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The increasing demand for wastewater treatment has become a notable trend for addressing global water
scarcity. However, fouling is a significant challenge for wastewater distribution engineering systems. This
study provides an approach using nanobubbles (NBs) to control fouling. The antifouling capacities of
three types of NBs, six oxygen concentrations, and two application procedures (prevention and removal)
are investigated. The results show that NBs effectively mitigate composite fouling—including biofouling,
inorganic scaling, and particulate fouling—in comparison with the no-NBs group. More specifically,
hydroxyl radicals generated by the self-collapse of NBs oxidize organics and kill microorganisms in
wastewater. The negatively charged surfaces of the NBs transform the crystalline form of CaCO5 from cal-
cite to looser aragonite, which reduces the likelihood of ion precipitation. Furthermore, the NBs gas-liquid
interfaces act as gas “bridges” between colloidal particles, enhancing the removal of particles from
wastewater. Lastly, although the NBs inhibit the growth of fouling, they do not significantly remove
the already adhered fouling in no-NBs treated groups. This study anticipates that the application of
NBs will address the significant fouling issue for various wastewater distribution engineering systems

in order to meet the global challenge of sustainable water supplies.
© 2024 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

Climate change and population growth continue to intensify
global water scarcity [1], necessitating an increased reliance on
partially treated wastewater to meet agricultural, industrial, and
municipal water demands [2-4]. However, fouling—that is, the
deposition of undesirable matter on surfaces [5-8]—is the cause
of various technical and economic issues in wastewater treatment
and distribution systems [9,10]. The increase in fouling-related
costs has been estimated to be approximately 0.25% of the global
gross domestic product [11]. Thus, fouling has emerged as a critical
challenge for wastewater distribution systems.
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Fouling is generally classified into several categories: biofoul-
ing, particulate or colloidal fouling, inorganic or precipitate fouling,
and organic fouling [12]. As wastewater always contains an active
quantity of microorganisms, along with dissolved salts, suspended
particles, and organics, various kinds of fouling often occur simul-
taneously, resulting in composite fouling. At present, chemical dos-
ing is the main method of fouling control [13]. However, the use of
chemicals must be kept to a minimum because residual chemicals
can pose long-term environmental and human health risks [14,15].
Moreover, chemical methods are ineffective for mitigating com-
posite fouling in wastewater distribution systems [13,16]. For
example, chlorination effectively controls biofouling by killing
bacteria but does not prevent scaling and particulate fouling [17].
Therefore, simply inactivating bacteria does little to alleviate foul-
ing. As a result, effective fouling control requires the management
of composite fouling (i.e., biofilms, precipitates, and colloidal

2095-8099/© 2024 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and Higher Education Press Limited Company.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Please cite this article as: Y. Xiao, B. Zhou, S. Tan et al., Nanobubbles for the Mitigation of Fouling in Wastewater Distribution Systems, Engineering, https://
doi.org/10.1016/j.eng.2023.10.013



http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.eng.2023.10.013
http://creativecommons.org/licenses/by/4.0/
mailto:sjiang@uci.edu
mailto:yunkai@cau.edu.cn
https://doi.org/10.1016/j.eng.2023.10.013
http://www.sciencedirect.com/science/journal/20958099
http://www.elsevier.com/locate/eng
https://doi.org/10.1016/j.eng.2023.10.013
https://doi.org/10.1016/j.eng.2023.10.013

Y. Xiao, B. Zhou, S. Tan et al.

particulates). Such management is especially important because
almost all fouling in wastewater distribution systems can be cate-
gorized as composite fouling.

Nanobubbles (NBs), which are defined as gas bubbles in water
with diameters <1 pum [18], offer a new approach for fouling con-
trol with minimal environmental impacts [19]. In comparison with
conventional bubbles, NBs have longer periods of stability, higher
specific surface areas (SSAs), lower buoyancy, and superior adsorp-
tion capacities [20]. NBs have attracted a great deal of attention for
various applications, including biological aeration, water oxidation,
disinfection, particle flotation, and agriculture irrigation [18]. They
have been shown to delay membrane fouling [21], remove organic
fouling [22], and reduce bacterial biofilms in irrigation pipes [3];
however, each of these studies has targeted a single type of fouling.
Although these results are promising, the effectiveness of NBs in
mitigating composite fouling has not been demonstrated. Compos-
ite fouling mitigation is expected to be more challenging than the
management of a single type of fouling because fouling becomes
increasingly difficult to control when there are strong interactions
among various types of foulants. For example, biofouling can accel-
erate the growth of inorganic fouling [23], and composite fouling
layers have greater mechanical strength than those formed due
to a single type of fouling [24].

Another factor limiting the practical application of NBs is that
the outcomes reported in the literature are inconsistent or contra-
dictory, as NBs antifouling mechanisms are still unclear. Some
researchers have suggested that the physical properties of NBs play
important roles in fouling control. For example, early studies
reported that the shear forces of NBs acted either directly to
remove foulants [22,25-27] or through the destruction of concen-
tration polarization on membrane surfaces to prevent scaling [28].
In contrast, Xiao et al. [3] reported that NBs did not remove pre-
existing fouling. Furthermore, some studies have indicated that
the gases in NBs—particularly oxygen—are important for fouling
control. The breakdown of oxygen molecules is key in the forma-
tion from NBs of hydroxyl radicals (-OH) [29], which are linked
to water sterilization and organic oxidation. For example, pure
oxygen NBs have been reported to be more useful for killing Vibrio
parahaemolyticus than air NBs [30]. To date, the role of NBs internal
gases in fouling control remains unknown. Overall, the antifouling
mechanisms of NBs—particularly for various types of fouling miti-
gation—are not fully understood.

The current study reports on a reduction in composite fouling
on the surfaces of a wastewater distribution pipe that recycles
wastewater for agricultural irrigation. The antifouling capacities
of NBs produced using two types of inert gases and pure oxygen
were compared in order to isolate the role of oxygen gas and com-
pare its relative importance with the role of NBs physical proper-
ties during fouling control. The effects of oxygen NBs antifouling
at concentrations ranging from 5% to 100% were evaluated. This
study also assessed the ability of NBs to prevent the onset of foul-
ing and to remove pre-existing fouling layers. The objectives of this
study were to (D determine the specific mechanisms for biofouling,
scaling, and particulate fouling reduction by means of NBs; and @
provide useful practices for the successful application of NBs in
wastewater distribution engineering systems.

2. Materials and methods
2.1. Experimental setup and treatments

NBs antifouling effectiveness was evaluated in an agricultural
wastewater distribution system (Fig. 1) that was typically plagued

with composite fouling. NBs are commonly used in agricultural
irrigation to promote seed germination and plant growth [31].
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The experimental water was a mixture of treated swine wastewa-
ter, referred to as “biogas slurry,” and groundwater at a ratio of 1:8.
The biogas slurry, groundwater, and mixed water were stored in
three tanks at the inlet of the experimental platform. The biogas
slurry was sequentially prefiltered through 0.85-mm and 0.42-
mm pore-size screen filters to reduce particulate matter before
being mixed with groundwater. After mixing, the stream was fil-
tered through 0.1-mm pore-size disc filters. The filtered experi-
mental water quality is shown in Table S1 in Appendix A.

The treated wastewater was fed into an NBs generator (XZCP-K-
1.5; Xiazhichun, China) for about 4 h to create saturated NBs-
infused water, where the NBs concentration of the NB-saturated
water was defined as 100%. The NBs lifetime (i.e., the time required
for the NB-infused water to revert back to normal water) was
about 400 h. Pure oxygen (0O,) and two inert gases (nitrogen (N,)
and helium (He)) were used for NBs generation. The NBs selection
considered two factors. First, since the inert gas NBs did not per-
form the functions of oxygen gas, these experiments served to iso-
late the role of oxygen gas and compare it with the roles of NBs’
physical properties during fouling control. Second, the selection
of NBs types considered NBs application in agricultural irrigation.
0, is the most commonly used NBs source in agricultural irrigation,
where it is used to increase soil oxygen content and improve crop
quality and yield [32,33]. In comparison, N, NBs can increase NHZ
release from soil and the proliferation of nitrogen-fixing bacteria
[31]. The bubble size and density distributions for different types
of NBs at saturated gas concentrations are shown in Fig. S1 in
Appendix A. NBs properties were also characterized by size, speci-
fic surface area (SSA), and specific surface pressure (AP). Detailed
information is provided in Section S1 in Appendix A. In addition
to experiments with saturated NBs, water infused with 5%, 25%,
50%, and 75% saturated oxygen NBs was created by mixing satu-
rated NBs water with water containing no NBs.

The NB-infused water was pumped into the inlets of the exper-
imental platform, which resembled an irrigation water delivery
system (Fig. 1). The test platform was made up of six layers of
pipelines, with eight identical 1-m long pipes for replication in
each layer. The water flow rate in the pipe was 0.2 m-s~!, which
is comparable with the hydraulic conditions in agricultural irriga-
tion pipelines [34]. Based on the working life of the irrigation sys-
tem, the system was run for 10 h per day for a total of 900 h [3].
Two types of NBs antifouling strategies were investigated: One
strategy examined continuous NBs application for fouling preven-
tion, while the other tested pre-existing foulant removal by means
of NBs. The foulant-removal experiments were run for 24 h in pre-
fouled pipes. To assess fouling mitigation by NBs treatments, the
pipes were retrieved at 300, 600, and 900 h (representing the early,
middle, and end of the operation life of the irrigation system) after
the initiation of the experiments. As shown in Table 1, treatment
groups were investigated according to NBs gas type, concentration,
and application strategy.

2.2. Water quality testing

To understand the water quality changes induced by the NBs,
the water pH, electrical conductivity (EC), oxidation-reduction
potential (ORP), surface tension (ST), chemical oxygen demand
(COD), biochemical oxygen demand (BOD), zeta potential (ZP), aer-
obic heterotrophic plate count (AHPC), and hydroxyl radicals were
measured for each experimental group. Detailed information is
provided in Section S2 in Appendix A.

2.3. Total fouling content and morphology

The total fouling content was assessed according to the dry
weight of the foulants collected from the water distribution pipes,
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Fig. 1. Experimental setup for investigating the effect of NBs on fouling mitigation. The control treatment (not shown) consists of an identical setup without an NBs generator.

Table 1
Concentrations and types of NBs used in experimental treatments for fouling control.

Application mode Proportion of saturated Gas in NBs Treatment

NBs water group
Negative control (CK) 0% None CK
Prevention strategy 5% Oxygen 0,_5%

25% Oxygen 0,_25%

50% Oxygen 0,_50%

75% Oxygen 0,_75%

100% Oxygen 0,_100%

100% Nitrogen N,_100%

100% Helium He_100%
Removal strategy 5% Oxygen 0,_5%_RM

25% Oxygen 0,_25%_RM

50% Oxygen 0,_50%_RM

75% Oxygen 0,_75%_RM

100% Oxygen 0,_100%_RM

100% Nitrogen N,_100%_RM

100% Helium He_100%

RM

Saturated NB-infused water has a concentration of 100%, other concentrations NB-
infused water was produced by mixing NBs saturated water and non-NBs water. In
the prevention strategy, NBs were continuously added to wastewater for 900 h. In
the removal strategy, NB-infused water with different types and concentrations
were applied for 24 h to remove pre-formed fouling in pipes at three different
timepoints (300, 600, and 900 h).

as previously described in Ref. [13]. In brief, three identical pipes
were extracted from the experimental platform at 300, 600, and
900 h after the onset of the experimental trial. The weights of the
pipes with the foulant attached and after foulant removal were
determined by weighing the dried pipes. The difference between
the two weights (i.e., with and without foulant) was taken as the
weight of the foulant. In addition, one pipe with attached foulant
was cut open, freeze-dried (Freezer Dryer 9511; Kenta, China),
sputter-coated with gold, and examined using scanning electron

microscopy (SEM; SU3500; Hitachi, Japan) for morphological
observations.

2.4. Biofouling assessment

Quantitative real-time polymerase chain reaction (qPCR) (ABI;
GeneAmp 9700, USA) for the 16S rRNA gene was used to determine
the total microbial quantity (represented by the copy numbers per
unit mass) for the fresh foulant collected from the pipe surfaces.
Extracellular polymeric substance (EPS) measurements were car-
ried out using the phenol-sulfuric acid technique [35] and the
Lowry method [36] for polysaccharides and proteins, respectively.

DNeasy PowerSoil Pro Kits (QIAGEN, USA) were used to extract
microbial DNA from fresh foulants. A spectrophotometer (Nano-
Drop2000; Thermo Fisher Scientific, USA) was used to examine
DNA concentration and purity. Bacterial 16S rRNA gene high-
throughput sequencing was applied to reveal the microbial com-
munity structure. Detailed testing methods are provided in Sec-
tion S3 of Appendix A.

Network analysis was performed to determine the microbial
interactions among the bacterial communities recovered from
the foulants. An online platform* [37] was used to create networks
at the operational taxonomic unit (OTU) level for each group. The
topological indexes and the roals of OTUs in microbial networks
are shown in Tables S2 and S3 in Appendix A, respectively. Further-
more, a null-model-based framework [38] was used to obtain the
contributions of ecological processes to community assembly, and
the analysis was performed in an online pipeline.® The ecological
processes govern the community assembly is shown in Table S4 in
Appendix A. Detailed construction methods for network and com-
munity assembly analyses are provided in Section S3.

* https://ieg4.rccc.ou.edu/mena/login.cgi.
8 https://mem.rcees.ac.cn:8080.
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2.5. Scaling and particulate fouling assessment

Freeze-dried foulants were ground by a grinding machine (YM-
48LD; Yuming, China). The mineral composition of the foulants
was determined by means of an X-ray diffractometer (Empyrean;
Malvern Panalytical, UK). The General Structure and Analysis Sys-
tem (GSAS) was used to determine the fraction of crystals formed
due to mineral scaling and particulate fouling [39]. Here, it should
be mentioned that scaling is caused by the formation of chemical
precipitations, whereas particulate fouling is caused by the sedi-
mentation and flocculation of particles in wastewater [12].

2.6. Statistical analysis

Significant differences in dry weights, EPS contents, precipitates
and particulate contents, and microbial richness between the
groups were determined by one-way analysis of variance (ANOVA).
Non-metric dimensional scaling (NMDS) was constructed to evalu-
ate the similarity among microbial communities. Analysis of simi-
larities (ANOSIM) and permutational multivariate analysis of
variance (PERMANOVA) were applied to determine the significance
among microbial communities. Spearman analyses were used to
evaluate the correlations between the abundances of OTUs, micro-
bial diversities, EPS contents, and contents of particulates and pre-
cipitates. The relationships between water quality and NBs
properties and various foulants were also investigated by means
of Spearman analyses. Structural equation model analysis (SEMA)
was applied to determine the direct and indirect effects of NBs
on fouling using AMOS software (v.22.0; IBM, USA).

3. Results
3.1. Control capacity of NBs for various types of foulant

The results of NBs treatment for fouling prevention using differ-
ent gas NBs and at different concentrations are shown in Fig. 2(a).
In comparison with the controls (CK, non-NB), treatments with sat-
urated NBs (100% concentration) significantly reduced the total
foulant dry weights by 37.7%-64.1%. A comparison of effectiveness
by gas type showed that O,_100% NBs had higher antifouling
capacities than N,_100% and He_100% NBs. However, these values
were only statistically significant (p < 0.05) over 600 h. In addition,
N,_100% NBs showed a higher but not significant (p > 0.05)
antifouling capacity than He_100% NBs. This result suggests that
the physical properties of the NBs—rather than the chemical prop-
erties of oxygen gas—are more responsible for fouling control.

The concentration of O,_NBs in the water affected the antifoul-
ing effectiveness. Compared with CK, water containing more than
50% saturated O,_NBs (0,_50%, O,_75%, 0,_100%) exhibited a sig-
nificant (p < 0.05) reduction in total foulants by 8.0%-64.1% (Fig. 2
(a)). Water containing less than 50% saturated O, NBs lacked
antifouling capacity. 0,_5% water significantly (p < 0.05) increased
the total fouling by 12.2%-22.7%. There were no significant differ-
ences in fouling content between the CK and O,_25% treatments.

The application of NB-infused water to pipes that had an exist-
ing fouling layer did not significantly (p > 0.05) remove the
attached fouling at the end of a 24-h period (Fig. 2(b)). This result
suggests that NBs have the ability to prevent fouling formation, but
their physical shear stresses cannot remove a preformed fouling
layer.

The ability of NBs to control biofouling, scaling, and particulate
fouling was further investigated. In comparison with CK, the
microbial quantity (Fig. 2(c)), EPS content (Fig. 2(d)), precipitates
(Fig. 2(e)), and particulates (Fig. 2(f)) in treatments with saturated
NBs were significantly (p < 0.05) reduced by 34.4%-59.5%, 32.6%-
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55.6%, 27.9%-76.7%, and 40.9%-61.4%, respectively. Furthermore,
the concentrations of O,_NBs affected the antifouling ability. For
example, the 0,_5% and 0,_25% treatments aggravated biofouling,
with the microbial quantities and EPS contents increasing by 9.8%-
46.3% and 7.9%-36.9%, respectively. These values were statistically
significant (p < 0.05) in most cases. In contrast, the 0,_50%, 0,_75%,
and 0,_100% treatments significantly (p < 0.05) mitigated
biofouling.

The 0,_5% treatment significantly (p < 0.05) increased inorganic
precipitates, while the O, 50%, 0, 75%, and O, 100% treatments
significantly (p < 0.05) reduced precipitates by 16.3%-76.7%. For
particulate fouling, all NBs treatments reduced the particulate con-
tent by 5.7%-61.4%. These values were statistically significant
(p < 0.05) when the NBs concentrations were greater than 50%.
Overall, higher O,_NBs concentrations had better anti-particulate
fouling control efficiency.

The antifouling capacity decreased sharply when the O,_NBs
concentration dropped below 50% saturation; in contrast, there
was little difference when the O,_NBs concentration was greater
than 50% saturation. No significant differences were found in foul-
ing weights between the 0, 75% and O, 100% groups in most com-
parisons. Moreover, it was found that, as the experimental time
increased, the NBs antifouling capacity decreased (Fig. S2 in
Appendix A). For example, NBs eliminated 44.7%-64.1% of the total
foulants in the first 300 h, but this value decreased to 37.7%-54.4%
before the experiment was concluded after 900 h. More specifi-
cally, in comparison with scaling and particulate fouling, the NBs
control efficiency for biofouling decreased more rapidly over time.
In addition, the SEM results revealed that the fouling layer in pipes
exposed to a continuous flow of NB-infused water had a looser
structure than those in the control treatment (Fig. 2(g)), which
could be attributed to the collapse of NBs.

3.2. Effects of NBs on biofouling

16S rRNA gene sequencing of the microbial community in the
composite foulants retrieved sufficient gene sequences for mean-
ingful data analysis (Fig. S3 in Appendix A). All saturated NBs treat-
ments greatly reduced microbial diversity, as evidenced by a
significant (p < 0.05) reduction in the Shannon indices (Fig. 3(a)),
particularly in the O,_NB-treated groups. However, the 0,_5%
treatment significantly (p < 0.05) increased community diversity.
The major phyla identified in the foulants (Fig. 3(b)) were Firmi-
cutes (19.6%-61.2%), Proteobacteria (22.6%-47.3%), Actinobacteria
(6.5%-19.5%), and Bacteroidetes (2.0%-11.1%). The NBs signifi-
cantly shifted the composition of these communities. For example,
NBs reduced the abundance of Firmicutes by 2.6% to 25.4%, while
increasing the abundance of Proteobacteria. Nonmetric multidi-
mensional scaling (NMDS) (Fig. S4 in Appendix A) suggested that
the communities treated by different NBs types and concentrations
were clearly separated. Furthermore, ANOSIM (Figs. S5 and S6 in
Appendix A) and PERMANOVA (Table S5 in Appendix A) showed
that the microbial communities within the groups varied signifi-
cantly (p < 0.05). The community structure also changed over time;
for example, Firmicutes and Proteobacteria clearly decreased and
increased, respectively, in abundance over time.

The network analysis results (Figs. 3(c)-(j)) showed that
0,_50%, 0,_75%, and saturated NBs (100%) simplified the microbial
networks (see Table S6 in Appendix A for the topological properties
of the networks). In these treatment groups, the total links, average
connectivity, and clustering coefficients were lower than those in
the controls, while the average path distances and modularity were
higher. In contrast, the 0,_5% and 0,_25% treatments increased
network complexity. For example, the total links increased by
9.8%-33.4% in the two groups. The topological properties of the
nodes in the networks (Fig. S7 and Table S7 in Appendix A) indi-
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Fig. 2. Analyses of foulant dry weights and composition during different NBs treatments. The treatment scheme is depicted by different colors in (a) showing foulant dry
weights at three timepoints under continuous NBs treatment (prevention strategy). (b) Dry weights of foulants from pre-fouled pipes subjected to 24 h shock treatment for
foulant removal. Since NBs did not remove preexisting fouling, only this figure shows the result of the removal strategy. (c-f) The contents of microbes, EPS, precipitates, and
particulates in the foulant, as indicated by the y-axis labels. Error bars indicate standard deviations, and the letters on top of the bars indicate significantly different groups
based on statistical analysis. The composition analyses were only performed for the continuous NBs treatment experiments. (g) Foulant morphology and composition
revealed by SEM for foulants collected at 900 h. The letters above the boxplots indicate significant analysis, treatments that have the same letter indicate not significant.

cated that generalist OTUs were significantly lower in the satu-
rated NBs treatments. The 0,_50% and O,_75% treatments also
reduced the total numbers of generalist OTUs, whereas the 0,_5%
and O,_25% treatments increased the total numbers.

Examinations of the ecological processes of the microbial com-
munity assemblies (Fig. S8 in Appendix A) revealed that saturated
NBs treatments increased the absolute B nearest-taxa index (BNTI)
of the communities, indicating an enhancement in community
deterministic assembly processes. BNTI responded differently to
treatments with different O,_NBs concentrations; the absolute
value of BNTI decreased in the 0,_5% treatment groups (enhanced
stochastic processes), whereas 25%-100% NBs increased the abso-
lute values (enhanced deterministic processes). The main ecologi-
cal process for the O, 5% treatment group was homogenizing
dispersal, whereas for other groups—particularly at higher NBs
concentrations—the homogeneous selection was dominant in gov-
erning the communities.

3.3. Effects of NBs on scaling and particulate fouling

X-ray diffraction (XRD) patterns (Fig. S9 (a) in Appendix A)
showed that the foulants contained four types of precipitates
(i.e., calcite, aragonite, monohydrocalcite, and dolomite) and four
types of particulates (i.e., quartz, muscovite, feldspar, and chlorite).
Quartz (accounting for 18.6%-33.2%), muscovite (10.5%-15.3%),
feldspar (8.2%-14.2%), and calcite (25.5%-49.4%) were the main
minerals (Fig. S9 (b) in Appendix A).

The effects of NBs treatments on different types of precipitates
are shown in Figs. 4(a)-(d). In general, the NBs reduced calcite by
10.2%-80.9% and monohydrocalcite by 13.1%-83.5%, except in
the experiments with 0,_5% which showed an increase in both.
In contrast, all NBs treatments significantly increased the aragonite
content by 69.9%-325.1%. Because calcite and aragonite are differ-
ent crystalline forms of CaCOs, the results suggest that the NBs
aided in the transition from calcite to aragonite. In addition, the
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He_100% microbial networks, respectively. The red line represents a positive relationship, and green represents a negative relationship; nodes with different colors represent
different modules.

NBs reduced the content of dolomite in the foulants by 27.5%- reduced by 15.0%-61.2%, muscovite was reduced by 7.2%-64.5%,
74.4%. feldspar was reduced by 2.9%-57.7%, and chlorite was reduced by

Figs. 4(e)-(h) shows that all NBs treatments inhibited the for- 3.6%-68.7%. Moreover, higher concentrations of NBs had higher
mation of particulates on pipe surfaces. The quartz content was efficiencies in reducing particulate fouling.
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Fig. 4. Analyses of precipitates and particulates in foulants. Minerals are depicted by colored radio bars for (a) quartz, (b) muscovite, (c) feldspar, (d) chlorite, (e) calcite, (f)
aragonite, (g) monohydrocalcite, and (h) dolomite. Radio graphs illustrate the mineral content (mg-cm~2) by different treatments (eight groups as labeled on the outside ring).
The mineral content collected at three different time points is depicted by the color legend on the right.

3.4. NBs properties and their effects on water quality

NBs application was found to change the bubble properties
(Fig. S10 in Appendix A). NBs-saturated water had 6.5-9.2 times
higher bubble concentrations than the controls, the mean bubble
size increased by 7.2%-52.7%, and the D10 and D50 sizes increased
by 2.4%-15.2% and 9.3%-48.2%, respectively. Furthermore, NBs
infusion reduced the SSAs of the bubbles by 6.7%-34.5%.

NBs infusion also altered the water quality (Fig. 5(a)). The pH of
the NB-infused water increased by 0.01-0.30 relative to that of the
controls. The EC and water ST increased by up to 17.5% and 13.6%,
respectively. However, the changes in water pH, EC, and ST were
not statistically significant. The NBs also significantly (p < 0.05)
increased the absolute values of the water ZP. Conversely, the
NBs reduced the COD by 3.8%-27.3% and the BOD by 4.4%-23.9%.
The changes in COD and BOD were statistically significant
(p < 0.05) when the NBs concentrations were higher than 50%. Fur-
thermore, O,_100% had the greatest influence on the water quality
parameters.

In terms of microorganisms, NBs significantly (p < 0.05) acti-
vated microbial growth at O,_5%, while higher NBs concentrations
reduced the microbial quantities by 10.4%-31.8%. This finding
could be related to the disinfection property of -OH generated dur-
ing NBs collapse (Fig. 5(b)). -OH were detected when the NBs con-
centration was greater than O,_25% and increased with increasing
NBs concentrations. No -OH were found in the control and 0,_5%
waters; thus, no disinfection occurred. In addition, O,_NBs gener-
ated more -OH than the inert gas NBs. It was found that the bubble
properties have close connections with water quality (Fig. S11 in
Appendix A). For example, NBs concentrations had significant
(p < 0.05) positive correlations with water pH, ST, and ORP, while
both the highest intensity of the ESR patterns and the NBs concen-
trations had significant (p < 0.05) negative correlations with water
COD, BOD, and AHPC. In addition, the mean size, D10 size, and D50
size of NBs had significant interactions with some water parame-
ters. The results suggest that the water quality changes were

strongly associated with the NBs properties and hydroxyl radicals.
Furthermore, correlation analyses indicated that the microbial
quantity was positively correlated with COD and BOD (Fig. 5(c)),
suggesting that the water quality parameters influenced each
other.

3.5. NBs fouling control pathways

Significant correlations were found between water quality and
the various foulants (Fig. S12 in Appendix A). More specifically,
the foulant dry weights had a significant negative relationship with
water pH and ST but a positive relationship with COD and BOD. The
results indicate that changes in water quality are important for
foulant reduction. In addition, various foulants were correlated
with each other (Fig. S13 in Appendix A): Significant interactions
were found between EPS contents and several mineral types (e.g.,
calcite, quartz, and dolomite). Several key bacteria in the networks
were also significantly correlated with minerals.

Based on the correlations, a SEMA (Fig. 6) was applied to reveal
the direct and indirect antifouling pathways of NBs. The SEMA
showed that the NBs directly and significantly affected biofilms,
salt precipitates, and particulates, as indicated by the standardized
path coefficient (SPC) values, which ranged from -0.56 to -0.72.
Moreover, the significant correlations found between water quality
and the various foulants suggest that NBs also mitigate fouling
indirectly by affecting water quality (SPC = -0.43). Furthermore,
the precipitates (SPC = 0.52) and particulates (SPC = 0.41) had
greater impacts on the foulant weights than the biofilms
(SPC = 0.13), which had a minor impact. Interactions among vari-
ous types of foulants could be another factor influencing NBs
anti-fouling. For example, since both the precipitates and the par-
ticulates had significant (p < 0.05) positive interactions with bio-
films, it can be concluded that the reduction in biofilms in the
NBs groups could indirectly lead to a reduction in precipitates
and particulates.
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4. Discussion
4.1. Control capacity of NBs for various types of foulant

The results of this study showed that all the saturated NBs
effectively inhibited composite fouling. A comparison of different
types of gas showed that the oxygen NBs did not significantly
improve fouling control. Although oxygen NBs were more useful
in reducing biofouling, no significant (p > 0.05) differences were
found between oxygen NBs and inert gases NBs in reducing scaling
and particulate fouling. Because of the high proportion (>70%) of
scaling and particulate fouling in the total amount of foulants, dif-
ferent types of NBs had similar antifouling effects. The results sug-
gest that the internal gas used to generate NBs did not significantly
contribute to composite fouling reduction. Instead, the physical
and chemical properties of the NBs are likely to be important for
fouling mitigation. Based on these results, plausible antifouling
mechanisms of NBs are illustrated in Fig. 7.

NBs simultaneously act as biocides and activators for microor-
ganisms (Fig. 7(a)). Their biocidal activity is attributed to the -OH
generated by NBs collapse; -OH has been recognized as a strong
oxidant for bacterial inactivation and organic oxidation [18]. This
observation agrees with several other studies that have reported
the disinfection capacity of NBs [18,19,40,41]. The mechanisms of
microbial activation via NBs have not been fully elucidated,
although a few studies [42,43] have reported enhanced microbial
growth. One possible explanation is that NBs (e.g., oxygen and
air NBs) provide microorganisms with more oxygen, accelerating
their growth rate. However, Ito and Sugai [43] found that CO,
NBs also activated microorganisms, implying that O, is not the
only factor that causes enhanced microbial growth. These
researchers proposed that the negatively charged NBs attracted
cations at the gas—liquid interfaces, increasing the rate of proton
transfer to the microorganisms and thereby activating the microor-
ganisms. NBs concentrations were found to influence the inhibition
or activation effects of NBs on microorganisms (Fig. S14 in Appen-
dix A). The activation effects of NBs were predominant at low con-
centrations (5% O, to 25% O,), whereas the inhibition effects of NBs
were predominant at high concentrations (50% O, to 100% O,),
with a high concentration of -OH and resulting in a net inactivation
effect at high NBs concentrations. In addition, although -OH radi-
cals play a significant role in reducing microorganisms and biofoul-
ing, they appear to be ineffective at directly reducing chemical
fouling and particulate fouling. In other words, -OH was found to
be effective for mitigating biofouling but not for reducing compos-
ite fouling.

In terms of NBs gas types, saturated O, NBs outperformed the
two types of inert gases in terms of water sterilization and biofoul-
ing mitigation. This is because the O, NBs generated more -OH
(Fig. 5). NBs collapse causes a sharp increase in the local pressure
and temperature [44], increasing the energy at the gas-liquid inter-
face, which decomposes oxygen molecules, resulting in higher pro-
duction of -OH [45]. The presence of oxygen molecules can help to
generate more -OH. This observation agrees with earlier studies
reporting that O, NBs generate more -OH than N, NBs [46], and
that O, NBs are more effective in killing Vibrio parahaemolyticus
than air NBs [30].

NBs fouling control was also reflected in the alteration of the
microbial community. The 0,_5% NBs treatment increased the
microbial diversity (Fig. 3) because the NBs application enhanced
the O, available to microorganisms [47], which increased the
stochastic processes of community assembly. In contrast, high con-
centrations of NBs probably acted as a stressor, selecting microor-
ganisms resistant to NBs and -OH [3], and thereby reducing
community diversity and enhancing the deterministic processes
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of community assembly. Furthermore, the NBs altered the co-
occurrence patterns of the microorganisms. The total links, connec-
tivity, and generalist OTU numbers increased with the O,_5% and
0,_25% NBs treatments. In general, higher complexity, connectiv-
ity, and stability of community networks will aid in biofilm growth
[48,49]; thus, low concentrations of NBs promoted biofouling. In
contrast, the opposite phenomena were observed when the O,
NBs concentrations ranged between 50% and 100% (decreased net-
work sizes, links, and connectivity), implying that the NBs inhib-
ited the transmission efficiency of energy, matter, and
interactions between microorganisms [50], thereby inhibiting the
development of biofouling [51].

The mechanisms for the reduction in salt precipitates by NBs
are illustrated in Fig. 7(b). First, because NBs are negatively
charged, cations (e.g., Ca%* and Mg?*) are easily attracted to their
gas-liquid interfaces [28], which reduces the probability of contact
between cations and anions. As a result, the NBs act as chelators
inhibiting precipitate formation. Second, the negative gas-liquid
interfaces of the NBs attract protons (i.e., H"); this promotes the
transformation of HCO3 to CO3, shortening the crystallization
induction period and resulting in accelerated aragonite formation
and reduced calcite formation. Since aragonite has a looser struc-
ture than calcite, it can be easily flushed out with water flow
[52]. However, O,_NBs was found to enhance scaling when the
treatment concentration was less than 25%. The increased scaling
observed is likely related to accelerated biofilm growth due to
the microbial activation effect of NBs at low concentrations, since
biofilms and precipitates were positively and significantly corre-
lated. Previous studies have demonstrated that the ionizable func-
tional groups of biofilms can serve as efficient nucleation sites for
precipitates [53], significantly accelerating the formation of precip-
itates [54]. Therefore, the growth of biofilms triggered by low con-
centrations of NBs indirectly increased mineral precipitation by
enhancing the biomineralization capacity of the biofilms. Further-
more, because of the interactions between the biofilms and precip-
itates, high concentrations of NBs may have indirectly impaired
precipitate growth by lowering the biofilm’s biomineralization
ability. As a result, when NBs are present in high concentrations,
the production of -OH could be a plausible mechanism for precip-
itate reduction.

The NBs also effectively mitigated particulate fouling. In gen-
eral, the interactions between particles are governed by electro-
static interactions, van der Waals forces, and hydrophobic forces
[55]. The bulk of wastewater particles are negatively charged.
Cationic polymeric coagulants are used to destabilize particles
and minimize electrostatic repulsion, thereby assisting in the pro-
duction of aggregate flocs and enhancing particle separation from
wastewater [22,56,57]. The water quality analysis showed fewer
particles in the wastewater infused with NBs (Fig. S15 in Appendix
A), suggesting that the mitigation of particulate fouling was due to
the promotion of particle aggregation by the NBs. Negatively
charged NBs surfaces form gas bridges, promoting the aggregation
of particles. This process is similar to dissolved air flotation tech-
nology (DAFT), which operates by releasing gas-supersaturated
pressurized water into atmospherically pressurized water, in
which bubbles—including nanobubbles—spontaneously form.
These bubbles aid in removing suspended particles from wastew-
ater [58]. Fig. 7(c) illustrates how the NBs surfaces combine to form
“bridges” between particles, thereby serving as coagulants to
remove wastewater particles. Furthermore, as the NBs concentra-
tions increased, the absolute water of the water ZP increased
(Fig. 5(a)), indicating that the NBs have a strong ability to act as
particle “bridges” and promote particle coagulation or flocculation,
thereby reducing the content of particles in wastewater and
increasing the anti-particulate fouling capacity.
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4.2. Engineering implications

Despite the effectiveness of NBs in controlling fouling, detailed
guidance is needed to improve their engineering applications. The
selection of gases for NBs generation is the first design considera-
tion. O, NBs have higher but statistically nonsignificant antifouling
capacities relative to inert gases (N, and He) in most comparisons.
The production cost of pure O,, N,, and He NBs is higher than that
of air (21% O, and 78% N;) NBs. Furthermore, the antifouling capac-
ity of air NBs may be comparable to that of O, and N, NBs. There-
fore, air NBs are the best option for economical fouling mitigation
in most wastewater distribution systems. However, for agricultural
wastewater irrigation applications, O, NBs-infused water is already
commonly applied to increase the oxygen content in the bonded
soil [32,33]. In comparison with inert gas NBs, which cannot be
used for crops, O, NBs can boost agricultural production and qual-
ity while simultaneously increasing economic benefits. These ben-
efits may be higher than the production cost of O, NBs [59].
Furthermore, because the effects of O, NBs-infused water on crop
growth vary depending on crop type [32,33] and O, concentration

[60], there should be a tradeoff between the cost of O, NBs gener-
ation and the increase in economic benefit.

The selection of NBs concentrations may be the second design
criterion. Low-concentration NBs activated microbial growth,
which aggravated biofouling and scaling. Therefore, the NBs con-
centrations used for mitigating biofouling should be higher than
a 50% gas saturation concentration. Moreover, it was found that
the 0,_75% and 0,_100% NBs did not have obvious differences in
mitigating various foulants. Thus, NBs with an approximately
75% gas saturation concentration are recommended for controlling
biofouling and scaling. For particulate fouling, higher NBs concen-
trations had higher mitigation efficiencies. Therefore, the selection
of NBs concentration should consider both the influent and the
required effluent water quality for fouling mitigation. Moreover,
it is worth noting that higher particle-size NBs had a stronger
impact on water quality (Fig. S11). In general, the smaller the par-
ticle size of bubbles is, the more stable the bubbles are, making
them less prone to collapse [61]. In contrast, large-particle NBs
are more likely to collapse and generate free radicals, enhancing
the effects of the NBs on water quality and antifouling.
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The selection of continuous (i.e., prevention strategy) versus
intermittent (i.e.,, removal strategy) NBs applications is another
critical design criterion. Contrary to previous studies indicating
that NBs can remove preformed foulants from pipe surfaces
[22,56,57], the current study showed that NBs were ineffective at
removing various types of foulants (Fig. 2(b)). This result may be
attributed to the combined effect of various foulants, which signif-
icantly increase the mechanical strength of the fouling layer
[24,62] due to the high cohesion of the composite fouling layer
in the wastewater distribution systems. This cohesion makes the
layer resistant to NBs shear forces. Because the NBs did not remove
the pre-attached fouling layers, continuous NBs application is
needed to mitigate composite fouling.

Lastly, it is important to note that the fouling mitigation effect
weakened with an increase in NBs application times. One possible
explanation is that the NBs acted as a stressor—like chlorination—
to select microorganisms that were resistant to NBs, causing a
lower diversity and higher deterministic strength in the microbial
communities (Fig. 3), which then decreased the ability of the NBs
to control biofouling. Since biofilms can promote the formation
of precipitates and particulates, a weaker controlling efficiency
for biofilms leads to a decline in controlling efficiency for mineral
precipitates and particle deposition. Consequently, the mitigation
ability of NBs for composite fouling gradually deteriorates over
time. Thus, other fouling control measures should be combined
with NBs treatment in the later stages.
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