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Abstract

Biofouling severely impacts operational performance of membrane systems increasing the cost
of water production. Understanding the effect of critical parameters of feed water such as
biodegradable substrate concentration on the developed biofilm characteristics enables
development of more effective biofouling control strategies.

In this study, the effect of substrate concentration on the biofilm characteristics was examined
using membrane fouling simulators (MFSs). A feed channel pressure drop (PD) increase of 200
mbar was used as a benchmark to study the developed biofilm. The amount and characteristics of
the formed biofilm were analysed in relation to membrane performance indicators: feed channel
pressure drop and permeate flux. The effect of the characteristics of the biofilm developed at three
substrate concentrations on the removal efficiency of the different biofilms was evaluated applying
acid/base cleaning.

Results showed that a higher feed water substrate concentration caused a higher biomass
amount, a faster PD increase, but a lower permeate flux decline. The permeate flux decline was
affected by the spatial location and the physical characteristics of the biofilm rather than the total
amount of biofilm. The slower growing biofilm developed at the lowest substrate concentration
was harder to remove by NaOH/HCI cleanings than the biofilm developed at the higher substrate
concentrations.

Effective biofilm removal is essential to prevent a fast biofilm regrowth after cleaning. While
substrate limitation is a generally accepted biofouling control strategy delaying biofouling,
development of advanced cleaning methods to remove biofilms formed under substrate limited

conditions is of paramount importance.
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1. Introduction

Currently, desalination by reverse osmosis (RO) membranes is the leading technology for water
production with an almost five times lower energy consumption than five decades ago (Elimelech
and Phillip 2011, Fane 2018). Fouling remains the main hurdle in the application of RO
desalination (Imbrogno et al. 2017), resulting in the deterioration of the produced permeate quality
and quantity, causing increased costs of the water production as (i) more energy is required to
produce the same amount of water (ii), a higher chemical use to clean the membranes is needed,
and (iii) ultimately module lifetimes will shorten (Matin et al. 2011, Imbrogno et al. 2017).
Biofouling is defined as the excessive growth of a biofilm resulting in an intolerable loss of system
performance (Roe et al. 1994). In practice a 15 % increase in feed channel pressure drop or a 10%
decrease in permeate flux is considered unacceptable after which cleanings are performed to
restore the membrane performance (Hydranautics 2001, Vrouwenvelder et al. 2008, GE 2009,
DOW 2016). Biofouling can be restricted but not completely eliminated by applying extensive
pre-treatment (Flemming et al. 1997).

Biofilm formation, a prerequisite for the occurrence of biofouling is influenced by the RO plant
feed water characteristics and operating conditions (Flemming and Schaule 1988, Flemming 1997,
Sanchez 2018). The development of a biofilm, defined as bacterial cells embedded in a matrix of
extracellular polymeric substances, is affected by several interrelated factors including water
temperature, salinity, bacterial cell concentration, organic carbon concentration and composition,
and operating conditions such as the cross-flow velocity (Ridgeway 2003). Biofilms grow utilizing
biodegradable substrates present in the water. Biofilm formation is characterized by different
phases starting by formation of a conditioning film layer on the pristine membrane and spacer

surface followed by bacterial attachment and growth. The different types of substrates in the feed
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water shape the conditioning film layer characteristics. Furthermore, the ability of biofilm-
associated bacteria to sense prevailing substrate conditions, accordingly modifying their structural
organization, species composition, and EPS production has been documented (Wolfaardt et al.
1994, James et al. 1995, Nielsen et al. 2000, Bester et al. 2011). In fact, Flemming (2016) has
impeccably described the biofilm as the perfect slime in acknowledgment to the multifunctional
versatility and adaptability of the biofilm matrix. Consequently, biofilm growth is the result of the
bacterial response to existing conditions, mass transfer of substrate to the attached bacteria and
subsequent conversion of the substrate. Therefore, biomass yield and biomass density are
important to understand the influence of the concentration and transport rate of the growth limiting
substrate on biofilm development. Understanding the comparative kinetics of growth, relating the
substrate concentration to the specific growth rate of the different species present is essential. At
high substrate concentrations rapidly growing bacteria will outcompete efficiently growing
bacteria, while at low substrate concentrations efficient growth is favored over rapid growth
(Pfeiffer et al. 2001, Roller and Schmidt 2015), a phenomenon well known and understood as the
difference between r- and k-strategists (Andrews and Harris 1986). Biomass (bacterial cells and
extracellular polymeric substances EPS) density and its physical structural characteristics are hard
to understand. The hydrodynamic conditions in the membrane system and the physiological
characteristics of the group of organisms growing will govern the biomass density (Van
Loosdrecht et al. 1995, Liu et al. 2004, Kroukamp et al. 2010). Tijhuis et al. (1996) observed that
a lower substrate loading and a higher detachment force yielded smooth and strong biofilms in a
biofilm airlift suspension reactor while a higher substrate loading lead to rough and weak biofilms.
The physical characteristics of the biofilm has been fully attributed to the EPS matrix that the

bacteria produce after attachment to any surface. The EPS has been postulated to contribute most
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to the hydraulic resistance of biofilms (Chong et al. 2008, Dreszer et al. 2013, VVrouwenvelder et
al. 2016). The variation in the nature of the EPS molecules produced by the bacteria under different
operating conditions, as well as the EPS concentration, result in biofilms with varying hydraulic
resistance affecting membrane performance differently. A better understanding of the physical
characteristics of developed biofilm can be made through examining the conditions that under
which the biofilm developed: the hydrodynamic conditions and the predominant substrate
conditions (Peyton 1996, Telgmann et al. 2004, Brink and Nicol 2014, Farhat et al. 2016a, Allen
et al. 2018).

Limiting the substrate concentration of the feed water is considered a suitable approach to
control biofouling in RO membranes, hence it is worthwhile to explore the characteristics of a
biofilm developed under three substrate concentrations. In this study, the effect of growing a
biofilm under different carbon concentrations maintaining the same hydrodynamic conditions was
investigated. It is well established that a faster development of biofilm will occur at higher feed
water substrate concentrations. In this study, we investigated the developed biofilm characteristics,
the biofilm impact on membrane performance indicators such as feed channel pressure drop and
permeate flux and the cleanability using conventional NaOH/HCI cleanings of the membranes was

investigated for three feed water biodegradable nutrient concentrations.
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2. Material and methods

2.1. Experimental setup

Biofilms were grown in membrane fouling simulators (MFSs) containing a 20 cm x 4 cm coupon
of a membrane, a feed spacer, and a permeate spacer (Vrouwenvelder et al. 2006, 2007). The MFS
was operated in crossflow mode with permeate production at a pressure of two bar. Hydrodynamic
conditions in the MFS were similar to spiral wound membrane modules as applied in practice for
water treatment (VVrouwenvelder et al. 2007, Bucs et al. 2016). The feed and permeate spacer and
RO membrane sheets were taken from virgin spiral wound membrane elements (TW30-4040,
DOW FILMTEC, USA). The feed spacer consisted of a sheet of 34 mil (864 nm) thick diamond-
shaped polypropylene spacer. The feed spacer was placed in the MFS with the same orientation as
in spiral wound membrane elements (45° contact angle with the feed flow). The system was fed
continuously with nutrient enriched tap water and the setup consisted of a feed flow mass flow
controller (MINI CORI-FLOW™ M135, Bronkhorst, Ruurlo, Netherlands), substrate dosing pump
(MINI CORI-FLOW™ M13, Bronkhorst, coupled with Tuthill Gear Pump D-SERIES), MFS,
differential pressure transmitter (Delta bar, PMD75, Endress+Hauser, Switzerland), permeate
mass flow controller (MINI CORI-FLOW™ M 14, Bronkhorst, Ruurlo, Netherlands), and pressure
controller (EL-PRESS P-502C, Bronkhorst, Ruurlo, Netherlands). Feed water was filtered over a
granular activated carbon and cartridge filter (filter housing model: UPS BB3 [AWF-UPS-3H-
20B] Cartridges model: pore size 4 um, sediment-carbon [AC-SC-10-NL]) before passing through
the MFS. Granular activated carbon filters were used to remove residual chlorine from tap water.
2.2. Operating conditions

Feed water was pumped through the MFS at a flow rate of 17 L-h* equivalent to a linear flow

velocity of 0.17 m's™ representative for practice (Vrouwenvelder et al. 2009a, Bucs et al. 2015).
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A substrate stock solution containing sodium acetate, sodium nitrate, and sodium phosphate in a
mass ratio C:N:P of 100:20:10 was added to the feed water. Acetate and this mass ratio are
commonly used (Creber et al. 2010, Araujo et al. 2012). Three substrate concentrations 1000, 250,
and 30 pg'L* C were used to enhance biofilm formation in the MFS. All chemicals were purchased
in analytical grade from Sigma Aldrich. The pH value of the substrate solution was set at 11 by
adding sodium hydroxide, in order to restrict bacterial growth in the 10 L substrate bottle. The
concentrated substrate solution was dosed into the feed water prior to the MFS at a flow rate of
0.03 L-h*L. The dosing flow rate of the substrate solution (0.03 L-h™®) to the monitor feed water was
low compared to the feed water flow rate (17.0 L'h%, the reference feed flow). Therefore, the high
pH-value of the substrate solution had no effect on the pH of the feed water of 7.8. All experiments
were run in duplicates and the figures show the average and standard deviation from the two runs.
2.3. Chemical cleaning

A recirculating loop was added by connecting a digital gear pump (EW-74014-12, Cole-Parmer,
USA) upstream of the MFS for the dosage of the cleaning chemical. A second connection was
made downstream of the MFS to return the chemicals to the cleaning solution bottle. Between the
pump and the MFS, a membrane filter (10 um pore size) was placed to avoid the recirculation of
biofilm particles, which may be released from the biofilm in the MFS. Subsequently, 1 L of NaOH
and HCI were recirculated for 1 h at 17 L-h™ with the gear pump. The concentrations of 0.01 mol-L-
1 NaOH (pH 12) and 0.1 mol-L* HCI (pH 1) used were similar to the ones applied in practice
(Beyer et al. 2017, Jiang et al. 2017). NaOH was heated to 35°C with a thermostatic water bath
(Isotemp 210, Fisher Scientific, USA) and the tubing covered with insulating foam to maintain the
temperature in the system. The MFS was flushed with feed water for 5 minutes after both the

NaOH and the subsequent HCI cleaning to remove the cleaning solutions. To avoid biofilm
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sloughing, the water flow was gradually reduced to 0 L-h™ and increased again to 17 L-h™.
NaOH/HCI cleaning was performed once a feed channel pressure drop increase of 200 mbar was
reached.

2.4. Monitoring of fouling

2.4.1.Normalized pressure drop and permeate flux

Six identical MFSs were operated in parallel simultaneously. The development of fouling was
monitored by measuring the pressure drop increase over the feed spacer channel of the MFS and
the decline in permeate flow. All experiments were stopped once a normalized pressure drop
increase of 200 mbar was reached. The pressure drop for each MFS was normalized to the initial
starting pressure drop of 20 £ 3 mbar.

2.4.2.Biomass quantification

Sheets of membrane and spacer taken from the monitor were analysed at the end of the experiment
for adenosine triphosphate (ATP) and total organic carbon (TOC). To characterize the accumulated
fouling, sections of membrane and feed spacers were taken from the MFSs. The sections (16 cm?)
were placed in a capped tube in 40 mL sterile tap water for ATP analysis or ultrapure water for
TOC analysis. To determine the amount of biomass, the tubes with the membrane sections were
placed in an ultrasonic water bath (Branson, 5510MTH, output 135 W, 40 kHz). Low energy sonic
treatment (2 minutes) followed by mixing on a vortex (few seconds) was repeated two times. When
the liquid was visually not homogeneous or when all biomass was not removed from the materials,
additional time-interval treatments were applied with a sonifier probe (Q700 Qsonica sonicator,
USA) for 1 to 2 minutes (sample kept on ice) until the liquid was homogenous. Next, water
collected from the tubes was used to determine the biomass parameters ATP and TOC. ATP was

measured using a luminometer (Celsis Advance, Charles River Laboratories, Inc., USA) and TOC
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was measured as non-purgeable organic carbon with a Total Organic Carbon analyser TOC-VcpH
(Shimadzu, Japan) equipped with a high-sensitive catalyst (High sense TC catalyst; Shimadzu,
Japan). The TOC concentration of the sample for each run was the average of the three
measurements. Samples were run in duplicates. To prepare a calibration curve a stock solution of
potassium hydrogen phthalate (TOC-standard solution ICC-033-5, ULTRA scientific, USA) was
diluted with nanopure water to obtain solutions with carbon concentrations between 0 and 10 mg-
C-LL. The detection limit of the method was about 0.1 mg-C-L™.

2.4.3. Extraction and quantification of extracellular polymeric substances (EPS)

To analyse the EPS, the biofouled membranes were put into 10 mL phosphate buffered saline
(PBS) and the biomass (bacteria and EPS) was separated from the membranes using 2 mins of
vortexing and 5 mins of low energy sonic treatment in an ultrasonic water bath (Branson,
5510MTH, output 135 W, 40 kHz). The EPS was extracted following the formaldehyde-NaOH
method established by Liu and Fang (2002). In their study, Liu and Fang (2002) revealed that the
formaldehyde—NaOH process extracted the highest amounts of EPS and the authors quantified
DNA and extracellular DNA and based on the results concluded that all evidences suggested that
the formaldehyde—NaOH extraction process did not cause cell lysis, and thus the extracted EPS
were not contaminated by the intracellular substances. In brief, the whole 10 mL EPS suspended
in PBS was treated using 0.06 mL formaldehyde (36.5%; Sigma-Aldrich, MO, USA) at 4 °C for 1
h and incubated with 4 mL 1 N NaOH at 4 °C for 3 h. After treatment, the samples were centrifuged
for 20 min at 20000xg. The supernatant was filtered through a 0.2 um pore size membrane and
dialyzed using a 3500 Da dialysis membrane (Thermo Fisher Scientific, USA) for 24 h. The
dialyzed samples were lyophilized for 48 h and re-suspended in 10 mL of MQ water. The

fluorescence excitation—emission matrix (FEEM) was measured using a Fluoromax-4

10
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spectrofluorometer (Horiba Scientific, Japan) under excitation of 240 to 450 nm and emission of
290 to 600 nm at a speed of 1500 nm min~%, a voltage of 700 V, and a response time of 2 s. FEEM
peaks were identified according to (Baghoth et al. 2011). The carbohydrates were measured
following the sulfuric acid phenol method (Masuko et al. 2005). In brief, 200 pL of the sample
was mixed with 600 pL sulfuric acid and 120 pL 5% phenol. The samples were then incubated at
90 °C for 5 min and left to cool down. The absorbance at 490 nm was measured using a Spectra A
max 340pc microplate reader (Molecular devices, USA). The protein concentrations were
measured using a BCA protein assay kit (Thermo Scientific Inc., NH, USA) according to the
manufacturer’s guidelines.

2.4.4. Optical coherence tomography (OCT)

In-situ imaging of the feed channel surface of the membrane was performed using a spectral
domain Optical Coherence Tomography (Thorlabs Ganymede OCT System) with a central light
source wavelength of 930 nm and a refractive index of 1.3. The OCT was fitted with a 5%
telecentric scan lens (Thorlabs LSM03BB) which provides a maximum scan area of 100 mm?. The
OCT engine was configured to provide high-resolution images at 36 kHz A-scan rate. Volumetric
images were created using the maximum intensity profile algorithm included in the instrument
software (Thorlabs SD-OCT system software version 3.2.1) for a rectangular area of 2 mm x 5
mm using 200 B-scans and 500 A-scans of 619 pixels corresponding to a physical depth of 1.1

mm.
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3. Results

3.1. Effect of substrate concentration on biofilm development

3.1.1. Membrane performance indicators

The feed channel pressure drop (PD) development was recorded for all MFS experiments at three
substrate concentrations. A normalized PD increase of 200 mbar was used as the criterion for
stopping the experiments. The exponential PD increase with time was indicative of biofilm
formation. The PD increase reached 200 mbar in approximately five days for 1000 ug-L* C, 10
days for 250 pg-L* C, and 32 days for 30 pg-L C (figure 1). The developed biofilm impact on
permeate flux decline is shown in figure 2. At 2 bar the initial permeate flux for the brackish water
RO membrane using tap water was ~20 L.m2.h%. Biofilm that developed at the lowest substrate
concentration (30 pg'L™? C) resulted in a 45% decrease in permeate flux compared to a 25%
decrease for the biofilm that developed at the highest substrate concentration (1000 pg-L™* C). The
biofilm that developed at the highest substrate concentration reached the 200 mbar PD increase
fastest, but caused less permeate flux decline than the biofilm developed at the lowest substrate

concentration (30 pg-L? C).

12
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3.1.2. Biomass indicators

Highest TOC and ATP concentrations were measured for the biofilm developed at the highest
substrate concentration (figure 3 A and B). Since the length of the experimental runs and the dosed
concentrations were different, the total amount of acetate carbon dosed until the end of experiment
was also different. The calculated amounts of dosed substrate are shown in figure S1 in

supplementary material.
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Figure 3— Accumulated biofilm (A) Total organic carbon (mg.cm), (B) Adenosine triphosphate
(ATP) (pg.cm) at the end of the experiment once a PD increase of 200 mbar was reached. (C)
and (D) are the TOC and ATP produced at the end of the experiment per total amount of acetate
carbon dosed over the time period of each experiment (n=2).
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A yield value was defined as the amount of TOC or ATP produced per amount of acetate carbon
dosed not taking into account the TOC and ATP leaving the system in the water or the detached
biomass. Compared to the biofilm developed at 1000 pg-L™* C, the biofilm developed at 250 pg-L-
1 C, had a lower TOC and ATP concentration, but the resulting yields were not significantly
different (t-test P>0.05). The TOC yield was the same, while the ATP yield was marginally lower
(= 14 % lower) only. However, the biofilm developed at 30 pg-L? C had a lower TOC and a
significantly lower (t-test P<0.05) ATP yield per amount of acetate carbon dosed (lower by 36 %
and 85% respectively) suggesting carbon limitation where the energy is mainly used for bacterial
cell maintenance or a shift in the growing population rather than biomass formation.
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Figure 4— Protein and carbohydrate concentration (mg.cm2) of the extracted EPS matrix for the
biofilms that developed at the different feed water substrate concentrations at a normalized
pressure drop increase of 200 mbar (n=2).
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EPS extraction and characterization was performed for all the biofilms. All biofilms developed
had a higher protein than carbohydrate concentration (figure 4). Both the protein and the
carbohydrate concentration increased with increasing feed water substrate concentration.

A fluorescence excitation—emission matrix (FEEM) plot was determined for the extracted EPS
from biofilms developed at the three substrate concentrations. Four main regions could be
distinguished in the FEEM plot: | (humic-like; Ex > 280 nm, Em >380 nm), Il (protein-like; Ex=
250—280 nm, Em < 380 nm), Il (fulvic acid-like; Ex = 220—250 nm, Em > 380 nm), and IV
(tyrosine-like; Ex = 220—250 nm, Em = 330—-380 nm).The FEEM plot showed that the relative
intensity of the protein peaks was the highest (peak Il, figure 5 A, B, and C) in all EPS samples.
Biofilms developed at 250 pg'L™ C had similar peaks compared to biofilms that developed at 1000
ug-Lt C. The main peaks were protein like substances (peak 1) and tyrosine like substances (peak
IV) (figure 5 A and B). On the other hand, the FEEM plot for the biofilm that developed at 30
ng' Lt C revealed a larger variety in the components present with the presence of the four main
peaks. The humic like substances peak from the biofilm developed using 30 pg-L* C (figure 5C)
was not present in the FEEM plot of the biofilms developed at higher substrate concentrations.
The difference in composition and amount of biofilm under the different substrate concentrations
caused the same PD increase emphasizing the importance of the effect of biofilm characteristics

and composition on membrane performance indicators.
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Figure 5- FEEM plots of organic matter extracted from biofouled membrane samples for the biofilms grown under (A) 1000 ug'L C
(B) 250 pg'L™* Cand (C) 30 pg'L* Ccarbon concentration in the feed water. (D) 1000 pg.L™? (E) 250 pg.L* and (F) 30 pg.L™ show

the FEEM plots of organic matter extracted from biofouled membrane samples after cleaning with NaOH and HCI. The plots show the
presence of (I): Humic like substances (I1): Protein like substances (I11): Fulvic acid like substances and (IV): Tyrosine like substances

(n=2)
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3.1.3. Biofilm spatial distribution

Two-dimensional optical coherence tomography (OCT) images were taken on the last day of
the experiments when a PD increase of 200 mbar was reached (figure 6). The OCT images revealed
biofilm development in the feed channel on both the membrane and feed spacer for all substrate
concentrations. Distinctively, biofilm developed predominantly on the feed spacer at
1000 pg-L? C substrate concentration while major biofilm development was observed on the
membrane when substrate concentration was the lowest (30 pg'L* C). A thin biofilm layer (= 20
um) was detected on the membrane at 1000 ug'L™t C while average membrane biofilm thickness
was about 5 times higher (= 105 um) for 30 ug'L* C. The distinct differences in spatial biofilm
distribution at the different substrate concentrations clearly played a role in the observed decline

in membrane performance parameters. The feed water nutrient concentration determined the

spatial biofilm distribution affecting the membrane performance indicators.

= — me A il il
Figure 6— 2D cross-section optical coherence tomography (OCT) images along the MFS feed
channel. The 2D images show the membrane (marked green) the feed spacers (marked as dashed
red circles) and the biofilms developing at different substrate concentrations (A) 1000 pug' Lt C
(B) 250 pg'L! Cand (C) 30 pg'L™ C. All experiments were stopped once a normalized pressure
drop increase of 200 mbar was reached. The arrow indicates the flow direction.
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302  3.2. Biofilm cleanability

303 Chemical cleaning by subsequently dosing NaOH and HCI was applied to evaluate the
304 cleanability of the biofilms developed at the three nutrient concentrations. The PD was recorded
305 before and after cleaning to evaluate performance restoration. A stronger PD reduction was
306 observed after cleaning for the biofilms that developed faster at the two highest substrate
307  concentrations compared to the slower growing biofilm at the lowest substrate concentration
308  (figure 7). Chemical cleaning with NaOH and HCI was able to achieve similar biofilm inactivation
309  higher than 80% for all biofilms developed irrespective of the substrate concentration used (figure

310 8 AandB).

250

m1000 ug/L. w250 pg/L =30 pg/L

200

150 -

100 A

Normalized pressure drop (mbar)

50 +

0 -

311 Before cleaning After cleaning

312 Figure 7— Normalized pressure drop [mbar] at the end of the experiment once an increase of 200
313  mbar was reached and after cleaning with NaOH and HCI for the biofilms grown with different
314  dosed substrate concentrations (n=2).
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However, the TOC removal was not the same for the different biofilms (figure 9). Chemical
cleaning with NaOH and HCI was able to achieve a better TOC removal (%) for the biofilm
developed at the two highest substrate concentrations compared to the lowest substrate
concentration (figure 9B). However, for the highest substrate concentrations the quantity of TOC
remaining after cleaning was still higher than for the lowest substrate concentrations (figure 9A)
but with less impact on the feed channel pressure drop.

Chemical cleaning showed different removal efficiencies of proteins and carbohydrates (figure
10). In general, proteins were better removed than carbohydrates. For the biofilm developed at
1000 pg-Lt C, a significant reduction of the protein and carbohydrate content was observed, with
about 20% and 30% protein and carbohydrate remaining respectively. On the contrary, a higher
percentage of proteins and carbohydrates remaining after cleaning was seen for the biofilms
developed at the two lower substrate concentrations (figure 10B). The FEEM plot showed a large
reduction for the intensity of most peaks (figure 5D,E, and F). The average protein peak reduction
(= 80% for 1000 and 250 pg-L™ C and = 45% for 30 pug-L* C) was higher than the average tyrosine
like substance peak reduction (= 60% for 1000 and 250 pg'L* C and = 40% for 30 pg-L? C).
Humic like substances (peak 1), only detected in the biofilm that developed at 30 pug-L™ C, had an
average reduction of = 75%. The chemical cleaning efficiency using NaOH and HCI was
prominently affected by the different biofilm characteristics, the EPS nature and concentration, as

a result of the different prevailing substrate concentrations.
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Figure 8— (A) ATP concentration after cleaning (pg.cm), (B) ATP reduction (%) after cleaning
with NaOH and HCI for the biofilms that developed at the different substrate concentrations at a
200 mbar increase in normalized pressure drop (n=2).
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Figure 9— (A) TOC after cleaning (mg.cm), (B) TOC removal (%) after cleaning with NaOH and
HCI for the biofilms that developed at the different substrate concentrations once a 200 mbar

increase in normalized pressure drop was reached (n=2).
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4. Discussion
4.1. Substrate concentration and biofilm characteristics

In this study, the effect of biodegradable substrate availability on bacterial growth was
characterized by biofilm formation and composition, pressure drop increase, permeability decline,
and membrane cleanability was examined. In a review, Bossier and Verstraete (1996) reported that
low substrate concentrations, promoting slow growth rates, trigger bacterial cell surface changes
(1) altering bacterial cell morphology resulting in smaller cells and (ii) increasing the strength of
bacterial attachment to surfaces (Petrova and Sauer 2012). Allen et al. (2018) observed that at low
substrate concentration grown biofilms were significantly more adhesive. James et al. (1995)
observed that at high substrate concentrations bacterial cells had a bacillar cell morphology with a
loose surface interaction while at low substrate concentrations the cells had a firmly attached
coccoid morphology. The explanation of these differences is that substrate concentration affects
the EPS composition (Flemming et al. 2007) thus changing the adhesiveness of EPS (Lin et al.
2014). The fact that biofilms are impacted by varying growth conditions underlined the importance
to study the changes in biofilm characteristics by varying the substrate concentration in relation to
RO biofouling. When addressing RO biofouling the impact of biofilms on membrane performance
is characterized by the membrane performance indicators: feed channel PD and permeate flux. In
this study the criterion for stopping the experiments was a PD increase of 200 mbar. The
characteristics of the developed biofilm were dependent on the substrate concentration. The
biofilm formation at substrate concentrations of 250 and 1000 pg-L™ C was not substrate limited.
Within five days the highest substrate concentration resulted in the highest biomass amount (figure
1) together with the lowest permeate flux decline (figure 2). On the contrary, the biofilm that

developed at 30 pg-L? C was substrate limited. After a running time of 32 days, this substrate
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concentration of 30 pg-L™ C resulted in the lowest amount of biomass with the highest permeate
flux decline (figures 2 and 3). A significant observation from these results was that the biomass
amount was not related to permeate flux decline and the PD increase. At 30 pg ‘L™t C, a 200 mbar
PD increase was caused by a much lower biomass amount than at 1000 pg-L™ C. It is proposed
that the EPS nature, concentration, and properties play a predominant part in the hydraulic
resistence of biofilms (Dreszer et al. 2013, Derlon et al. 2016, Vrouwenvelder et al. 2016,
Desmond et al. 2018). As reported by Flemming et al. (2007) and Herrling et al. (2017), the EPS
properties and the biofilm spatial distribution have a strong impact on permeate flux as the porosity
of this gel layer controls the water permeation rate. The biofilm developed at the lowest substrate
concentration of 30 pg-L™ C had a larger variety in the EPS components present where humic like
substances occurrence was observed. Humic-like substance have higher resistance to shear forces
and contribute to a more stable and cohesive biofilm structure (Liu et al. 2004, Ras et al. 2013,
Cao et al. 2017). Moreover, comparing the amount of biomass produced and the EPS content
(proteins and carbohydrates) for the different biofilms shows that the EPS concentration for the
biofilm developed at the lowest substrate concentration of 30 pg-L? C was the highest, in
agreement with (Van Loosdrecht et al. 1995, Kroukamp et al. 2010) who reported that a fluffy
loose biofilm more prone to sloughing developed at the highest substrate concentrations while a
denser stiffer biofilm was formed at the lowest substrate concentration. Slow growing biofilms
developing under varying limitation conditions has repeatedly been characterized as denser
biofilms with a lower bacterial cell to EPS ratio (Van Loosdrecht et al. 1995, Liu et al. 2004, Farhat
et al. 2016b) Another key observation at the substrate concentration of 30 pg-L* C was the biofilm
coverage on the membrane where an average of 105 pm thick biofilm was measured from the OCT

images taken on the last day of the experiment at a PD increase of 200 mbar (figure 6) compared
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to a very thin biofilm layer (= 20 um) present on the membrane for the 1000 ug-L™* C. However,
considering the intrinsic hydraulic transmembrane resistance of RO membranes, biofilms play a
minor role (Dreszer et al. 2013). It is still not fully understood how EPS and their associated
physical structures influence hydraulic transport through the biofilm but Dreszer et al. (2013)
showed that for NF and RO systems the decline of membrane performance is not predominantly
caused by an increase of biofilm resistance. Therefore, the influence of the feed spacer presence,
spacer biofouling (Vrouwenvelder et al. 2009b) and the increase in feed-concentrate pressure drop
is dominating the performance decline.
4.2. Biofilm characteristics and chemical cleaning

Chemical cleaning is unavoidable to restore membrane performance (Beyer et al. 2017).
Though the main inactivation action of the different chemical cleaning agents typically applied for
biofouling control is through bacterial cell and tissue lysis, a primary requirement from cleaning
chemicals is enhanced removal of biomass. The chemical reactions that typically occur are
hydrolisis, peptization, solubilization, dispersion, chelation, sequestering and suspending
(Tragardh 1989). Alkaline cleaning is usually used for organic fouling removal. In this study, the
same chemical cleaning protocol (NaOH and HCI) was applied on three different biofilms
developed under varying substrate conditions to investigate removal efficiency of the different
biofilms and to highlight the role the formed EPS matrix is playing in achieving this removal
efficiency. The highest biomass removal efficiency was observed for the biofilm developed at the
highest substrate concentrations (1000 pg-L™? C). At the lowest substrate concentration, with a
lower biomass amount, NaOH and HCL cleanings were less effective in removing the biomass
and restoring membrane performance. The more stable and cohesive biofilm structure with a

higher EPS concentration and a wider variety of EPS components (Figure 5) explains the lowest
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biofilm removal efficiency at low feed water substrate concentrations (30 pug-L™ C). The lower
efficiency is due to the hindered diffusion of the cleaning chemical (NaOH and HCI) into the
biofilm due to the more cohesive and dense biofilm structure. Moreover, although proteins and
carbohydrates are closely interwoven, the discrepancy in removal efficacy between proteins and
carbohydrates is attributed to the lower penetration ability of cleaning chemical into the dense
biofilm structure and the spatial localization of proteins and carbohydrates.
4.3. Limiting substrates to control biofouling

All recently published studies addressing biofouling concluded that biofouling cannot be
avoided shifting the focus to control strategies aiming for: (i) delayed biofilm formation, (ii)
reduced or delayed impact of accumulated biofilm on performance and (iii) biofilm removal by
advanced cleaning strategies (Bucs et al. 2018). Research focussing on extensive pre-treatment to
limit the amount of biodegradable substrates in the feed water showed success only in delaying
biofilm formation (Flemming 2002). The primary reason is that a very low amount of
biodegradable substrates remains in the feed water and with the large amount of water provided
per membrane surface with time, even minimal amounts of substrate - microgram per litre level
(Egli 2010) in the feed water lead to a significant organic substrate supply for biofilm growth,
occurring over weeks or even months of membrane operation (Bucs et al. 2018). Biofilm growth
delay is still a feasible control strategy as it allows membrane operation for longer periods before
an unacceptable decline in performance is reached. However, results from this study raise a main
concern regarding the inefficient cleanability of biofouled membrane systems with conventional
cleaning chemicals such as NaOH/HCI of biofilms developed under low substrate concentrations.
Bacteria inactivation in the biofilm rather than removal of accumulated biofilm will increase the

frequency and rate of biofilm regrowth thereby restricting the effect of substrate limitation to delay
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biofouling through extensive pre-treatment. Effective cleaning can be achieved only when both
the chemical and physical interactions between the cleaning chemical and the biofilm are
favourable (Ang et al. 2006). Therefore, research focussing on novel cleaning chemicals and
strategies for better solubilization of the EPS matrix, followed by removal of the biofilm is

recommended to achieve a breakthrough in biofouling control.
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5. Conclusions

Three substrate concentrations (1000, 250 and 30 pg'L™* C) were used to grow a biofilm in
membrane fouling simulators. The feed channel pressure drop (PD) and permeate flux were
monitored and a feed channel pressure drop (PD) increase of 200 mbar was used as a benchmark
to study the developed biofilm. The main objective was to investigate the effect of the differences
in the developed biofilm characteristics on the PD increase, permeate flux decline, and membrane
cleanability. The main study findings can be summarized by:

1 A faster biofilm development occurred at a high biodegradable substrate concentration in

feed water causing a faster increase in feed channel pressure drop.

1 Biofilm that developed under high substrate conditions resulted in less permeate flux decline
attributed to the spatial location and composition of the biofilm.

9 Substrate concentration affected the developed biofilm structure and therefore its
cleanability. Slowly growing biofilms developing under low substrate conditions were
harder to remove during conventional cleanings.

1 The same PD can be caused by biofilms differing in composition and spatial distribution

therefore impacting the permeate flux and the cleanability efficiency differently.
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