation event, or by more passive 
methods using the same drip irrigation network to transport a water-gas 
mixture medium to the soil during, or close to the end of, irrigation. 
Termed loosely herein as "aerated drip irrigation," these methods 
represent a novel approach to optimizing the soil environment condu
cive to enhanced crop productivity. In the pursuit of optimizing water 
and gas irrigation efficiency, the selection of suitable gas filling tech
niques and equipment emerges as a pivotal determinant. Currently, 
within the domain of drip irrigation systems, prevalent gas irrigation 
methodologies encompass chemical gas filling and mechanical gas 
filling.

2.1. Gas filling methods and gas filling equipment

2.1.1. Chemical gas filling
Chemical gas filling entails the generation of gaseous oxygen 

resulting from a given peroxide’s inherent chemical instability, readily 
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decomposing to generate oxygen within the irrigation stream and/or the 
soil.

This methodology involves administering an aqueous solution of a 
peroxide directly into the irrigation stream and subsequently to the crop 
root zone, thereby augmenting the soil oxygen concentration in prox
imity to the roots. Commonly employed peroxides in chemical filling 
methodologies include fast oxygen release compounds such as hydrogen 
peroxide (H2O2), urea peroxide (CH6N2O3(NH2)2CO⋅H2O2) and potas
sium peroxide (K2O2) and slow oxygen release compounds such as cal
cium peroxide (CaO2) and magnesium peroxide (MgO2) (Bryce et al., 
1982; Ben-Noah and Friedman, 2016b; Hou et al., 2021; Thani et al., 
2016). Quite recently, Thomas et al., (2025) have studied various for
mulations of low concentration (10 ppm) H2O2 with differing stabilities 
in drip irrigation, directed at capitalizing on the oxidizing effect of H2O2 
reducing emitter blockage and on release of oxygen into the irrigation 
stream.

Hydrogen peroxide was initially utilized in an agricultural context 
for seed sterilization (Massee, 1913). In the early 1940s, the Illinois 
Agricultural Test Station, under the direction of Melsted, conducted field 
experiments to investigate the effects of irrigating corn and soybean 
crops with 1000 ppm hydrogen peroxide solutions in the soil root zone. 
Yields of maize and soyabean in a well-structured soil were, respec
tively, 48 % and 7 % greater compared to irrigation with water alone. 
This affirmed the efficiency of the chemical filling method (Melsted 
et al., 1949). Later, Bryce showed that urea peroxide (4 mL L− 1) alle
viated short-term flooding stress in pots with a 20 % tomato yield 
advantage over the flooded control (Bryce et al., 1982). Bhattarai et al. 
(2004) supplied H2O2 at 5 L ha− 1 in the irrigation stream through 
emitters for 25 min after flooding of a heavy clay soil in the field, on four 
weekly occasions, and increased yield of zucchini by 25 %. And the 
benefit of irrigation with H2O2 was also evident with a tree crop, as 
demonstrated by Gil et al. (2009) for avocado in 200 L containers with a 
heavy clay loam soil, with a marked 27 % gain in aboveground biomass. 
In simulated field conditions, irrigation of corn (Zea mays) and coriander 
(Coriandrum sativum L.) with 10 and 100 ppm of H2O2 led to greater 
release of oxygen and considerably greater growth and yield benefits on 
a ferrosol compared to a vertosol, than at the higher concentration 
(1000 ppm) of H2O2 (Thomas, 2021). In line with this lack of benefit at 
higher concentration of H2O2, Ben-Noah and Friedman, (2016b) sup
plied H2O2 at 600 and 800 ppm to Capsicum annuum plants growing on a 
vertisol, with no beneficial effect on yields. However, for wheat yield, 
benefit was optimal at 800 ppm, superior to that at either higher or 
lower concentrations (Wang et al., 2024b).

Nevertheless, despite these mostly positive documented effects of 
delivery of hydrogen H2O2 in irrigation streams, confirmatory publica
tions are lacking.

As an aside, in addition to delivery of peroxides through the irriga
tion stream, solid peroxide compounds, applied as a basal fertilizer 
directly to the soil, have been successfully employed to enhance dis
solved soil oxygen, for example with calcium peroxide in rice cultivation 
(Hou et al., 2021).

2.1.2. Mechanical gas filling
The term mechanical gas filling describes the processes of either (a) 

direct delivery of compressed air through the irrigation infrastructure, 
or (b) the creation and maintenance of small bubbles containing air or 
pure oxygen within the drip irrigation pipe network and delivery of that 
super-aerated/oxygenated irrigation water to the crop root zone by 
mechanical means. Air compressors, venturi injectors, mix-aerators, 
fluidic oscillators and micro-nano bubble (MNB) generators are most 
commonly used.

2.1.2.1. Air compressors. Research conducted in the last few decades 
has shown that forced pressurized aeration of irrigation infrastructure 
has some favorable effects on crop yield and quality, overcoming 

hypoxic stress which otherwise has a negative impact on root and soil 
microbial activities (Yuan et al., 2016). Early in the 1980s, Busscher 
discovered that using an air compressor (e.g., as in Fig. 1(a)) to forcibly 
aerate the root zone at 10 cm below the soil surface regulated at 15 kPa 
(2 psi), through a perforated tube for varying periods after watering by 
flooding, significantly boosted the yield of eggplant, tomato and pepper 
(Busscher, 1982). Subsequently, Niu et al. (2012) employed a similar 
methodology to investigate the effects of a 5 min period of forced in
jection of air through a subsurface irrigation system following irrigation, 
on soil air permeability of soils with differing bulk densities. The soil air 
permeability was increased by from 3.0 to 3.7 times depending upon soil 
type at the lowest bulk density, and equaled that immediately prior to 
irrigation. Other studies (Ben-Noah and Friedman, 2016a) showed that 
direct injection of air via 40 cm deep subsurface drippers improved soil 
oxygen concentration in soil air, and yield, but only in soils with a 
constantly high (>0.4) volumetric water content. Indeed, the yield of 
pepper at lower water contents was reduced by such forced aeration. 
Enclosing the dippers with a perforated 10 cm diameter polypropylene 
sphere resulted in significant increases of soil oxygen concentration, 
most likely due to enhanced air spread in the soil compared to the 
‘chimney effect’ of direct air injection without the sphere (Ben-Noah and 
Friedman, 2016a).

Besides direct delivery of compressed air in the absence of irrigation 
water through the drip infrastructure, compressed air has been injected 
directly into the irrigation stream to achieve c. 12 % air by volume 
(Abuarab et al., 2013), with notable increases in maize yield, and like
wise pure compressed oxygen delivered through a small-pore diffuser 
into the irrigation stream (Bonachela et al., 2010).

A representative example of a setup for mechanical gas filling is 
illustrated in Fig. 2.

2.1.2.2. Bubble sizes. Since all the following practices for aeration of the 
irrigation stream create bubbles, a digression on bubble characteristics 
and size is in order here before the actual mechanisms are discussed, 
although definitive standards on size are still lacking Among the various 
definitions of bubble size, for example, micro-bubbles are defined as 
bubbles of less than 50 μm in diameter by Takahashi et al. (2003) and 
Takahashi (2005), although others (e.g., He et al., 2023) generally 
recognise MBs as being from 10 up to 100 μm. The smallest bubbles 
produced by venturis, twin vortex and fluidic oscillators are reportedly 
micro in size. Nanobubbles (NBs), have been defined with diameters 
smaller than 1000 nm (Favvas et al., 2021), and MBs smaller than 4 µm 
are produced in unison with nanobubbles by commercial micro-nano 
bubble (MNB) generators (Ahmadi and Khodadadi Darban, 2013), 
both sizes with negligible buoyancy (Arwadi et al., 2023) and little 
tendency to rise and coalesce. Small-sized bubbles are preferred to larger 
sized bubbles in ADI, for the former, especially micro and nano bubbles 
(MNB), have a slower ascent rate than larger bubbles, and smaller 
bubbles have a greater oxygen transfer efficiency, a higher dissolved 
oxygen peak and up to 16 times longer durability than larger bubbles (Li 
et al., 2014). In addition, Khan et al. (2020) reported that MNB possess 
additional special qualities such as strong oxidation potential, high 
surface area, and long-lasting stability, and range in size from nano
meters to micrometers. Sakr et al. (2022) highlighted that the MNB 
small size, typically less than 10–15 µm, increases their gas dissolution 
rate in water, causing a supersaturated state when compared to macro 
bubbles (typically 600–2500 µm). Hence attention has been turned to 
the use of even smaller, NBs, as a means of enhancing the delivery of air 
and oxygen to the root system though the practice of drip irrigation.

2.1.2.3. Venturi injectors. During this century, significant advance
ments have been made in mechanical gas-filling drip irrigation tech
nologies. Among these advancements, the integration of venturi so 
called ‘injectors’ (Fig. 1(b)) into drip irrigation systems emerged as one 
of the foremost methods for mechanical gas filling (Fig. 3(a)). In a drip 
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pipe network, the pressurized irrigation water creates a high-speed jet at 
the venturi jet nozzle, generating a local vacuum at the throat tube. This 
vacuum draws external air, or oxygen if so delivered, through the 

suction port (Fig. 3(b)) into the venturi injector due to an external 
pressure difference, in the same manner that fertilizers in solution are 
often introduced into the irrigation stream. Turbulent shear is created 

Fig. 1. Mechanical gas filling devices.

Fig. 2. Schematic diagram of the aerated drip irrigation system.
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within the high-speed water flow and numerous micro bubbles (e.g., 
measured from 10 to 20 μm upwards in diameter) to large lumps of air 
bigger than 100 μm are formed (Bhattarai et al., 2013), thoroughly 
mixing with the irrigation water. Introduced by the Mazzei Corporation, 
USA, the pioneer behind the "AirJection" venturi injector for drip irri
gation systems, this company has continued to be a manufacturer of 
choice for venturi technology with continued agricultural applications 
such as referred to by Chen et al. (2011) and Essah and Holm (2020). 
The Mazzei air injector Model 384, when creating a pressure differential 
operating at an inlet pressure of 386–393 kPa and an outlet pressure of 
110–130 kPa, draws in about 12–15 % air by volume of water (Bhattarai 
et al., 2013). This results in a water and gas (usually air, but if so ar
ranged, pure oxygen) mixture with an above-natural dissolved oxygen 
concentration (e.g., >6. vs c. 4 mg L− 1 in a control (Lei et al., 2016)), or 
even higher for example 8 mg L− 1 in the control, 15 mg L− 1 with venturi 
aeration and 38 mg L− 1with oxygen delivery through the venturi (Lei 
et al., 2020), the control values depending on atmospheric pressure and 
temperature. The venturi injector operates solely on pipe hydraulic 
forces, eliminating the need for additional power devices. Furthermore, 
due to its compact design, straightforward structure, and ease of 
installation and maintenance, the venturi injector has found extensive 
application in engineering design. Consequently, it has increasingly 
become the preferred focus of scholarly agricultural research aimed at 
understanding the response patterns of crop habitats through gas-filled 
drip irrigation (e.g., Goorahoo et al., 2002; Bhattarai et al., 2004, 
2006; Zhang et al., 2019).

A variation of the venturi system (Seair Venturi Diffusion System, 
Model SA75) has also been used experimentally, for example by Lei et al. 
(2020) – in the absence of crops), and Chen et al. (2011) – wheat).

2.1.2.4. Vortices. A rotating flow caused by an external stirring device 

within a fluid vortex creates a greater velocity and a decreased pressure 
closer to its centre and this creates a suction effect. Using the principle of 
a twin vortex (Fig. 1(c)), and their high suction effect of infused air, a 
commercial application has been successfully used in agricultural con
texts with inline units named ‘Oxysolver” for the mixing, aerating, and 
pumping of irrigation water (Bhattarai et al., 2005). Research with the 
use of the units in Australia has shown yield increases in the range of 
15–35 % in moderately waterlogged soils. In addition, a similar system 
using a multistage vortex aerator (Ghosh et al., 2023) fed with pure 
oxygen has also been successfully employed to raise dissolved oxygen 
concentration from c. 1 mg L− 1 to c. 7 mg L− 1 in wastewater.

2.1.2.5. Fluidic oscillator. The beauty of a fluidic oscillator to generate 
MBs is, as for a venturi aerator, that it works independent of an energy 
source, using the stream of irrigation water as the driving force. As with 
venturi injectors, fluidic oscillators have no moving parts (Fig. 1(d)). 
The unit comprises two components, an amplifier forming a specially 
designed cavity, and a feedback loop that diverts the input jet from side 
to side in the cavity, through the feedback loop (Rehman et al., 2015). 
Bubble sizes range from 80 to 450 μm, with the majority ranging from 80 
to 120 μm (Rehman et al., 2015), although when used with compressed 
air and 20 μm pore size diffuser stones Lei et al. (2016) refer to bubbles 
having an average size of 20 μm.

According to Tesař (2024), the fluid’s characteristics, the oscillator’s 
geometry, and the fluid mass flow rate all affect size of bubbles produced 
by the fluidic oscillator, and can be controlled through modifying the 
operating parameters, including the oscillator pressure differential and 
flow rate.

2.1.2.6. Micro-nano bubble generators. In recent years, researchers have 
identified MNB technology as an innovative development situated at the 

Fig. 3. Schematic diagram of (a) venturi injector aerated drip irrigation system in the field and (b) internal structure of a venturi with flow and pressure variations. 
Bypass pressure valves and gauges make it simple to achieve the necessary aeration rate. A larger pressure differential will create a more powerful vacuum and 
greater suction of air. (https://mazzei.net/products/venturi-injectors/) and (https://www.irrigationking.com/help/irrigation-articles/venturi-fertilizer-injectors/).
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intersection of water science and nanotechnology. Micro-nano bubble 
generators, due to their wide applicability in biology, environmental 
science, medicine, agriculture, and fisheries, have gained significant 
practical attention (Lyu et al., 2019; Chirwa et al., 2024) and several 
studies highlight the physical, biological, and chemical characteristics of 
MNBs (Atkinson et al., 2019; Zhang et al., 2020; Zhang et al., 2023).

There are several methods for producing MNBs (summarized by 
Arwadi et al., 2023; Favvas et al., 2021) including mechanical methods 
(e.g., fluidic oscillators and hydrodynamic cavitation, although the 
former is more speculative than real), chemical methods, and optical 
and electrical methods, of which the mechanical methods are those most 
commonly used for production of bulk nano bubbles in wastewater 
treatments and in research on use of MNBs for irrigation. The schematic 
diagram of a MNB generator is provided (Fig. 1(e)), while the process of 
MNB aeration is further provided in Fig. 4.

Notably, surface charges from MNBs cause potential differences that 
impact the adsorption of suspended particles in irrigation water (Xiao 
et al., 2020) by producing radicals that aid in the degradation of organic 
matter within the irrigation water and thus mitigate biofouling. This is 
also important in the co-development of fertilization and aeration, 
which, due to the negatively charged surface of the bubbles, increases 
the efficiency of nutrient absorption by plant roots (Park et al., 2010). 
Consequently, MNBs are particularly suitable for the synchronous 
transmission of water and gas through the drip irrigation pipe network, 
not only increasing crop yield and quality but also contributing, through 
improved nutrient transport into plant roots due to high mass diffusion 
rates,and to reduced environmental impacts associated with the use of 
chemical fertilizers (Ahmed et al., 2018).

As research on gas filling drip irrigation continues to advance, this 
technology has increasingly become a focal point in the realms of water- 
saving irrigation and for enhancing crop value-added production. 
Diverse aeration methods yield distinct effects on crops. Studies suggest 
that the chemical aerated method and NBs facilitate the absorption of 
soil nutrients by crops (Ahmed et al., 2018), whereas mechanical filling 
methods can additionally bolster root vitality, thereby promoting the 
growth of plant root systems (Li et al., 2015; Zhao et al., 2023; Yu et al., 
2024).

Comparisons of the effectiveness of the various technologies to aer
ate irrigation water are scarce, but one study (Wang et al., 2023c) re
ports on the limitation of mechanical (air forced through air stones) and 

venturi aeration imposed by the saturated dissolved oxygen concentra
tion of irrigation water, reaching on average 9.13 and 9.12 mg L− 1, 
respectively, compared to 3.95 mg L− 1, in the non-oxygenated ground
water used in the control. Chemical gas filling, with various concen
trations of sodium percarbonate which decomposes to oxygen and 
sodium carbonate, although it was slower to complete the reaction 
leading to oxygen evolution, reached a much higher maximum value of 
30.5 mg O2 L− 1 water. And in a comparison of a prototype fluidic 
oscillator and a venturi (Lei et al., 2016), induced aeration with the 
fluidic oscillator maintained a longer duration of elevated dissolved 
oxygen in the water by a factor of two compared to the venturi aeration, 
despite the venturi resulting in a greater increase in the air fraction 
compared to the fluidic oscillator.

Once the oxygenated irrigation water reached the soil, there was no 
difference between treatments in the pattern of dissolved oxygen con
centration over time, first a slight decrease, and then an increase pro
portional to the oxygen concentration in the irrigation water (Wang 
et al., 2023c).

2.2. Impacts of gas filling on the soil environment, particularly microbial 
activities

Good soil quality is pivotal for ensuring food security, water security, 
and ecological stability (Pozza and Field, 2020). However, agricultural 
practices and natural phenomena induce changes in soil integrity, 
affecting its quality. Practices that subject the root zone temporarily to 
reduced oxygen levels, such as irrigation, flooding and soil compaction 
compromise crop health. Low-oxygen stress impedes root respiration, 
microbial activity, and overall crop vitality (Asplund and Curtis, 2001; 
Assouline and Narkis, 2013; Friedman and Naftaliev, 2012; Ityel et al., 
2014). Therefore, addressing soil aeration in the root zone emerges as a 
crucial strategy to optimize crop growth and bolster soil productivity. 
The aforementioned gas filling methods are expected to impact on soil 
function, physical, chemical and biological, for the benefit of crop 
production.

Aerated irrigation has significant effects on the soil water and gas 
environment (Chen et al., 2019). Research showed a significant 16.6 % 
increase in soil oxygen concentration when venturi gas filling was used, 
along with a significant 4.5 % decrease in soil moisture content (Zhu 
et al., 2016). Furthermore, this intervention corresponded to a 

Fig. 4. Schematic diagram of MNB Aeration. Note: The arrow in the figure indicates the direction of water flow, and the meaning of the number is 1: Micro- Nano- 
Bubble Generator; 2: Submersible pump; 3: Bottom valve; 4: Water meter; 5: Water control valve; 6: Aeration head; 7: Oxygen meter; 8: Water pipe; 9: Drip pipe. 
Adapted from Ma et al. (2025).
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significant 33.2 % rise in soil respiration rate. Similarly, studies by Sang 
et al. (2018) demonstrated the efficiency of MNB aeration for early rice, 
by Zhu et al. (2012) with a micro-bubbler during the late rice grain 
filling stage and by Hu et al. (2017) with micro-bubbles throughout a 
paddy rice crop cycle in mitigating rhizosphere hypoxia induced by 
prolonged soil inundation. Dhungel et al. (2012) reported that this 
technique not only optimized soil aeration status but also enriched soil 
microbial diversity, consequently promoting increased pineapple yields. 
Here we focus on effects of gas filling on microbial activities, given their 
sensitivity to variations in soil aeration.

The activity of soil microbial communities is closely linked to soil 
enzyme function, which is a significant indicator when relating soil 
quality and fertility, and crop growth status. Various authors, e.g., 
Heuberger et al. (2001) and Li et al. (2016) using forced air injection 
through the irrigation system, either following irrigation or every two or 
four days, and Brzezinska et al. (2001) modifying soil aeration condi
tions through different degrees of compaction, observed a correlation 
between soil enzyme activity and soil aeration, underscoring the posi
tive impact of enhanced soil aeration on key soil enzymes e.g., catalase 
and dehydrogenase. In addition, MNB aeration raised alkaline phos
phatase activity by 15 % and available phosphorus by 21 % in the maize 
rhizosphere by increasing the diversity of bacteria and complexity of 
fungi networks, which favored phosphorus availability of the soil (Bian 
et al., 2025). Similarly, Wei et al. (2025) found that ADI coupled with 
organic fertilizer increased yield and quality of Panex notoginseng by 
improving the soil microenvironment, particularly the soil water con
tent and catalase and urease activities, and soil bacterial and actino
mycete populations. This underpins how crucial soil aeration is for 
promoting enzymatic activities that are critical for the cycling of nu
trients and the general health of the soil.

The diversity of soil microorganisms and their biomass and biolog
ical activities are intricately intertwined with soil formation and its 
development, as they decompose and transform organic matter and soil 
nutrients (Jacobsen and Hjelmsø, 2014). The activity of the soil micro
bial community enhances crop nutrient uptake, improves root structure 
(e.g., Jin et al., 2023), and fortifies crops against biotic and abiotic 
stresses. Consequently, the water and gas environment with aerated 
irrigation being created in the crop root zone is favorable for the pro
liferation of soil microorganisms, enhancing their activities as discussed 
below.

When adopting an underground drip irrigation network with forced 
air soil aeration, a significant increase occurred in abundance of bac
teria, fungi and actinomycetes in the tomato root zone (Li et al., 2016), 
and likewise with the use of a venturi (Lei et al., 2022). Zhao et al. 
(2017) investigated the impact of forced air on soil chemical properties 
and the bacterial community structure in the root zone using 
high-throughput genome sequencing. Adding air directly to the root 
zone significantly improved the important functional soil bacterial 
communities. Specifically, gas filling enhanced the number of Pseudo
monas and Bacillus with metabolic functions related to phosphorus and 
potassium absorption via decomposition of organic matter. Other 
studies with H2O2 delivered in the irrigation water (Thomas et al., 2025) 
showed that microbial biomass was reduced, but microbial diversity was 
unaffected. In contrast, even though the activity of crop rhizosphere 
enzymes was enhanced with venturi enhanced oxygen concentration of 
15 vs. 5 mg L− 1 in the irrigation stream, the diversity of soil microbial 
communities decreased with the increased oxygen concentration (Lei 
et al., 2022), implying the need to study long-term the impacts of 
oxygenated irrigation on soil ecology. Yet other studies (Rao et al., 
2018) showed that chemical based (calcium peroxide) supply of oxygen 
in the irrigation stream increased both soil bacterial population and 
biomass by 21 % compared to a check, but less than the 28 % increase by 
a physical based (microbubble) aeration. In line with these results, Zhu 
et al. (2024) have shown that increasing the concentration of dissolved 
oxygen to 15 mg L− 1 in aerated irrigation water, altered life history 
strategies of soil microorganisms contributing to the regulation of C 

cycling, and enhanced the fixation of inorganic carbon and raised soil 
organic carbon content, as too have Qian et al. (2022) for C and N 
cycling.

Of note, Wang et al., (2025a) reported that micro-nano bubble 
hydrogen water subsurface drip irrigation was effective in alleviating 
salt stress on lettuce growth and photosynthesis through the promotion 
of root, antioxidant, and osmotic balance development. This practice 
also reduced stress hormones (abscisic and jasmonic acids) and 
enhanced useful plant growth promoting rhizobacteria in the soil that 
enhance IAA synthesis and diminish growth inhibition via ethylene. 
However, when exposed to no stress factors, surplus dissolved hydrogen 
may inhibit the growth of roots because of a decrease in dissolved soil 
oxygen.

Soil nitrification and denitrification bacterial activities are largely 
controlled by the amount of oxygen present in the soil (Chen et al., 
2019). Therefore, alterations in soil nitrification and denitrification 
processes by aerated irrigation have an impact on the functional state of 
nitrogen in the soil and on the generation and release of soil greenhouse 
gases, such as carbon dioxide (CO2) and nitrous oxide (N2O). Several 
studies have emphasized the effect of aerated irrigation on emissions of 
greenhouse gases. Chen et al. (2018) showed that venturi-based soil 
aeration enhanced N2O emissions significantly in one of two seasons 
trialled. The authors related this to greater concurrent aerobic and 
anaerobic sites in the soil in the year with greater emissions, causing a 
continuous coupling of denitrification and nitrification with enhanced 
N2O emissions.The same venturi treatment increased average soil CO2 
emission and reduced CH4 emissions for greenhouse tomato production, 
with a decrease in net greenhouse gas intensity (i.e., the ratio of net 
global warming potential to tomato yield) but the differences between 
aeration and no aeration were not significant. Hou et al. (2016) reported 
similar effects with venturi aeration of the irrigation stream, and 
although N2O emissions were somewhat higher with aerated irrigation, 
the difference was not significant. Both studies showed that with venturi 
aerated irrigation there were negligible effects on the global warming 
potential. Likewise, Oo et al. (2018) using NBs on a well aerated andosol 
recorded a nonsignificant increase in N2O with aerated compared to 
nonaerated irrigation soon after fertilizer application, which was how
ever obviated with the addition of biochar, and Zhang et al. (2019) using 
venturi aeration found, again, non-significant increases in CO2 and N2O 
emissions, with such increases likely related to changes in soil microbial 
populations and activities induced by aerated irrigation. In the study by 
Zhao et al. (2017), gas filling promoted the number of nitrobacterium 
bacteria with nitrification functions, concurrently inhibiting denitrify
ing bacteria. Likewise, venturi based aerated irrigation water in the crop 
root zone enhanced soil nitrification while decreasing soil denitrifica
tion, thereby improving soil fertility (Chen et al., 2021) and through 
venturi aeration facilitating crop absorption of nitrogen (Cui et al., 
2020b). Of interest, in laboratory studies use of solid calcium peroxide 
or magnesium peroxide reduced N2O production under hypoxic condi
tion soil conditions, but a concomitant reduction in microbial biomass 
was also evident (Bera et al., 2020), and a study by Baram et al. (2021)
showed that delivery of oxygen NBs in a surface irrigated lysimeter 
study reduced N2O production by 37 %.

The apparent inconsistencies in reported N₂O responses to aerated 
irrigation, even though they were almost all non-significant when 
compared to no aeration, likely stem from variations in experimental 
context and methodological approaches. Soil type is a critical determi
nant, as differences in texture, organic matter content, and baseline 
aeration status influence oxygen diffusion and thus microbial nitrifica
tion–denitrification dynamics. For instance, microbial populations in 
fine-textured or poorly drained soils may respond differently to added 
oxygen than coarse-textured soils with inherently higher porosity. 
However, when we reviewed the soil types in the reported studies on 
N₂O generation which ranged from silty clay loams to andosols and a 
brown soil, other than in the study by Baram et al. (2021), where the 
aeration reduced N₂O very significantly (most likely related to the high 
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ammonium and nitrate concentration in the treated waste water and the 
very poorly aerated soil conditions, that would likely favour much 
denitrification in the absence of aeration), we could not relate the effect 
of ADI on N₂O emission to soil type. In addition, the method of aeration 
plays a decisive role: venturi injectors typically generate larger bubbles 
with limited persistence in the soil solution, whereas micro- or nano
bubble systems provide more stable oxygen delivery, potentially 
altering microbial pathways in distinct ways. Seasonal and climatic 
factors also modulate responses, since temperature and soil moisture 
strongly regulate microbial activity and greenhouse gas fluxes. 
Furthermore, differences in experimental scale (pot, lysimeter, or field 
trials) and crop type can affect root exudation patterns and rhizosphere 
microbial communities, contributing to divergent outcomes. Taken 
together, these factors underscore the need for context-specific evalua
tion of aerated irrigation, as its impact on N₂O emissions cannot be 
generalized across soil and management conditions. Such intricate re
lationships between soil gas filling, microbial activity, and greenhouse 
gas dynamics, emphasize the importance of holistic long-term ap
proaches to agricultural management that consider both productivity 
and environmental sustainability.

Aerated irrigation orchestrates a comprehensive regulation of the 
root growth environment, seamlessly optimizing the efficiency of water, 
fertilizer, gas, heat, and other pivotal factors essential for farmland 
productivity. The aerated irrigation method, by refining and optimizing 
soil water and gas conditions, serves as a catalyst for microbial prolif
eration, and stimulation of functional soil respiration. Adoption of ADI, 
besides improving the physical and chemical qualities of the soil, also 
effectively deals with the inherent soil water and gas paradox within the 
root zone.

2.3. Effect of gas filling on root, canopy and yield characteristics and 
water use efficiency

2.3.1. Roots
Root system vitality directly affects crop nutrient absorption and 

water use efficiency, playing a key role in various physiological pro
cesses critical to crop development (Smith and De Smet, 2012). The 
oxygen concentration within the soil in the crop root zone constitutes a 
critical environmental factor, exerting a profound influence on the 
morphological structure of the crop root system (Jin et al., 2023) and on 
the abovementioned metabolic function of various bacteria (Hashmat 
et al., 2024). Therefore, the impact of ADI on the soil environment 
directly influences the functional strength of the crop root system and is 
intricately linked to the healthy growth of crops.

Consequently, various authors such as Baram et al. (2022) supple
menting the crop root volume with NB-oxygenated waste water and Lei 
et al. (2023) with venturi aeration found that these aeration treatments 
effectively enhance the vitality of crop roots, improve the absorptive 
capacity of water and nutrients per se and through the action of root 
endophytic bacteria (Wang et al., 2023b) consequently improving to 
varying degrees crop yield. Cui et al. (2020a) showed that venturi 
aeration could well improve various parameters of cucumber root 
growth –, fresh root weight, root dry weight, root length – leading to 
greater yield and net income. Likewise, Zhang et al. (2022) with a 
patented cycle aeration device, showed similar aeration benefits on the 
total root length, surface area, volume, and root activity, the latter as 
determined by the Triphenyl Tetrazolium Chloride test.

Many studies have established that gas filling can effectively pro
mote water, fertilizer, and gas coordinated regulation of crop growth, 
strengthening the absorption of soil nutrients (Bhattarai et al., 2004; Niu 
et al., 2012; Li et al., 2016; Sang et al., 2018; Pendergast et al., 2019; Zhu 
et al., 2020), stimulating the vitality of the crop root system (Assouline 
and Narkis, 2013; Chen et al., 2019; Wang et al., 2023b; Zhao et al., 
2017), encouraging healthy growth and development of crops, 
improving crop yield and where relevant quality, and enhancing the 
economics of crop production.

2.3.2. Canopy parameters and yield
Pendergast et al. (2013) reported that ADI, besides enhancing root 

development, also increased light interception by the cotton canopy and 
improved yield and water use efficiency. After statistical analysis of 
seven years of venturi aerated drip irrigation, they found that cotton 
production was increased by 10 % and irrigation water utilization effi
ciency by 7 %. Their experiments on greenhouse vegetables (Bhattarai 
et al., 2008) also showed that venturi ADI increased water utilization 
efficiency, stimulated leaf transpiration rate and increased harvested 
yield of soybean, chickpea, and pumpkin production by 43 %, 11 %, and 
15 %, respectively. Bhattarai et al. (2006) using venturi aeration related 
this phenomenon to the gas filling which increased the soil oxygen 
concentration, effectively overcoming the aforementioned unfavorable 
effects of heavy clay hypoxia on root function and crop growth. They 
showed that ADI in heavy clay increased the fresh weight of tomatoes by 
21 % and water utilization efficiency by 11 %, whereas in saline soil, 
drip irrigation increased tomato fresh weight by 38 % and season long 
water utilization efficiency of fruit by 77 %. Likewise, according to 
Dhungel et al. (2012) venturi ADI enhanced pineapple growth, quality, 
instantaneous water utilization efficiency (μmol CO2 assimilated for 
each mmol of H2O transpired) and yield. Some early studies by Goor
ahoo et al. (2007) from California State University, USA, employing the 
venturi drip irrigation method, investigated the effects of ADI on the 
yield of three crop species: sweet pepper, melon, and cantaloupe and 
showed a significant improvement in yield mainly due to increases in 
fruit numbers. More specifically, they reported promising yield increases 
of between 16 % and 39 % resulting from increases in fruit number of 
between 13 % and 33 %. Furthermore, Wu et al. (2022) using venturi 
aeration reported that ADI led to a significant increase in maize yield 
under both degradable and plastic mulching films.

The results of Li et al., (2022), Ouyang et al. (2021). and Zhang et al. 
(2022) also showed that adding MNBs to drip irrigation not only 
improved tomato plant height, stem thickness and yield, but also 
enhanced the content of tomato organic acid and vitamins and fruit 
hardness, which effectively improved the quality of tomato and their 
flavor. The positive impact of various ADI practices on output and fruit 
quality was also consistently confirmed using a micro-nano bubbler by 
the investigations of Liu et al. (2019) for tomato, by Wang et al. (2022)
for capsicum and Wang et al. (2023a) for strawberry. Likewise, use of 
nano air bubbles for irrigation of tomatoes improved harvest quality and 
increased agronomic nitrogen uptake efficiency, water use efficiency, 
earliness and size per fruit, being more efficient than with nano oxygen 
bubbles (Del Moral Torres et al., 2024). However, total and marketable 
yields with both were also increased but not significantly so, although 
the authors do not suggest reasons for this lack of total yield benefit. In 
contrast, increases of soil oxygen had positive impacts on strawberry 
yield and quality, and soil fertility, when air-MNBs were introduced to 
the irrigation stream (Wang et al., 2023a). Furthermore, studies on 
melons conducted by He et al. (2022), on cucumber by Ouyang et al. 
(2023) and on water melon by Zhou et al. (2023) support the notion that 
ADI with a MNB generator can boost yield and quality while also 
enhancing the financial advantage.

A limited number of yield comparisons between the use of chemical 
and mechanical gas filling would suggest neither practice is uniformly 
superior to the other in improving yield under field conditions. For 
example, Hu et al. (2017) reported a c. 9 % greater yield with chemical 
gas filling than mechanical gas filling, and the latter was itself superior 
to the control by 11 %., which is in line with the greater dissolved ox
ygen concentration with chemical gas filling noted earlier in those 
studies. However, in a pot trial comparison, with equivalent increases in 
supply of oxygen to the root system via subsurface drip irrigation, 
venturi aeration was slightly more effective than H2O2 at improving 
cotton yield, but in contrast with vegetable soybean no difference in 
yields between aeration treatments was noted; for both crops treated 
yields were significantly higher yielding that the control (Bhattarai 
et al., 2004). And in a field study by Rao et al. (2018) with cotton, both 
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chemical and mechanical gas filling increased yield significantly, by c. 
11 % compared to the control, emphasising benefits of aeration treat
ments on crop yields.

2.3.3. Water Use Efficiency
The benefits of ADI and its involvement in improving WUE have been 

noted and reported by numerous research scholars. Research by Gil et al. 
(2009) revealed that injection of H2O2 contributed to gains in above
ground biomass (27 %) and WUE (17 %) of avocado on a heavy clay 
loam soil. Similarly, Zhou et al. (2022) working with tomato and various 
NB dissolved oxygen concentrations reported a range of improvements 
of irrigation water use efficiency (IWUE) of between 7.1–34.5 % as 
compared to the non-aerated treatment. Using 19 studies, a 
meta-analysis was conducted by Du et al. (2018) and they reported a c. 
18 % enhancement of WUE through aeration that included all types of 
gas filling as mentioned in our review. In response to oxygation (a term 
used to denote aerated drip irrigation), Bhattarai et al. (2008) showed 
that soybean and pumpkin had higher season-long water use efficiency, 
which is a term similar to gross production water use index (GPWUI), 
and that pumpkin had a considerably higher season-long water use ef
ficiency with oxygation at the deeper of the two emitter depths tested 
(15 cm vs. 5 cm), suggesting that oxygation alleviated a sustained 
hypoxia at depth. Many other studies have also confirmed the role of gas 
filling in boosting crop yield while also increasing WUE (Bhattarai et al., 
2006; Chen et al., 2011; Abuarab et al., 2013; Li et al., 2016; Liu et al., 
2019; Wang et al., 2021a).

2.4. Effects of water and air flow within ADI on bubble distribution and 
dissolved oxygen

In agricultural settings, implementing ADI technology requires 
selecting suitable gas infusion equipment to ensure stable and efficient 
water and gas transmission within the irrigation network. Optimal 
management practices ensure the efficiency and uniformity of delivery 
of water and gas along the irrigation infrastructure.

But uniformity of gas and water delivery is not always guaranteed. 
Goorahoo et al. (2002), working with venturi ADI, showed an inverse 
linear relationship between crop yield and the length of drip irrigation 
tapes due to an uneven distribution of water and gas throughout the 
network. Indeed, large bubbles tend to exit emitters close to the aeration 
source, with concomitant but minor reductions in water delivery, and 
emitters distant from the aeration source receive much less air in bub
bles and dissolved oxygen. This generation of unequal bubble sizes can 
lead to unstable movement within the pipe network and tendencies for 
bubble fusion, rupture, and premature escape. This results in the 
aforementioned decline in bubble delivery along the irrigation tape, 
causing uneven distribution and impacting the uniformity of water flow 
in the drip irrigation system, thereby limiting effective water and gas 
transmission (Bhattarai et al., 2015). Indeed, as outlined in Section 
2.1.2.5 basic physical principles suggest that tiny bubbles produced by a 
venturi prolong the air-liquid interface period, slow the rising of bub
bles, and extend the period that gases diffuse and remain in solution. 
After researching various variables influencing the uniformity of venturi 
ADI systems, Torabi et al. (2013, 2014) concluded that one of the main 
causes of the decline in uniformity of water and gas delivery to emitters 
is the highly uneven spatial distribution of macro bubbles in the drip 
irrigation tape.

Indeed, the transmission process in drip irrigation involves more 
than just water and gas moving independently; it is a complex interac
tion between the two, involving momentum and energy exchange. Un
like traditional drip irrigation, where water flows alone, ADI involves a 
more intricate two-phase flow of gas and liquid. Indeed, even a three- 
phase flow simulation including gas, liquid and particles has been 
studied, when considering the relationship between ADI and emitter 
clogging (Wang et al., 2024c). Understanding how the flow structure of 
water and gas changes and evolves within the system is crucial when 

understanding this two-phase flow and its practical importance in 
aerated drip irrigation systems.

Due to the rapid advancement of modern measurement, imaging, 
and fluid dynamics computer tools, the study of air-liquid phase flow has 
proven useful through observation and numerical simulation. Scholars 
have approached this through theoretical studies, applying conservation 
principles of mass, momentum, and energy, using fundamental equa
tions of two-phase flow. Su and Midmore (2005) investigated the 
movement of ADI under steady-state conditions and concluded that 
water and gas are asymmetrically distributed under the influence of 
gravity. They also established the dispersion equation for two-phase gas 
and liquid flow based on two-phase hydrodynamics theory. Using an 
incompressible two-fluid model as a foundation, Panicker et al. (2018)
observed gas-liquid flow instabilities by increasing the dispersion source 
term, i.e., that related to drag coefficient and the gradient of the gas 
volume fraction,.

Using image processing techniques, Shanthi and Pappa (2017)
identified features related to two-phase flow and proposed a method 
using fuzzy logic and support vector machine with principal component 
analysis for two-phase flow recognition of flow patterns for industries 
with two phase flows, such as in aerated irrigation. In a similar manner, 
Bhattarai et al. (2013, 2015) used visual testing and image processing to 
observe the bubble distribution along a venturi aerated drip irrigation 
tape following different tape orientations and the addition of surfactant. 
Their data show that these technical parameters had significant impact 
on bubble distribution and movement and some are discussed shortly. 
Yin et al. (2015) and Gordiychuk et al. (2016) used high-speed 
photography with venturi microbubble generation to investigate the 
characteristics of venturi aeration and to evaluate the development and 
size distribution of bubbles in the two-phase flow of water and gas. The 
micro-bubbles generated by the venturi type bubble generator in the 
study by Gordiychuk et al. (2016) had a mean diameter of 175 μm, 
somewhat larger than the idealized diameter of < 20 μm as suggested by 
Bhattarai et al. (2013). Through visualization experiments, Kong et al. 
(2018) investigated the flow characteristics of gas and liquid and 
discovered as the large bubbles expanded along the flow direction due to 
small bubble coalescence, they accelerate resulting in a decrease in void 
fraction (i.e., the fraction of the channel cross-sectional area occupied by 
the gas phase).

To improve the uniformity of water and gas transmission in drip 
irrigation systems and extend their reach, scholars evaluated factors 
such as the layout of the network, inclusion and concentration of sur
factants, types and nominal flow rates of emitters and imposition of 
‘plugs’ close to emitters and some of the outcomes are summarized 
below.

Large bubbles in the irrigation flow more readily emerge from 
emitters close to the air source with upward- than downward-facing 
emitters (Bhattarai et al., 2015), resulting in uneven distribution of 
water and gas in the drip irrigation tape. They reported that the presence 
of small bubbles in the drip irrigation tape is beneficial for ensuring the 
proper distribution of water and gas, leading to a consistent flow of both. 
As outlined in the digression on bubble size, small bubbles exhibit su
perior stability and efficiency in mass transfer of oxygen to surrounding 
water compared to larger bubbles (Li et al., 2014) and are better suited 
for extending the efficient transportation range, and promotion of even 
distribution, of water and gas within the pipe network. Hence, in order 
to enhance the stability of bubbles and maintain the number of small 
bubbles in the pipe network, researchers introduced low concentrations 
of surfactants into the water. These enhance the viscosity and elasticity 
of the bubbles and prevent the fusion between bubbles (Torabi et al., 
2014; Lei et al., 2016, 2018), thereby markedly improving the unifor
mity of delivery of air bubbles along the irrigation tape.

Using a 4 ppm surfactant [BS1000™ (alcohol alkoxylate from Crop 
Care Australia Pvt. Ltd)], Lei et al. (2020) evaluated the uniformity of 
water and gas outflow and dissolved oxygen concentration in an aerated 
drip irrigation system with a Seair Venturi Diffusion System Model 
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SA75. Indeed, use of the surfactant led to three-fold increases of dis
solved oxygen saturation with air injection (50 % in the control and 
165 % with surfactant) compared to a non-aerated control along 200 m 
of non-pressure compensated irrigation tape, and up to 438 % with in
jection of oxygen, all due to positive effects of MB creation and of 
increased contact between bubbles and water.

Turbulence-inducing sealing plugs that would penetrate to different 
depths of the water and air bubbles in the irrigation stream in the pipe 
during venturi aeration and would create improved bubble distribution 
along an irrigation tape were tested by Torabi et al. (2014). These plugs 
dispersed air bubbles away from drip connectors near to the venturi, 
raised the Christiansen uniformity coefficient of the emitter air flow 
rates, and increased availability of air bubbles to more distant emitters, 
thereby increasing the uniformity of air delivery to emitters. When used 
with surfactant, uniformity was further increased.

Understanding the lifespan of bubbles before dissolution is necessary 
for the effective implementation of ADI. First lifespan estimations for gas 
bubbles dissolved in liquids were reported and modelled by Epstein and 
Plesset (1950) who related them to the concentration of dissolved gas 
and the surface tension of the gas bubble-water interface. We have 
argued, as does Navisa et al. (2014), that smaller bubbles have greater 
efficiency of oxygen transfer than do larger bubbles due to their larger 
surface area to volume ratios and greater buoyancy and lifespan. 
Extending this argument to MNB has been theoretically attempted (Fan 
et al., 2023), but with limitations for NB due to the lack of available 
empirical data and partly related to the bursting of NB and generation of 
free radicals.

Based on conventional thermodynamic theory, the potential exis
tence and the stability of NBs has been a contentious issue for a long time 
(Wu et al., 2012). According to the Young-Place equation, the internal 
pressure of NBs would be significantly greater than the outward pressure 
of a solution, causing disappearance of bubbles within microseconds 
(Snell et al., 2016). Despite this, a number of studies showed that NBs 
could retain measurable life span lasting hours, days, weeks, or even 
months (Hu and Xia, 2018), an observation supported by the theoretical 
studies of Tan et al., (2020). As for use of surfactants in venturi gener
ated bubbles, surfactants extend the stagnation time for NB too (Li et al., 
2014). However, in practice, most research on oxygen transfer effi
ciencies and life span of NBs has focussed on their use in amelioration of 
contaminated waters; there is still much to research for their use in ADI.

Comparisons of uniformity of supply of air, and consequently of 
oxygen concentration between various gas filling practices are rare. One 
such was between micro-bubbles produced by a venturi or a fluidic 
oscillator, the latter incorporating a micro-porous diffuser that allowed 
for control of the bubble sizes to approximately 20 μm or less. In this 
comparison, the fluidic oscillator aeration, with smaller uniform bubble 
size, maintained a longer duration of elevated dissolved oxygen in the 
irrigation water by a factor of two compared to the venturi aeration (Lei 
et al., 2016).

2.5. Other factors affecting the efficacy of ADI for crop growth

2.5.1. Soil texture and water quality constraints
Micro- nano-bubbles effectively work in poorly aerated and fine- 

textured soils (Baram et al., 2022), especially when deployed with 
amendments to the soil such as biochar, which offers an 
oxidation-porous synergistic effect necessary to increase aeration 
porosity (Ouyang et al., 2025). Nevertheless, there is some evidence 
indicating that the impact of air nanobubble-saturated water properties 
on soil moisture and nutrient retention could prove to be lesser when the 
soil was a heavy clay rather than loamy or sandy soils (Ramiro et al., 
2024), or with compost addition (Povilaitis and Arablousabet, 2025). 
although as presented later, MNBs allow the use of treated wastewater in 
a sustainable manner controlling biofouling in irrigation systems (Baram 
et al., 2022). There is however a threat of soil salinization in the event of 
chemical oxygenation (for example with sodium percarbonate), 

highlighting the importance of identifying and using methods of MNB 
generations that will not negatively impact the environment (Wang 
et al., 2023c).

2.5.2. Operational parameters and dose-dependent effects
The most important parameters for ADI are the characteristics of 

bubbles. Micro- nano-bubbles are more effective in gaseous transfer than 
the traditional micro-bubbles from venturi because of their stability, 
high internal pressure, as well as low buoyancy (Liu et al., 2019), which 
avoids poor uniformity of bubble delivery along the irrigation tape. 
Overall, most importantly, there are dose-dependent limits to the ben
efits. A specific concentration of dissolved oxygen (DO) should be 
identified to achieve maximum performance in terms of yield and WUE 
of a crop. For example, 7 mg L− 1 was recommended over 24 mg L− 1 for 
tomato (del Moral torres,et al., 2024), a DO of 9 mg L− 1 was recom
mended for cucumber (Ouyang et al., 2023) subsequently raised to 
14–15 mg L− 1 (Ouyang et al., 2025) and raised to 20 mg L− 1 by Jin et al. 
(2023). A value of 18 mg L− 1 was recommended by Ma et al. (2025) for 
processing tomato and Zhou et al. (2019) also recommended the slightly 
lower 15 mg L− 1 for tomato and cucumber. Values of soil oxygen ranged 
from 17 to 20 mg L− 1 in studies on tomato and cucumber by Liu et al. 
(2019), with the slightly higher value better for cucumber. Maize 
responded better to 30 mg L− 1 than a lower concentration, so the range 
of recommendations is somewhere between 9 and 30 mg L− 1. A rather 
strange value of 220 mg L− 1 total oxygen concentration has also been 
reported as optimal for tomato (Zhou et al., 2022). A higher level than 
the optimal may decrease effectiveness. As an example, O2-NBs increase 
the production of ROS and thus soil redox capacity, and if the concen
tration is supra-optimal in the soil solution it may cause oxidative stress 
in plants (Arablousabet and Povilaitis, 2024).

2.5.3. Uncertainty and Mechanistic Understanding
Many studies fail to adequately report crucial bubble characteristics 

(size and concentration – Azevedo et al., 2019) even though newer po
tential methods are more precise in their characterization of bubbles 
(NTA is performing Nanoparticle Tracking Analysis, Wang et al., 
2024d). Also, our understanding of microbially-mediated pathways in 
response to ADI (16S rRNA gene sequencing/Structural Equation 
Modeling, Zhou et al., 2022; Chen et al., 2023) is advancing but several 
gaps remain. In addition, more information is needed on the long-term 
stabilization of MNB under various types of soil (Arablousabet and 
Povilaitis, 2024) and how different physiological processes respond to 
soil oxygen concentrations and result in crop-specific effects, especially 
where adverse effects of ADI are found, as in species with a low anti
oxidant capacity (Wang et al., 2020). Continued research focusing on 
identifying these specific biochemical and microbial thresholds is 
essential to maximize the efficacy and guarantee the long-term viability 
and scalability of MNB technology in diverse agricultural settings 
(Marcelino et al., 2023; Arablousabet and Povilaitis, 2024).

2.6. Effect of gas filling on blockage characteristics of drip irrigation 
system

As global water scarcity intensifies and industrialization accelerates, 
polluted water sources present an unending predicament. In agriculture, 
a critical sector heavily reliant on diverse water sources for irrigation, 
the situation is particularly dire. Farmers often use heavily laden water 
sources containing prominent levels of sediment, pollutants, and mi
croorganisms. This presence of "dirty water" greatly heightens the risk of 
clogging in drip irrigation systems, which are otherwise recognized for 
their uniformity. Even with “clean” water clogging is evident (Thomas 
et al., 2025). Numerous studies have indicated that clogged drip irri
gation systems experience decreased efficiency, shorter lifespan, and 
limited applicability (Pei et al., 2014; Han et al., 2019; Li et al., 2020). 
To improve drip irrigation system efficiency, clogging in emitters must 
be addressed.
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Multifactorial physical, chemical, and/or biological features 
frequently combine to cause emitter clogging in irrigated agriculture 
(Feng et al., 2019; Ravina et al., 1992). The interaction of these variables 
is frequently seen in blockage processes that affect the accumulation of 
blocking material in irrigation systems (Ravina et al., 1992, 1997; 
Puig-Bargués et al., 2005; Pei et al., 2014).

An important factor responsible for irrigation equipment blockages is 
microbial activity. This is primarily because, during microbial meta
bolism, Extracellular Polymeric Substances (EPS) are produced. These 
substances have adhesive properties and easily attach to the irrigation 
channels (Zhou et al., 2014). Since the late 20th century studies have 
focused on how microbial activity affects drip irrigation systems. In 
1980, Picologlou et al. (1980) discovered that microbial community 
activity leads to the formation of a microbial slime layer on the surface 
of water pipelines, impacting system performance. Ravina et al. (1992, 
1997) further investigated drip irrigation and found that biotic irriga
tion blockages primarily consisted of gel aggregates containing fine 
particle organic matter, inorganic substances, and biomass resulting 
from microbial metabolism. Taylor et al. (1995) reported that biofilms 
produced by microorganisms play an important role in facilitating the 
deposition of organic matter, thereby further contributing to blockage of 
irrigation devices. Biofilms serve as both the initial condition and a 
triggering factor for emitter clogging, as evidenced by previous research 
(Tarchitzky et al., 2013). Over time, EPS continuously absorb impu
rities, including suspended particles from the irrigation water, resulting 
in the build-up of biofilms that contribute to irrigation device blockages 
(Li et al., 2013; Zhou et al., 2014). As the chemicals in the irrigation 
water constantly precipitate on the irrigation walls and biofilm surfaces, 
the irrigation channel surface roughness changes significantly (Shi et al., 
2022), further encouraging the attachment of suspended particles, 
chemical precipitates and microorganisms. Consequently, using prac
tical methods to control microbial growth can effectively slow down the 
process of blockage in irrigation devices.

Due to its potent antimicrobial properties, chlorine exhibits strong 
efficacy in inhibiting microbial growth and preventing the formation of 
biofilms in irrigation tapes. Consequently, chlorination treatment of drip 
irrigation systems proves effective in delaying or preventing biological 
and chemical blockages in irrigation devices. Chlorination is frequently 
employed as an anti-blockage measure in drip irrigation systems 
(Puig-Bargués et al., 2005). However, such high frequency or concen
tration of chlorination will inhibit the root development of crops, reduce 
the ability of plants to absorb nitrogen and other nutrients, and have a 
negative impact on crop growth and development (Thomas, 2021). This 
is where the use of hydrogen peroxide comes to the fore, given its oxygen 
release property for enhanced root growth, and its •OH hydroxyl 
oxidizing property which has been shown to reduce dis-uniformity be
tween emitters caused by biofouling (Thomas et al., 2025). With irri
gation water in field trials with crops (Thomas et al., 2025), stabilized 
H2O2 at 10 ppm reduced complete emitter clogging by 50 % (from c. 
14 % in the control to c. 6 % in the treated plots) and biofoul of emitters 
by over five times, and yield increases of between 12 % and 49 % were 
evident for grape, chili and sugarcane. The low concentration of H2O2 
also reduced root intrusions where manifest compared to the control 
treatment. Additionally, the stabilizer used (1-hydroxyethylididene-1, 
1-diphosphonic acid- HEDP), is known to combat per se calcium scale 
precipitates in water treatment systems (Thomas et al., 2025). Studies by 
Japhet et al. (2022) using low concentrations of H2O2 (1–2 mg L− 1 at the 
emitter outlet for 10 min at the end of each irrigation cycle) in 
secondarily treated wastewater also prevented emitter clogging and was 
much more effective than periodical application of concentrated H2O2 
(i.e., 25 mg L− 1 weekly in the last 5 min with lateral flushing).

Aeration per se also has positive effects on the integrity of emitters. A 
recent study conducted by Wang et al. (2024c) showed that aeration, 
using a Mazzei A-20 Venturi tube (with the maximum gas particle size 
being 15 μm) significantly reduced sand deposition in emitters at 
various discharge rates. Chemical blockage is also reduced by aeration of 

irrigation water, as shown by Benlouali et al. (2021) who aerated ter
tiary treated wastewater to raise its oxygen concentration and reduce its 
biological and chemical clogging potential prior to its use in golf course 
irrigation.

In aerated drip irrigation systems, the water and gas environment 
within the pipe network undergo notable changes, particularly in MNB 
aerated drip irrigation systems. Micro-nano bubbles play a crucial role in 
this context by effectively removing suspended organic particles from 
water, reducing surface chemical deposition, and inhibiting microbial 
growth (Zhang et al., 2020; Li et al., 2024). Xiao et al. (2020) showed 
that NBs in irrigation streams decrease deposition of mineral pre
cipitates, reduce microbial-fixed biomass, shift the diversities of bacte
rial communities in biofilms and inhibit mutualistic microbial 
interactions, all favorable as mitigation practices for biofouling. Simi
larly, studied under controlled experimental conditions with the input of 
fertilization, a 29 % extension of service life of emitters and improve
ments in uniformity of a drip irrigation system, were related to the 
beneficial influence of MNB aeration on micromorphological structure 
and microbial diversity within emitters (Li et al., 2025a). They also re
ported that MNBs do more than just improve particle dislodgement 
through the influence of velocity and bubble dynamics, they also pro
mote the chemical and biological degradation of the fouling and biofilm 
by reactive oxygen species, lessening of the surface tension, and 
changing the microbial adhesion. Still, one study (Lv et al., 2023) re
ported an increased risk of particulate blockage when irrigating with 
muddy water with venturi aeration, especially with smaller particle size, 
to some extent overcome by placing emitters in an upward facing po
sition. Another study by Li et al., (2023) with an alkaline ground water 
also showed that both particulate and chemical emitter blockage were 
aggravated with MNB aeration, greater turbulence with MNB caused 
collision of particles and their deposition in emitters, with the authors 
calling for frequent flushing of the irrigation system. Nevertheless, it is 
most likely that oxidative free •OH produced during bubble collapse of 
nano-bubbles reduces fixed-biomass and restrains mutualistic in
teractions among microbial species (Li et al., 2020). Extracellular 
polymers and biofilm biomass were decreased, resulting in an extension 
of emitter service life by 130 %. Indeed, it is reported that NBs produce 
localized high temperatures, high pressures, and hydroxyl radicals with 
strong oxidative activity that kill microorganisms in the collapsing 
process of NB (Atkinson et al., 2019). This induces degradation of 
organic matter (Sung et al., 2017), thereby slowing down protein 
adsorption on surfaces (Liu and Craig, 2009), consequently diminishing 
biofouling in agricultural water distribution systems (Li et al., 2020).

Experiences differ in terms of MNB ADI ability to mitigate emitter 
clogging, hence to more fully realize the potential of MNB coupled ADI 
systems further studies are needed in different soil, water and environ
mental conditions. This need becomes more acute as the use of treated 
wastewater becomes more common in irrigated agriculture requiring 
greater focus on the relationship between microbial community activ
ities and emitter blockage.

2.7. Comparative economic and technical analysis of aeration 
technologies

Beyond technical performance, the economic feasibility of aeration 
technologies is pivotal for their practical adoption in drip irrigation 
systems. The overall cost–benefit ratio is defined by equipment invest
ment, operating expenses (energy, maintenance, and chemical inputs), 
oxygen transfer efficiency, and crop yield response. Given the reported 
yield benefits over no aeration, a simple cost: benefit analysis with a 
retro-fitted venturi-aerated cotton on a total of 5.2 ha (Pendergast et al., 
2013) showed that a payback period of c. 4 years would cover the c. A 
$1200 ha− 1 installation cost, with the system running successfully for 9 
years and expected to be serviceable for 20 years.

Micro-nano bubble systems offer similar agronomic and economic 
benefits by being able to optimize crop quality and quantity, as well as 
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minimizing the input requirements through synergistic mechanisms. 
Besides yield benefits, studies have established that MNB aeration can 
lower the application of chemical fertilizers and emissions of methane 
by 20 percent (in paddy rice), and improve irrigation efficiency, with 
concomitant economic benefits (Chirwa et al., 2024). These benefits 
come at some cost; yet they result in higher overall economic benefits 
than conventional drip irrigation alone (He et al., 2022). The capital cost 
of MNB generators is the most expensive of all aeration techniques; there 
are commercially sold nanobubble apparatuses that usually cost more 
than 10,000 yuan (c. US$1400, Wang et al., 2023c). Another generator 
unit was cited as costing about US$1317.5 (with a 10-year depreciation 
assumed – He et al., 2022), while a mobile unit used for half a hectare 
experiments cost approximately 1720 USD (Liu et al., 2019). However, 
with the exception of Liu et al. (2019), the crop area that each unit could 
service, and their operative lifespan, have not been reported to our 
knowledge. Comparatively, venturi air injectors, are more popular in 
field irrigation because they are operational simple to use and have low 
associated costs (Wang et al., 2024c). Despite the low-cost alternative of 
venturis, MNB generators may justify their higher price through superior 
efficiency in dissolved oxygen transfer and sustained presence in water, 
which ultimately drives the synergistic benefits of reduced resource 
consumption and increased yields (Park et al., 2010; Junejo et al., 2025). 
However, a single year field comparison between a venturi and an MNB 
generator, with irrigated processing tomatoes, showed that although the 
value of the harvested crop was greater with the MNB generator, the net 
profit was significantly greater for the venturi due to the lower cost of 
the latter (Wang et al., 2025b). Nevertheless, others (e.g., Zhu et al., 
2021) suggest that MNB generators combine benefits of low energy 
consumption and simplicity for management and are environmentally 
friendly.

Simple air injection systems which are based on the use of a 
compressor or blower have the benefit of being less complex and less 
expensive than venturi or MNB generators. However, their main expense 
is that of the compression energy (Ben-Noah and Friedman, 2018). The 
estimated annual price of a model of blower in a direct air injection 
system used for a 1.5 ha area was estimated to be US$200 ha-1 per year 
for the equipment, assuming a 10-year lifespan, and annually $2200 ha-1 

for electricity and maintenance to operate (Ben-Noah et al., 2021). An 
8.7% yield increase of oranges with the compressed air system would 
breakeven for growers, a yield increase easily achievable with air in
jection under oxygen stress in the field in Israel.

Economic analyses pertaining to chemical gas filling are even rarer 
than those for mechanical gas filling. One study (Bhattarai et al., 2004) 
reported a cost per hectare of A$63 for four weekly applications of 
hydrogen peroxide leading to a 4 t ha-1 yield increase of zucchini, but 
another study on various crops in large scale plots also using hydrogen 
peroxide did not include economic analyses (Thomas et al., 2025), 
although the authors wrote given ‘the magnitude of the yield benefits, 
they are likely to be favourable’.

3. Ongoing issues with, and opportunities for, aerated drip 
irrigation

To date, substantial research has been conducted on the benefits of 
aerated irrigation particularly for the enhancement of the hypoxic soil 
environment, crop growth, and resultant yield and quality, water and 
fertilizer use efficiencies, and drip irrigation system uniformity. Re
searchers have made significant scientific advances, laying the 
groundwork for further development of ADI. This research has been 
disparate in terms of comparisons of effects of different ADI practices, 
soil and crop types, water sources and the general cropping environ
ment. In ADI development, key challenges persist. These include firstly 
addressing rapid gas dissolution and inconsistency of bubble size, the 
latter which greatly affects stability in solution, for it is quite clear that 
bubble size [macro, micro and nano] plays a significant role in the 
mixing and transmission of water and gas in drip irrigation systems. 

Secondly the interaction between ADI and other water saving practices 
needs research attention, with consideration to the effects of excessive/ 
uneven aeration on root morphology and soil microbial community. 
Thirdly studies on emitter blockage must be expanded, and fourthly the 
identification of the gamut of optimal ADI practices, according to local 
conditions needs clarification. This should be followed by attention to 
scaling up practices. Yet in spite of these foci for research and devel
opment, opportunities arise for widespread use of ADI in addressing soil 
remediation, enhancement of sewage water as an irrigation input, and 
improvement of nutrient and other resource use efficiency, in addition 
to its use as a source of oxygen in oxygen-deficient soils. These are 
detailed as follows.

3.1. Issues requiring further research and development to enhance 
adoption of ADI

3.1.1. Gas production and movement characteristics of water and gas in the 
drip irrigation tape

Research on the uniformity of gas-filling drip irrigation systems 
primarily focuses on achieving even distribution of water and gas, and 
on the factors that influence this. However, there is insufficient attention 
given to the spatial distribution and uniformity of water, soluble fertil
izer (as in fertigation), and gas with different filling methods, and the 
impact of relevant technical parameters such as emitter flow rate, 
working pressure, and drip orientation (facing up or down) on this 
distribution. Also, bubbles with varying physico-chemical characteris
tics and differential flow rates caused by valve operation significantly 
affect efficacy of ADI, and these need further research attention. Given 
the context of modern agricultural water conservation and the adoption 
of new water-saving technologies, it is imperative to comprehensively 
examine the influence of various technical parameters on the spatial 
distribution uniformity of water, fertilizer, and gas in ADI systems.

Venturi injectors and MNB generators are the most commonly used 
mechanical gas filling devices in ADI as illustrated with references cited 
to date. However, these devices produce bubbles with differing gas 
production effects, due to variations in their bubble size and oxidation 
properties, which directly impact the movement of water and gas within 
the drip irrigation system, and their behavior upon exit from emitters. A 
major constraint in DI and SDI using a venturi for air injection is that, as 
noted earlier, most of the bubbles coalesce and exit the drip tape within 
a short distance from the air injector (Bhattarai et al., 2013; Goorahoo 
et al., 2002). With venturi injectors, much of the air void fraction is in 
large bubbles, with a relatively small fraction in micro-bubbles 
(Bhattarai et al., 2013). Although scholars have investigated the distri
bution of air bubbles in distinct locations within the drip irrigation tapes 
in studies on venturi aerated drip irrigation (Torabi et al., 2013, 2014; 
Torabi and Miranzadeh, 2021), limited published research has focused 
on (a) the import and export pressure difference of a venturi and asso
ciated pump capacity, (b) the optimal liquid flow rate (Wang et al., 
2023d), and (c) internal flow characteristics that directly influence 
bubble production and aeration efficiency (Baylar and Ozkan, 2006; 
Dange and Warkhedkar, 2023), all crucial factors affecting venturi 
performance. Likewise, alterations of fluidic oscillator pressure differ
ential can alter the spectrum of hydrodynamic caviation (Liu et al., 
2022).

With venturi generation of MBs, the magnitude of the venturi pres
sure difference directly affects the cavitation intensity, which in turn 
regulates the size distribution of micro- and NBs, the latter for example 
as produced by a bubble generator based on venturi-type recirculating 
hydrodynamic cavitation (Li et al., 2021). A larger pressure difference 
leads to a more intense cavitation collapse process, producing 
smaller-sized bubbles. The higher the pressure difference, the higher the 
cavitation intensity at the throat and the higher the bubble generation 
efficiency and concentration (Hasani Malekshah et al., 2022). In addi
tion, cavitation collapse induced by differential pressure can accelerate 
bubble fragmentation through micro-jets, further reducing the bubble 
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size (Wang et al., 2024a). However, at the same time that increasing 
pressure can increase DO, it can also cause substantial coalescence 
and/or entrapment effects between NBs and MBs, leading to a decrease 
in NB concentration (Li et al., 2021). According to Henry’s law, the 
change of differential pressure regulates the dissolution and release of 
gases in liquids. Differential pressure drives the dissolution of gases 
before releasing them through pressure recovery, forming stable micro- 
and nano-bubbles. In a venturi-vortex MB generator (De Oro Ochoa 
et al., 2022), the inlet and outlet pressure differentials together with the 
gas/liquid flow ratio affect bubble generation. Lower flow ratios (i.e., 
higher gas flow rates) require greater differential pressure to drive gas 
injection, resulting in higher concentrations of MBs. In addition, the 
differential pressure regulates the mixing efficiency of the gas and 
liquid, affecting the homogeneity and stability of the bubbles (De Oro 
Ochoa et al., 2022). For MNB aerated drip irrigation, further research is 
needed particularly on the gas production characteristics of MNB gen
erators, and on the study of gas and liquid mixed flow within the drip 
irrigation root zone (Liu et al., 2019; Zhou et al., 2022). Such experi
mental observations require further research attention to assist in the 
efficient adaptation and generation of MNB and the efficiencies of gas 
production, and the water and gas transmission processes, for MNB use 
in drip and possibly in the future flood, irrigation.

Therefore, it is imperative to delve deeper into the efficiencies, to 
determine the adaptation conditions for different gas filling methods.

3.1.2. Gas filling used with other practices for saving water
It will be important to determine the impact of ADI when super

imposed on the practices of partial root zone drying and deficit irriga
tion, both well-known for their high water use efficiencies. One study 
with tomato (Zhu et al., 2020) comparing the effect of with or without 
Mazzei venturi SDI showed the benefit of aeration to be less the greater 
the irrigation deficit, in line with the thesis that aeration obviates soil 
oxygen deficiency caused by saturated wetting fronts near the drippers. 
Nevertheless, in contrast a recent study (Calvo et al., 2025) with turf
grass showed that the benefit of NBs, quantified as measures of 
normalized difference vegetation indices and red, green, blue vegetation 
indices was greater under high water restrictions (a 50 % restriction in 
irrigation volume compared to a 30 % or no restriction). The latter effect 
was linked by the authors to the ability of NB to generate reactive ox
ygen species, leading through improved physiological processes to a 
more efficient use of limited water. In addition, even with high water 
restriction, saturated wetting fronts may occur around emitters, but for 
shorter duration compared to those with full irrigation. Combinations of 
ADI with imposition of raised beds, and with biochar applications, 
complementary practices known to improve WUE (Tang et al., 2024; Oo 
et al., 2018), are also in need of further research.

3.1.3. Influence of gas filling on the blockage characteristics (emitter 
clogging) in drip irrigation tapes

The blockage issue in irrigation significantly hampers the perfor
mance, service life, and adoption of drip irrigation systems. Emitter 
clogging is a multifaceted process managed to a degree by varying 
aeration methods, which differentially affect biological, physical, and 
chemical clogging mechanisms. Current research remains insufficient to 
systematically elucidate the impact of aerated irrigation on clogging 
dynamics. Monitoring the dynamic process of irrigation blockage and 
investigating the mechanisms of blockage in ADI systems as a start will 
aid in clarifying the impact of gas filling on drip irrigation system per
formance (Lv et al., 2023). Future investigations should focus on: (a) 
transport and reaction mechanisms between bubbles and clogging sub
stances, particularly the interplay of physical properties, chemical 
characteristics, and biological interactions, (b) microscopic mechanisms 
underlying clogging evolution under aerated conditions, including bio
film detachment patterns and particle aggregation behaviors influenced 
by MNBs, (c) development of ecofriendly and efficient anti-clogging 
technologies, such as optimizing emitter geometry and integrating 

advanced aeration control systems, (d) establishment, by investigating 
the fundamental mechanism of ADI influence on emitter clogging. of 
robust anti-clogging frameworks and a comprehensive model of ADI that 
balances the uniformity of water and fertilizer application in drip irri
gation systems and the service life of the same, so as to ensure the 
reliability of ADI systems.

These advancements will facilitate the design of safe, efficient, and 
sustainable aerated drip irrigation systems, ultimately enhancing water- 
use efficiency and crop productivity.

3.1.4. Cross environment studies on impact of ADI
As our review has shown, ADI in its various facets, has in the main 

been successful across a range of soil types, crops and weather condi
tions in improving yields. But definitive recommendations as to the 
choice of which aeration device and bubble distribution suits which soil 
and crop types, and prevailing economic conditions, are lacking. We 
propose the setting up of a coordinated network, using specified side-by- 
side standardized ADI treatments with common crops and water sources 
and other agronomic conditions at the field scale. Superimposed in a 
factorial design, such experiments will enable separation of all main 
effects and interaction, such that recommendations as to adoption of 
ADI will be superior to those based on the current piece-meal experi
ments. Such trials are required to fully assess the potential of ADI and to 
provide practical recommendations for its global application, and to 
underpin efforts for scaling up. Close interaction with developers and 
suppliers of irrigation technology is called for in these proposed studies 
and with scaling up.

3.1.5. Scaling up
Although there is an increasing interest in adopting ADI, existing 

studies are limited with the majority being performed under small-scale 
field or greenhouse conditions. The efficiency, scalability and economic 
viability of various ADI technologies in the field is significantly under- 
researched.

One significant obstacle to farmer adoption and scaling up is most 
likely the question about economic viability. Policy intervention to assist 
with costs such as acquisition of the aeration device, and with electricity 
and maintenance costs are paramount. Similarly, other potential bot
tlenecks, where policy and subsidy interventions are necessary, include 
education for practical implementation, for example assisting with 
skilling up of operators and aerator maintenance, and scaling between 
small plots and large-scale farm. Further investigations should be 
directed towards cost benefit analyses, and life cycle assessments of 
aerators under various environments to determine the viability of using 
ADI in practice among farmers in different locations, in parallel with 
scaling up efforts.

3.2. Opportunities afforded by ADI

3.2.1. Amelioration of contaminated soils, including heavy metals, organic 
pollutants, antibiotics, and the like

Future MNB aeration irrigation technologies applied to irrigation 
will not only increase crop yield and quality, but also address organic 
pollutants and heavy metals, ground-water bioremediation, and 
enhance the possibility of sewage resource utilization (Li et al., 2014; 
Favvas et al., 2021). For instance, surfactant-containing MNBs were able 
to effectively eliminate polycyclic aromatic hydrocarbons in the soil and 
ground water by enhancing soil diffusion and minimizing adsorption 
(Han et al., 2025) whereas MNB hydrogen water through subsurface 
drip irrigation boosted plant growth, stress-response phytohormones, 
and rhizosphere microbial community, which, due to reduced Cd 
bioavailability, reduced Cd uptake in Ipomoea aquatica (Forssk) (Guo 
et al., 2025). Owing to their unique physicochemical and biological 
properties, MNBs exhibit significant potential in oxidizing organic pol
lutants and disinfecting pathogens by generating reactive oxygen species 
(ROS, including •OH, superoxide anion radicals and singlet oxygen), 
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thereby effectively removing persistent organic pollutants and heavy 
metals upon NB collapse and inactivating harmful microorganisms (Lyu 
et al., 2019; Fan et al., 2021a).

Therefore to address risks associated with residual organic contam
inants and microbial pathogens in recycled irrigation water, future 
research should prioritize: (a) investigation of the spatiotemporal 
migration patterns of nutrients under aerated irrigation with recycled 
water, (b) elucidation of the degradation pathways of persistent organic 
pollutants at soil-water interfaces, particularly focusing on enzyme- 
microbe interactions, (c) deciphering the mechanisms for inactivation 
pathways, for example of Escherichia coli, Salmonella and other patho
gens through ROS-mediated oxidative stress and biofilm disruption, and 
(d) developing a "bubble-soil-crop" integrated irrigation framework to 
optimize water-nutrient-bubble interactions and establishing safety 
criteria for recycled water irrigation and soil remediation based on 
contaminant bioavailability, microbial viability thresholds and MNB 
generation.

3.2.2. Enhance resource use efficiency with ADI
To date, research on drip irrigation system performance has pri

marily focused on the uniform distribution of water and gas using 
venturi drip irrigation systems, with associated improvements in crop 
yield and water use efficiency, without delving deeply into drip ferti
gation. Section 2.3.1 refers to studies where improvements in nutrient 
usage have been reported. Whether it is as a saving of fertilizer input, 
such as reported by He et al. (2022) with NB irrigation, and attributed to 
increasing expression of genes responsible for development and growth 
(Wang et al., 2021b), or the delivery of oxygen to anoxic root zones that 
enables nutrient uptake (as illustrated by Bhattarai et al., 2010), ADI has 
much to offer in terms of enhanced nutrient use efficiency and reducing 
negative environmental impact. Nano technology in terms of nutrient 
formulation is gaining ground (Ahmed and Mohamed, 2025) and should 
be trialled in combination with ADI to see if synergies in improved crop 
performance may be gained. Likewise, combination of ADI with nano
biopesticides (Vinci et al., 2025) deserves attention.

Indeed, the term ‘multigation’ has been introduced by Bhattarai et al. 
(2010) to encompass the objective delivery of all soil-based inputs in a 
coordinated manner. ADI is an integral part of this and further studies on 
the expanded opportunities for improvements with ADI in resource use 
efficiency, particularly of nutrient and pesticide delivery, are called for.

Such advances taken together will provide theoretical foundations 
and technical paradigms for sustainable agricultural water and 
contaminated land reuse, positioning MNB-enhanced drip irrigation as a 
pivotal strategy for circular agriculture and soil health restoration.

4. Conclusions

Currently, the efficient use of water in agriculture falls short of 
meeting the demands for modern agricultural development. ADI is an 
innovative application of water-saving yield-enhancing technologies 
designed to maintain irrigation conditions optimal for crop growth. It 
provides for the best distribution of water and gas in the crop root zone 
growth environment, significantly improving the soil oxygen concen
tration content therein. This can effectively address the issue of oxygen 
deficiency in the intra-root zone during and after irrigation and improve 
the soil environment for the survival/multiplication of the microbial 
community. It also promotes the development of the crop root system 
and enhances the physiological performance of the crop.

Moreover, OH hydroxyls produced during MNB bubble collapse in 
ADI system and through use of H2O2 and other peroxides significantly 
address the clogging problem of the drip irrigation system, by oxidation 
of organic compounds causing emitter blockage and eradicating micro- 
organisms responsible for clogging. This extends infrastructure service 
life and enhances the uniformity and efficiency of irrigation. Therefore, 
ADI technology holds high application value and significant research 
importance when facing challenges and limitations of irrigation 

technology. Studies on the movement characteristics and distribution of 
water and gas in the drip irrigation network, the influence of water- 
fertilizer-gas integration conditions on clogging characteristics, and 
the remediation of the soil environment and pollutants are called for. 
Future research must explore these areas to optimize the application of 
ADI technology and to comprehensively assess its applicability in 
modern agriculture. This could well be extended to other irrigation 
practices, e.g., furrow irrigation, using MNB technologies. To fully 
explore ADI potential in agriculture, further long-term field research 
assessing the agronomic and economic effectiveness of various ADI 
systems under various soil, water, and environmental conditions is 
essential. These results will enhance knowledge of ADI in practical ap
plications, aid in the creation of technical standards, and guide the 
promotion of policies to promote farmer adoption.
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