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Abstract: Biofouling in the membrane bioreactor (MBR) is a bottleneck in operation. This
study explores the use of cis-2-decenoic acid (CDA) to mitigate biofouling. CDA is a sig-
naling molecule known to disperse biofilms, which is reported to reduce the extracellular
polymeric substances (EPS) of biofilms and make them less chemically resistant. In our
experiments, CDA 300 nM was used for the backwashing biofouling in MBR, and back-
washing with CDA followed by 0 to 500 mg/L sodium hypochlorite (NaOCl) was also
performed. The synergistic effect of CDA and NaOCl in alleviating biofouling was observed
at CDA 300 nM and 100 mg/L NaOCI. However, controversial phenomena occurred under
other conditions. An increase in biofilm removal efficiency with higher concentrations
of NaOCl was not observed. Instead, the fouling rate increased at a 200 mg/L NaOCl
condition compared to the control condition (i.e., DW washing). This phenomenon is hy-
pothesized to result from the antagonistic interaction between the dispersion induction by
CDA and the stress induced by NaOCI. This study specifically demonstrated the efficiency
of two-stage backwashing with CDA and NaOCl in various aspects. The results of this
study are expected to be utilized for optimizing MBR backwashing protocols.

Keywords: cis-2-decenoic acid; membrane bioreactor; biofouling; sodium hypochlorite;
backwashing; extracellular polymeric substances

1. Introduction

Due to the increase in land uses and anthropogenic activities, available water sources
are gradually decreasing, while the demand for clean water is increasing. Accordingly,
membrane technology has been implemented in water treatment to enhance the quality and
increase the quantity of available water [1,2]. MBR, a wastewater treatment technology that
uses membranes, has advantages such as superior effluent quality, low sludge generation,
and a small land footprint. The MBR market was valued at USD 3.35 billion in 2022 and
is expected to grow at a compound annual growth rate (CAGR) of 7% by 2030 [3]. A
major problem in the MBR operation is fouling. When fouling occurs, flux decreases at
constant pressure or TMP increases to maintain a certain flux, which increases the operating
costs [4,5]. The types of fouling include particulate fouling, organic fouling, inorganic foul-
ing, and biofouling, and the main cause of membrane fouling is known as biofouling [6,7].
Biofouling refers to the adhesion and accumulation of microorganisms accompanied by
biofilm development on membranes [8]. Biofilm is a microbial community in an extracellu-
lar polymeric substances (EPS) matrix secreted by microorganisms. EPS are composed of
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polysaccharides, proteins, nucleic acids, and humic substances. EPS play a role in providing
nutrients, sharing genes, and defending against external threats such as toxins, antibiotics,
and predators [9]. There are inactive cells inside biofilms, called persisted cells. They are
resistant to malnutrition and antibiotics and can revert to their normal metabolic functions
and replication rate after a harsh condition passes. For these reasons, biofilms are difficult
to remove and regenerate easily, even if only a few microbes survive [10]. In MBR, mem-
brane fouling is mainly controlled by physico-chemical cleaning called chemical enhanced
backwashing (CEB). Typically, CEB can be carried out daily with sodium hypochlorite
(NaOCl) [11]. NaOCl is a powerful oxidant that can kill microorganisms and remove
organic matter from surfaces [12]. CEB has the advantage of being cost-effective, easy to
apply, and versatile in dealing with different fouling types. However, the overuse of CEB
can lead to membrane damage, by-product generation, and poor effluent quality [13-15].
Typically, the PVDF membrane recommends 500,000-1,000,000 mg/L-has the max lifetime
exposure to NaOCl depending on the manufacturer [16]. Wang et al. (2010) reported that
24 h of soaking of the PVDF membrane in NaOCl with a concentration of 330 mg/L at
4-7-day intervals for 4, 5, 6, 10, and 12 repetitions during the MBR operation resulted in
44.1, 52.2, 63.9, 67.9, and 75.9% reductions in clean water flux, respectively, and up to a
maximum of a 16.5% reduction in tensile strength with repetition compared to the virgin
membrane [17]. In addition, depending on the chemical concentration of CEB, biofilm
generation can be accelerated [18,19].

Therefore, research on biological methods related to quorum sensing is underway to
complement chemical cleaning. Quorum sensing is a cell-to-cell communication mecha-
nism in microbial communities. This mechanism relies on the production, detection, and
response to diffusible signal molecules in a cell density-dependent manner [20]. Through
this mechanism, microbes monitor their population density and show multicellular be-
haviors such as symbiosis, toxin production, antibiotic production, motility regulation,
and biofilm formation [21,22]. The strategies related to quorum sensing control biofilm
formation by dealing with diffusible signal molecules to regulate them or make them
unrecognizable. These strategies are less efficient to clean the membranes clogged by dead
cells and organic—inorganic complexes. In summary, biological methods are friendly to the
membrane and environment, but they are more expensive than several chemical cleaning
methods and it is difficult to design a universal cleaning strategy [11,23,24]. Meanwhile,
cis-2-decenoic acid (CDA) has been studied in various fields as a promising substance for
biofilm reduction [25-28]. CDA is a signal molecule associated with the diffusible signal
factor signaling system and is known to induce biofilm dispersion [29]. CDA can have
inter-species and inter-kingdom effects, and biofilms dispersed by CDA have a vulnerable
structure due to the escape of microbes by creating pores, making them more susceptible
to external threats like antibiotics or oxidants [26,30]. Therefore, a cleaning strategy using
CDA can be compatible with conventional cleaning strategies and can be used as a versatile
biological method for MBR systems.

Previous studies have demonstrated the biofilm dispersion effect of CDA on
single strains and examined the synergistic effect of CDA and disinfectants [27,31].
Sepehr et al. (2014) have confirmed the synergistic effect of CDA 310 nM and hydrogen
peroxide 120 ppm or peracetic acid 70 ppm in a 1 h reaction for single-species biofilms [26].
However, there are only a few studies on the application of CDA in the cleaning process
of MBR and the interaction of CDA with NaOCI. This study tested a two-stage back-
washing protocol using CDA and NaOCl and evaluated its backwashing performance.
The expected advantages and limitations of the backwashing protocols are compared
in Table 1. Backwashing performance was analyzed based on operating extension, EPS
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removal, and surface coverage. Through the analysis, a comprehensive understanding of
the backwashing mechanism was achieved.

Table 1. Comparison of advantages and limitations of various backwashing protocols.

Protocols

Advantages Limitations

Hydraulic backwashing Low cost, easy to apply, chemical-free ~ Cannot remove irreversible fouling

Chemical enhanced backwashing  Low cost, superior cleaning efficiency

Can cause damage to membrane and
microorganism

Two-stage backwashing

Superior cleaning efficiency, reduced

dosage of NaOCl, more sustainable Complex to apply, additional cost

2. Materials and Methods
2.1. Lab-Scale MBR Operation for Evaluating Permeability by Two-Stage Backwashing

Lab-scale MBR was operated to evaluate the two-stage backwashing protocol. MBR
sludge was sampled from a local wastewater treatment plant. The initial mixed liquor
suspended solid (MLSS) of the MBR sludge was 5900 mg/L. After the sludge adapted
to synthetic wastewater for over 30 days, the MLSS of the sludge was approximately
6200 mg/L. The composition of the synthetic wastewater is shown in Table 2. A hollow
fiber membrane module, composed of PVDF and manufactured by Toray, Japan, was
reassembled to fabricate a lab-scale module. The detailed specifications of the membrane
are as follows: a pore size of 0.01 um, a maximum transmembrane pressure of 100 kPa, and
a maximum NaOCl exposure as Cl, of 1,000,000 mg/L-h. The nominal surface area of the
lab-scale membrane module was 87.96 cm?. Two modules were submerged in each reactor
(i-e., total membrane surface area in each reactor was 175.92 cm?) and permeation pumps
were operated under a constant flux condition of 20 L/ m?2/h. The nominal volume of the
MBR tank was 3 L, and the operating conditions of MBR were HRT 8.38 h, temperature
24 °C £ 1, SRT 30 days, and aeration 1 L/min, respectively. The transmembrane pressure
(TMP) of each module was monitored by a digital pressure gauge, and the module was
withdrawn when the TMP reached 80 kPa. Two-stage backwashing with various concentra-
tions of NaOCl was performed on the withdrawn module. A 1000 mg/L CDA stock (in 10%
ethanol carrier) was diluted to 300 nM with distilled water (DW). Sodium hypochlorite was
diluted to each concentration with DW after the concentration of sodium hypochlorite stock
solution was confirmed by DPD-free chlorine reagent (Hach, USA). Each withdrawn mod-
ule was immersed in 1700 mL of DW, and backwashing was performed by CDA 300 nM
solution at a flux of 30 L/m? /h for 30 min. The optimal concentration and contact time of
CDA were based on previous studies [27,28,31]. After the CDA backwashing had finished,
NaOCl backwashing was performed at the same flux and duration. The concentration
range of NaOCl is determined based on dosages of applications on membrane bioreactors
in practice and literature reviews [11]. The concentration of NaOCl was 0 (i.e., DW), 100,
200, 300, 400, 500 mg/L, respectively. Each backwashed membrane module was gently
rinsed with DW and returned to the bioreactor. When the TMP of the membrane module
reached 80 kPa five times, the operation was terminated.
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Table 2. Composition of synthetic wastewater.

Substance Concentration(g/L)
Glucose 0.4000
Yeast extract 0.0140
Bacto™ peptone 0.1150
(NHy4)2S04 0.1048
KH;POy4 0.0218
MgS04-7H,0 0.0320
FeCl3-6H,0 0.0001
CaCl,-2H,0 0.0033
MnSOy-5H,0 0.0029
NaHCO; 0.2555

2.2. Lab-Scale MBR Operation for Evaluation of Foulants

Lab-scale MBR was operated to evaluate the foulant removal of the two-stage back-
washing protocol. MBR sludge was collected at the same local wastewater treatment plant.
The initial MLSS of the MBR sludge was 8350 mg/L. After the sludge adapted to synthetic
wastewater for over 30 days, the MLSS of the sludge was approximately 6500 mg/L. The
hollow fiber membrane module was reassembled to produce a lab-scale size. The nominal
surface area of the lab-scale membrane module was 43.98 cm?. Two modules were paired
in one peristaltic pump, assuming that identical fouling would occur in the paired modules.
Two pairs of modules were submerged in each reactor (i.e., total membrane surface area in
each reactor was 175.92 cm?). The other operating conditions were the same as previously
described. Paired modules were withdrawn when TMP reached 80 kPa. Withdrawn paired
modules were disassembled, and each membrane module was rinsed with 20 mL of 0.9%
NaCl solution. One of the rinsed membrane modules was cut into approximately 2 cm
length, immersed in 40 mL of phosphate-buffered saline (PBS), and stored at 4 °C. The other
module underwent backwashing protocol, immersed in 850 mL of DW. The backwashed
membrane module was gently rinsed with DW and stored under the same conditions.

2.3. EPS’ Extraction and Analysis

To evaluate the quantity of biofilm residue, EPS were extracted from the membranes.
The membranes immersed in PBSs were vortexed for 5 min and sonicated for 1 h. After
sonication, the membranes were removed from the solution. The solution was centrifuged
at 12,000x g, 4 °C for 15 min, and 30 mL of supernatant was filtered through a 0.45 pm
filter. Filtered supernatant was defined as soluble EPS (SEPS) [32]. An additional 30 mL of
PBS was added to compensate for the removed supernatant. Residual solution was stirred
with a cation exchange resin (CER 5 g/60-80 sz) at 900 RPM, 4 °C, for 90 min [33,34].
After stirring, the resin was removed from the solution. The solution was centrifuged,
and the supernatant was filtered by the same procedure. The filtered supernatant was
defined as bound EPS (BEPS) [28,33]. The following analysis is based on total EPS, which
are the sum of SEPS and BEPS. Extracted EPS samples were characterized by polysac-
charide, protein, DNA, and three-dimensional fluorescence excitation emission matrix
(EEM). Polysaccharide was analyzed by the phenol-sulfuric acid method using glucose as
standard [35,36]. Protein was analyzed by the Bradford assay using bovine serum albumin
as standard [28,36,37]. DNA was analyzed by the Burton assay using low-molecular-weight
DNA from salmon sperm as standard [38,39]. EEM spectra were obtained by a spectro-
fluoro-photometer (RF-5301, Shimadzu, Kyoto, Japan). Excitation was scanned from 220 to
400 nm with a 10 mm increment, and emission was scanned for each excitation wavelength
from 280 nm to 600 nm with a 1 nm increment. To avoid the inner filter effect, each sample
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was diluted to DOC below 1 mg/L before scanning. The scanned intensity was normalized
by dividing the DOC concentration and multiplying the dilution factor.

2.4. Biofilm Analysis

The terminated modules for evaluating permeability were finally backwashed, and
the remaining biofilm was analyzed using confocal laser scanning microscopy to under-
stand the morphological changes in biofilm during the backwashing. A confocal laser
scanning microscope (CLSM; LSM 710, Zeiss, Oberkochen, Germany) can visually observe
biofilm formation on the membrane surface and characterize biofilm structure. The hollow
fiber membrane specimens from the MBR operation were stained using LIVE/DEAD™
BacLight™ Bacterial viability kits (Thermo Fisher, Waltham, MA, USA) [40]. The staining
labeled dead and live cells on the biofilm, and the CLSM images showed dead cells as red
and live cells as green. CLSM analysis was performed with a z-stack thickness of 0.94 um
and 50 slices. The size of analyzed area is 559.43 um x 559.43 um. The CLSM analysis
was repeated with at least five different points for all conditions, and three representative
images were selected for quantification. CLSM image quantification was performed us-
ing COMSTAT software (https:/ /www.comstat.dk/, accessed on 17 May 2024) analyzing
thickness distribution, biomass, surface-to-biovolume ratio, and roughness coefficient [41].

3. Results
3.1. Effect of Two-Stage Backwash on MBR Permeability

The variation in TMP during the MBR operation was evaluated as shown in Figure 1.
After the TMP reached 80 kPa, backwashing was performed. CDA 300 nM was applied
for all conditions, and the graph titles indicate the concentration of NaOCl applied. Four
backwashes during the operation extended the operating time by 234, 387, 162, 350, 341,
and 369 h at NaOCl concentrations of 0, 100, 200, 300, 400, and 500 mg/L, respectively. It
is remarkable that for 200 mg/L, the operating time was shorter than for 0 mg/L. This
indicates that the residual biofilm regenerated rapidly due to chlorine oxidizing stress
after backwashing.

It is generally accepted that sublethal concentrations of NaOCI stimulate microor-
ganisms to increase the production of EPS and chlorine resistance, which has a negative
impact on membrane fouling control [42]. Li et al. (2022) reported that Ideonella and
Pseudomonas, which were isolated from the fouled MBR membrane, produced excessive
EPS when exposed to NaOCI (300 mg/L effective chlorine, 30 min), resulting in an approxi-
mately 50% increase in TOC content [36]. Lin et al. (2017) suggested that a sublethal dosage
of NaOCl causes the biofilm to divide into smaller clusters, leading to higher cultivabil-
ity [43]. Strempel et al. (2017) found that a sublethal concentration of HOCI induces biofilm
formation in Pseudomonas aeruginosa by increasing the levels of bis-(3' —5')-cyclic dimeric
guanosine monophosphate (c-di-GMP), which is an intracellular signaling molecule in-
volved in biofilm formation [44,45]. This reaction can conflict with the CDA mechanism,
which is related to the reduced intracellular level of c-di-GMP [31].

However, the less negative effects at 100 mg/L compared to 200 mg/L are suspected
to be the result of the appropriate application of NaOCl to the dispersed biofilm. It is
suspected that moderate concentrations of NaOCl weaken the binding force of the dispersed
biofilm matrix, making it easier to remove by backwashing before microbes can acutely
respond [46]. Therefore, the 100 mg/L case demonstrated a synergistic effect of CDA and
NaOCl. On the other hand, the shorter operating time at 200 mg/L compared to 0 mg/L
indicates that the effect of NaOCl on biofilm was dominant during two-stage backwashing
at a higher NaOClI concentration. Higher concentrations of NaOClI increase stress reactions
or cell lysis, leading to the generation of additional foulants [47]. Nevertheless, experiments
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conducted at NaOCl concentrations of 300, 400, and 500 mg /L similarly extended operating
times when compared to the concentration of 100 mg/L NaOCl. This suggests that the
increase in foulant due to stress reaction and cell lysis is balanced by the foulant removal
capacity of NaOCl.
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Figure 1. Time TMP graph for each two-stage backwashing condition.

3.2. EEM Peak Composition by Backwashing

EEM analysis can characterize organic matter in EPS samples and indicate mi-
crobial behavior during the backwashing process. Approximate wavelengths of spe-
cific peak areas of organic matter are as follows: tyrosine-like substances [T1 peak;
Ex/Em = 220-240/330-360 nm], fulvic acid-like substances [A peak; Ex/Em = 230-260/
400-450 nm], tryptophan-like substances [T2 peak; Ex/Em = 270-280/330-360], and humic
acid-like molecules [C peak; Ex/Em = 300-340/400—450 nm]. The intensity changes in
the T1 and T2 peaks infer a microbial activity change in the biofilm. The C peak indicates
ready-made EPS, which are composed of higher-molecular-weight substances, while the
A peak indicates relatively lower-molecular-weight substances [48-50]. The contour plots
of EEM are presented in Figure 2. As shown in Figure 2, the backwashing process signifi-
cantly flattened each peak in the presence of NaOCl, despite normalization by DOC [51,52].
This suggests that NaOCl can damage functional groups of organic matter and reduce
fluorescence. The fluorescence regional integration (FRI) analysis was applied to perform a
quantitative comparison of EEM data, analyzing the microbial reaction and behavior of
the backwashing process [48]. The average emission intensity of each area is defined as
the peak intensity, and the sum of the peak intensity of SEPS and BEPS is analyzed. The
reduction in peak intensity is compared in Figure 3, and the fraction change tendency is

compared in Figure 4.
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Figure 2. Contour image of F-EEM analysis of bound EPS. The EEM peaks are identified as T1
(tyrosine-like substances), T2 (tryptophan-like substances), A (fulvic acid-like substances), and C
(humic acid-like substances). (a) before washing with CDA and DW, (b) after washing with CDA
and DW), (c) before washing with CDA and 100 mg/L NaOCl, (d) after washing with CDA and
100 mg/L NaOCl, (e) before washing with CDA and 200 mg/L NaOC], (f) after washing with CDA
and 200 mg/L NaOCl], (g) before washing with CDA and 300 mg/L NaOC], (h) after washing with
CDA and 300 mg/L NaOCl], (i) before washing with CDA and 400 mg/L NaOCl], (j) after washing
with CDA and 400 mg/L NaOCl], (k) before washing with CDA and 500 mg/L NaOC], and (1) after
washing with CDA and 500 mg/L NaOCL
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Figure 4. F-EEM FRI analysis. (a) The normalized percent fluorescence response distribution (P; ) of
EEM spectra; (b) variation in P; , by two-stage backwashing.

In the CDA with the DW case of Figure 3, the T1 and T2 peaks increase, and the
A and C peaks decrease. This indicates that biofilm dispersion occurred as a result of
gene expression triggered by the application of CDA. As the microbials inside the biofilm
changed their lifestyle from sessile to planktonic, microbial activity increased and fulvic
acid and humic acid, which are components of the biofilm, degenerated. On the other hand,
a significant decrease in all peaks can be observed with the application of NaOCL. It is
also interesting that peak reduction decreases with increments of the NaOCI concentration.
Despite the increase in the oxidizing capacity with the increment in NaOCl, the decrease
in peak reduction indicates the unwanted effect with the NaOCl application. The most
significant peak reduction at 100 mg/L suggests that it most effectively weakened the
biofilm matrix.

The normalized percent fluorescence response (P; ,) distribution is shown in Figure 4a,
and the variation in each distribution is organized in Figure 4b. In Figure 4b, the sum of each
variation is always zero. The variation in the distribution can define the characteristics of the
EPS that changed from before to after the backwashing, and this reveals the backwashing
behavior. For the C peak, the distribution decreases in the presence of NaOCl, which
means that larger molecules are primarily decomposed by the sacrifice reaction [36,53,54].
Accordingly, the increase in the distribution of the T2 peak with an increment in the NaOCl
concentration is related to the decomposition of macromolecules into small hydrophilic
molecules and a shift from the C peak to the T2 peak [55]. The T1 peak and T2 peak
represent an increase in microbial activity and leakage of intracellular substances by cell
lysis [49,55]. Therefore, it can be assumed that the T1 and T2 distributions increase at low
concentrations of NaOClI due to microbial activity, and the distribution increases at high
concentrations of NaOCI due to cell lysis.
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3.3. Biofouling Reduction by CDA and NaOCl

The total EPS extracted from the membrane modules before and after backwashing
are compared in Figure 5. As shown in Figure 5a, CDA with DW reduced 41.7% of
the polysaccharide, and the addition of NaOCI generally had a negative effect on the
polysaccharide reduction. This result is hypothesized to be due to a conflict between
the mechanism of CDA and the microbial response to NaOCl [31,44,45]. The highest
polysaccharide reduction rate was 43.3% at 400 mg/L. However, for protein reduction,
the addition of NaOCl significantly improved efficiency. The highest protein reduction
rate was 76.4% of 400 mg/L (Figure 5b). This result can be attributed to the protein
denaturation effect of NaOCI [56]. Interestingly, Li et al. (2022) reported that exposure
to NaOCl increased the protein-to-TOC ratio in the EPS of NaOCl-resistant microbes and
polysaccharide is preferentially degraded by NaOCl to protect microbes from reactive
oxygen species (ROS). However, our results suggest that the addition of NaOCl, compared
to CDA alone, significantly improved the removal of protein and generally had a negative
impact on the removal of polysaccharides. Polysaccharide reduction by CDA is expected
to counteract the preferential degradation of polysaccharides in the EPS by NaOCl. It
is interpreted that the delayed response of microbes to oxidative stress caused an initial
failure to prevent the denaturation of biofilm proteins [36].
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Figure 5. Comparison of EPS’ extraction from before and after backwashing membrane: (a) polysac-
charide reduction rate; (b) protein reduction rate; (¢) DOC reduction rate; (d) changes in DNA
contents in EPS.

As shown in Figure 5¢c, DOC reduction was comparatively lower than polysaccharide
and protein reduction. For example, the reduction in DOC at 400 mg/L was 4.8%. This
result indicates that backwashing with NaOCl at the experimental conditions degrades
biomass into intermediate products but does not remove it from the membrane surface. On
the other hand, the higher DOC reduction by CDA with DW than other samples suggests
that the partial degradation of organic matter may have a negative impact on foulant
removal from the membrane surface.

The changes in the DNA content in EPS are shown in Figure 5d. In the sample, the
EPS concentrations were compared before and after backwashing. The concentrations
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of components such as protein and polysaccharide were reduced in samples after back-
washing, indicating that the contents in the EPS were lower in the backwashed sample,
which can be expected. In the case of DNA, however, an increase in the DNA content
was observed in the sample treated with a NaOCl concentration of 200 mg/L, which is
assumed to result from cell lysis caused by NaOCl during backwashing. The intracellular
molecules released during cell lysis can serve as an additional foulant, and the released
DNA can be utilized by the microbial community as extracellular DNA (eDNA). The eDNA
can contribute to horizontal gene transfer in the biofilm community and subsequently
contribute to chlorine resistance, including biofilm production [57-59].

In summary, two-stage backwashing with CDA and DW was effective in reducing
polysaccharide and DOC, but not in reducing protein. This suggests that CDA is effective
in weakening the slime structure of the biofilm [60]. However, in the case of two-stage
backwashing with CDA and NaOC], the reduction in polysaccharide and DOC was not as
high as that of DW, but the reduction in protein was significantly improved. It is estimated
that the reduction in protein impaired the integrity of the biofilm, which had a positive
effect on fouling control. The increase in DNA in EPS with an increment in the NaOCl
concentration indicates cell lysis, and this suggests that an increase in oxidation capacity
and additional foulant may lead to conflict; thus, no improvement in operational efficiency
was observed.

However, uncertainties remain, including the mechanism of NaOCl dependence on
pH, the antagonistic interaction between CDA and NaOC], and the efficiency dependence
on backwashing flux under CDA two-stage conditions. The measurement of the c-di-GMP
concentrations can be used to assess the effects of NaOCl-induced chlorine stress and
CDA on the molecular-level response. A fluorescence-based assay using the unstable GFP
reporter [PcdrA::gfp(ASV)] can be considered to measure c-di-GMP [31].

3.4. Surface Coverage Analysis

The images of CDA with DW and 100 and 200 mg/L NaOCl specimens are shown
in Figure 6, and the COMSTAT analysis result for all conditions is shown in Figure 7.
Dead and live cells were observed in the areas of the membranes that are presumed to be
directly affected by backwashing. However, the variations in the regions influenced by
backwashing were too diverse to be adequately quantified. Therefore, we prioritize areas
outside the direct influence of backwashing to analyze the aggregate impact of microbes
distributed on the membrane surface. The selected area presented a very low intensity of
dead cell dye in all conditions, resulting in a noise level, so the COMSTAT analysis of the
CLSM images was conducted for live cells only.
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Figure 6. CLSM images of two-stage backwashed membrane with CDA 300 nM, (a) DW, (b) 100 mg/L
NaOCl, and (c) 200 mg/L NaOCl.
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Figure 7. COMSTAT analysis of CLSM image: (a) average thickness, (b) biomass, (c) surface-to-
biovolume ratio, and (d) roughness coefficient.

The black voids in the green biofilm structure in Figure 6a may indicate that microbes
exit the biofilm as they disperse, creating pores in the biofilm [31]. In Figure 6b, the voids
in Figure 6a were not observed, instead showing an irregular pattern throughout. On the
other hand, in Figure 6c, the voids in Figure 6a and the detached biofilm can be observed
simultaneously. This may indicate the mechanism of the two-stage backwashing with CDA
and NaOCl. At 100 mg/L, NaOCl spread evenly in the CDA-weakened biofilm and no
dispersed marks were visible, but at 200 mg/L, the higher NaOCl concentration caused the
biofilm to detach and NaOCI preferentially flowed through the already formed channels,
making CEB less effective.

The increase in average thickness and biomass with an increment in the NaOCl
concentration is shown in Figure 7a,b. This suggests that the NaOCl that passed through
the membrane in the backwash spread in the reservoir and acted as oxidation stress.
As shown in Figure 7c, the surface-to-biovolume ratio increased with the increment in
the NaOCl concentration. The surface-to-biovolume ratio is the proportion of biomass
to external contact area, and a larger surface-to-biovolume ratio means more efficient
nutrient intake. In nutrient-limited environments, biofilms can morph to increase their
surface-to-biovolume ratio. In this research, the increasing surface-to-biovolume ratio in
Figure 7c is assumed to be a reaction to recover biofilm after backwashing. The roughness
coefficient is represented by a value between 0 and 2 depending on the gap in element
thickness compared to the average thickness. As shown in Figure 7d, the roughness
coefficient decreased with the increment in the NaOCI concentration. It has been reported
that the application of CDA increases the roughness coefficient of biofilm, but the influence
of CDA seems to be neutralized by the increasing NaOCI concentration. The decrease in
the roughness coefficient indicates a simplification of the biofilm structure. The decrease in
the roughness coefficient and the increase in the surface-to-biovolume ratio may suggest
that the remaining biofilm is structurally optimized. The structural stabilization and large
surface area may be the mechanisms underlying the rapid regeneration of the biofilm after
backwashing [27,41].
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The cleaning efficiency might be affected by the pH of the solution. The pH of the
backwashing reservoir was observed to range from 7.2 to 8.8, corresponding to NaOCl
concentrations varying from 100 to 500 mg/L. These pHs were near to the pKa of HOC],
which is 7.53, where the ratio of HOCI to OCI1~ is equal. Outside of this pKa, the ratio
changes significantly. It is widely accepted that HOCI is superior to OCl™ in terms of
germicide. Due to its non-polar structure, HOCI can penetrate the cell membrane of
microorganisms and attack cells from the inside and outside, resulting in a low CT value
for planktonic microbial organisms. The effectiveness of hypochlorous acid (HOCI) and
hypochlorous ion (OCI™) in the removal of biofilms is controversial. From a cleaning agent
perspective, OCl™ may be more effective. The OCl~ becomes the dominant species at pH
7.5 and above. Under alkaline conditions, hydroxide ion can dissolve organic foulants and
help the mass transfer of OCI~, creating a synergistic effect. It has been reported that HOCl
is not effective in the removal of organic fouling, while OCI~ showed a higher removal
efficiency for organic matter and P. fluorescens cells attached to Al,Os solid surfaces at
the same free chlorine concentration. Therefore, Fukuzaki (2006) also suggested that the
repeated use of HOCI under weak acid conditions and OCl~ under alkaline conditions
would be effective for biofilm control [12].

4. Discussion

In two-stage backwashing, a proportional increase in backwashing efficiency to the
increment concentration of NaOCI was not observed, which is due to the complex interac-
tion between factors in the experimental conditions. External stress for the microorganism
can interfere with the induction of the dispersion of CDA. Song (2021) showed biofouling
inhibition by adding 300 nM CDA and 125 mg/L vanillin as a quorum sensing inhibitor
to the influent of MBR. However, adding 2% NaCl to the influent caused salinity stress
to the microorganisms, reducing the biofouling inhibition effect from 11.8% to 9% [61].
The increment in the NaOCl dosage was expected to enhance the oxidizing capacity and
increase oxidative stress on the microorganisms, which could lead to cell lysis at higher con-
centrations. Additionally, an increase in pH, resulting from a higher NaOCl dosage, could
lead to a greater proportion of hypochlorous ions, affecting the behavior of chlorine. While
it can be expected that oxidizing capacity, oxidative stress, and cell lysis can antagonize
each other and cause backwash efficiency to fluctuate, the effect of pH is not as simple.

Under the condition with 100 mg/L NaOCl, where the lowest pH was expected, the
longest extension of operating time was observed. The biofilm, already dispersed by CDA,
reduces EPS, making microorganisms planktonic and susceptible to HOCI. The synergetic
effect of CDA and antibiotics indicates that germicidal action alone is sufficient to remove
biofilm [26]. Compared to HOCI, OCI~, which cannot penetrate cell membranes, may have
given planktonic microorganisms more time to respond against oxidizing stress. As the
concentration of NaOCl increased, the pH also rose, potentially causing fluctuations in the
effectiveness of biofouling reduction. Therefore, when introducing two-stage backwashing
for biofouling control, it is expected to be more efficient to perform it under weak acid
conditions. The pH variation could be critical for the efficiency of NaOCl backwashing;
however, its impact on biofilm dispersion by CDA is likely minimal when the pH level
does not interfere with the biological treatment process. This is attributed to the relatively
low external stress caused by pH change, which allows CDA to disperse biofilm effectively.

It is notable that the DOC reduction at 300 mg/L is high, which may be attributed to
the longer run time during the fifth cycle at 300 mg/L, as shown in Figure 1. This result
suggests that organic fouling plays a significant role in membrane fouling under long-term
operation, highlighting the importance of organic matter removal over extended periods.
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Therefore, it is likely that the optimal NaOCI concentration with CDA may vary throughout
the operating period.

This study aimed to introduce and evaluate MBR two-stage backwashing using CDA.
The cleaning process utilizing CDA is effective in reducing NaOCI consumption, thereby
mitigating the risk of membrane damage and minimizing adverse effects on microorgan-
isms. This approach is expected to extend membrane lifespan and ensure stable water
quality. Although the current application of CDA is more costly than the NaOCl-based
method, the cost is likely to decrease in the future as commercial products are developed
for industrial use.
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