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Abstract

This study examined the long-term effects of nanobubble-saturated water (NBSW) on
silty clay loam and sandy loam soils, with an emphasis on soil moisture dynamics, water
balance, compaction, and electrical conductivity (EC) over a 1.5-year experimental period.
NBSW did not induce a significant long-term increase in soil moisture storage compared to
conventional watering, though there were short-term changes. In both soils, NBSW caused
higher cumulative evaporation and reduced leaching in water partitioning. Compaction
increased over time, and this response was stronger under NBSW, with a greater increase
in silty clay loam than in sandy loam. EC remained higher in both soils under NBSW
treatment, with a greater temporal increase in sandy loam and permanently higher levels in
silty clay loam, indicating more dissolved-ion retention in the soil profile and less leaching.
Compaction and EC were normalized to the maximum measured soil moisture. This
study reveals that NBSW has a greater long-term influence on water-loss partitioning and
root-zone solute dynamics than it does on long-term soil water storage.

Keywords: nanobubbles; soil moisture storage; water partitioning; evaporation and leaching;
soil compaction; electrical conductivity

1. Introduction

Nanobubbles (NBs) have gained extensive attention over the past two decades because
of their broad range of applications in science and technology, such as water treatment,
biomedical engineering, nanomaterials, and crop yield improvement [1-5]. NBs are gas
bubbles in liquids with a diameter of <200 nm and have unique physical characteristics [1].
NBs can be generated using a wide range of gases such as air, Ny, O,, Hy, Ar, and CO,. This
highlights the adaptability of NB technology to different application requirements [1,6,7].
They remain stable in water for a long time due to their negatively charged surface (zeta
potential), while macrobubbles increase in size, rise quickly, and burst at the surface of the
water [8,9]. Furthermore, the internal pressure of NBs in liquids is substantially higher than
that of the environment around them, which causes the gas to dissolve faster [10,11]. This
unique characteristic of NBs—highly efficient gas solubility—has previously been described
in the supersaturation of oxygen gas in water [1,9]. The oxygen pressure (pO2) values in
water rise with decreasing bubble size [12], which indicates that NBs increase pO2 values in
water more than microbubbles (10-50 mm in diameter) [1,8]. High oxygen gas solubility of
microbubbles has been shown to help oxygenate hypoxic tissues [13-15]. Different types of
NBs have varying application potentials. For instance, the potential of air NBs as a versatile
tool for improving soil health was emphasized [16]. Further studies also showed that air
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NBs significantly increased rice plant nutrient absorption and utilization [17]. Another
study revealed that the negatively charged surface of air NBs enhanced nutrient absorption
by plant roots and enhanced nutrient ion bioavailability by attracting positively charged
ions from the soil [18-20]. Besides this, it has been documented that oxygen nanobubbles
(ONBs) transport oxygen-rich water to the crop rhizosphere, increasing oxygen availability
and promoting aerobic microbial groups while inhibiting anaerobic communities. This
leads to a decrease in bacterial diversity but an increase in microbial functions associated
with nitrification and nitrogen fixation [21-24]. Structural equation modeling revealed that
NBSW has both direct and indirect effects on soil fertility and crop yield, influencing soil
bacterial communities [24]. Additionally, it has been demonstrated that ONB improves the
yield and quality of cucumbers [21], tomatoes [22], cotton [24], and maize [25]. Furthermore,
soil texture is considered a crucial factor as it has a significant impact on soil characteristics
that control water and nutrient dynamics, thereby influencing drainage, water retention,
and topsoil evaporation [26-29].

Despite prior research showing that air and oxygen NBSW can cause transient changes
in soil moisture dynamics and soil-substance interactions, the persistence and cumulative
effects of NB application over longer periods are relatively unknown, particularly in studies
that directly compare air and oxygen NBSW under the same conditions. Specifically, there
is a lack of systematic evidence regarding how extended NB watering affects soil chemical
and physical indicators such as electrical conductivity (EC), soil compaction, and water
storage. Furthermore, most previous studies do not clearly distinguish moisture-driven
variability from structural or chemical changes. This limits the ability to detect longer-term
NB-related shifts in soil behavior and water balance across different soil textures. Therefore,
the objectives of this study were to (1) quantify the long-term effects of air and oxygen
NBSW on soil moisture storage; (2) determine whether NBSW increases soil structural
compaction compared to conventional water; and (3) assess the effect of NBSW watering
on soil EC dynamics in two distinct soil types.

2. Materials and Methods

As a continuation and extension of the work reported earlier [30], this study presents
new insights supported by substantial additional analyses and reports on laboratory exper-
iments conducted at Vytautas Magnus University in Kaunas, Lithuania, from 5 June 2024
to 13 January 2026. The current study expands the monitoring duration and focuses on
the cumulative soil chemical and physical responses to long-term NB treatment. Two par-
allel experiments were carried out with distinct soil textures: E1 (silty clay loam) and E2
(sandy loam). The silty clay loam used in E1 consisted of 13.95% clay, 64.25% silt, and
21.8% sand, whereas E2’s sandy loam contained 0.60% clay, 27.96% silt, and 71.45% sand.
Experiments E1 and E2, each involved six soil buckets and a single type of soil, divided into
two scenarios with three replicates each: scenarios 1 and 2 in E1 and scenarios 3 and 4 in
E2. Watering treatments consisted of air NB, ONB, and conventional water as controls. To
generate NBSW, the same water used for conventional watering was saturated with either
ambient air NBs or ONBs using a pressurized gas-liquid mixing process with the HLYZ-002
NB generator (HOLLY Technology, Yixing, China). A compressed oxygen cylinder filled
with high-pressure oxygen (50 L, 315 bar, EN ISO 14175-01-0) [31] was used for supplying
oxygen to the ONB generator. The scheme of the experimental setup is shown in Figure 1.
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Figure 1. Scheme of the experimental setup [R—conventional water, NB—nanobubble-saturated
water]. Retrieved from [26].

The ambient conditions in the lab were continually measured. Throughout the exper-
iment, calibrated sensors were used to record the air temperature and relative humidity
at every 3 h interval. The temperature and relative humidity ranged from 15.5 to 30.5 °C
and 25.2 to 76.6%, respectively. Air-dried soils were homogenized (10 mm sieve), stored
in buckets, and enriched with 200 g of composted sludge (~33 t/ha; 7.5 mm sieve). The
composted sludge was thoroughly mixed with the soil to provide an organic matter and
nutrient source, as well as offer a larger food supply to microorganisms in the experimental
matrix. The composted sludge comprised 30.27% organic matter (OM), with total nutrient
contents of 1.18% N, 0.44% P, and 0.47% K. Buckets with a total volume of 12 L. (22 cm
height) were prepared in three replicates per experiment with equal air-dried soil moisture.
They were incubated for one week and fitted with moisture sensors positioned at two-thirds
of the soil depth and designed to record every 3 h volumetric water content using ML3
ThetaProbe sensors (Delta-T Devices, Cambridge, UK) connected to a GP2 data logger
(Delta-T Devices). Topsoil moisture (0—6 cm) was measured every 1-2 days by using the
WET-2 digital sensor probe (ICT International, Armidale, Australia). In addition, whole-
bucket soil moisture was determined gravimetrically by weighing the buckets. Gravimetric
measurements were used as a reference for calibrating sensor-based volumetric water
content, allowing the derivation of corrected bucket-scale soil moisture values. Gravimetric
checks showed minimal variability across replicates (<2%); therefore, mean calibrated soil
moisture values in each scenario were presented. In order to assess vertical soil moisture
redistribution and wettability, the soil moisture ratio (R), defined as the ratio of moisture
content in the top layer to that in the deeper layer measured at the same time, was used:

_ Wupper

R =
Wdeeper

@

Wiypper—water content of topsoil layer (vol%); W geeper—Wwater content of deeper soil
layer (vol%).
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Values of R > 1.0 indicated a relative accumulation of moisture in the upper layer,
which could be associated with evaporation-dominated conditions or limited downward
water movement, whereas values of R < 1.0 reflected greater moisture content in the
deeper layer, which suggested higher downward movement and evaporation of water.
To standardize initial conditions and provide a consistent water input, depending on the
scenarios, all buckets were pre-watered one day before monitoring to near-field capacity
with 2.75 L of either NBSW or conventional water. Watering was carried out at 35 events,
which resulted in a total of 36.5 L per bucket. In the NBSW scenarios, air NB was used
15 times (17.30 L) and ONB in 17 events (16.45 L), whereas the corresponding control
scenarios got 36.5 L per bucket of conventional water. Leachate water was collected
and measured after each watering session to determine water losses. Buckets were also
weighed frequently to monitor total bucket water storage over time. Cumulative water
input, measured leachate volume, and changes in bucket water storage were then used
to quantify water loss and its partitioning, with evaporation-related loss calculated as the
residual after accounting for leachate and storage change.

Soil compaction was evaluated using cone penetration resistance (CI). Cone penetrom-
eter tests were performed at irregular intervals under varied soil moisture conditions with
a BK-PE1 portable penetrometer (Biobase®, Jinan, China). To compare treatments, CI was
computed based on its temporal dynamics and moisture-normalized metrics. Since soil
moisture has a significant effect on the CI, which increases as the soil dries even in the
absence of structural compaction, weighted averages, for instance, could be biased by
wetter or drier periods and might not effectively distinguish between short-term moisture
impacts and real structural compaction. To address this limitation, CI was normalized to
the maximum measured soil moisture, which removed the moisture effect from individual
measurements while maintaining temporal resolution. This approach made it possible
to identify long-term effects in the structural compaction of the soil. Normalization was
performed as follows:

W,
Clnorm = Clops X (W::x ) )

W ps—measured soil moisture (vol.%); Wnax—maximum soil moisture corresponding
to the CI measurements (vol.%); Cl,s—measured cone resistance (kg/cm?).

A WET-2 sensor probe (ICT International, Armidale, Australia) was used to monitor
soil electrical conductivity (EC), moisture content, and temperature in the top 0-6 cm
topsoil layer. To accomplish consistent observations and comparable datasets, the ML3
ThetaProbe and WET-2 soil moisture sensors were intercalibrated before the experiments.

Soil EC is significantly affected by soil moisture content, since wetter soils conduct ions
more effectively, while drier soils have lower EC values due to reduced water availability.
As a result, EC measurements might reflect transient moisture conditions rather than
actual changes in soil chemical characteristics. Therefore, all data were normalized using
concurrently recorded soil moisture in order to account for this impact and assess actual
temporal changes in soil EC. Soil moisture and the corresponding EC were recorded at
each measurement. The maximum soil moisture recorded during the observation period
of EC was used as a reference value, and EC normalization was determined using the

following equation:
Wmax

obs

ECrorm = ECgps X 3)

W ps—s0il moisture at the time of EC measurement (% vol.); Wpax—maximum mea-
sured soil moisture (% vol.); ECy,s—measured EC (mS m™1).

This normalization scaled EC data to a common reference (maximum) soil moisture
level, minimizing the impact of temporal soil moisture changes. Using Wax as a reference
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provided a physically meaningful baseline, representing the EC that would be expected
if soil moisture were equal to the reference condition. As a result, normalized EC values
represented variations in soil solute dynamics caused by chemical processes, rather than
short-term moisture variability.

Statistical comparisons among treatments across soil textures and watering treatments
were performed with PAST (v4.0). Significance of differences between scenarios was
assessed using the Kruskal-Wallis non-parametric test.

3. Results
3.1. Air Temperature, Relative Humidity, and Soil Moisture Dynamics

Figure 2 demonstrates a variation between warmer periods with lower RH and cooler
periods with greater RH. Higher air temperatures were often related to lower relative

humidity, which indicated increased evaporation demand, while cooler periods were
associated with decreased evaporation potential.
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Figure 2. Temporal variation of air temperature and relative air humidity.

The results revealed that NBSW did not show a statistically significant long-term
change in soil water-holding capacity (p > 0.05) compared with conventional water. While
there were short-term differences during some environmental phases, moisture levels for
NB and conventional water treatments were very similar in the long term. Long-term soil
moisture storage was predominantly determined by soil texture and cumulative water
input, rather than NB watering, since W ¢ values stabilized across both soil types over time.
Figure 3 illustrates the soil moisture dynamics in experiment E1’s scenarios 1 and 2. In the
experiment, the first air NB phase (higher temperature, lower RH) resulted in a mean W,
of 30.1% for NBSW and 30.4% for conventional water. The following ONB phase revealed
a significant change. The NBSW averaged 26.9%, which is much lower than the 35.2%
measured in conventional water. This phase was marked by rising air temperatures and
low RH (Figure 2), which are linked with greater evaporation potential. During this period,
soil moisture with NB watering decreased more quickly after watering events than under
conventional watering, which shows more short-term water loss. This gap was also likely
driven by the temporary increase in microbial activity in the fresh compost-amended soil.
The difference reduced during the cooler period (mean Ty;; =16.7 °C) to 31.0% under air
NB vs. 36.9% under conventional water. The next ONB phase showed a smaller gap (29.3%
in vs. 31.7% in conventional watering). In the warmer air NB phase (mean T,;; = 23.3 °C),
values were 28.0% (air NB) and 30.4% (conventional water), whereas the final ONB phase
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remained comparable (29.3% vs. 31.8%). Overall, by the end of monitoring, treatment
means converged to 29.9% (air NB) and 31.7% (conventional water).

Air NB

ONB I Air NB I ONB | Air NB ONB

~=NBSW ——Conventional water

Figure 3. Soil moisture dynamics in scenarios 1 and 2 in experiment E1.

The sandy loam had very dynamic behavior, with rapid variations and a temperature-
dependent inversion of moisture storage (Figure 4). Compared to silty clay loam, sandy
loam showed quicker decreases in W, after watering, which reflects a reduced water-
holding capacity and more sensitivity to the atmospheric conditions. In sandy loam, despite
high temperature, early-stage air NB showed lower mean W5 than conventional water
(26.6% vs. 33.0%), and the experiment’s highest loss happened during the ONB phase
(22.3% vs. 36.7%). In the following phase, differences were smaller: air NB 34.4% vs.
conventional 35.7%; ONB 32.8% vs. conventional 33.1%; during a warmer phase, air NB
26.7% vs. conventional 29.5%; and, in the final ONB phase, 27.1% vs. 29.2%. In the end,
moisture levels were statistically identical, with the air NB treatment averaging 34% and the
conventional water 35%. In sandy loam, repeated NB treatment did not improve soil water
storage, and long-term W}, was determined by soil texture and environmental conditions
rather than watering type.

Air NB

ONB Air NB : ONB Air NB ; ONB . AirNB

"

——NBSW ——Conventional water

Figure 4. Soil moisture dynamics in scenarios 3 and 4 in experiment E2.

Across both air NB and ONB phases, the biggest short-term differences between NB
and conventional watering happened during periods of increased evaporation potential,
although soil moisture curves were almost comparable under cooler and more humid
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scenarios. Thus, the water balance analysis confirmed that the greater moisture loss
under NBSW during warm and dry phases correlated with higher cumulative evaporation
rather than increased leaching (p < 0.05). Furthermore, these short-term variations did
not change over time, and soil water storage under NB watering was consistently similar
to conventional water across both soil types. These findings demonstrate that, despite
phase-specific short-term responses related to environmental conditions and watering type,
NBSW did not result in long-term improvements in soil moisture storage under either air
NB or ONB application.

3.2. Cumulative Soil Water Balance

Despite matching long-term soil moisture storage, total water losses varied between
the NB and conventional treatments. In the silty clay loam, the NB treatment caused
a cumulative leachate volume of 1.2 L, which was much lower than the 3.2 L. measured
for conventional water. However, the NB treatment had a larger cumulative evaporation
(33.1 L) than the conventional water (30.9 L). Finally, water storage was comparable, with
2.1 L remaining in the NB treatment and 2.4 L in conventional water.

In sandy loam, cumulative evaporation was 33.5 L with NBSW, compared to 31.8 L
under conventional water, while cumulative leaching was 0.1 L (NB) vs. 1.7 L (conventional).
The final water storage was almost similar (2.9 L NB vs. 3.1 L conventional). While the
soil moisture time series showed no long-term increase in moisture retention under NB
watering, the cumulative balance shows that NB watering was associated with higher
evaporation and lower leaching than conventional water in both soil types (Figure 5). This
demonstrates a change in water partitioning from leaching to evaporation, which was more
significant under NB than conventional watering.

35

- g it g
um = Ly =
Leaching and storage, L

-
=

=
in

e
=

Silty clay loam - NB Silty elay loam - conventional Sandy Loam - NB Sandy loam - conventional

B Evaporation ®Leaching & Water storage
Figure 5. The soil water balance for experiments E1 and E2.

3.3. Soil Moisture Redistribution

The temporal dynamics of the soil moisture ratio (R), as shown in Figure 6, further
revealed the differences in evaporation and percolation processes. In silty clay loam soil,
NBSW showed R > 1.0 in 37.2% of measurements, compared to 14.5% with conventional
water (Figure 6a). This suggests that under NB watering, the surface soil layer had a higher
moisture content than the deeper layer. Occasional events with R > 1.0 have been measured,
showing high short-term accumulation of water in the topsoil layer after watering events.
These peaks were transient and corresponded with watering cycles, following which
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moisture redistribution to deeper layers happened. In sandy loam soil (Figure 6b), R > 1.0
occurred in 34.9% of observations under NBSW. However, R values varied significantly
more than in conventional water. Conventional watering resulted in a higher frequency of
R > 1.0 (54.9%) and reduced variability, which indicated a more uniform vertical moisture
distribution across soil layers. The contrasting patterns between the two soil types show
that NBSW changed vertical soil moisture dynamics in different ways depending on
soil texture.
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R ratio
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Figure 6. Temporal dynamics of the R ratio in experiments (a) E1 and (b) E2.

3.4. Soil Compaction

In silty clay loam soil, NB watering resulted in an average soil moisture-weighted
compaction of 11.36 kg/m?, compared to 7.56 kg/m? with conventional water. The cor-
responding values for sandy loam soil were 6.32 kg/m? and 5.30 kg/m?, respectively.
The findings clearly show that NBSW increased soil compaction, particularly in the silty
clay loam.

The normalized CI findings revealed that in silty clay loam soil, the NB watering
technique increased compaction much more over time. The normalized CI values during
NB watering increased from 0.1 kg m~2 when the soil was air-dried at the start of the
experiment to a maximum of 15.2 kg m~2 throughout soil moisture contents ranging from
1.0 to 29.0% (vol%). On the other hand, even while conventional watering covered a wider
soil moisture range of 1.0 to 36.5% (vol.), it resulted in lower CI values, ranging from 0.1 to
8.43 kg m~2. CI values in the silty clay loam soil were consistently higher during NB
watering than under conventional watering over the monitoring period (Figure 7a).
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Figure 7. Normalized cone resistance in experiments (a) E1 and (b) E2.

In sandy loam soil, an increasing normalized CI trend was measured (Figure 7b)
only under NB watering. The CI for this treatment varied from 0.1 to 8.37 kg/m?, under
soil moisture levels ranging from 1.0 to 32.0% (vol.). Conventional watering, in contrast,
resulted in CI values that ranged from 0.1 to 6.67 kg/m? throughout a similar soil moisture
range (1.0-36.7% vol.) but did not show a higher values trend. These findings demonstrate
that NBSW can also increase soil compaction in sandy loam soil, although the magnitude
of this effect is smaller than in clay loam.

3.5. Electrical Conductivity

EC was measured in both experiments under NBSW and conventional water
(Figure 8a,b). In silty clay loam, EC through NB watering varied from 131 to 264 mSm ™!
(soil moisture: 11.8-42.9 vol.%), whereas EC under conventional watering showed
133 t0 312 mSm~! (soil moisture: 11.8-40.5 vol.%). The NB treatment varied from
60 to 297 mS m~! (soil moisture: 7.4-40.7 vol.%) in sandy loam, while conventional water-
ing ranged from 67 to 259 mS m~! (soil moisture: 9.5-41.0 vol.%). In both experiments, EC
showed a strong dependence on soil moisture content, with higher EC values generally
measured at higher soil moisture contents. After normalizing for soil moisture, EC values
in both soil types were consistently greater with NB watering than under conventional
watering. The temporal patterns of normalized EC in either soil showed no decreasing
trends under either watering treatment, implying net accumulation of salts over time. In
general, the results demonstrate that NBSW was associated with higher soil EC compared
to conventional water application in both experiments. Sandy loam had a more significant
temporal increase, whereas silty clay loam remained continuously stable and increased EC
levels without a clear temporal trend.

https:/ /doi.org/10.3390/app16062883


https://doi.org/10.3390/app16062883

Appl. Sci. 2026, 16, 2883 10 0f 16

@ g9

200 4 ——NBSW —Conventional water

(=)

(=3

>
1

n

(=3

=]
1

EC, mS/m
-
S

w

S

=)
1

2025
/2025
2025
2025
2025
2025
2025
2025
2025
2025
2025
2025
2025
2026

2024
2024
2024
2024
2024
2024
2024
2024
2024
2024
2024
2024
2024
2024
2024
2024
2024
/12/2024
2025
2025
2025
2025
2025
2025
2025
2025
2025
2025
2025
2025
2025
2025
2025
2025
2025

05/06.
17/06
29/06.
07
23/07.
04/08.
16/08
28/08,
09/09.
/1
03/
15/
27
0%/
20/
02
14/
26/
/01
19/01
31/01
12/02,
24/02.
08/03.
20003,
01/04.
13/04
25/04
07/05.
19/05
31/05
12/06,
24/06
06/07,
11/08
23/08.
04/09.
16/09
1
22
03
15/
27
09/
21/
02/01

—NBSW —Conventional water

EC, mS/m
w -
g 8

[

[

=)
1

100 A

Figure 8. Temporal dynamics of normalized EC in experiments (a) E1 and (b) E2.

4. Discussion
4.1. Soil Water Storage and Transient NB Responses

The long-term monitoring of soil moisture dynamics showed that the application of
NBSW does not result in a greater long-term change in the soil water storage. Instead,
the effects were very transitory and controlled by the interaction of biological activity and
environmental factors. Previous studies [32] have shown that the most significant active
impact of NBSW, which is increased dissolved oxygen, does not persist over time and is
highly dependent on the surrounding environment. This provides support for the idea
that NBSW effects are transient and influenced by the environment. This is also consistent
with the high pressure inside NBs, which allows the gas to dissolve into the water rather
than persist as bubbles for an extended period of time [1,33]. The biggest difference in
soil moisture content between NBSW and conventional water treatments occurred early in
the experiment, corresponding to high ambient temperatures and active decomposition
of composted sludge. It is possible that NBSW, which has high dissolved oxygen levels
and internal pressure, contributed to conditions that favor biological activity. Although de-
tailed measurements of microorganisms were not conducted, the oxygen-rich environment
likely increased aerobic microbial respiration and organic matter decomposition. Under
conditions of high metabolic activity, microbial water consumption and heat generation
increased, which, when combined with high atmospheric evaporation demand, resulted in
the fast loss of soil moisture seen in NBSW treatments. As the experiment continued, the
compost stabilized, and microbial activity reduced due to seasonal temperature declines.
As a result, the moisture retention for NB and conventional water got closer, which showed
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that the effects of NBs on soil moisture are the indirect result of biological stimulation rather
than permanent physical changes to the soil matrix. Recent studies have shown that the
impacts of ONB on soil characteristics are likely more controlled by microbes. According to
other research, ONBs significantly change the structure of bacterial communities, which
promotes particular organisms that are in charge of the turnover of organic matter and
therefore indirectly affect soil aggregates [34]. Recent studies confirm that using ONB can
speed up aerobic microbial respiration, especially in soils enriched in organic matter, which
results in greater breakdown and metabolic heat [30]. This stimulation of biological activity
is known to be most intense during the initial stages of incubation, where high metabolic
rates contribute to rapid moisture loss through increased evaporation [35]. Furthermore,
studies show that these hydrological effects are temporary; the differences in moisture
retention between conventional water and NBSW treatments decrease as the organic sub-
strates stabilize and microbial activity decreases. This suggests that the impact of NBs
is primarily driven by transient biological stimulation rather than long-term structural
changes to the soil matrix [30].

4.2. Soil Water Losses and Partitioning

A key observation was the short-lived moisture spikes in the sandy loam. This pattern
indicates a transitory change in how water enters the soil, rather than a long-term increase
in water storage. After long dry periods, sand particles can become somewhat water-
repellent because organic material on the particles likely becomes hydrophobic, which
slows penetration. In this case, air NBs potentially help in the initial wetting process.
Because NBSW can exhibit surface-active behavior, it can reduce the effective surface
tension of infiltrating water, which allows it to penetrate through hydrophobic surfaces
and wet the soil more evenly. Once the water-repellent layer is disrupted and the soil’s
natural hydrophilicity is restored, further applications of NBSW have much less effect.
This suggests that NBs may help with transitory hydrophobicity, but they do not boost
the soil’s water storage capacity when wettability is reestablished. Previous research [36]
has shown that soil water repellency is a transient condition that frequently gets very
strong after extended dry periods. It typically corresponds to hydrophobic organic films
on soil particles, which can slow and reduce infiltration capacity, particularly in porous
media like sand. Water repellency is reported to be more visible in sandy soils, where sand
particles may be covered with hydrophobic organic compounds, and repellent zones might
be difficult to wet again even after extended watering [37]. In addition, repellency occurs
when soil moisture content falls below a critical level, with sandy soils being less resistant
to hydrophobic films [38].

The results revealed that the impact of NBSW on soil water balance, especially the
partitioning of evaporation and percolation, was strongly dependent on soil texture, which
results in contrasting hydraulic behaviors in silty clay loam vs. sandy loam. In fine-textured
silty clay loam, applying NBSW frequently resulted in a moisture ratio (R) greater than 1.0,
which led to the accumulation of water in the upper soil layer. The reason for this effect is
attributable to the interaction of reduced surface tension and the clay matrix. While NBs
allow penetration into surface micropores, the high capillary forces and poor hydraulic
conductivity of clay restrict fast deep percolation. Therefore, water remains at the surface,
where it is most exposed to atmospheric evaporative demand. As a result, there is a sig-
nificant shift in partitioning that deep leaching is substantially restricted while the water
is effectively retained in the evaporation zone, increasing cumulative evaporation. This
process clarifies the reason that clay soils treated with NBSW showed increased cumulative
evaporation and less leaching. In contrast, sandy loam soil has a dynamic moisture regime,
with fast variations between infiltration and evaporation. NBSW likely improves hydraulic
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connectivity by forming thin, continuous water films over sand particles. This increases
quick downward drainage because of gravitation while also improving upward capillary
flow during the drying process. As a result, the top layer dries fast (R < 1.0) because of
effective moisture redistribution. However, cumulative evaporation remains high due to
the sustained supply of water from deeper layers through increased capillary continuity.
Thus, in coarse-textured soils, NBs promote the hydrological cycle by boosting infiltration
and evaporation fluxes rather than increasing static storage. In silty clay loam, after NBSW
watering, water tends to stay more in the top layer (R > 1.0), while, in sandy loam, R
fluctuates more under NBSW, which indicates a less uniform vertical moisture distribution
over time compared with conventional watering. The literature indicates that near-surface
water availability and losses are determined by texture-dependent evaporation stages as
well as the balance of retention and downward transmission [39]. Fine-textured soils may
retain more water at the top and maintain evaporation for a longer period, but coarse, sand-
rich soils move water downward more quickly due to bigger pore gaps and macropore
pathways, which leads to reduced total moisture retention [39,40]. In parallel, pore-scale
water entry and distribution are sensitive to capillary pressure and wettability, which are
directly related to surface tension and interface curvature, as well as whether the wetting
phase distributes on solid surfaces and displaces the non-wetting phase [41]. Together,
these processes provide a consistent physical basis for explaining contrasting evaporation
and percolation behavior across soil textures, as well as linking near-surface storage with
potential atmospheric losses [39-41].

This shift in water partitioning has significant implications for agricultural sustainabil-
ity and environmental protection. By retaining moisture in the topsoil layer or increasing
capillary connectivity, NBSW may help more effectively hold water in the active root zone,
which is directly helpful to plant absorption during early growth stages or dry periods.
Furthermore, the observed reduction in percolation across both soil types indicates that
NBSW might be an important strategy for regulating contaminant movement. Limiting
the amount of water that drains below the root zone reduces the leaching of dissolved
nutrients and harmful agrochemicals into groundwater. Furthermore, this also involves
a trade-off since the reduced downward movement may result in increased salinity due to
higher EC and compaction in the root zone, which might be potentially detrimental over
time, particularly in silty clay loam and under dry climatic conditions.

4.3. Soil Compaction

The results revealed that long-term NB watering can increase soil compaction in the
absence of mechanical loosening. This impact was most noticeable in silty clay loam,
where normalized cone resistance values increased over time. Two synergistic mechanisms
likely occurred for two main reasons. First, NBs have a significant negative electrical
charge. When they penetrate the soil, this charge pushes small clay particles and prevents
them from forming proper aggregates. These separated small particles float into the gaps
between the bigger soil particles. When the soil dries, the particles settle and act like cement,
which clogs the pores and makes the soil dense. Weakening of repulsive forces may also
take place throughout the decomposition of composted sludge as both NB-bound and
soil particle-bound cations attenuate the effective electrostatic repulsion among negatively
charged soil particles, potentially functioning as a “charge screening” bridge that mitigates
interparticle repulsion. Second, since NBSW causes the surface to evaporate faster, the
top layer of soil may go through several cycles of being very wet and then very dry. In
clay soils, this quick change is unfavorable. Wet conditions cause soil aggregates to break
down, while quick drying leads them to shrink and solidify into a crust. Over time, the
two processes of particles clogging the pores and the surface forming a crust resulted
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in the increased compaction levels. Under practical agricultural conditions, increasing
compaction can make root development more difficult and reduce soil aeration. This may
limit the potential benefits of NBSW, especially in finer-textured soils where compaction is
higher. Thus, if NBSW is applied in the field, its effect on compaction should be considered
together with its effects on soil moisture and solute movement, and additional management
practices may be needed to reduce surface sealing or improve soil structure. In addition,
compaction-driven structural change is relevant for how moisture is retained and released
during subsequent wetting-drying, since previous studies [42] have demonstrated that
the soil water retention relationship may shift when deformation alters the void ratio
and pore-space structure. In that approach, retention is treated as hysteretic and path-
dependent during drying vs. wetting, and mechanical volumetric change is regarded
as a state variable with the potential to modify the apparent retention response across
repeated moisture cycles. Therefore, the long-term moisture behavior observed alongside
increasing cone resistance may be explained not just by changes in moisture itself but
also by gradual changes in the soil pore structure that affect how water is retained [42].
Although the laboratory setup allowed for extensive analysis of the processes involved,
field-scale validation would offer a more representative assessment to determine whether
similar patterns occur under natural conditions with varying boundary settings.

4.4. Electrical Conductivity

The results demonstrated an increase in salt (EC) accumulation in the soils treated
with NBSW. This is a direct effect of the enhanced biological activity and evaporation.
The oxygen in the NB caused the microorganisms’ activity to break down organic matter
(compost) much quicker than usual. As organic matter breaks down, nutrients and minerals
(ions) are released into the soil solution. Plants typically benefit from this, but if these
nutrients are released too fast and not washed away, they accumulate as salts. In sandy
soil, the frequent evaporation pulled these released salts to the surface (white residues
were occasionally observed). Since sandy soil does not retain nutrients effectively, they
remained dissolved in the water and accumulated in the root zone as it evaporated. This
resulted in an increase in EC that was measured. In clay soil, as the soil became more
compacted and water tended to remain on the top, there was insufficient deep drainage
to wash excess salts from the soil profile. These salts got trapped. Previous research [43]
highlights that higher EC reflects higher concentrations of dissolved ions in soil water,
and when organic matter inputs release ions into the soil solution, EC can increase, with
the measured signal also strongly influenced by soil water content through changes in
ion solubility and mobility [43]. In parallel, ONB applications have been associated with
increased soil microbial activity and faster turnover of more unstable organic carbon, which
suggests a potential pathway for faster ion release from decomposing organic material
under oxygenated conditions [34]. When ions are in solution, evaporation can cause
upward water flow, which concentrates solutes and promotes the accumulation of salt in
topsoil layers [44]. Texture also influences this result. Sandy soils have low ion-holding
capacity, so ions remain primarily in pore water. However, clay-rich soils can retain ions
more strongly and, due to slower drainage and higher water retention, be more sensitive
to salt accumulation in the root zone; fine textures can also enhance capillary rise, which
transports salts upward under dry conditions [43,45].

5. Conclusions

This study reveals that NBSW did not induce a significant long-term increase in soil
moisture storage compared to conventional watering, and the effects on soil moisture
were short-lived. In both soils, NBSW consistently changed water partitioning, resulting

https:/ /doi.org/10.3390/app16062883


https://doi.org/10.3390/app16062883

Appl. Sci. 2026, 16, 2883 14 0f 16

in increased cumulative evaporation and decreased leaching, whereas the final stored
water remained comparable to conventional watering. The response varied by soil texture;
silty clay loam had more frequent top layer moisture accumulation under NBSW, whereas
sandy loam had higher short-term variability in vertical moisture redistribution. Over
time, NBSW treatment had a greater impact on compaction than conventional watering
over time, particularly on silty clay loam compared to sandy loam. Moisture-normalized
EC remained higher under NBSW in both soils, with sandy loam showing an apparent
increase and silty clay loam maintaining continuously higher values. The EC data show
increased accumulation of dissolved ions in the soil profile under NBSW, along with
decreased leaching. Overall, NBSW did not improve long-term soil water storage, but it did
consistently change water-loss partitioning and root-zone solute dynamics, which could
have implications for plant growth conditions (water and solute availability around roots)
and water-quality protection due to decreased downward movement. It is suggested that
future studies validate these findings in field-scale experiments across different soil textures
to determine if similar shifts in water partitioning, EC, and compaction may occur under
the seasonal fluctuations and field management. Furthermore, considering hysteretic water
retention together with soil deformability could be useful in future analyses, particularly
considering the compaction trends seen in this study.
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