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ARTICLE INFO ABSTRACT
Keywords: Seawater reverse osmosis (SWRO) membrane systems face inevitable performance decline due to biofouling,
Reverse osmosis desalination which imposes significant economic costs, accounting up to 25 % of water production costs in desalination

Membrane autopsy
Micro-nano bubbles
Nucleated CO, bubbles

plants. Current industry practices primarily rely on chemical cleaning treatments to restore membrane perfor-
mance. However, these methods involve substantial expenses related to chemical acquisition, storage, and
Biofouling transportation, extended plant downtimes, and premature membrane replacement due to reduced lifespan.
Membrane cleaning Additionally, the disposal of chemical waste raises serious environmental concerns. Micro-nano bubbles (MNBs),
Biofilm removal consisting of gas-filled cavities (from <1 pm to 5 pm in diameter), have emerged as a promising alternative for
biofouling control. This study evaluates the performance of the air-filled (AMNBs) and COy-nucleated bubbles
(N_COy) as curative cleaning-in-place (CIP) treatments and preventive daily treatments under conditions
representative of SWRO systems. Using membrane fouling simulators (MFSs) and pressure drop as a performance
indicator, curative AMNBs, and N_CO; treatments achieved 49 %-56 % pressure drop recovery, comparable to
conventional chemical cleaning (51 %) and significantly outperforming hydraulic flushing (24 %). Optical
coherence tomography (OCT) imaging and biomass analyses confirmed these findings, revealing effective biofilm
removal due to MNB’s action. Preventive treatments demonstrated that Nucleated CO, bubbles delayed per-
formance decline by 123 %, AMNBs by 95 %, and hydraulic flushing by only 15 % compared to controls. OCT
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imaging and membrane biomass analysis confirmed reduced biofilm growth and biomass accumulation in
bubble-treated systems. These results indicate that MNB technologies hold great potential as a sustainable and
eco-friendly alternative to chemical cleaning for biofouling management in SWRO systems.

1. Introduction

Seawater desalination is an essential solution for securing freshwater
supplies, particularly in arid and semi-arid regions. Among desalination
technologies, seawater reverse osmosis (SWRO) accounts for 65 % of
global desalinated water capacity [1]. However, SWRO membranes are
highly susceptible to fouling, where accumulated suspended solids
degrade system performance. Fouling originates from various sources,
including particulate matter [2], inorganic scaling [3], organic com-
pounds [4], and biofouling [5], often occurring simultaneously and
influencing each other [6]. While inorganic scaling is controlled through
chemical dosing, and particulate fouling is mitigated via pre-treatment
(e.g., ultrafiltration), biofouling—caused by excessive bacterial
growth—remains the most challenging issue in SWRO plants due to its
severe impact on membrane performance and associated operational
costs [7].

Current biofouling control relies heavily on membrane cleaning,
classified into physical and chemical methods. Physical techniques, such
as backflushing, air sparging, and sonication, leverage mechanical or
hydraulic forces to dislodge biofilms [8]. Chemical cleaning, in contrast,
employs alkaline or acidic solutions, chelating agents, and surfactants to
dissolve biofouling deposits [9]. However, these methods present sig-
nificant drawbacks. Physical cleaning alone is often insufficient, while
chemical treatments pose environmental concerns, require costly
chemicals, and risk membrane degradation, leading to extended
downtimes [10,11]. Moreover, studies indicate that chemical cleaning
may inadvertently exacerbate biofouling by altering membrane surface
properties or leaving residual nutrients that promote bacterial regrowth
[12,13]. These limitations underscore the need for innovative, sustain-
able, and effective biofilm removal strategies.

Micro-nano bubbles (MNBs) have emerged as a promising membrane
cleaning technology due to their unique physicochemical properties.
Unlike conventional gas bubbles that quickly rise and burst, MNBs
behave differently based on size. Microbubbles (1-100 pm) ascend
slowly, extending their retention time in the liquid, while nanobubbles
(<1 pm) remain suspended in solution due to Brownian motion, main-
taining stability for extended periods [14-16]. Their cleaning potential
stems from their ability to penetrate biofilm structures. As microbubbles
collapse, they generate expansive shock waves and localized heating,
facilitating biofilm detachment [17]. Agarwal et al. [18,19] demon-
strated that microbubbles significantly (>80 %) reduced biomass and
extracellular polymeric substances (EPS) on nylon membranes when
applied to synthetic wastewater biofilms. Nanobubbles, by contrast,
induce turbulence through repulsive forces, further enhancing foulant
removal [20,21].

Multiple approaches exist for MNB generation, with hydrodynamic
cavitation and gas nucleation emerging as effective methods [22-25].
Hydrodynamic cavitation occurs when rapid pressure variations induce
vaporization, forming bubbles within a flowing liquid, as seen in
Venturi-based systems [26]. Other cavitation mechanisms include me-
chanical agitation [27], flow constriction [28], and axial flow shearing
[29]. Gas nucleation, particularly for CO2, occurs when a supersaturated
CO: solution experiences a phase change, leading to bubble formation
[30]. This method has shown promise in enhancing biofilm and scaling
removal in RO membranes during rinsing [31] and backwashing for
ultrafiltration systems [32-34]. The generated bubbles exert hydrody-
namic forces that facilitate foulant detachment [34]. Notably, Ngene
et al. [31] successfully removed biofouling from RO membranes using
CO:2 nucleation bubbles in a recirculating system, while Alnajjar et al.
[30] demonstrated effective organic fouling removal at pressures of 2-6

bar. Additional applications of CO2 nucleation for membrane cleaning
are summarized in Supplementary Table 2.

While MNBs and CO: nucleation have been explored for cleaning
organic fouling [35-38], scaling [39], and biofilms formed in synthetic
or environmental water matrices [19], key knowledge gaps remain.
Previous studies have not investigated biofilm removal in a single-pass
SWRO setup with permeation, which better replicates real-world
biofouling conditions. Additionally, no direct comparison exists be-
tween bubble-based cleaning methods for biofilms developed in both tap
water and seawater environments. The aim of this study is to build upon
existing research by evaluating the long-term effectiveness of two novel
bubble-based physical biofilm removal methods—air-filled micro-nano
bubbles (AMNBs) and CO: nucleated bubbles (N_CO;) as cleaning-in-
place (CIP) and preventive daily treatments. Using membrane fouling
simulators (MFS), we assessed the impact of these methods on biofilm
growth delay and biomass removal under operationally relevant con-
ditions to SWRO.

2. Materials and methods
2.1. Experimental setup

A membrane fouling simulator (MFS) serves as a representative of
the first 0.20 m of a full RO spiral wound membrane element and was
used for accelerated biofilm development studies [40]. The setup was
comprised of a feed water pump (Cole-Parmer®, USA), a feed flow
controller (Bronkhorst, Ruurlo, Netherlands), a nutrient dosing pump
(Bronkhorst, Ruurlo, Netherlands), an MFS, a permeate flow controller
(Bronkhorst, Ruurlo, Netherlands), a differential pressure sensor (Delta
bar, PMD75, Endress + Hauser, Switzerland), and a back pressure valve
(Bronkhorst, Ruurlo, Netherlands) as presented in Supplementary Fig. 1.
CORI-FLOW™ meters & controllers monitored the system’s feed flow,
pressure, nutrient dosing, and permeate flow. These parameters were
recorded using a LabVIEW™ interface on a minute basis.

Feed water for all experiments comprised of both tapwater, for
curative and preventive experiments and seawater for curative experi-
ments. For the tap water experiments setup, the system was fed with
water produced by the King Abdullah University of Science and Tech-
nology seawater desalination plant (Thuwal, Jeddah, Saudi Arabia). The
feed water passed through a filtering step comprised of two activated
carbon filters (Pentair Pentek GAC-20BB, USA) to remove residual
chlorine, and a cartridge filter (pore size 10 pm) to remove particles
from the feed water. In contrast, for the seawater experiments, seawater
was sourced from the Red Sea and passed through a sand filtration pre-
treatment at the WDRC desalination pilot plant (Thuwal, Jeddah, Saudi
Arabia), followed by a 3-filtering unit comprised of one carbon and 2
cartridge sediment filters.

Before every experiment, a full setup cleaning was performed with 2
mL/L of sodium hypochlorite through the main feed line and the
nutrient dosing line, followed by a 48-hour MQ (Millipore, USA) water
rinse. Membrane (FilmTec™ NF90 Dupont, USA), permeate spacer
(FilmTec™ NF90 Dupont, USA), and commercially available 26 mil feed
spacers were cut into 7 cm x 27 cm and 4 cm x 20 cm rectangular
segments respectively via laser cutter (Epilog Legend Laser Engraver-
Mini 24, USA). The active membrane filtration area was 80 cm?. The
membrane, feed, and permeate spacer were assembled into the MFSs
and screwed together as shown in Supplementary Fig. 1. The assembled
MFSs were connected to their respective setup as shown in Fig. 1.
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2.2. Operating conditions and monitoring

The feed water was pumped into the system at a constant flow rate of
20 L/h equivalent to a crossflow velocity of vg = 0.22 m/s. The mem-
branes were left to acclimate at a transmembrane pressure of 2 bar at a
permeate flux of 50 mL/h equivalent to Jg, = 6.25 L/m?h for a week.
During the biofilm growth stage, the filtered tapwater was fed to the
MFSs at vg = 0.22 m/s and permeate flux was maintained at Jy, = 6.25
L/m?h (see Table 1). Biofilm growth was accelerated by dosing a
nutrient stock solution to the feed water increasing the assimilable
organic carbon concentration of the feed water by 100 pg C/L. For this
Sodium Acetate (CH3COONa.3H50), Sodium Nitrate (NaNQO3), and So-
dium Phosphate Monobasic (NaH,PO4.2H50) were obtained from Sigma
Aldrich (Missouri, USA). Nutrient dosing of 30 mL/h occurred after the
previously mentioned acclimation week, the nutrient concentrations for
all the experiments in this present work followed a Carbon: Nitrogen:
Phosphorous ratio of 100:20:10. Detailed amounts are disclosed in
Supplementary Table 3. Additionally, the pH for all nutrient dosing
solutions was set at 11 by adding NaOH 1 M for bacterial growth pre-
vention in the substrate dosage bottle.

Biofouling growth on a specific location at the middle of each MFS
was monitored daily via Optical coherence tomography (OCT)
(GAN610C1, Thorlabs GmbH, Germany) using a central light wave-
length of 930 nm. The equipment configuration accounted for a
refractive index of 1.33 and an A-scan rate of 36 kHz. Additionally, the
noise was flattened for better image quality with an A-scan averaging of
20 and a B-scan averaging of 10. Additional images were taken before
and after CIP procedures at the same marked location. All 3D images had
a resolution of 499 x 499 x 558 voxels in a field of view of 5.0 mm x 5.0
mm X 1.2 mm. These images were processed and optimized using
Matlab® (MathWorks, USA).

2.3. MNB generation and treatments

Two sets of experiments were carried out to evaluate the efficiency of

Water
source

Carbon Cartridge Cartridge
filter filter filter
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Table 1

Operating parameters for biofilm growth.
Parameter Units Value
Permeate production® L/m?h 6.25
Crossflow velocity m/s 0.22
Substrate dosage concentration pg C/L 100

@ For tapwater set up only.

both AMNBs and nucleated CO5 bubbles as: i) curative CIP treatments
and ii) preventive daily treatments for biofouling over long-term studies.
Treatment durations were determined based on durations previously
implemented in literature (as presented in Supplementary Tables 1 and
2) and per COs saturation tank size limitations.

The air MNBs (AMNBs) were generated in a recirculating setup
comprised of an air MNBs generator [41] connected to a high flux pump
(DC HOUSE 42-Series Upgrade Water Diaphragm) and an airflow
controller. The system was operated 1 h before each treatment to ensure
the presence of enough MNBs. The generated bubble solution was
pumped (Cole-Parmer®, USA) to the MFS setups and back into the
microbubble tank at a continuous flux of 20 L/h. MNBs presence was
confirmed by the white-milky color of the solution for microbubbles and
by the Tyndall effect for nanobubbles (Supplementary Fig. 4).

Saturated CO, solution was prepared following an existing method
[32 - 34]. Briefly, a CO4 gas tank was connected to a pressure vessel with
20 L of MilliQ water. MilliQ was used for CO5 bubble nucleation since
ions disrupt the saturation process by stabilizing the CO, bubbles thus
decreasing the bubble coalescence rates [38]. Saturation pressures
varied from 1 to 2 bar depending on the study performed, 2 bar for
curative experiments, and 1 bar for daily preventive studies for opti-
mization purposes. After setting the pressure, the saturation tank was
left open for 30 min, then the system was closed and left for 48 h to
saturate at the desired pressure. No observable MNBs were perceived in
the solution (Supplementary Fig. 5).

The curative CIP studies aimed to evaluate the ability of MNBs to
restore the membrane flux and permeability from a matured biofouling

Nutrient
source Differential
Permeate pressure
flow sensor
controller h‘ Back
Nutr!ent Feed flow | pressure
dosing controller valve
pump
}h ® ® ®
® ( o
® ® O
| MFES
Inlet Outlet
-
OCT

Fig. 1. Membrane fouling simulator (MFS) full setup and components for biofouling growth under tap water and seawater conditions (permeation was only

applicable for tap water setup).
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layer in conditions like those at a desalination plant. Such studies were
carried out for each MNB type in both tap water and seawater setups.
Feed channel pressure drop (PD) served as the main performance
monitoring parameter as it was shown to be the earliest and strongest
impacted parameter by biofilm development [6,42]. CIP was performed
once PD reached a 100 % increase, equivalent to the industry-suggested
cleaning parameter of 10-15 % [43] in our scaled-down module. Both
MNBs treatments AMNBs, and nucleated CO bubbles were compared
against conventional physical and chemical cleaning protocols and to a
no-cleaning control. Hydraulic flush (HF) served as a physical cleaning
control, the conventional chemical cleaning control was comprised of
NaOH 0.01 M (pH 12) followed by HCL 0.2 M (pH 1) and an MQ water
rinse [44] (see Table 2). Statistical significance was evaluated by a two-
sample t-test analysis.

In contrast, the preventive studies served to evaluate the ability of
MNBs to delay the PD from reaching a 100 % increase on the tap water
MFSs setup for which short treatments including a physical treatment
control hydraulic flush (HF), preventive AMNBs and preventive satu-
rated CO; were performed daily (see Table 3).

2.4. Membrane autopsy and analysis

After each experiment, a membrane autopsy was performed
following an existing procedure [44]. Briefly, feed spacer and membrane
coupons were cut and added to vials containing MQ water for total
organic carbon (TOC), autoclaved tap water for adenosine triphosphate
(ATP), and PBS for extracellular polymeric substances (EPS). Then the
coupons were mixed and sonicated (Bransonic®1510 Ultrasonic
Cleaner, USA) for 5 min.

To quantify active remaining biomass, ATP was measured using the
ATP Celsis Luminometer (Advance™, Germany) following the manu-
facturer’s protocol. This equipment measures the amount of light
emitted by the enzyme luciferase once it has direct contact with an ATP
molecule and thus the amount of light emitted is directly proportional to
the amount of ATP in the sample [45], which is measured in relative
light units (RLUS).

TOC samples were filtered with a 0.45 pm syringe filter (Tianjin
Jinteng experiment equipment, China) and placed in 40 mL glass vials.
The carbon present in the accumulated organic matter was analyzed as
TOC with a Shimadzu TOC analyzer (TOC-VCPH/CPN, Japan) following
the manufacturer’s protocol.

EPS was extracted via the formaldehyde-NaOH method [46], based
on its high EPS recovery with a low extracellular DNA concentration.
Briefly described, 60 pL of formaldehyde 37.6 % (Sigma Aldrich, Ger-
many) was added to each sample and left at 4 °C for 1 h. Then 4 mL of
NaOH 1 M was added and left for 3 h at 4 °C. All samples were centri-
fuged (Sorvall Legend XT Thermo Scientific™, Germany) at 20000 G for
20 min, filtered with a 0.22 pm syringe filter (Millipore Express Millex-
GP, Germany), and left to dialyze (Thermofisher SnakeSkin™, USA) in
MQ water on a mixer plate at room temperature for 24 h at 400 rpm.
Afterward, all samples were collected in 50 mL centrifuge tubes, frozen
at —20 °C for 24 h, and freeze-dried (Labconco™, USA) at —50 °C for 48
h. All samples were resuspended in 10 mL MQ. Spectrophotometry was
used for EPS detection and quantification. Carbohydrates were quanti-
fied using the sulphuric acid-phenol method using a 96-well plate for

Table 2
Operating conditions for MNB curative CIP treatments.

Desalination 610 (2025) 118865

Table 3
Operating conditions for tapwater MNB preventive treatments.
Treatment pr-HF pr-AMNBs pr-N_CO,
Operation Raise flux by Continuous AMNBs Intermittent CO,
conditions 100 % flux flux
Duration 10 min 10 min 45 s
Flow rate 40 L/h 20 L/h 30L/h
Crossflow 0.45 m/s 0.22 m/s 4.34/s
velocity

which HySO4 and phenol 5 % wt. were added alongside the samples in
their respective well. The well plate was shaken for 10 min and then
incubated at 90 °C for 1 h and 30 min. Absorbance was measured by a
Spectra Max-4 spectrophotometer (Molecular Devices, CA) at a wave-
length of 490 nm. Total proteins were quantified with a BCA assay kit
(Thermo Fisher Scientific, USA) and measured at an absorbance wave-
length of 562 nm with the same equipment.

2.5. Filter autopsy and analysis

Dead-end filtering units with 10 pm nylon net 47 mm filters
(Merck™, Germany) were placed on the outlet side of the MFS during
the seawater CIP treatments to capture and analyze the biomass
removed from the membrane surface. Biomass was analyzed in terms of
TOC using the protocol mentioned above. Additionally, total cell count
(TCC) was measured using flow cytometry following a protocol by [47].
For this, 700 pL of each sample were stained with 7 pL of a 100X SYBR
green (obtained from a 10,000X stock solution (Molecular Probes,
Eugene, OR, USA), diluted in Tris buffer, pH 8 into opaque 1.5 mL
Eppendorf tubes. The solutions were then incubated at 37 °C for 10 min,
and then 200 pL of each sample was poured into a 96-well plate. BD
Accuri C6 plus flow cytometer (BD Accuri Cytometer, Belgium) was used
to perform the measurements at 488 nm for the fluorescence emission
detector (FL1 = 533 4+ 30 nm) and a volume of 50 pL, measured at a high
flow velocity of 66 uL/min. An electronic gate was established according
to Hammes & Egli [48]. Data were processed using the BD Accuri
CFlow® software. All samples were analyzed in triplicate.

3. Results

Two sets of experiments were carried out to evaluate the efficiency of
both AMNBs and CO5, nucleated MNBs as: i) curative CIP treatments and
ii) preventive daily treatments for biofouling over long-term studies.

3.1. Curative studies

3.1.1. Biofilm growth: pressure drop development in time

Biofilm growth inside the membrane fouling simulators (MFS) for all
curative CIP experiments was monitored until a 100 % increase in PD
was observed for all MFSs. Fig. 2 shows the average relative PD over
time for all duplicates.

The desired growth was achieved for both experiments from day 4
onwards. However, some PD fluctuations were observed, especially for
the seawater experiments. This can be attributed to variations in the
seawater source and minor PD sensor pauses. Regardless, these

Treatment AMNBs N_CO-,

Operation conditions Continuous AMNBs flux
Duration 1h 3 min

20L/h
0.22 m/s

135L/h
1.53m/s

Flow rate
Crossflow velocity

Continuous Nucleated CO, bubbles flux

“HF NaOH/HCl1
Raise flux by 100 %  NaOH 0.1 M followed by HCI 0.2 M and an MQ water rinse
1h 1 h for each
15 min for the MQ rinse
40 L/h 20 L/h
0.45m/s 0.22 m/s

 For tapwater experiments only.
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Fig. 2. Relative pressure drop (RPD) development in time from the start of nutrient dosing as day 0 for A) tap water and B) seawater MFS experiments.

fluctuations did not affect the biofilm growth, signaled by the pressure
drop increase over time. Overall, the biofilm growth, measured as a
relative pressure drop increase (RPD) in time occurred in a similar range
for the evaluated treatments.

Fig. 3 presents the cleaning efficiencies per treatment. Cleaning ef-
ficiencies under tap water conditions were in a similar range of (~50 %)
for all the evaluated treatments except for the hydraulic flush (HF)
which was 23.6 %. Interestingly, the cleaning efficiency increased for
seawater biofilms in comparison with tap water for all of the evaluated
treatments. The Nucleated CO, bubbles cleaning efficiency was 77 % on
average, higher than the chemical cleaning control (NaOH/HCI) at 63.4
% but the difference is not statistically significant (P = 0.09). The higher
cleaning efficiency under seawater conditions could be attributed to
differences in the composition and structure of seawater and tap water
biofilms, as will be shown in the upcoming OCT images.

3.1.2. Optical coherence tomography (OCT)
OCT images before the CIP procedure show clear biofilm growth on
the feed spacer surface with occasional minimal growth in the

100 T T T T
TW|
SW

80 -
;\? J
e .
2 |
S 60 -
S 1
&
()]
2 404 -
S
- 1
K]
(@)

20 E

0
NaOH/HCI HF AMNBs N_CO,
Treatment

Fig. 3. Cleaning efficiency in terms of relative pressure drop (PD) restoration
after cleaning-in-place (CIP) for seawater (SW) and tap water (TW) MFS ex-
periments and their respective standard deviations.

membrane surface for the tap water MFS. As presented in Fig. 4, biofilm
detachment was confirmed in the after-CIP images for each evaluated
CIP treatment. For the tapwater experiments, HF treatments were inef-
fective (Fig. 4D), as the before and after CIP OCT images were highly
similar. In contrast, the rest of the evaluated treatments (NaOH/HCI,
AMNBSs, N-CO3) showed clear biomass removal in their corresponding
after-CIP images. It is worth noting that this removal effect is more
noticeable for seawater experiments due to the elongated structure of
the biofilm in comparison to the fluffy structure of tap water biofilm
(Fig. 4A, B, and C), this type of structure accounts for less interactions
with the base making it more susceptible to detachment by a physical
force.

Additional OCT time stamps of the MNBs CIP treatments for seawater
conditions are presented in Supplementary Fig. 7 and show the major
removal event (MRE), which took place within the 30 s—1-minute mark
for the air micro-nano bubbles (AMNBs) and during the first 15 s for the
continuous Nucleated CO; bubbles flux. There was no significant dif-
ference in the images of the MRE and the after-CIP treatment, indicating
a possibility for future CIP duration optimization.

3.1.3. Membrane autopsy

Membrane autopsies for both seawater and tap water conditions
showed a clear biomass reduction for all of the evaluated treatments in
comparison with the no-cleaning control as shown in Fig. 5. For the tap
water CIP experiments, the no-cleaning control accounted for an ATP of
86,000 pg/cm? and TOC of 15.4 pg/cm?. The least effective biomass
reduction was for the tap water physical cleaning control HF (hydraulic
flush) in comparison with the rest of the treatments with an ATP of
48,000 pg/cm? and a TOC of 10.7 pg/cm?. Interestingly, AMNBs showed
a similar TOC content at 11.3 pg/cm? with a clear ATP reduction at
20,800 pg/cm? indicating a possible more effective inactivation with an
incomplete biofilm detachment. Nucleated CO, bubbles accounted for
an ATP of 21,000 pg/cm? and TOC of 6.8 pg/cm? showing a similar
inactivation as AMNBs with better biomass removal. This could be due
to the nucleated CO, bubbles acting as an additional hydrodynamic
shear force. However, none of the evaluated treatments were as effective
as the conventional chemical cleaning control at an ATP of 22.4 pg/cm?
and TOC of 2.9 pg/cm?2.

Of particular relevance, both micro nanobubble treatments AMNBs
and Nucleated CO, bubbles biomass concentrations under seawater
conditions at an ATP of 1899 pg/cm? and 188 pg/cm? respectively, and
TOC values of 8.2 pg/cm? and 10.3 pg/cm?, were closer to the values of
the chemical cleaning control (NaOH/HCI) with ATP 90.8 pg/cm? of and



D.S. Alvarez Sosa et al.

Tap water
A
L& &
B
C
1 & 1/"’
D

N After CIP

Desalination 610 (2025) 118865

Sea water

Fig. 4. Optical coherence tomography (OCT) images before and after cleaning-in-place (CIP) for seawater and tapwater environments for A) NaOH/HCI, B) AMNBs,

C) Nucleated CO, bubbles and D) HF.

TOC of 10.4 pg/cm? Considering that the no GIP control biomass
accounted for an ATP of 24,500 pg/cm? and TOC of 17.2 pg/cm?, this
indicates a better biomass inactivation and removal efficiency for both
bubbles treatments in the seawater environment in which nucleated CO5
bubbles accounted for a similar biomass inactivation and removal ca-
pacity as the conventional chemical cleaning control.

3.1.4. Cleaning in place (CIP) filter autopsy

Filters were placed on the outlet side of the MFS during seawater CIP
treatments to analyze and characterize the biomass removed from the
membrane surface. The CIP outlet filter autopsies (Fig. 6) showed either
similar or higher biomass values for both of the MNBs treatments (f-
AMNBs and f-N_CO») in comparison with the chemical cleaning control
(f-NaOH/HCI) for TOC indicating a successful biomass removal from the
membrane surface and feed spacer. For which the AMNBs accounted for
the highest TOC and TCC content at 17.6 pg/cm? and 63,100 cells/cm>
respectively. Indicating that AMNBs showed a higher overall removal of
biomass. Additionally, the Nucleated COy bubbles accounted for a
similar TOC and higher TCC in comparison with the chemical control at
7.6 pg/cm? and 8.0 pg/cm? and 44,800 cells/cm? and 22,600 cells/cm?
respectively.

Overall, both types of MNBs showed potential as cleaning strategies
for SWRO biofouling. However, Nucleated CO; bubbles presented
consistent operational cleaning efficiencies and autopsy biofilm re-
movals that were either similar or higher than the conventional chem-
ical control with the advantage that the Nucleated CO, bubbles CIP had

a duration of 3 min in comparison to the 2 h of the chemical cleaning.
3.2. Preventive experiments

3.2.1. Biofilm growth: pressure drop development in time

Daily shorter MNBs treatments (pr-AMNBs & pr-N_CO;) were eval-
uated against a physical hydraulic flush (pr-HF) control to evaluate their
ability to prevent/delay biofilm growth. Fig. 7 shows that both of the
MNB treatments effectively delayed the pressure drop from reaching a
100 % increase by an average of 4.5 days. In comparison, the hydraulic
flush preventive treatments (pr-HF) delayed the PD (100 % increase) by
<1 day. As shown in Fig. 6A), each of the daily preventive treatments
resulted in an immediate PD reduction that is reflected in the peaks in
the RPD and thus is not present in the controls. Fig. 7B shows the average
extended membrane performance before reaching a 100 % PD increase
for each preventive treatment compared to the duration of control
treatment for which the preventive hydraulic flush (pr-HF) managed to
only extend the membrane performance by 15 %. In contrast, both daily
bubble preventive treatments roughly doubled the membrane stable
operating time with an extended performance of 95 % for preventive
AMNBSs (pr-AMNBs) and 123 % for preventive Nucleated CO, bubbles
(pr-N_ CO; bubbles). Supplementary Fig. 8 shows the time to reach 100
% PD increase as 8.2 days for pr AMNBs and 9.3 days for the pr-N_CO,,
in contrast to the 4.2 days for the no-treatment control and the 4.8 days
for the pr_HF control.
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Fig. 5. Biomass quantification on the membrane and spacer after cleaning in place (CIP) quantified as A) adenosine triphosphate (ATP) and B) total organic carbon

(TOQ) in seawater and tap water MFS experiments.

3.2.2. Optical coherence tomography (OCT)

Daily optical coherence tomography (OCT) images from day 4 were
selected as a growth control surveillance margin since it accounts for the
day when both controls (no treatment and pr-HF) reached a 100 % PD
increase and are presented in Fig. 8. At this timeframe, both the control
and the HF preventive treatments (pr-HF) showed clear biofilm growth
around the feed spacer in addition to some growth on top of the mem-
brane surface. Meanwhile, both preventive MNB treatments (pr-AMNBs
and pr-N_CO;) show minimal biofilm growth surrounding the feed
spacer.

3.2.3. Membrane autopsy

Membrane autopsies for preventive studies on tap water conditions
were performed once each MFS reached a 100 % PD increase, shown in
Fig. 9. Nucleated CO, bubbles preventive treatments (pr-N_CO3)
accounted for the lowest ATP counts at 55,600 pg/cm? indicating lower
viable cells present which could explain the extended membrane life-
span of the Nucleated CO, bubbles pretreatments in comparison with
the other preventive treatments with 101,700 pg/cm? for AMNBs (pr-
AMNBSs) and 92,329 pg/cm2 for the hydraulic flush (pr-HF). Further-
more, both preventive bubble treatments showed lower TOC values than
the hydraulic flushing control (pr HF) at 11.8 pg/cm? and the no
treatment control at 8.9 pg/cmz, with AMNBs (pr-AMNBs) accounting
for the lowest TOC at 7.3 pg/cm? (statistically significant P = 0.049).
The Nucleated CO5 bubbles accounted for slightly higher TOC than the
no-treatment control at 9.7 pg/cm?, likely related to its prolonged
duration in comparison to the rest of the treatments. This could be
related to a higher EPS composition than the bacterial cell content.

To better understand the effects of constant short-term exposure to
MNBs an gas nucleated bubbles on the biofilm composition, extracel-
lular polymeric substances (EPS) were extracted and quantified as
shown in Fig. 10. The preventive AMNB treatments accounted for the
highest concentration of both EPS proteins and carbohydrates at 145
and 143 pg/cm? respectively. This could be attributed to an effect on the
biofilm structure or an incomplete removal and further reattachment on
the membrane and feed spacer surface. Furthermore, the Nucleated CO»
bubbles preventive treatments showed slightly higher EPS protein and
carbohydrate values at 94 and 78 pg/cm? respectively in comparison to
the no-treatment control (105 and 73 pg/cm?) and the HF preventive
treatment (95 and 69 pg/cm?) while being the treatment that resulted in
a longer membrane lifespan. These slightly higher EPS concentrations
could entail that the preventive treatments could have promoted EPS
production but at a significantly lower rate than the AMNB treatments.

Both of the daily preventive MNB treatments were able to extend the
membrane lifespan in terms of PD and OCT images with Nucleated CO,
bubbles resulting in better cell inactivation and AMNBs showing overall
lower TOC content. However, an increase in EPS production was
perceived and it was more aggravated by AMNBs.

4. Discussion

This study aimed to test the efficiency of both AMNBs and CO3
nucleated bubbles as (i) cleaning-in-place (CIP) treatments and (ii)
preventive daily treatments for biofouling over long-term studies. In
addition, their impact on membrane performance and biomass activity
was monitored in conditions that simulate a reverse osmosis membrane
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system as closely as possible with the membrane fouling simulators
(MES). Pressure drop was implemented as the main biofilm growth
monitoring parameter as is used as such by standard industry practices
[43].

4.1. MNBs enhanced biofilm detachment in seawater CIP

CIP treatments were performed once MFS reached a 100 % pressure
drop increase and their cleaning efficiency was measured in terms of
pressure drop decrease after treatment, as presented in Fig. 2. The ma-
jority of the growth was perceived around the feed spacer with minimal
growth in the membrane surface in agreement with previous reports
[46] and this growth occurred at a similar rate for both seawater and tap

water environments since the biodegradable nutrient content was the
same [49]. For the tap water, CIP cleaning efficiencies for the MNBs
treatments (AMNBs & N_CO3) and the chemical cleaning (NaOH/HCI)
were within the 50 %-54 % range which is in agreement with previous
reports of similar ~50 % cleaning efficiency for NaOH/HCI CIP utilizing
lab scale tapwater MFS setups [47,50]. Surprisingly, all cleaning effi-
ciencies increased for the seawater experiments. This fact could be
attributed to the structural differences observed for seawater biofilms
(see OCT images in Fig. 3), which may allow for better inactivation and
detachment. It has been reported that microbial communities and di-
versity play an important role in the observed structural differences
within seawater biofilms, accounting for an overall higher diversity of
microbial taxa in comparison to tapwater biofilms [51,52]. In addition,
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the lack of permeation on the seawater MFSs may have inhibited the
growth of the seawater biofilm in the membrane due to a lack of nutrient
attachment onto the membrane surface [53]. Nucleated CO, bubbles
presented a higher cleaning efficiency at 71 % than the conventional
chemical control with 63 %. This could entail that the additional shear
force provided by the Nucleated CO5 bubbles could have increased their
detachment potential. It is important to acknowledge that the slight
acidity of the solution (pH 3.9) may contribute to biofilm inactivation
and removal. However, this effect is likely minimal, as previous studies
have demonstrated that pH alone does not significantly influence the
cleaning efficiency of organic fouling [30].

Furthermore, the presence of ions has no significant effect on MNB
number and distribution [54]. Instead, they have been reported to
enhance the stability of bulk MNBs [55 — 57] hence possibly enhancing
the additional shear stress of MNBs into the biofilm at seawater
environments.

AMNBs have only been previously evaluated for CIP treatment du-
rations of an hour or longer [18,19,36,58]. Therefore, the major removal
observation after 30 s presented in Supplementary Fig. 2 could lead to
future shorter and more energy-efficient treatments. For the Nucleated
CO, bubbles constant short pulsating treatments have been previously
evaluated for synthetic fouling with promising cleaning efficiencies
[34,59], which aligns with the fact that the major removal event was
perceived within the first 15 s of exposure to the treatment.

Membrane autopsies occurred after the CIP procedures, for which a
biomass reduction was noticeable for all of the evaluated treatments.
The tap water hydraulic flush control accounted for high ATP values in
comparison to the evaluated MNBs treatments. However, this difference
was less noticeable for the TOC values, indicating a biomass inactivation
property as the MNBs burst near the biofilm layer [18,19,60]. In
agreement with previously discussed RPD and OCT image results, ATP
and TOC values confirmed the better biomass removal efficiency under
seawater conditions, with the Nucleated CO2 bubbles accounting for
values in a closer range of the chemical cleaning control. It is worth
noting that ATP concentrations were overall lower for seawater exper-
iments, which can be explained by an interference effect of the seawater
ions [61].

Furthermore, autopsies of the filters used to collect the biomass
coming out with the cross-flow water during seawater CIP treatments
showed either similar or higher detached biomass values from the
treated membranes than the chemical cleaning control. With AMNBs
accounting for the highest overall biomass, this could be attributed to a
better biomass integrity conservation by the neutral pH of the AMNBs
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solution.

Biomass inactivation and removal seemed more effective for the
more complex and diverse microbial population environment of pre-
treated seawater than dechlorinated tapwater. This would be highly
beneficial for future applications in the water desalination industries if
future pilot plant studies corroborate these results.

4.2. Daily MNB treatments delayed biofouling and system performance
decline

Previous research regarding MNBs as preventive biofouling strate-
gies has shown a significant delay in permeate flux and salt passage
decline for 11 h with 2 min of AMNB treatments every 30 min and
dosing with synthetic organic foulants [38]. Nevertheless, no long-term
study on biofouling MNB prevention with less frequent treatments (i.e.
daily) can be found in the current literature.

The daily MNB preventive treatments evaluated in this present
article showed a significant delay in the system’s performance decline
measured in terms of pressure drop (PD) increase (100 %). This was
perceived as an extension of the membrane performance of 123 % (5.1
days) for the Nucleated CO5 bubbles experiments, 95 % (4 days) for the
AMNBs, and 15 % (0.6 days) for the hydraulic flushing treatments
compared to the control. Since the controls had a duration of 4.2 days,
both MNB preventive treatments were able to double the system oper-
ation time to a certain extent. The Nucleated CO, bubbles preventive
treatments showed a higher efficiency by 28 % (1.1 days) than AMNBs.
This is consistent with the Nucleated CO5 bubbles CIPs autopsy results,
accounting for lower biomass amount.

Membrane autopsy took place once each MFS system reached a 100
% pressure drop (PD), and no preventive treatment was performed
before the membrane autopsy. In agreement with the PD performance
analysis ATP and TCC values were lower for the Nucleated CO, bubbles
preventive treatments. However, TOC analysis resulted in AMNBs hav-
ing the lowest value. Similarly, OCT images taken before preventive
treatments at the growth monitoring point of 4 days (Fig. 7) show the
least amount of growth for the AMNBs preventive treatments, even
though the average RPD values at day 4 are roughly the same.

Interestingly, the MNB preventive treatments accounted for higher
EPS carbohydrate and protein values than the controls, especially in the
case of AMNBs. This can be explained by the longevity of the AMNBs
treated membranes and their continuous exposure to 10 min of active
AMNBs flush, which might have been enough time to negatively impact
the biomass but not the sturdier EPS layer. Additionally, it has been
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reported that EPS production increases under high shear stress by flow
velocity [62], an effect that can be also attributed to the additional
turbulence that MNBs repulsion forces generate in their liquid envi-
ronment [36]. Similarly, AMNBs burst within the liquid solution could
have introduced dissolved oxygen to the system. Dissolved oxygen has
been previously reported to enhance EPS production, especially for
carbohydrates [63]. This effect was not perceived by the Nucleated CO,
bubbles due to the higher effectivity of pulsating treatments in com-
parison to a continuous flux [34], and the shorter treatment times.
Therefore, the exposure to the Nucleated CO3 bubbles intervals during 9
days may have resulted in lower biomass and slightly higher EPS
growth.

While the laboratory-scale experiments conducted in this present
study provide valuable insights into the effectiveness of air micro-nano
bubbles (AMNBs) and nucleated CO2 bubbles (N_CO2) for biofilm
removal and prevention, pilot plant testing remains a critical next step in
assessing the long-term feasibility of these technologies for real SWRO
systems. Pilot-scale evaluations would allow for a more comprehensive
understanding of system performance under operational conditions,
including the influence of varying feedwater compositions, hydrody-
namic forces, and membrane module configurations. Additionally,
testing at this scale would provide a better assessment of energy re-
quirements, cleaning frequency, and overall operational costs, which are
essential factors for large-scale implementation. Furthermore, an eco-
nomic feasibility assessment should be integrated into pilot-scale studies
to evaluate the cost-effectiveness of these cleaning strategies compared
to conventional chemical cleaning, considering factors such as opera-
tional savings, energy consumption, and system longevity. Such an
analysis will be crucial in determining the practical and financial
viability of bubble-based cleaning technologies for full-scale applica-
tions. The promising results observed in this study, particularly the
extended membrane lifespan and enhanced biofilm removal efficiencies,
indicate the potential for significant operational benefits. However, pilot
plant studies and economic assessments are necessary to validate these
findings and optimize the application of bubble-based cleaning strate-
gies to ensure their practical viability in full-scale desalination plants.

5. Conclusions

The present study evaluated the effectiveness of air-filled micro-nano
bubbles (AMNBs) and saturated CO, nucleated bubbles (N_CO,) as
curative CIP and preventive strategies for biofouling cleaning and con-
trol. Feed channel pressure drop was the parameter used to monitor the
developed biofilm impact on system performance and evaluate the ef-
ficiency of each cleaning treatment on the system performance resto-
ration. Biofilm was analyzed once the feed channel pressure drop
reached a 100 % increase, corresponding to 10-15 % over the full
installation in agreement with industry standards. The performed ex-
periments showed:

Both air-filled and saturated CO, nucleated bubbles were as effective
as conventional chemical cleaning in terms of pressure drop recov-
ery. With the nucleated CO, bubbles surpassing the conventional
chemical cleaning control in a seawater environment.

Optical coherence tomography images before and after cleaning in
place showed a clear biofilm reduction for all micro-nano bubble and
nucleated CO5 bubble treatments.

Membrane autopsy results for micro-nano bubble and nucleated CO»
bubble cleaning in place experiments showed lower overall biomass
(ATP and TOC) in comparison with the hydraulic flush physical
control.

Daily preventive micro-nano bubble and nucleated CO2 bubble
treatments extended the performance of the membrane in terms of
pressure drop increase by double. With the confirmation of optical
coherence tomography images with minimal growth in comparison
with the HF treatment and the control.
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e Membrane autopsy results for preventive micro-nano bubble studies
accounted for lower adenosine triphosphate and total organic carbon
values than the physical cleaning control, but higher extracellular
polymeric substances.

Overall, MNBs and nucleated CO, bubbles showed potential as
effective curative and preventive strategies for biofouling control in
comparison to conventional chemical and physical cleaning control.
This effectivity was enhanced for seawater environments. With the
additional advantage of lower treatment times and a lesser environ-
mental footprint. Further studies are needed to confirm the cleaning
efficiencies of this present study at a pilot scale and the economic
feasibility of these promising technologies.
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