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1. Local tap water analysis

Table S1. Summary of the local tab water analysis.

Parameter Mean Standard deviation
TOC [mg-L1] 1.08 0.79
NOs-N [mg-L7] 0.31 0.16
POs-P [mg-L1] -1 -1

pH [-] 7.62 0.26
Electrical conductivity 5749 24 64
[uS-em ]

TDC [1-mL-] 4.21 x10¢ 1.49 x104
Ca [mg-L1] 60.83 3.2

Cl [mg-L1] 14.13 2.65

F [mg-L1] 0.137 0.005

Fe [ug-L1] 26.80 16.2

K [mg-L1] 0.98 0.01

Cu [pg-L1] 18.75 2.22

Ma [mg-L1] 23.75 0.64

Mn [ug-L1] -1 -1

Na [mg-L1] 31.65 0.84
SO4[mg-L-1] 38.38 5.09

! Lower than limit of detection

Anion and cation analysis was performed according to Standard Methods [1-5]. NOs and POs
were analyzed using cuvette tests (LCK339 and LCK349, Hach, Germany). The remaining anions and
cations were analyzed using ion chromatography (Metrohm 930 Compact IC Flex and Metrosep A
Supp 7 250 mm, Metrohm, Germany) or atomic absorption spectroscopy (240FS AA and 240Z AA,
Agilent, USA).
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2. Laboratory skid for biofouling experiments

The laboratory skid for biofouling experiments consists of 2 parallel treatment trains, on
with and one without UVC-LEDs (Figure S1). As feed, either deionized (DI) or tap water
can be used. Tap water is filtered twice, DI water only once, through a 10 um PE filter (F)
to remove any particulate matter. Next, the water is brought to the desired temperature in a
feed tank, submerged in a water bath (TW). The level within the feed tank is controlled by a
level sensor (L) connected to a magnetic valve (MV). A magnetic stirrer is mixing the feed
water (X2) and the temperature is recorded online (T). Feed water is pumped out of the
bottle with the two frequency regulated gear pumps (P2). Shortly after the feed bottle, a
nutrient or salt solution can be injected using a dosing pump (P1). The pump speed is
measured gravimetrically (S1). Following the dosing, a self-made static mixer ensures that
nutrient or salt solutions are equally distributed in the flow. After the mixer, the feed flow
splits into 2 parallel treatment trains. In immediate vicinity of the MFS, the in- and outlet
pressures are measured (P). Upstream of the MFS, the UV-LED reactor can be attached to
one of the trains (within 10 cm distance of the membrane). A “UV-reactor dummy”, simply
a silica glass pipe with the same dimensions as used in the UV reactor, can be attached to
the other train to ensure the same hydraulic retention times in the system. Below the
membranes, permeate is collected in a beaker. The flux through the membranes is measured
gravimetrically (S2) and recorded online. When the beaker is filled, it is emptied by a
suction pump (P3). During the emptying process, the conductivity is recorded (EC2). The
MEFS, pressure sensors, scales and LED reactors are placed in a temperature-controlled
cabinet (TC). Following the MFS, the flow of the concentrate stream is measured using
magnetic-inductive flow meters (FM1 and FM2), after which the pressure of the system is
regulated by automated needle valves (NV1 and NV2). Using a PI control, the computer
aided control system is regulating the flow (measured in the flowmeters) by changing the
frequencies of the gear pumps. Finally, after the needle valves, the conductivity of the
concentrate is measured (EC1). Data is saved in 5 min intervals. Manufacturer of the parts
are summarized in
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Figure S1. Schematic drawing of the laboratory scale skid for biofouling experiments.
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Table S2: Summary of the used material in the laboratory skid for the biofouling experiments.

Symbol Function Model Manufacturer
F20 housing and 10 PE MTS & APIC Filter GmbH & Co.KG
F 10 pm PE filter
filter (Germany)
Ccv Control valve 5A111G0414PV EM-Technik GmbH (Germany)
MV Magnetic valve 8208066.8050.02400 Buschjost GmbH (Germany)
X1 Stirrer RZR 2000/D Heidolph GmbH & Co. KG (Germany)
Reichelt Chemietechnik GmbH + Co.
X2 Magnetic stirrer 17995
(Germany)
Water bath and
™W UWK 140 Gebriider HAAKE GmbH (Germany)
recirculation cooler
Schmidt Mess- und Regeltechnik
L Level meter CPAO3A2P550A
(Germany)
T Temperature sensor Pt100 (Biostat) Sartorius AG (Germany)
P1 Peristaltic pump DULCO®flex ProMinent GmbH
S1 Scale 572-49 KERN & SOHN GmbH (Germany)
P2 Gear pump DGS.38PPPV2NN00000 Tuthill Alsip (United States)
FC1 Frequency converter FU-E2/370W/IP65 GATHER Industrie GmbH (Germany)
PETER electronic GmbH & Co. KG,
FC2 Frequency converter FUS 150/EV/IP65
(Germany)
New Brunswick Scientific (United
TC Temperature cabinet Innova 4230
States)
P Pressure sensor SML-10 ADZ NAGANO GmbH (Germany)
S2 Scale 572-45 KERN & SOHN GmbH (Germany)
Magnetic-inductive flow ABB Automation Products GmbH
FM1 COPA-XM DM23
meter (Germany)
Magnetic-inductive flow  Proline Promag 10 Endress+Hauser Messtechnik
FM2
meter HART DNO02 GmbH+Co.KG (Germany)
Motor: MCL-000AI Motor: Hanbay Inc (United States)
NV1 Motorized needle valve

Valve: SS-4MG2

Valve: Swagelok (United States)

3. Detailed description of the steps for the accelerated biofouling experiments

The workflow for the biofouling experiments consisted of 4 basic steps:

1. Cleaning and sterilization: First, the system (without membrane) was flushed with 0.1% NaOH
(Merck, Germany) to remove organic matter [6]. NaOH was recycled for 10 min and afterward
soaked for >12 h, followed by DI water flushing. Next, the disassembled MFS was cleaned using
DI water and soap (pure, Baktolin, Germany). The pipe system until the flowmeters was
disassembled and autoclaved at 121 °C for 20 min. Membranes were stored at 4 °C in 1% NaHSOs
(Acros Organics, Belgium) till usage [6]. Parts not suitable for autoclaving, including feed and
permeate spacer, membrane, MFS, sealing, silica glass pipe, magnetic valve, 10 um cartridge
filters, pressure, temperature and level sensors, were flushed with MilliQ and soaked in 0.25%
H20: solution (Merck, Germany) for at least 24 h to achieve sufficient disinfection (analogous to
[6-10]).
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2. Reassembling of the skid: After the cleaning and sterilization, the skid was reassembled under
sterile conditions.

3. Compaction: To ensure steady-state conditions for every experiment a compaction of 16 h was
performed. Therefore, as feed, DI water was used and a sterile NaCl (Appli Chem, Germany)
solution was dosed, resulting in a final concentration of 5.25 mmol-L* NaCl. The water flow in
both lines was set to 4.25 L-h! and within the first 2 h, a pressure of 8 bar was maintained. The
remaining 14 h were used to set a flux of 20 L-m?2-h'' (LMH). The temperature of the feed water
was maintained at 15 °C.

4.  Accelerated biofouling phase: For starting the biofouling experiment, the feed was switched
from DI to tap water. UV-LEDs were turned on and nutrients instead of a salt solution were
added. Nutrients were sterilized and the pH was set to 10.5 to avoid microbial growth [11].
Nutrient dosing speed was set to reach the aimed concentration of 1,000:200:100 ug-L-of C:N:P
[12]. Roughly every 3 days NaOCl (Merck, Germany) in a 3% solution was dosed for 5 min
behind the MFS to avoid clogging of the needle valve. The NaOCI concentration in the
concentrate stream was roughly 500 to 1,500 ppm. Throughout the experiment, the feed pressure
was kept constant. When a feed channel pressure drop (FCPD) of 0.8 bar was reached, the
experiments were terminated.

4. Biofilm extraction

For biofilm extraction, first, the fouled membrane and feed spacer were cut, into approx. 1 cm?
pieces and placed in a falcon tube containing 30 mL of 0.1 M NaCl. Next, the membrane and spacers
were vortexed for 1 h similar as described Matar et al. [13]. After vortexing, samples for ATP, total
direct cell count (TDC) and microbial diversity analysis using 165 rRNA sequencing were taken. ATP
and TDC analysis were performed within 5 h after the experiment stopped. 165 rRNA samples were
frozen at -80 °C till analysis. To separate the EPS from the cells, ultrasonic treatment for 2 min, using
20 W at 20 kHz and the GM 70 HD (Bandelin electronics, Germany) with the UW 70 probe (Bandelin
electronics, Germany) and an immersed area of 0.28 cm?, was applied. Those settings were adapted
from Han et al. [14] and kept rather conservative to ensure as low cell lysis as possible. After the
ultrasonic treatment, the remaining membrane and spacer pieces were disposed. At this point
samples for TOC and fluorescence measurements were taken. The final step consists of a
centrifugation at 12,000 rcf and 4 °C for 20 min to separate the cells and the EPS [13]. After cell
separation, the EPS was analyzed for its TOC, protein and polysaccharide content. Within 24 h,
fluorescence spectroscopy was performed of both, the total biofilm and EPS sample. Samples for
protein and polysaccharides analysis were stored at -20 °C. Every analysis except for 165 rRNA
amplicon sequencing and fluorescence spectroscopy was performed in triplicates.

5. Aqualog settings

Integration time for fluorescence spectroscopy using the Aqualog (HORIBA Jobin Yvon,
Germany) was to 1 s and the CCD gain set to medium. The samples were excited in a 3 nm step from
230 to 599 nm, while recording emission from 211 to 621 nm, each 4 nm. The fluorescence signal was
normalized to a daily measure Raman peak (using MilliQ) and corrected for inner filter effects using
the HORIBA Scientific and Aqualog V 3.6 software. Besides, a blank was subtracted to account for
Raman scattering and Rayleigh scattering areas were set to 0.

6. Actinometry
During the KI/KIOs actinometry in a photochemical process Is is formed [15,16]:

8KI + K105 + 3H,0 + hv — 315 + 60H™ + 9K ™, 1)

the concentration of the produced Is- can now be calculated, by measuring the absorbance at
352 nm and dividing this value through the molar absorption coefficient of 27 600 M-'-cm™ [16].
Combining the kinetic of the Is formation over several irradiation times and the wavelength
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depending quantum yield, the irradiance of the LED can be calculated over the whole spectrum based
on the following equation [17]:

mW_ [I7]-V-hv - N,
cm? S-t-o

I] )

with [Is] being the concentration of Is- (mol-L?), V the solution volume (mL), N the quantity of
photons absorbed by the solution (Einstein), ® the quantum yield of Is- (mol-Einstein), I the UV
irradiance/fluence rate (mW-cm2), S the irradiated surface area, t is the irradiation time (s), h is the
Planck constant (6.626x10-34 J-s), v the frequency of the wave (s!) and Na the Avogadro constant
(6.022 x 10%). As @ is wavelength dependent, a linear interpolation was used over the whole spectrum
as described by [17,18]. [I5]/t was estimated as the slope of the several flow steps with hydraulic
retention times in the reactor between 0.7 to 6 s. This was seen more appropriate than using a single
step as the fitted regression line showed an offset for t=0 (Figure S2). The skid used for actinometry
experiments is shown in Figure S3, the parts are described in
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Figure S3. Laboratory skid for actinometry experiments
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Table S3. Summary of the used material in the laboratory skid for the actinometry experiments

Symbol Function Model Manufacturer
TW2 Water bath
P2 Gear pump DGS.38PPPV2NNO00000 Tuthill Alsip (United States)
PETER electronic GmbH & Co. KG,
FC2 Frequency converter FUS 037/E2
(Germany)
Magnetic-inductive flow )
FM3 MIK-6FCO8AC34P KOBOLD Messring GmbH (Germany
meter
P Pressure sensor SML-10 ADZ NAGANO GmbH (Germany)
] New Brunswick Scientific (United
TC Temperature cabinet Innova 4230
States)
NV3 Needle valve SS-4MG2 Swagelok (United States)

7. Calculation of feed channel pressure drop (FCPD), permeability und hydraulic resistance

Outlier analysis for pressure data and calculated permeability (e.g. caused by an emptying of
the beaker collecting the permeate) was done based on the interquartile range [19] (p. 14) of a3 h
interval. FCPD and permeability were calculated as moving average for 1.5 h intervals and at least 5
elements:

FCPD [bar] — Zf_—:?'josjspin,i _ Zf:?jos_ﬁpout,i, (3)

"in Mpout

with t being the time point in h, pin and pou the in- and outlet pressure and n the number of data
points in the interval,

t+0.75 t+0.75
%] _ ﬂ/(zizt—o.u?’in,i Yizt_0.75Pout,i

Permeability [bar T ata 20y, 2np e ’ @)

With AW being the difference in weight [g] measured in the beaker collecting the permeate within
the time interval At [h] (difference of the first and last value in the 1.5 h interval) and A the membrane
area [m?]. Within calculating the 95% confidence intervals, propagation of uncertainty was
considered. The relative permeability is the permeability, normalized to the maximum value found
in the first 5 days of the experiment. This value is also used to calculate the hydraulic resistance of
the membrane. In general, the total hydraulic resistance can be calculated, adopted from Dreszer et
al. [12]:
1 1

R[] = e ©)
With R being the total resistance [m] and 1 the dynamic viscosity of water [Pa s] at 15 °C. Further,
according to Dreszer et al. [12], the biofilm/fouling layer resistances can be calculated

1
Rbiofilm [a] = Riotal = Rmembrane- )

8. PARAFAC modeling

A three component PARAFAC model was built using 24 samples (Figure S4). For each biofilm
sample, an analysis for the EPS and the filtered sample was done. The model was built by first setting
areas of Raman and Rayleigh scattering to missing. As a high noise in the UV region was monitored,
excitation <250 and emission <299 nm was removed. Besides the higher wavelength part for emission
> 550 nm was excluded. The model was build out of 10 randomly initialized models using a non-
negativity constrain with a convergence of 10-8. For modeling 3 outliers needed to be removed and
each EEM was normalized to total intensity.
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The PARAFAC models was validated by the variance explained, core consistency and split half
analysis. On the one hand, the model showed an explained variance of 98.8% and a core consistency
of 86.0%. On the other hand, some limitations for the split-half analysis need to be mentioned. To
reduce inner filter effects caused by the high absorbance of the samples, they were diluted 1:20.
Whereas in the EEMs pronounced peaks in the protein regions are visible, the signal in the humic
substance region was low and prone to measurement noise. This noise can be found in the spectra of
the components as well. This noise and the low sample number is subjected to cause a not stable
validation with the split-half analysis in random split mode. Anyway, in a randomized S4CsT5 split,
two of the three comparisons could be validated with a Tucker correlation coefficient of > 95% [20].
The other comparison showed a similarity of 94.6, 89.5 and 89.9% for the three components.

0314 03 i 02}
=02
R f 0243 01
S0 01l '
0 0l 0
300 400 500 300 400 500 300 400 500
Wavelength [nm] Wavelength [nm] Wavelength [nm]

Figure S4. Excitation (dashed line) and emission spectrum (solid line) of the three parallel factors

(a)

(b)

(c)

(PARAFAC) model components: (a) Component 1 (C1); (b) Component 2 (C2); (c) Component 3.
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9. Distance-based redundancy analysis
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Figure S5. Plot of the distance based redundancy analysis using Bray-Curtis dissimilarity,
differentiating for the treatment condition in each experiment. The first number in the sample name
represents the treatment condition (2 = untreated, 1 = treated), whereas the second number represents
the experimental run.
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