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Chlorine is usually applied in the urban water treatment process to deactivate pathogens and prevent
waterborne diseases. As a pre-treatment, it remains unclear whether chlorinated water can effectively
alleviate membrane fouling during ultrafiltration (UF). In this study, tap water was investigated for its
effect on biofilm formation and biofouling in a gravity-driven membrane (GDM) filtration system. For
comparison, biofilm/biofouling with untreated surface (lake) water was studied in parallel. It was found
that more severe membrane fouling occurred with the filtration of tap water than lake water, and larger

Keywords: . quantities of polysaccharide and extracellular DNA (eDNA) were present in the tap-water biofilm than in
Membrane fouling ’ .
Biofilm the lake-water biofilm. The tap-water biofilm had a densely compact morphology. In contrast, a porous,

spider-like structure was observed for the lake-water biofilm, which was assumed to be associated with
the bacteria in the biofilm. This hypothesis was verified by 16S ribosomal RNA (rRNA) sequencing, which
demonstrated that Xanthobacter was the dominant taxon in the tap-water biofilm. Additionally, mem-
brane hydrophobicity/hydrophilicity played a minor role in affecting the membrane fouling properties
and microbial community. This study revealed the significant role of chlorine-resistant bacteria in bio-
fouling formation and provides a deeper understanding of membrane fouling, which can potentially
aid in searching for effective ways of controlling membrane fouling.
© 2021 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-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction contaminants [4]. In addition, water can pass through UF mem-

branes with a low transmembrane pressure, which can be achieved

The availability of safe and plentiful drinking water is becoming
increasingly limited worldwide, particularly in remote areas of
developing countries [1]. Remote distances, scattered communi-
ties, and poor transport infrastructure make it difficult to provide
and sustain adequate safe water supplies. Surface waters, including
rivers and lakes, are less polluted in these remote areas; therefore,
they can be used as sources for drinking water with a less-
intensive treatment method. Membrane filtration technology, par-
ticularly ultrafiltration (UF) membrane technology [2], is an estab-
lished and versatile method for water purification and drinking
water production [3]. UF membranes can intercept suspended
solids, colloids, and bacteria by size exclusion, as the pore diameter
(approximately 100 kDa) is smaller than the size of these typical
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by a gravity-driven arrangement [5,6].

Gravity-driven membrane (GDM) filtration technology has
gained attention and application in treating greywater [7,8],
wastewater [9], rainwater [10], and pretreatment of seawater
[11] owing to its extremely low energy consumption, no back-
washing, and steady flux. The accumulated biofilm plays an essen-
tial role in the regulation of the GDM filtration system. First, the
permeable biofouling layer acts as a secondary membrane [6]
and maintains flux stability [5]. Second, it degrades organic sub-
stances [8,12]. Studies regarding critically important biofouling
layer have varied from those related to the key parameters (e.g.,
feed water [5], aeration shear stress [13], biological control [14],
and nutrient limiting [15]) to the links between biofilm morphol-
ogy and filtration performance [2], aiming to reveal the properties
of biofilms and, thus, effectively control their accumulation. In the
effects of feed water, the concentration of dissolved organic matter
(DOC) plays an important role and is negatively correlated with the
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permeate flux of the membrane filtration system [5]. However, this
aspect requires further investigation.

Microbial products and slowly biodegraded products [13,15,16]
are the major components in the biofilm matrix [17]. Microorgan-
isms play a key role in biofouling. Therefore, it is possible that bio-
fouling can be alleviated by controlling the growth of
microorganisms. Chlorine is commonly used worldwide in drink-
ing water and wastewater treatment to inactivate pathogens and
prevent waterborne diseases [18-21]. However, it remains unclear
whether membrane fouling could be significantly alleviated by
chlorinated water. Owing to the presence of fewer microorgan-
isms, less membrane biofouling is expected. However, some micro-
bial species are chlorine-resistant and the contribution of these
bacteria to membrane fouling is still unknown. Furthermore, the
hydrophobic/hydrophilic nature of the membrane is a critical
parameter in the application and performance of membranes
[22]. It influences the separation performance and selective perme-
ability of the organics during membrane filtration [23]. Owing to
the difference in the intercepted organics in their
hydrophobicity/hydrophilicity, different bacterial communities
can survive and result in the formation of different biofilms and
consequently affect the filtration performance. However, relevant
studies are limited despite its great significance.

Furthermore, Flemming and Wingender [24] reported that bio-
films are aggregates of microorganisms. Cells are frequently embed-
ded in a self-produced matrix of extracellular polymeric substances
(EPS), indicating that investigation of the bacteria is also an indis-
pensable requirement for the recognition and regulation of biofoul-
ing. Even in the same reverse-osmosis membrane water purification
plant, the bacterial community differs among the various compart-
ments, and membrane fouling is also different [25]. Wu et al. [26]
also found differences in biofilm microorganisms when different fil-
tration configurations were applied, although the feed water was the
same. These studies indicate that the biofilm bacterial community is
dynamic, complex, and needs to be considered as an essential aspect
during the investigation of biofouling.

In this study, tap water (typical chlorinated water; low DOC
((2.920 £ 0.011) mg-L~!)) and lake water (a common surface water
without any pretreatment; high DOC ((6.440 + 0.039) mg-L™1))
were selected as the raw water from a practical standpoint, as they
are representative of real-world water supplies. Thus, for people
living in cities, public tap water commonly serves as drinking
water prior to purification. However, for people living in remote
areas, the available water source is commonly surface water, such
as lake water. Additionally, two types of UF membranes, namely,
polyvinylidene fluoride (PVDF) and polyether sulfone (PES) mem-
branes, were compared in this study to investigate whether the
hydrophobicity/hydrophilicity of the membrane affects the proper-
ties of the biofilm that forms. In addition, the properties of the bio-
film, involving the morphology, functional groups, and matrix
components, were investigated to elucidate the biofouling charac-
teristics of these filtration systems. Special consideration was given
to the bacterial community and diversity in the biofilms, and more
importantly, to their biofouling mechanisms.

2. Materials and methods
2.1. Reactor construction and operation

Two types of water (tap water, after residual chlorine was
removed, and lake water) were used in the study; tap water col-
lected from the local water supply and lake water samples taken
from the lake in the Olympic Park, Beijing, China. The source of
the tap water was the Beijing No. 9 Water Treatment Plant. Before
discharged from the water treatment plant, the water was disin-
fected by aqueous chlorination at a concentration of 1.2-1.8 mg-L™!
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for 5 h. The concentration of the residual chlorine in the tap water
was 0.07-0.08 mg-L ™. After standing for at least 24 h (to allow the
disappearance of chlorine), the tap water was used in the experi-
ments. The water was collected every other day and stored in a
2 L container. The quality of the two types of water is given in
Appendix A Table S1), where the tap water has a relatively low
concentration of organic matter, whereas the lake water is com-
posed of a wide range of organic substances. In addition, two types
of UF membranes (Beijing Separate Equipment Co., Ltd., China)
were employed for comparison: PVDF and PES. Each membrane
had a filtration area of approximately 25 cm? and a molecular
weight cutoff (MWCO) of 100 kDa, corresponding to 7-8 nm. Three
GDM systems were operated in parallel, in dead end-mode, for
32 d at a constant pressure head of 40 mbar (1 bar = 10° Pa; Appen-
dix A Fig. S1). These systems are denoted as tap water-PVDF, lake
water-PVDF, and lake water-PES. In the course of filtration, perme-
ate flux was recorded daily and calculated according to the method
supplied in Appendix A Supplemental Materials and Methods. At
the end of the operation, biofilms on the membrane in the three
parallel filtration systems were taken out and prepared for analy-
sis, as described in the following sections.

2.2. Molecular weight determination of the organics in the raw water,
filtrate, and biofilm

High-performance size exclusion chromatography (HPSEC) was
used to determine the molecular weight (MW) distribution of the
organics. HPSEC was conducted with a binary high performance
liquid chromatography (HPLC) pump (Waters 1525, USA) contain-
ing a BioSep-SEC-S3000 column (7.8 mm x 300 mm; Phenomenex,
USA), a security guard column fixed with a GFC-3000 disc 4 mm
inside diameter (ID), a series 200 pump, a photodiode array detec-
tor (Waters 2998, USA) operated at a wavelength of 254 nm, and an
auto-sampler (Waters 2707, USA). A 10 mmol-L~! sodium acetate
solution (Sigma-Aldrich, USA) was used as the mobile phase at a
flow rate of 1 mL-min~!, and the injection volume per sample
was 100 pL. Prior to measurement, the mobile phase was set at a
flow rate of 2 mL-min~! to purify the column. After the baseline
was steady, the samples were run to acquire accurate results.
The MW profiles were obtained according to the calibration data
acquired using appropriate standard solutions. All samples were
passed through a 0.22 pm filter prior to instrumental analysis.

To measure organics in the biofilm, approximately 0.25 cm? of
each biofilm was cut and dissolved with 2 mL of 1% phosphate buf-
fer solution in a 5 mL centrifuge tube. Before heating in a water
bath at 80 °C for 20 min, the mixture was vortexed for approxi-
mately 2 h. Thereafter, 1.5 mL of the mixture was transferred
to a new sterile 2 mL centrifuge tube and further centrifuged at
10 000 r-min~"! for 2 min. The supernatant was collected for subse-
quent measurements. Triplicate samples of the same area for each
biofilm were selected for HPSEC measurements.

2.3. Fluorescent organics characterization in the raw water, filtrate,
and biofilm

Excitation-emission matrix (EEM) fluorescence spectroscopy
was performed with a Hitachi F-4600 fluorescence spectropho-
tometer (Japan) to investigate the presence of protein- or humic
acid-like substances in the raw water, filtrate, and biofilm. The
excitation (Ex) wavelength was in the range of 200-450 nm and
the emission (Em) wavelength was between 250 and 550 nm,
and the bandpass was 5 nm in both cases. To reduce interference
from particles, water samples were filtered using a 0.45 pm needle
filter before EEM analysis. Additionally, parallel factor (PARAFAC)
analysis was conducted with MATLAB software.
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2.4. Characterization of the hydrophilic and hydrophobic organics in
the filtrate

The hydrophilic and hydrophobic organic substances in the fil-
trates were analyzed by separation using Superlite DAX-8 resins
(Supelco, USA)and Amberlite XAD-4 (Rohm and Hass, USA) and frac-
tionation into three groups: strongly hydrophobic substances (ad-
sorbed by DAX-8), weakly hydrophobic (or transphilic) substances
(adsorbed by XAD-4), and hydrophilic substances (permeating
through both DAX-8 and XAD-4 resins). Prior to analysis, the resins
were washed with methanol and deionized water several times to
ensure that they were free of organic matter, as indicated by the
DOC measurement. The pH of the sample water was adjusted to
2.0 prior to passing through the DAX-8 resin (at arate of 5mL-min~!)
and then the XAD-4 absorption column (at 15 mL-min~!). According
to the DOC values measured before and after the DAX-8 and XAD-4
resins, the concentrations of the three different components were
determined. DOC values were determined using a total organic car-
bon analyzer (TOC-V, Shimadzu, Japan).

2.5. Determination of zeta potential and contact angle of the biofilm

The zeta potential of biofilms was measured using an electric
solid surface analyzer (SurPASS 3, Anton Paar, Austria), and the
contact angle of the biofilms was determined using a contact angle
meter (Dataphysics, Germany). For the latter, five randomized
locations were selected for the measurement, and the value was
recorded continuously for more than 200 s.

2.6. Scanning electron microscopy (SEM) and atomic force microscopy
(AFM) analysis of biofilm

Samples of biofilms and membranes were prepared for SEM (S-
4800, Hitachi) analysis by freeze-drying and metal spraying on the
surface. Thereafter, the images were taken off the surface and
cross-section to reveal the three-dimensional (3D) morphology of
the biofilms.

To elucidate the biofilm roughness and distribution patterns of
the substances, AFM analysis was performed. Specifically, AFM
micrographs of the three biofilms were obtained using a
Bruker Dimension Icon ScanAsyst in PeakForce Tapping mode with
a ScanAsyst Air tip (FASTSCANBIO, Bruker, Germany). Scans
(10 pm x 10 pm) were acquired with a scan rate in the range of
0.1-0.3 Hz and a peak force setpoint between 8 and 15 nN. Trace
and retrace scans were captured and inspected in the case of data
uncertainty. Thereafter, each image was flattened and cleaned to
remove scan defects using NanoScope Analysis software 1.8. In
addition, particle analysis was performed using the same software,
and fitting curves were plotted using Origin 2018 software (Elec-
tronic Arts Inc., USA).

2.7. Fourier transform infrared (FTIR) spectroscopy tests of the biofilms

To identify the specific functional groups in the biofilms, FTIR
(Spectrum Two, PerkinElmer, USA) analysis was performed. In
addition, FTIR mapping (Spotlight 400) was carried out to visually
display the substances in the biofilms. The length and width of the
biofilm samples were set at 500 pm in all cases (the three bio-
films), and the spatial resolution was 6.25 pm x 6.25 pm. To reflect
comprehensively the distribution of substances in the biofilms, at
least three images were captured per biofilm.

2.8. Confocal laser scanning microscopy (CLSM) images of biofilm

Fresh biofilms with membranes were fixed with 2.5% formalde-
hyde immediately after removing from the filtration systems and
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then pasted onto glass coverslips using double-sided adhesive
tape. Staining was performed in a dark environment with
10 pg-mL~! fluorescein isothiocyanate (FITC, Sigma-Aldrich),
which stains all proteins [27,28]; 10 pg-mL~' Concanavalin A
(ConA, Sigma-Aldrich), which binds a-mannopyranosyl and o-
glucopyranosyl sugar residues [29]; and 10 pg-mL~! 4/,6-diami
dino-2-phenylindole (DAPI; Sigma-Aldrich), which stains extracel-
lular DNA (eDNA) present within the biofilms [30]. Intermittent
staining and rinsing were performed for each biofilm, with the
staining procedure lasting 30 min, followed by rinsing with phos-
phate buffer; this was repeated several times. The presence of pro-
teins, polysaccharides, and eDNA on the glass coverslips was
visualized by CLSM (TCS SP5, Leica, Germany) [31-34]. Three chan-
nels were used with the corresponding Ex and Em wavelengths as
follows: FITC (488 nm/520 nm), ConA (543 nm/560 nm), and DAPI
(371 nm/397 nm). The z-stack confocal images obtained by CLSM
were processed using Image] software (USA).

2.9. Molecular experiments and bioinformatics analysis

High-throughput sequencing technology was applied to provide
detailed information regarding the bacterial community in the bio-
films. 16S ribosome RNA (rRNA) V4 region was selected as the
amplicon, which was considered to yield the greatest diversity at
the domain and phylum levels [35]. DNA was extracted from the
biofilms with an area of approximately 6.25 cm?, using proteinase
K and sodium dodecyl sulfate-based lysis [36], and purified with
the DNA Clean and Concentrator-25 Kit (Zymo Research, USA)
according to the manufacturer’s protocol. Thereafter, the DNA
quality was evaluated by ultraviolet (UV) spectrometry at wave-
lengths of 230, 260, and 280 nm (absorbance rates: 260
nm/280 nm, ~1.8; 260 nm/230 nm, > 1.8) detected using a
NanoDrop-1000 spectrophotometer (NanoDrop Technologies,
USA), and DNA integrity was assessed by 0.8% agarose gel elec-
trophoresis. Ultimately, the whole DNA was stored at —20 °C until
polymerase chain reaction (PCR) amplification.

The universal primers were used to amplify the 16S rRNA V4
region, containing forward primer 515F (5-GTGCCAGCMGCCGCGG
TAA-3’) and reverse primer 806R (5'-GGACTACHVGGGTWTCTAAT-
3’) [35]. The barcodes were added to distinguish different samples,
and Phusion® High-Fidelity PCR Master Mix with GC Buffer (New
England Biolabs, USA) was used for amplification. After a series
of reactions [37], PCR products were produced; hence, triplicate
PCR products were combined and visualized using 1% agarose gel
electrophoresis. In addition, the PCR products were purified with
the GeneJET PCR Purification Kit (Thermo Scientific, USA), quanti-
fied using the Qubit dsDNA HS Assay Kit (Invitrogen, USA), and
pooled at equal molality for subsequent sequencing. Sample
libraries were prepared using the Ion Plus Fragment Library Kit
48 rxns (lon Torrent, USA) and sequenced with an Ion S5™ XL
sequencer (Thermo Scientific) using the single-end method at
Novogene Bioinformatics Institute. Thereafter, the forward and
reverse reads were joined and assigned to different samples based
on barcodes. Primer sequences and barcodes at the end of each
read were trimmed. Any joined sequences with ambiguous bases,
length less than 100 bp or mean quality score small than 20, were
discarded. In comparison with the reference data set (Greengenes
database') [38], chimeric sequences were removed from the clean
sequences. Only effective sequences were used for further analysis.
Hence, sequences were clustered into operational taxonomic units
(OTUs) using the UPARSE pipeline [39] at a cutoff value of 97%
nucleotide similarity, and taxonomic classification was performed
with the representative sequences of each OTU using the Ribosomal
Database Project classifier at a confidence threshold of 0.8 [40].

' http://greengenes.secondgenome.com.


http://greengenes.secondgenome.com

L. Zhang, L. Xu, N. Graham et al.

Representative sequences were those with the highest frequencies.
The Greengenes Database was adopted for taxonomic assignment,
which has taxonomic categories anticipated to the species level.
The sequence number in each sample was normalized to the same
depth (70 301 sequences per sample) used in the subsequent com-
parative analysis. The raw sequencing reads were deposited in the
National Center of Biotechnology Information (NCBI) Sequence Read
Archive (SRA) database under accession number PRJNA692793.

Phylogenetic trees were constructed using the neighbor-joining
(N]) method in molecular evolutionary genetics analysis (MEGA)
6.0 [41], based on the representative sequence of each OTU, in
which a Kimura two-parameter (K,P) distance model was used to
measure genetic divergences of OTUs, and thousand bootstrap tri-
als were performed. Much information, such as the number of
OTUs, reads per OTU, distribution of each taxon, and proportions
of OTUs in each taxon, was supplemented using the interactive tree
of life online tool [42]. Venn diagrams and circle graphs demon-
strating species richness and abundance were drawn using R
v3.5.2. Bar plots displaying the relative abundance of bacteria at
the phylum level across different samples and biodiversity indices
(e.g., Shannon index, Chao1 index, and ACE index) were completed
in Origin 2018.

3. Results
3.1. Physico-chemical properties of biofilms in GDM systems

The initial permeate flux of the tap water-PVDF system was
substantially greater than that of the other two systems (Fig.

1(Q)). For the latter, the initial flux was very similar; however, it
was slightly greater for the lake water-PES system. In all cases,

Engineering 15 (2022) 154-164

the flux declined as a function of filtration time, although it
gradually reached a near-stable condition on the 20th day, consis-
tent with other findings observed under constant pressure [5,11].
However, under stable conditions, a slightly greater permeate flux
was observed for the lake water-PVDF (1.23 L-m~2h~') and lake
water-PES (1.24 L-m 2-h~!) systems than for the tap water-PVDF
(1.10 Lm~2h"") system, in contrast to the corresponding values
at the beginning of the operation. According to the results, the flux
seemed unrelated to the hydrophobicity/hydrophilicity of the
membrane; however, it may be influenced by the raw water, and
the chlorinated water led to a lower flux than the surface water.

However, the accumulated biofilms were strongly hydrophobic,
as illustrated by the contact angle (Fig. 1(b)), which was unrelated
to the water treatment processes, suggesting the generality of the
biofilm. In addition, it can be observed that the MW of the organics
in all biofilms mainly ranged from 1 to 100 kDa (Fig. 1(c)), with a
relatively higher value in the chlorinated-water biofilm (tap
water-PVDF) than in the lake-water biofilms (lake water-PVDF
and lake water-PES); therefore, more organics were present in
the chlorinated-water biofilm. The stronger capacity of the
microorganisms to secrete EPS in the chlorinated-water biofilm
was the major reason for the greater accumulation of organics, as
indicated by the same pore size of membranes and less organics
in the tap water.

In addition, a less negative zeta potential was observed for the
tap-water biofilm ((—24.50 + 2.89) mV) than for the lake-water
biofilms ((—29.83 + 2.78) and (—29.27 + 2.44) mV, respectively)
(Fig. 1(d)), implying that it was easier (lower electrostatic repul-
sion) for substances to contact with, and be retained by, the biofilm
in the tap-water system than the biofilms in the lake-water sys-
tems; this probably contributed to the greater amounts of organics

40 110
L: 104.4° @ Tap water-PVDF
3t 5.4 —9- Tap water-PVDF 105 nR: 104.5°  @Lake water-PVDF
T 30 | 29 —@- Lake water-PVDF @ L ake water-PES
5§ 20 ~@- Lake water-PES —~ 100
Eost o
= © 95
520 ©
= k3]
) 90
w 15 g
£ 8 g5
5 10 -
o
8 F Q 3 80
0t ) ) 75 L L | . L L L |
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 0 20 40 60 80 100 120 140 160 180
Time (d) Time (s)
(a) (b)
043 -20 7 |9 Fydrophilic
0.40 L — " I Weakly hydrophobic
lepiwatai-FyDR 22 6 Strongly hydrophgbic
0.35 | == Lake water-PVDF
=L ake water-PES S L
= 030 | W £ 2 5
s = i
> 0.25 %’ -26 F g’ 4 |
2 020 | £ =
g g -28¢f o 3t
£ 015} P o
Q
0.10 | e =801 2r
0.05 | -32 1L
0 | 1 L L 34 L L L
1000000 100000 10000 1000 100 Tap water- Lake water- Lake water- Tap water- Lake water- Lake water-
MW (Da) PVDF PVDF PES PVDF PVDF PES

(c)

(d) ()

Fig. 1. Filtration performance and physico-chemical properties of the biofilms. (a) Variation of permeate flux during the period of operation (32 d). (b) The initial variation of
contact angle of the biofilms with time (< 180 s). (c) MW distribution of organics in each biofilm treated with sodium hydroxide. (d) Surface zeta potential of each biofilm.
(e) Hydrophilic/hydrophobic components of organics in the filtrates as indicated by the total organic carbon (TOC). Results shown in (b)-(e) are based on samples taken at the

end of the experimental period.
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in the former biofilm. For the lake-water biofilms formed on differ-
ent membranes, the zeta potential values were close to each other.
For the membrane filtrates, over 50% of the organics in all filtrates
were strongly hydrophobic (Fig. 1(e)), whereas the proportion of
the hydrophobic/hydrophilic substances displayed no substantial
difference between the two lake-water systems, which also indi-
cated the limited role of the hydrophilicity/hydrophobicity of the
membrane, especially for long-term operating systems.

3.2. Morphological structure of the biofouling layer

The structure of the biofilm in the tap water-PVDF system
appeared dense, with substances aggregated together and limited
spaces between them (Fig. 2(a)). In contrast, the morphology of
the lake-water biofilms, shown in Figs. 2(b) and (c), was markedly
different from that of biofilms in the tap water-PVDF system, with
a porous and “spider-web” structure formed. The biofilm accumu-
lated in the tap water-PVDF system (12.8 pm) was thicker than
the other two biofilms (5.8 um for lake water-PVDF system;
8.8 um for lake water-PES system; Figs. 2(d)-(f)). These observations
provide strong and direct evidence for the effect of chlorinated water
on membrane fouling, with more severe biofouling formed by tap
water, suggesting that organics in the raw water might not be the
only key factor for membrane fouling (lower value for tap water
and higher value for lake water). In contrast, the bacteria retained
by the membrane played an essential role, particularly chlorine-
resistant species that were not removed by chlorine. Moreover, it
was supposed that the bacteria intercepted by the membrane sub-
stantially affected the structure of the biofilm that was formed, as
evidenced by the significant difference in biofilm morphology
between the tap-water and lake-water filtration systems.

3.3. Particle and functional groups analysis of biofilm

Obtuse-shaped particles were observed in the tap-water bio-
film, which was in contrast to the cuspidal-shaped particles in
the lake-water biofilms, as shown by the 3D micrographs (Fig. 3).
In addition, particle analysis demonstrated that a wider distribu-
tion of particles was present in the tap-water biofilm, ranging from
140 to 350 nm (frequency > 0.2) (Appendix A Fig. S2), while the
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corresponding range was 85-210 nm for the lake water-PVDF bio-
film and 80-160 nm for the lake water-PES biofilm, respectively.
Moreover, the biofilm roughness was greater for the tap water-
PVDF biofilm ((71.7 + 1.3) nm) than for the lake-water biofilms
((54.2 + 1.2) nm for lake water-PVDF biofilm; (32.2 + 0.9) nm for
lake water-PES biofilm; Appendix A Table S2). These findings fur-
ther revealed the size and morphology of substances in the bio-
films and indicated the adverse effect of chlorine pretreatment
on membrane fouling, as the particles were larger and more obtuse
in the tap-water biofilm than those in the lake-water biofilms,
which probably made it easier for them to induce more severe
biofouling.

In functional groups, according to the images of FTIR mapping
(Figs. 3(c), (g), and (k)) and corresponding spectra (Figs. 3(d), (h),
and (1)), three main components were present in each biofilm, as
displayed in different colors. Substance 1 was seen principally in
the micrographs, followed by substances 2 and 3, as indicated by
the frequency of different colors. Moreover, the spectrum of sub-
stance 1 in the lake water-PVDF and lake water-PES biofilms was
similar, showing that analogous substances were retained or
secreted by the microorganisms. The absorption bands of amide I
(1640 cm™ '), amide II (1528 cm™!), and amide III (1392 cm™!)
[43-47] were observed in all biofilms, suggesting a wide
distribution of proteins, as these are characteristic peaks of pro-
teins and essential components in forming proteins [46]. In addi-
tion, the presence of C-O at 1052 cm™' signified the presence of
polysaccharides in the biofilms [43].

Additionally, when comparing the spectra of the PVDF/PES
membranes under contaminated (without biofilm) and clean con-
ditions (Appendix A Fig. S3), significant variations are observed in
several absorption bands. The contaminated PVDF membrane
demonstrated intense absorption at 1651 cm! in all UF mem-
branes, owing to the stretching vibration of amide I, suggesting
that this protein appeared in the membrane. In the PES membrane,
the absorption at O-H (stretching vibration) and -CH,- was mark-
edly stronger in the clean than in the fouled ones (Appendix A
Fig. S3(b)), indicating that the substances adhering to the mem-
brane overlapped the location of absorption bands, and the pres-
ence of intercepted or excreted substances determined the type
of functional groups.

(d)

(e)

®

Fig. 2. SEM images of biofilms for the different gravity-driven filtration systems. (a-c) Surface micrographs of the three biofilms (tap water-PVDF, lake water-PVDF, and lake
water-PES, respectively). The insets are initial pictures of each biofilm, and scale bars denote 500 um. The outer photographs are the enlarged images of the red-boxed areas;
scale bars denote 1, 100, and 100 pm from (a) to (c). (d)-(f) Images of the biofilms captured in cross-section (tap water-PVDF, lake water-PVDF, and lake water-PES,

respectively); scale bars = 10 pm.
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Fig. 3. In-situ AFM images and FTIR spectra of biofilms accumulated through filtration of tap water and lake water. Graphs in (a), (e), and (i) are 3D structures of each biofilm
via AFM. (b), (f), and (j) refer to the surface morphology of the biofilms; scale bars = 1 pm. (c), (g), and (k) are in-situ infrared microscopy images of the three biofilms; scale
bars = 100 um. (d), (h), and (1) represent corresponding FTIR spectra of the cross marks in (c), (g), and (k). The top, middle, and bottom panels denote the samples of tap water-
PVDF, lake water-PVDF, and lake water-PES, respectively. v: stretching vibration; as: asymmetrical; s: symmetrical.

3.4. Distribution patterns of biofilm matrix components

Polysaccharides (red) were more abundant in the three biofilms
than proteins (green) and eDNA (blue; Figs. 4(a)-(c), Appendix A
Movies S1-S3), as indicated by the fluorescence intensity of each
color. A multitude of polysaccharides and eDNA were present in

the dense biofilm of the tap water-PVDF system, and their magni-
tudes were relatively larger than those in the other two biofilms. In
contrast, relatively few proteins were evident, presumably because
of the type of bacterial species present (lower protein excretion).
The biofilms accumulated in the lake-water systems had a loose
structure, as discussed previously. Combined with the SEM results,

(d)

(e)

(®)

Fig. 4. Confocal laser scanning micrographs of the biofilms stained with FITC for proteins (green), ConA for polysaccharides (red), and DAPI for eDNA (blue). (a)-(c) The
images of each biofilm are captured from the top aspect (tap water-PVDF, lake water-PVDF, and lake water-PES, respectively). (d)-(f) Distribution patterns of the three
components are elucidated from the front view for each biofilm. Each picture is the stacked synthesis of a series of micrographs obtained by scanning the biofilm in the z-axis.

Representative of 10 recorded locations. Scale bars = 50 pm.
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it was clear that the thick tap-water biofilm was largely owing to
the presence of polysaccharides, which was a vitally important
influencer on membrane filtration performance. Furthermore, we
found that proteins were mainly located at the bottom of the bio-
films, whereas polysaccharides and eDNA were principally seen in
the upper part of the biofilm layer (Figs. 4(d)-(f)). The spatial
determination of these components made it clear that it was the
protein that was connected directly to the surface of the mem-
brane, and this was consistent with the results of FTIR analysis of
the membrane.

3.5. Dissection of bacterial community in biofilm

According to the phylogenetic tree based on the sequences of
OTUs (Fig. 5(a)), approximately 20 taxa were obtained from high-
throughput sequencing data at the phylum level in samples of
the three biofilms. It was evident that the number of OTUs belong-
ing to Proteobacteria was the largest, followed by Bacteroidetes
and Planctomycetes. In terms of relative abundance (Fig. 5(b)), a
simple bar plot showed that Proteobacteria, Bacteroidetes, and
Planctomycetes occupied a principal position in the three biofilms.
Proteobacteria accounted for a proportion greater than 50%, sug-
gesting their significance in biofilms. Specifically, the proportions
of Proteobacteria and Bacteroidetes were strikingly higher in the
tap-water biofilm than in the lake-water biofilms. In contrast, the
bacterial community was similar for the two lake-water biofilms
at the phylum level, as evidenced by the similar relative abundance
of Proteobacteria (48.54% and 48.19% for lake water-PVDF and lake
water-PES, respectively), Bacteroidetes (8.90% and 8.06%), Plancto-
mycetes (25.87% and 30.26%), Actinobacteria (5.15% and 4.76%),
and Chlamydiae (3.18% and 3.12%). Moreover, according to the
Venn diagram (Fig. 5(c)), a total of 251 OTUs were present in all
three biofilms, and an overlap of 641 OTUs was observed in the
two lake-water biofilms, which also confirmed the limited influ-
ence of membrane hydrophobicity/hydrophilicity on biofilm bacte-
rial community. Detailed information associated with the species
of three phyla Proteobacteria, Bacteroidetes, and Planctomycetes
in richness and abundance is provided in Figs. S4 and S5 and Sup-
plemental Materials and Methods in Appendix A.

Based on previous research, the 20 most abundant genera asso-
ciated with OTUs and reads were examined for smaller taxa
(genus). In OTUs (Fig. 6(a)), one essential indicator of richness,
Gemmata, Planctomyces, and Prosthecobacter accounted for the
highest value in all biofilms, whereas Rhodoplanes, Rhodobacter,
and Pseudomonas were among the least diverse. In addition, vari-
ability was found in the different biofilms for the same genus.
For instance, Aquicella occupied higher OTUs in lake-water bio-
films; however, it was lower in the tap-water biofilm.

As shown in Fig. 6(b), which represents the abundance of spe-
cies, the number varied from 1 (e.g., Kaistia and Polynucleobacter
(tap water-PVDF)) to 20 133 (Xanthobacter (tap water-PVDF)). Xan-
thobacter can produce copious amounts of slime [48], which is also
referred to as EPS. Therefore, the formation of a thick biofouling
layer in the tap water filtration system is clearly deciphered. In
addition, members of Xanthobacter can utilize halogenated alkanes
as their sole carbon source and conduct dehalogenation with chlo-
rinated aliphatic and chloroaromatic compounds [48]. Thus, it can
be justified that Xanthobacter occupies a dominant position in the
bacterial community. Regarding lake-water biofilms, a consistent
variation was observed for the mentioned genera. This could be
due to the accumulation of biofilm on the surface of the membrane
as a function of time, which adversely influenced the selectivity of
the membrane. Furthermore, as illustrated by the Shannon index
[49], Chao1 index [50], and ACE index [51] (Appendix A Fig. S6),
the bacterial community was less diverse in the tap-water biofilm
than in the lake-water biofilms.
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3.6. Removal performance of organics in the filtration system

To further investigate the differences in the biofilms and their
role in the filtration system, the removal performance of organics
was studied. As demonstrated by EEM fluorescence spectroscopy,
there were mainly two peaks (/gx/Aem = 220-250 nm/280-330 nm
and /gx/Agm = 250-290 nm/280-330 nm) observed in the raw and
filtered waters (Figs. 7(a)-(c)). These were attributed to tyrosine-
like substances, according to the conventional EEM “peak picking”
technology [52]. When comparing the fluorescence spectra in the
same filtration system, it was clear that the intensity of tyrosine-
like substances was substantially reduced by the membranes and
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different biofilms.

attached biofilms, regardless of the type of feed water and
membrane.

Furthermore, the fluorescence signal of the organics was
decomposed into underlying individual fluorescent phenomena
by PARAFAC analysis [53,54] to quantify and trace the variations
of different organic fractions [55], which were chemically indepen-
dent but spectrally overlapping. The results revealed that the fluo-
rescence substances could not be further decomposed for the raw
and filtered waters in the tap water-PVDF system, suggesting that
tyrosine-like substances were independent and not spectrally
affected by other components. In contrast, in all the samples of
both lake-water systems, the organics were decomposed into three
components comprising tyrosine-, fulvic acid-, and humic-like sub-
stances (Appendix A Figs. S7 and S8), by searching with the Open-
Fluor databasef, which contained a large library of published
PARAFAC results. It was clear that the species of fluorescent sub-
stances in the water were not changed by the filtration system,
although the fluorescence intensity varied. Thus, a decrease was
apparent for tyrosine-like substances in the filtered waters when
compared with those in the influent waters, whereas the intensity
barely changed for the other two components, indicating that the
fluorescent matter removed was tyrosine-like substances. Further-
more, as measured by HPSEC (Figs. 7(d)-(f)), the MW of the removed
organics was in the range of 20-100 kDa for all filtration systems,

t https://openfluor.lablicate.com/.
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which corresponded well to the presence of “biopolymers” [56-58]
and verified the key role of bacteria in the formation of such
organics.

4. Discussion

In this study, the effects of commonly used water (chlorinated
water and lake water) on membrane fouling, the roles of mem-
brane hydrophobicity/hydrophilicity during biofouling formation,
and the related key microorganisms were investigated. This
involved extended bench-scale tests using GDM UF technology
and analysis of the morphology, physicochemical properties,
matrix (EPS), and bacterial community of biofilms. It was found
that significantly different biofilms were formed by tap water
and lake water. Moreover, a greater degree of membrane fouling
was observed for the tap-water filtration system than the lake-
water system, as evidenced by the lower value of permeate flux
and greater thickness of biofilm. In a previous study [5], the con-
centration of DOC was shown to have an essential influence on
the level of permeate flux stabilization, with a greater value of
DOC positively correlated with lower flux. However, in this study,
a contrary result was found, implying that other important factors
(e.g., bacteria) might be involved in addition to DOC.

The tap-water biofilm presented a densely compact morphol-
ogy and was consistent with other findings achieved through the
addition of sodium azide, which suppressed biological activity
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Fig. 7. Nature of organic matter in influent water and filtrate for the different filtration systems (tap water-PVDF, lake water-PVDF, and lake water-PES): (a)-(c) EEM
fluorescence spectra, and (d)-(f) MW distributions. The regions I-V represent tyrosine-, tryptophan-, fulvic acid-, soluble microbial by-product-, and humic acid-like
substances, respectively. All analyses were performed at the end of the experimental period. The suffixes “-before” and “-after” represent the influent water and filtrate,

respectively.

[5], indicating that while a majority of bacteria were killed, the
remaining bacteria plausibly excreted more EPS, leading to an even
more compact structure and severe membrane fouling. In contrast,
a porous, spider web-like structure of the biofilm was formed in
the lake-water systems. The significantly different behavior can
be explained by the following two reasons. First, each microorgan-
ism has its certain EPS, exerting dissimilar membrane fouling. A
different bacterial community is assumed to induce a dissimilar
structure of biofilm. Akhondi et al. [11] showed that the presence
of different microorganisms had a significant effect on biofouling
morphology. Bae et al. [59] also highlighted the crucial role of bac-
teria in biofilm formation. Second, EPS distribution patterns altered
the structure of the biofilm. Although the major components were
proteins, polysaccharides, and eDNAs, as confirmed by FTIR tests,
the different distribution patterns of these components may lead
to a distinct morphology of the biofilm. As illustrated by CLSM in
this investigation, the shape and size of the major components
were significantly different between tap-water and lake-water
biofilms, resulting in a different structure of the biofouling layer.
Desmond et al. [15] also proposed that the EPS composition was

162

linked to the biofilm physical structure, showing that lower con-
centrations of polysaccharides and eDNA coincided with greater
heterogeneity in the physical structure of the biofilm, which was
also demonstrated by SEM results in this study.

Polysaccharides and eDNAs were principally located in the
upper part of the biofilm layer as shown by CLSM, whereas pro-
teins were chiefly observed at the bottom, which were unrelated
to the type of influent water and membrane employed. It is
believed that this is the first study to provide spatial information
on the three main EPS components, which can help understand
the functions they perform within the biofilm layer. Polysaccha-
rides and eDNAs provide shelter for bacteria to withstand adverse
external factors. As for proteins, owing to the abundant functional
groups, they can bind tightly with the active layer of the mem-
brane, thereby facilitating bacterial growth on the surface of the
membrane and securing biofilm formation.

When exploring the biofilm bacterial community, it can be
observed that Xanthobacter was the dominant taxon in the tap-
water biofilm, which could produce copious amounts of slimes
(EPS) [48]. Moreover, members of Xanthobacter have been reported
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to feed on haloalkanes and halocarboxylic acids [60,61]. They could
produce haloalkane dehalogenase to release chloride from halo-
genated chemicals [61]. Accordingly, the extremely high abun-
dance of Xanthobacter in the tap-water biofilm was not difficult
to understand. Moreover, these bacteria, which were not removed
by chlorine, could generate powerful forces in biofouling and are of
major significance. However, previous research has not provided
sufficient information on Xanthobacter in tap water, because of lim-
itations related to the source of tap water (surface or underground
water), the employed sequencing technology (Illumina [62] or 454
pyrosequencing technology [63]), and the smallest taxon (phylum
[63], family [64], or genus [65]). Furthermore, owing to the limited
number of sequenced samples in this study, the experimental
group comparisons were not used for statistical analysis. However,
according to the results of the bacterial composition analysis, key
taxa in the different biofilms were obtained.

Membrane hydrophobicity/hydrophilicity played a minor role
in influencing the biofouling properties, as verified by the results
of SEM images, zeta potential, functional groups, and CLSM images.
This is because of the accumulated biofilm that overlaid the active
layer of the membrane, thereby reducing its significance. More-
over, as the biofilm matured, its properties were progressively
determined by the influent water.

In summary, this experimental investigation revealed the effect
of chlorinated water on membrane fouling and the resulting
biofouling properties and exposed some of the bacteria-driven
mechanisms of biofilm accumulation. We believe that this study
provides a greater understanding of the key role of chlorine-
resistant bacteria in biofouling formation from an ecological per-
spective and will contribute substantially to future improvements
in the control of membrane fouling.

5. Conclusions

In this study, we found greater membrane fouling during the fil-
tration of chlorinated water (tap water) than untreated surface
water (lake water), as indicated by the lower permeate flux and
greater thickness of the biofilm. A densely compact morphology
was observed for the tap-water biofilm; in contrast, a porous,
spider-like structure was found in the lake-water biofilms, which
was closely related to the microbial community. Based on the
16S rRNA sequencing results, Xanthobacter was the dominant
taxon in the tap-water biofilm. In addition, a larger quantity of
polysaccharide and eDNA was present in the tap-water biofilm
than in the lake-water biofilms, suggesting the key role of polysac-
charides and eDNA in membrane fouling. However, membrane
hydrophobicity/hydrophilicity played only a minor role in affecting
the membrane fouling properties and microbial community. More-
over, to our knowledge, this study is the first to discover the com-
monness in distribution patterns of the major matrix components
in the vertical direction, with proteins located mainly in the lower
parts of biofilms, and polysaccharides and eDNA principally found
in the upper parts, which has important implications for under-
standing the roles they play in biofilm maintenance.
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