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Abstract 15 

Biofouling severely impacts operational performance of membrane systems increasing the cost 16 

of water production. Understanding the effect of critical parameters of feed water such as 17 

biodegradable substrate concentration on the developed biofilm characteristics enables 18 

development of more effective biofouling control strategies.  19 

In this study, the effect of substrate concentration on the biofilm characteristics was examined 20 

using membrane fouling simulators (MFSs). A feed channel pressure drop (PD) increase of 200 21 

mbar was used as a benchmark to study the developed biofilm. The amount and characteristics of 22 

the formed biofilm were analysed in relation to membrane performance indicators: feed channel 23 

pressure drop and permeate flux. The effect of the characteristics of the biofilm developed at three 24 

substrate concentrations on the removal efficiency of the different biofilms was evaluated applying 25 

acid/base cleaning.  26 

Results showed that a higher feed water substrate concentration caused a higher biomass 27 

amount, a faster PD increase, but a lower permeate flux decline. The permeate flux decline was 28 

affected by the spatial location and the physical characteristics of the biofilm rather than the total 29 

amount of biofilm. The slower growing biofilm developed at the lowest substrate concentration 30 

was harder to remove by NaOH/HCl cleanings than the biofilm developed at the higher substrate 31 

concentrations. 32 

Effective biofilm removal is essential to prevent a fast biofilm regrowth after cleaning. While 33 

substrate limitation is a generally accepted biofouling control strategy delaying biofouling, 34 

development of advanced cleaning methods to remove biofilms formed under substrate limited 35 

conditions is of paramount importance. 36 
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1. Introduction 39 

Currently, desalination by reverse osmosis (RO) membranes is the leading technology for water 40 

production with an almost five times lower energy consumption than five decades ago (Elimelech 41 

and Phillip 2011, Fane 2018).  Fouling remains the main hurdle in the application of RO 42 

desalination (Imbrogno et al. 2017), resulting in the deterioration of the produced permeate quality 43 

and quantity, causing increased costs of the water production as (i) more energy is required to 44 

produce the same amount of water (ii),  a higher chemical use to clean the membranes is needed, 45 

and (iii) ultimately module lifetimes will shorten (Matin et al. 2011, Imbrogno et al. 2017). 46 

Biofouling is defined as the excessive growth of a biofilm resulting in an intolerable loss of system 47 

performance (Roe et al. 1994).  In practice a 15 % increase in feed channel pressure drop or a 10% 48 

decrease in permeate flux is considered unacceptable after which cleanings are performed to 49 

restore the membrane performance (Hydranautics 2001, Vrouwenvelder et al. 2008, GE 2009, 50 

DOW 2016). Biofouling can be restricted but not completely eliminated by applying extensive 51 

pre-treatment (Flemming et al. 1997). 52 

Biofilm formation, a prerequisite for the occurrence of biofouling is influenced by the RO plant 53 

feed water characteristics and operating conditions (Flemming and Schaule 1988, Flemming 1997, 54 

Sánchez 2018). The development of a biofilm, defined as bacterial cells embedded in a matrix of 55 

extracellular polymeric substances, is affected by several interrelated factors including water 56 

temperature, salinity, bacterial cell concentration, organic carbon concentration and composition, 57 

and operating conditions such as the cross-flow velocity (Ridgeway 2003). Biofilms grow utilizing 58 

biodegradable substrates present in the water. Biofilm formation is characterized by different 59 

phases starting by formation of a conditioning film layer on the pristine membrane and spacer 60 

surface followed by bacterial attachment and growth. The different types of substrates in the feed 61 
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water shape the conditioning film layer characteristics. Furthermore, the ability of biofilm‐62 

associated bacteria to sense prevailing substrate conditions, accordingly modifying their structural 63 

organization, species composition, and EPS production has been documented (Wolfaardt et al. 64 

1994, James et al. 1995, Nielsen et al. 2000, Bester et al. 2011). In fact, Flemming (2016) has 65 

impeccably described the biofilm as the perfect slime in acknowledgment to the multifunctional 66 

versatility and adaptability of the biofilm matrix. Consequently, biofilm growth is the result of the 67 

bacterial response to existing conditions, mass transfer of substrate to the attached bacteria and 68 

subsequent conversion of the substrate. Therefore, biomass yield and biomass density are 69 

important to understand the influence of the concentration and transport rate of the growth limiting 70 

substrate on biofilm development. Understanding the comparative kinetics of growth, relating the 71 

substrate concentration to the specific growth rate of the different species present is essential. At 72 

high substrate concentrations rapidly growing bacteria will outcompete efficiently growing 73 

bacteria, while at low substrate concentrations efficient growth is favored over rapid growth 74 

(Pfeiffer et al. 2001, Roller and Schmidt 2015), a phenomenon well known and understood as the 75 

difference between r- and k-strategists (Andrews and Harris 1986). Biomass (bacterial cells and 76 

extracellular polymeric substances EPS) density and its physical structural characteristics are hard 77 

to understand. The hydrodynamic conditions in the membrane system and the physiological 78 

characteristics of the group of organisms growing will govern the biomass density (Van 79 

Loosdrecht et al. 1995, Liu et al. 2004, Kroukamp et al. 2010). Tijhuis et al. (1996) observed that 80 

a lower substrate loading and a higher detachment force yielded smooth and strong biofilms in a 81 

biofilm airlift suspension reactor while a higher substrate loading lead to rough and weak biofilms. 82 

The physical characteristics of the biofilm has been fully attributed to the EPS matrix that the 83 

bacteria produce after attachment to any surface. The EPS has been postulated to contribute most 84 
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to the hydraulic resistance of biofilms (Chong et al. 2008, Dreszer et al. 2013, Vrouwenvelder et 85 

al. 2016). The variation in the nature of the EPS molecules produced by the bacteria under different 86 

operating conditions, as well as the EPS concentration, result in biofilms with varying hydraulic 87 

resistance affecting membrane performance differently. A better understanding of the physical 88 

characteristics of developed biofilm can be made through examining the conditions that under 89 

which the biofilm developed: the hydrodynamic conditions and the predominant substrate 90 

conditions (Peyton 1996, Telgmann et al. 2004, Brink and Nicol 2014, Farhat et al. 2016a, Allen 91 

et al. 2018).  92 

Limiting the substrate concentration of the feed water is considered a suitable approach to 93 

control biofouling in RO membranes, hence it is worthwhile to explore the characteristics of a 94 

biofilm developed under three substrate concentrations. In this study, the effect of growing a 95 

biofilm under different carbon concentrations maintaining the same hydrodynamic conditions was 96 

investigated. It is well established that a faster development of biofilm will occur at higher feed 97 

water substrate concentrations. In this study, we investigated the developed biofilm characteristics, 98 

the biofilm impact on membrane performance indicators such as feed channel pressure drop and 99 

permeate flux and the cleanability using conventional NaOH/HCl cleanings of the membranes was 100 

investigated for three feed water biodegradable nutrient concentrations.   101 
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2. Material and methods  102 

2.1. Experimental setup  103 

Biofilms were grown in membrane fouling simulators (MFSs) containing a 20 cm × 4 cm coupon 104 

of a membrane, a feed spacer, and a permeate spacer (Vrouwenvelder et al. 2006, 2007). The MFS 105 

was operated in crossflow mode with permeate production at a pressure of two bar. Hydrodynamic 106 

conditions in the MFS were similar to spiral wound membrane modules as applied in practice for 107 

water treatment (Vrouwenvelder et al. 2007, Bucs et al. 2016). The feed and permeate spacer and 108 

RO membrane sheets were taken from virgin spiral wound membrane elements (TW30-4040, 109 

DOW FILMTEC, USA). The feed spacer consisted of a sheet of 34 mil (864 mm) thick diamond-110 

shaped polypropylene spacer. The feed spacer was placed in the MFS with the same orientation as 111 

in spiral wound membrane elements (45◦ contact angle with the feed flow).  The system was  fed 112 

continuously  with nutrient enriched tap water and the setup consisted of a feed flow mass flow 113 

controller (MINI CORI-FLOW™ M15, Bronkhorst, Ruurlo, Netherlands), substrate dosing pump 114 

(MINI CORI-FLOW™ M13, Bronkhorst, coupled with Tuthill Gear Pump D-SERIES), MFS, 115 

differential pressure transmitter (Delta bar, PMD75, Endress+Hauser, Switzerland), permeate 116 

mass flow controller (MINI CORI-FLOW™ M14, Bronkhorst, Ruurlo, Netherlands), and pressure 117 

controller (EL-PRESS P-502C, Bronkhorst, Ruurlo, Netherlands). Feed water was filtered over a 118 

granular activated carbon and cartridge filter (filter housing model: UPS BB3 [AWF-UPS-3H-119 

20B] Cartridges model: pore size 4 µm, sediment-carbon [AC-SC-10-NL]) before passing through 120 

the MFS. Granular activated carbon filters were used to remove residual chlorine from tap water.  121 

2.2. Operating conditions 122 

Feed water was pumped through the MFS at a flow rate of 17 L·h-1 equivalent to a linear flow 123 

velocity of 0.17 m·s-1 representative for practice (Vrouwenvelder et al. 2009a, Bucs et al. 2015). 124 
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A substrate stock solution containing sodium acetate, sodium nitrate, and sodium phosphate in a 125 

mass ratio C:N:P of 100:20:10 was added to the feed water. Acetate and this mass ratio are 126 

commonly used (Creber et al. 2010, Araujo et al. 2012).  Three substrate concentrations 1000, 250, 127 

and 30 µg·L-1 C were used to enhance biofilm formation in the MFS. All chemicals were purchased 128 

in analytical grade from Sigma Aldrich. The pH value of the substrate solution was set at 11 by 129 

adding sodium hydroxide, in order to restrict bacterial growth in the 10 L substrate bottle. The 130 

concentrated substrate solution was dosed into the feed water prior to the MFS at a flow rate of 131 

0.03 L·h-1. The dosing flow rate of the substrate solution (0.03 L·h-1) to the monitor feed water was 132 

low compared to the feed water flow rate (17.0 L·h-1, the reference feed flow). Therefore, the high 133 

pH-value of the substrate solution had no effect on the pH of the feed water of 7.8. All experiments 134 

were run in duplicates and the figures show the average and standard deviation from the two runs. 135 

2.3. Chemical cleaning 136 

A recirculating loop was added by connecting a digital gear pump (EW-74014-12, Cole-Parmer, 137 

USA) upstream of the MFS for the dosage of the cleaning chemical. A second connection was 138 

made downstream of the MFS to return the chemicals to the cleaning solution bottle. Between the 139 

pump and the MFS, a membrane filter (10 µm pore size) was placed to avoid the recirculation of 140 

biofilm particles, which may be released from the biofilm in the MFS. Subsequently, 1 L of NaOH 141 

and HCl were recirculated for 1 h at 17 L·h-1 with the gear pump. The concentrations of 0.01 mol·L-142 

1 NaOH (pH 12) and 0.1 mol·L-1 HCl (pH 1) used were similar to the ones applied in practice 143 

(Beyer et al. 2017, Jiang et al. 2017). NaOH was heated to 35°C with a thermostatic water bath 144 

(Isotemp 210, Fisher Scientific, USA) and the tubing covered with insulating foam to maintain the 145 

temperature in the system. The MFS was flushed with feed water for 5 minutes after both the 146 

NaOH and the subsequent HCl cleaning to remove the cleaning solutions. To avoid biofilm 147 
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sloughing, the water flow was gradually reduced to 0 L·h-1 and increased again to 17 L·h-1. 148 

NaOH/HCl cleaning was performed once a feed channel pressure drop increase of 200 mbar was 149 

reached. 150 

2.4. Monitoring of fouling  151 

2.4.1. Normalized pressure drop and permeate flux 152 

Six identical MFSs were operated in parallel simultaneously. The development of fouling was 153 

monitored by measuring the pressure drop increase over the feed spacer channel of the MFS and 154 

the decline in permeate flow. All experiments were stopped once a normalized pressure drop 155 

increase of 200 mbar was reached. The pressure drop for each MFS was normalized to the initial 156 

starting pressure drop of 20 ± 3 mbar. 157 

2.4.2. Biomass quantification  158 

Sheets of membrane and spacer taken from the monitor were analysed at the end of the experiment 159 

for adenosine triphosphate (ATP) and total organic carbon (TOC). To characterize the accumulated 160 

fouling, sections of membrane and feed spacers were taken from the MFSs. The sections (16 cm2) 161 

were placed in a capped tube in 40 mL sterile tap water for ATP analysis or ultrapure water for 162 

TOC analysis. To determine the amount of biomass, the tubes with the membrane sections were 163 

placed in an ultrasonic water bath (Branson, 5510MTH, output 135 W, 40 kHz). Low energy sonic 164 

treatment (2 minutes) followed by mixing on a vortex (few seconds) was repeated two times. When 165 

the liquid was visually not homogeneous or when all biomass was not removed from the materials, 166 

additional time-interval treatments were applied with a sonifier probe (Q700 Qsonica sonicator, 167 

USA) for 1 to 2 minutes (sample kept on ice) until the liquid was homogenous. Next, water 168 

collected from the tubes was used to determine the biomass parameters ATP and TOC. ATP was 169 

measured using a luminometer (Celsis Advance, Charles River Laboratories, Inc., USA) and TOC 170 
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was measured as non-purgeable organic carbon with a Total Organic Carbon analyser TOC-VCPH 171 

(Shimadzu, Japan) equipped with a high-sensitive catalyst (High sense TC catalyst; Shimadzu, 172 

Japan). The TOC concentration of the sample for each run was the average of the three 173 

measurements. Samples were run in duplicates. To prepare a calibration curve a stock solution of 174 

potassium hydrogen phthalate (TOC-standard solution ICC-033-5, ULTRA scientific, USA) was 175 

diluted with nanopure water to obtain solutions with carbon concentrations between 0 and 10 mg-176 

C·L-1. The detection limit of the method was about 0.1 mg-C·L-1. 177 

2.4.3. Extraction and quantification of extracellular polymeric substances (EPS) 178 

To analyse the EPS, the biofouled membranes were put into 10 mL phosphate buffered saline 179 

(PBS) and the biomass (bacteria and EPS) was separated from the membranes using 2 mins of 180 

vortexing and 5 mins of low energy sonic treatment in an ultrasonic water bath (Branson, 181 

5510MTH, output 135 W, 40 kHz). The EPS was extracted following the formaldehyde-NaOH 182 

method established by Liu and Fang (2002). In their study, Liu and Fang (2002) revealed that the 183 

formaldehyde–NaOH process extracted the highest amounts of EPS and the authors quantified 184 

DNA and extracellular DNA and based on the results concluded that all evidences suggested that 185 

the formaldehyde–NaOH extraction process did not cause cell lysis, and thus the extracted EPS 186 

were not contaminated by the intracellular substances. In brief, the whole 10 mL EPS suspended 187 

in PBS was treated using 0.06 mL formaldehyde (36.5%; Sigma-Aldrich, MO, USA) at 4 °C for 1 188 

h and incubated with 4 mL 1 N NaOH at 4 °C for 3 h. After treatment, the samples were centrifuged 189 

for 20 min at 20000×g. The supernatant was filtered through a 0.2 µm pore size membrane and 190 

dialyzed using a 3500 Da dialysis membrane (Thermo Fisher Scientific, USA) for 24 h. The 191 

dialyzed samples were lyophilized for 48 h and re-suspended in 10 mL of MQ water. The 192 

fluorescence excitation−emission matrix (FEEM) was measured using a Fluoromax-4 193 
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spectrofluorometer (Horiba Scientific, Japan) under excitation of 240 to 450 nm and emission of 194 

290 to 600 nm at a speed of 1500 nm min−1, a voltage of 700 V, and a response time of 2 s. FEEM 195 

peaks were identified according to (Baghoth et al. 2011). The carbohydrates were measured 196 

following the sulfuric acid phenol method (Masuko et al. 2005). In brief, 200 µL of the sample 197 

was mixed with 600 µL sulfuric acid and 120 µL 5% phenol. The samples were then incubated at 198 

90 °C for 5 min and left to cool down. The absorbance at 490 nm was measured using a Spectra A 199 

max 340pc microplate reader (Molecular devices, USA). The protein concentrations were 200 

measured using a BCA protein assay kit (Thermo Scientific Inc., NH, USA) according to the 201 

manufacturer’s guidelines.  202 

2.4.4. Optical coherence tomography (OCT) 203 

In-situ imaging of the feed channel surface of the membrane was performed using a spectral 204 

domain Optical Coherence Tomography (Thorlabs Ganymede OCT System) with a central light 205 

source wavelength of 930 nm and a refractive index of 1.3. The OCT was fitted with a 5× 206 

telecentric scan lens (Thorlabs LSM03BB) which provides a maximum scan area of 100 mm2. The 207 

OCT engine was configured to provide high-resolution images at 36 kHz A-scan rate. Volumetric 208 

images were created using the maximum intensity profile algorithm included in the instrument 209 

software (Thorlabs SD-OCT system software version 3.2.1) for a rectangular area of 2 mm × 5 210 

mm using 200 B-scans and 500 A-scans of 619 pixels corresponding to a physical depth of 1.1 211 

mm.  212 
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3. Results 213 

3.1. Effect of substrate concentration on biofilm development  214 

3.1.1. Membrane performance indicators 215 

The feed channel pressure drop (PD) development was recorded for all MFS experiments at three 216 

substrate concentrations. A normalized PD increase of 200 mbar was used as the criterion for 217 

stopping the experiments. The exponential PD increase with time was indicative of biofilm 218 

formation. The PD increase reached 200 mbar in approximately five days for 1000 µg·L-1 C, 10 219 

days for 250 µg·L-1 C, and 32 days for 30 µg·L-1 C (figure 1). The developed biofilm impact on 220 

permeate flux decline is shown in figure 2. At 2 bar the initial permeate flux for the brackish water 221 

RO membrane using tap water was ≈20 L.m-2.h-1. Biofilm that developed at the lowest substrate 222 

concentration (30 µg·L-1 C) resulted in a 45% decrease in permeate flux compared to a 25% 223 

decrease for the biofilm that developed at the highest substrate concentration (1000 µg·L-1 C). The 224 

biofilm that developed at the highest substrate concentration reached the 200 mbar PD increase 225 

fastest, but caused less permeate flux decline than the biofilm developed at the lowest substrate 226 

concentration (30 µg·L-1 C). 227 
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 228 
Figure 1– Normalized pressure drop [mbar] with time over the MFS for the biofilms grown at 229 
different dosed substrate concentrations. All experiments were stopped once a normalized pressure 230 
drop increase of 200 mbar was reached (n=2). 231 

 232 
Figure 2– Permeate flux decline [%] for the biofilms that developed at the different dosed substrate 233 
concentrations reaching a 200 mbar increase in normalized pressure drop (n=2). 234 
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3.1.2. Biomass indicators 235 

Highest TOC and ATP concentrations were measured for the biofilm developed at the highest 236 

substrate concentration (figure 3 A and B). Since the length of the experimental runs and the dosed 237 

concentrations were different, the total amount of acetate carbon dosed until the end of experiment 238 

was also different. The calculated amounts of dosed substrate are shown in figure S1 in 239 

supplementary material.  240 

 241 
Figure 3– Accumulated biofilm (A) Total organic carbon (mg.cm-2), (B) Adenosine triphosphate 242 
(ATP) (pg.cm-2) at the end of the experiment once a PD increase of 200 mbar was reached. (C) 243 
and (D) are the TOC and ATP produced at the end of the experiment per total amount of acetate 244 
carbon dosed over the time period of each experiment (n=2). 245 
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A yield value was defined as the amount of TOC or ATP produced per amount of acetate carbon 246 

dosed not taking into account the TOC and ATP leaving the system in the water or the detached 247 

biomass. Compared to the biofilm developed at 1000 µg·L-1 C, the biofilm developed at 250 µg·L-248 

1 C, had a lower TOC and ATP concentration, but the resulting yields were not significantly 249 

different (t-test P>0.05). The TOC yield was the same, while the ATP yield was marginally lower 250 

(≈ 14 % lower) only. However, the biofilm developed at 30 µg·L-1 C had a lower TOC and a 251 

significantly lower (t-test P<0.05) ATP yield per amount of acetate carbon dosed (lower by 36 % 252 

and 85% respectively) suggesting carbon limitation where the energy is mainly used for bacterial 253 

cell maintenance or a shift in the growing population rather than biomass formation.  254 

 255 
Figure 4– Protein and carbohydrate concentration (mg.cm-2) of the extracted EPS matrix for the 256 
biofilms that developed at the different feed water substrate concentrations at a normalized 257 
pressure drop increase of 200 mbar (n=2). 258 
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EPS extraction and characterization was performed for all the biofilms. All biofilms developed 259 

had a higher protein than carbohydrate concentration (figure 4). Both the protein and the 260 

carbohydrate concentration increased with increasing feed water substrate concentration.  261 

A fluorescence excitation−emission matrix (FEEM) plot was determined for the extracted EPS 262 

from biofilms developed at the three substrate concentrations. Four main regions could be 263 

distinguished in the FEEM plot: I (humic-like; Ex > 280 nm, Em >380 nm), II (protein-like; Ex= 264 

250−280 nm, Em < 380 nm), III (fulvic acid-like; Ex = 220−250 nm, Em > 380 nm), and IV 265 

(tyrosine-like; Ex = 220−250 nm, Em = 330−380 nm).The FEEM plot showed that the relative 266 

intensity of the protein peaks was the highest (peak II, figure 5 A , B, and C) in all EPS samples. 267 

Biofilms developed at 250 µg·L-1 C had similar peaks compared to biofilms that developed at 1000 268 

µg·L-1 C. The main peaks were protein like substances (peak II) and tyrosine like substances (peak 269 

IV) (figure 5 A and B). On the other hand, the FEEM plot for the biofilm that developed at 30 270 

µg·L-1 C revealed a larger variety in the components present with the presence of the four main 271 

peaks. The humic like substances peak from the biofilm developed using 30 µg·L-1 C (figure 5C) 272 

was not present in the FEEM plot of the biofilms developed at higher substrate concentrations. 273 

The difference in composition and amount of biofilm under the different substrate concentrations 274 

caused the same PD increase emphasizing the importance of the effect of biofilm characteristics 275 

and composition on membrane performance indicators. 276 
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 277 

Figure 5– FEEM plots of organic matter extracted from biofouled membrane samples for the biofilms grown under (A) 1000 µg·L-1 C 278 

(B) 250 µg·L-1 C and (C) 30 µg·L-1 C carbon concentration in the feed water. (D) 1000 µg.L-1 (E) 250 µg.L-1 and (F) 30 µg.L-1 show 279 

the FEEM plots of organic matter extracted from biofouled membrane samples after cleaning with NaOH and HCl. The plots show the 280 

presence of (I): Humic like substances (II): Protein like substances (III): Fulvic acid like substances and (IV): Tyrosine like substances 281 
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3.1.3. Biofilm spatial distribution 283 

Two-dimensional optical coherence tomography (OCT) images were taken on the last day of 284 

the experiments when a PD increase of 200 mbar was reached (figure 6). The OCT images revealed 285 

biofilm development in the feed channel on both the membrane and feed spacer for all substrate 286 

concentrations. Distinctively, biofilm developed predominantly on the feed spacer at  287 

1000 µg·L-1 C substrate concentration while major biofilm development was observed on the 288 

membrane when substrate concentration was the lowest (30 µg·L-1 C). A thin biofilm layer (≈ 20 289 

µm) was detected on the membrane at 1000 µg·L-1 C while average membrane biofilm thickness 290 

was about 5 times higher (≈ 105 µm) for 30 µg·L-1 C. The distinct differences in spatial biofilm 291 

distribution at the different substrate concentrations clearly played a role in the observed decline 292 

in membrane performance parameters. The feed water nutrient concentration determined the 293 

spatial biofilm distribution affecting the membrane performance indicators.  294 

 295 
Figure 6– 2D cross-section optical coherence tomography (OCT) images along the MFS feed 296 

channel. The 2D images show the membrane (marked green) the feed spacers (marked as dashed 297 

red circles) and the biofilms developing at different substrate concentrations (A) 1000 µg·L-1 C 298 

(B) 250 µg·L-1 C and (C) 30 µg·L-1 C. All experiments were stopped once a normalized pressure 299 

drop increase of 200 mbar was reached. The arrow indicates the flow direction. 300 
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3.2. Biofilm cleanability  302 

Chemical cleaning by subsequently dosing NaOH and HCl was applied to evaluate the 303 

cleanability of the biofilms developed at the three nutrient concentrations. The PD was recorded 304 

before and after cleaning to evaluate performance restoration. A stronger PD reduction was 305 

observed after cleaning for the biofilms that developed faster at the two highest substrate 306 

concentrations compared to the slower growing biofilm at the lowest substrate concentration 307 

(figure 7).  Chemical cleaning with NaOH and HCl was able to achieve similar biofilm inactivation 308 

higher than 80% for all biofilms developed irrespective of the substrate concentration used (figure 309 

8 A and B). 310 

 311 
Figure 7– Normalized pressure drop [mbar] at the end of the experiment once an increase of 200 312 
mbar was reached and after cleaning with NaOH and HCl for the biofilms grown with different 313 
dosed substrate concentrations (n=2). 314 
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However, the TOC removal was not the same for the different biofilms (figure 9). Chemical 315 

cleaning with NaOH and HCl was able to achieve a better TOC removal (%) for the biofilm 316 

developed at the two highest substrate concentrations compared to the lowest substrate 317 

concentration (figure 9B). However, for the highest substrate concentrations the quantity of TOC 318 

remaining after cleaning was still higher than for the lowest substrate concentrations (figure 9A) 319 

but with less impact on the feed channel pressure drop.  320 

Chemical cleaning showed different removal efficiencies of proteins and carbohydrates (figure 321 

10).  In general, proteins were better removed  than carbohydrates. For the biofilm developed at 322 

1000 µg·L-1 C, a significant reduction of the protein and carbohydrate content was observed, with 323 

about 20% and 30% protein and carbohydrate remaining respectively. On the contrary, a higher 324 

percentage of proteins and carbohydrates remaining after cleaning was seen for the biofilms 325 

developed at the two lower substrate concentrations (figure 10B). The FEEM plot showed a large 326 

reduction for the intensity of most peaks (figure 5D,E, and F). The average protein peak reduction 327 

(≈ 80% for 1000 and 250 µg·L-1 C and ≈ 45% for 30 µg·L-1 C) was higher than the average tyrosine 328 

like substance peak reduction (≈ 60% for 1000 and 250 µg·L-1 C and ≈ 40% for 30 µg·L-1 C). 329 

Humic like substances (peak I), only detected in the biofilm that developed at 30 µg·L-1 C, had an 330 

average reduction of ≈ 75%. The chemical cleaning efficiency using NaOH and HCl was 331 

prominently affected by the different biofilm characteristics, the EPS nature and concentration, as 332 

a result of the different prevailing substrate concentrations.  333 



21 
 

 334 
Figure 8– (A) ATP concentration after cleaning (pg.cm-2), (B) ATP reduction (%) after cleaning 335 

with NaOH and HCl for the biofilms that developed at the different substrate concentrations at a 336 

200 mbar increase in normalized pressure drop (n=2). 337 

 338 
Figure 9– (A) TOC after cleaning (mg.cm-2), (B) TOC removal (%) after cleaning with NaOH and 339 

HCl for the biofilms that developed at the different substrate concentrations once a 200 mbar 340 

increase in normalized pressure drop was reached (n=2). 341 
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 342 
Figure 10– (A) Protein and carbohydrate concentration (B) relative percentage remaining of 343 

proteins and carbohydrates from the extracted EPS matrix after cleaning with NaOH and HCl for 344 

the biofilms that developed at the different substrate concentrations. All experiments were stopped 345 

once a normalized pressure drop increase of 200 mbar was reached (n=2)  346 



23 
 

4. Discussion  347 

4.1. Substrate concentration and biofilm characteristics 348 

In this study, the effect of biodegradable substrate availability on bacterial growth was 349 

characterized by biofilm formation and composition, pressure drop increase, permeability decline, 350 

and membrane cleanability was examined. In a review, Bossier and Verstraete (1996) reported that 351 

low substrate concentrations, promoting slow growth rates, trigger bacterial cell surface changes 352 

(i) altering bacterial cell morphology resulting in smaller cells and (ii) increasing the strength of 353 

bacterial attachment to surfaces (Petrova and Sauer 2012). Allen et al. (2018) observed that at low 354 

substrate concentration grown biofilms were significantly more adhesive. James et al. (1995) 355 

observed that at high substrate concentrations bacterial cells had a bacillar cell morphology with a 356 

loose surface interaction while at low substrate concentrations the cells had a firmly attached 357 

coccoid morphology. The explanation of these differences is that substrate concentration affects 358 

the EPS composition (Flemming et al. 2007) thus changing the adhesiveness of EPS (Lin et al. 359 

2014). The fact that biofilms are impacted by varying growth conditions underlined the importance 360 

to study the changes in biofilm characteristics by varying the substrate concentration in relation to 361 

RO biofouling. When addressing RO biofouling the impact of biofilms on membrane performance 362 

is characterized by the membrane performance indicators: feed channel PD and permeate flux. In 363 

this study the criterion for stopping the experiments was a PD increase of 200 mbar. The 364 

characteristics of the developed biofilm were dependent on the substrate concentration. The 365 

biofilm formation at substrate concentrations of 250 and 1000 µg·L-1 C was not substrate limited. 366 

Within five days the highest substrate concentration resulted in the highest biomass amount (figure 367 

1) together with the lowest permeate flux decline (figure 2). On the contrary, the biofilm that 368 

developed at 30 µg·L-1 C was substrate limited. After a running time of 32 days, this substrate 369 
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concentration of 30 µg·L-1 C resulted in the lowest amount of biomass with the highest permeate 370 

flux decline  (figures 2 and 3). A significant observation from these results was that the biomass 371 

amount was not related to permeate flux decline and the PD increase. At 30 µg ·L-1 C, a 200 mbar 372 

PD increase was caused by a much lower biomass amount than at 1000 µg·L-1 C. It is proposed 373 

that the EPS nature, concentration, and properties play a predominant part in the hydraulic 374 

resistence of biofilms (Dreszer et al. 2013, Derlon et al. 2016, Vrouwenvelder et al. 2016, 375 

Desmond et al. 2018). As reported by Flemming et al. (2007) and Herrling et al. (2017), the EPS 376 

properties and the biofilm spatial distribution have a strong impact on permeate flux as the porosity 377 

of this gel layer controls the water permeation rate. The biofilm developed at the lowest substrate 378 

concentration of 30 µg·L-1 C had a larger variety in the EPS components present where humic like 379 

substances occurrence was observed. Humic-like substance have higher resistance to shear forces 380 

and contribute to a more stable and cohesive biofilm structure (Liu et al. 2004, Ras et al. 2013, 381 

Cao et al. 2017). Moreover, comparing the amount of biomass produced and the EPS content 382 

(proteins and carbohydrates) for the different biofilms shows that the EPS concentration for the 383 

biofilm developed at the lowest substrate concentration of 30 µg·L-1 C was the highest, in 384 

agreement with (Van Loosdrecht et al. 1995, Kroukamp et al. 2010) who reported that a fluffy 385 

loose biofilm more prone to sloughing developed at the highest substrate concentrations while a 386 

denser stiffer biofilm was formed at the lowest substrate concentration. Slow growing biofilms 387 

developing under varying limitation conditions has repeatedly been characterized as denser 388 

biofilms with a lower bacterial cell to EPS ratio (Van Loosdrecht et al. 1995, Liu et al. 2004, Farhat 389 

et al. 2016b) Another key observation at the substrate concentration of 30 µg·L-1 C was the biofilm 390 

coverage on the membrane where an average of 105 µm thick biofilm was measured from the OCT 391 

images taken on the last day of the experiment at a PD increase of 200 mbar (figure 6) compared 392 
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to a very thin biofilm layer (≈ 20 µm) present on the membrane for the 1000 µg·L-1 C. However, 393 

considering the intrinsic hydraulic transmembrane resistance of RO membranes, biofilms play a 394 

minor role (Dreszer et al. 2013). It is still not fully understood how EPS and their associated 395 

physical structures influence hydraulic transport through the biofilm but Dreszer et al. (2013) 396 

showed that for NF and RO systems the decline of membrane performance is not predominantly 397 

caused by an increase of biofilm resistance. Therefore, the influence of the feed spacer presence, 398 

spacer biofouling (Vrouwenvelder et al. 2009b) and the increase in feed-concentrate pressure drop 399 

is dominating the performance decline.   400 

4.2. Biofilm characteristics and chemical cleaning 401 

Chemical cleaning is unavoidable to restore membrane performance (Beyer et al. 2017). 402 

Though the main inactivation action of the different chemical cleaning agents typically applied for 403 

biofouling control is through bacterial cell and tissue lysis, a primary requirement from cleaning 404 

chemicals is enhanced removal of biomass. The chemical reactions that typically occur are 405 

hydrolisis, peptization, solubilization, dispersion, chelation, sequestering and suspending 406 

(Trägårdh 1989). Alkaline cleaning is usually used for organic fouling removal. In this study, the 407 

same chemical cleaning protocol (NaOH and HCl) was applied on three different biofilms 408 

developed under varying substrate conditions to investigate removal efficiency of the different 409 

biofilms and to highlight the role the formed EPS matrix is playing in achieving this removal 410 

efficiency. The highest biomass removal efficiency was observed for the biofilm developed at the 411 

highest substrate concentrations (1000 µg·L-1 C). At the lowest substrate concentration, with a 412 

lower biomass amount, NaOH and HCL cleanings were less effective in removing the biomass 413 

and restoring membrane performance. The more stable and cohesive biofilm structure with a 414 

higher EPS concentration and a wider variety of EPS components (Figure 5) explains the lowest 415 
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biofilm removal efficiency at low feed water substrate concentrations (30 µg·L-1 C). The lower 416 

efficiency is due to the hindered diffusion of the cleaning chemical (NaOH and HCl) into the 417 

biofilm due to the more cohesive and dense biofilm structure. Moreover, although proteins and 418 

carbohydrates are closely interwoven, the discrepancy in removal efficacy between proteins and 419 

carbohydrates is attributed to the lower penetration ability of cleaning chemical into the dense 420 

biofilm structure and the spatial localization of proteins and carbohydrates.  421 

4.3. Limiting substrates to control biofouling  422 

All recently published studies addressing biofouling concluded that biofouling cannot be 423 

avoided shifting the focus to control strategies aiming for: (i) delayed biofilm formation, (ii) 424 

reduced or delayed impact of accumulated biofilm on performance and (iii) biofilm removal by 425 

advanced cleaning strategies (Bucs et al. 2018). Research focussing on extensive pre-treatment to 426 

limit the amount of biodegradable substrates in the feed water showed success only in delaying 427 

biofilm formation (Flemming 2002). The primary reason is that a very low amount of 428 

biodegradable substrates remains in the feed water and with the large amount of water provided 429 

per membrane surface with time, even minimal amounts of substrate - microgram per litre level 430 

(Egli 2010) in the feed water lead to a significant organic substrate supply for biofilm growth, 431 

occurring over weeks or even months of membrane operation (Bucs et al. 2018). Biofilm growth 432 

delay is still a feasible control strategy as it allows membrane operation for longer periods before 433 

an unacceptable decline in performance is reached. However, results from this study raise a main 434 

concern regarding the inefficient cleanability of biofouled membrane systems with conventional 435 

cleaning chemicals such as NaOH/HCl of biofilms developed under low substrate concentrations. 436 

Bacteria inactivation in the biofilm rather than removal of accumulated biofilm will increase the 437 

frequency and rate of biofilm regrowth thereby restricting the effect of substrate limitation to delay 438 



27 
 

biofouling through extensive pre-treatment. Effective cleaning can be achieved only when both 439 

the chemical and physical interactions between the cleaning chemical and the biofilm are 440 

favourable (Ang et al. 2006). Therefore, research focussing on novel cleaning chemicals and 441 

strategies for better solubilization of the EPS matrix, followed by removal of the biofilm is 442 

recommended to achieve a breakthrough in biofouling control.   443 
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5. Conclusions 444 

Three substrate concentrations (1000, 250 and 30 µg·L-1 C) were used to grow a biofilm in 445 

membrane fouling simulators. The feed channel pressure drop (PD) and permeate flux were 446 

monitored and a feed channel pressure drop (PD) increase of 200 mbar was used as a benchmark 447 

to study the developed biofilm. The main objective was to investigate the effect of the differences 448 

in the developed biofilm characteristics on the PD increase, permeate flux decline, and membrane 449 

cleanability. The main study findings can be summarized by:  450 

¶ A faster biofilm development occurred at a high biodegradable substrate concentration in 451 

feed water causing a faster increase in feed channel pressure drop.  452 

¶ Biofilm that developed under high substrate conditions resulted in less permeate flux decline 453 

attributed to the spatial location and composition of the biofilm. 454 

¶ Substrate concentration affected the developed biofilm structure and therefore its 455 

cleanability. Slowly growing biofilms developing under low substrate conditions were 456 

harder to remove during conventional cleanings. 457 

¶ The same PD can be caused by biofilms differing in composition and spatial distribution 458 

therefore impacting the permeate flux and the cleanability efficiency differently.  459 

 460 

Acknowledgements  461 

The research reported in this publication was supported by funding from King Abdullah University 462 

of Science and Technology (KAUST).  463 



29 
 

References 464 

 465 
Allen, A., Habimana, O. and Casey, E. (2018) The effects of extrinsic factors on the structural and 466 
mechanical properties of Pseudomonas fluorescens biofilms: A combined study of nutrient 467 

concentrations and shear conditions. Colloids and Surfaces B: Biointerfaces 165, 127-134. 468 
 469 
Andrews, J.H. and Harris, R.F. (1986) Advances in Microbial Ecology. Marshall, K.C. (ed), pp. 470 
99-147, Springer US, Boston, MA. 471 
Ang, W.S., Lee, S. and Elimelech, M. (2006) Chemical and physical aspects of cleaning of 472 

organic-fouled reverse osmosis membranes. Journal of Membrane Science 272(1), 198-210. 473 
 474 
Araujo, P.A., Kruithof, J.C., Van Loosdrecht, M.C.M. and Vrouwenvelder, J.S. (2012) The 475 
potential of standard and modified feed spacers for biofouling control. Journal of Membrane 476 

Science 403, 58-70. 477 
 478 

Baghoth, S.A., Sharma, S.K., Guitard, M., Heim, V., Croué, J.P. and Amy, G.L. (2011) Removal 479 
of NOM-constituents as characterized by LC-OCD and F-EEM during drinking water treatment. 480 

Journal of Water Supply: Research and Technology - AQUA 60(7), 412-424. 481 
 482 
Bester, E., Kroukamp, O., Hausner, M., Edwards, E.A. and Wolfaardt, G.M. (2011) Biofilm form 483 

and function: carbon availability affects biofilm architecture, metabolic activity and planktonic 484 
cell yield. Journal of Applied Microbiology 110(2), 387-398. 485 

 486 
Beyer, F., Laurinonyte, J., Zwijnenburg, A., Stams, A.J.M. and Plugge, C.M. (2017) Membrane 487 
Fouling and Chemical Cleaning in Three Full-Scale Reverse Osmosis Plants Producing 488 

Demineralized Water. Journal of Engineering 2017, 14. 489 

 490 
Bossier, P. and Verstraete, W. (1996) Triggers for microbial aggregation in activated sludge? 491 
Applied Microbiology and Biotechnology 45(1-2), 1-6. 492 

 493 
Brink, H.G. and Nicol, W. (2014) The influence of shear on the metabolite yield of Lactobacillus 494 

rhamnosus biofilms. New Biotechnology 31(5), 460-467. 495 
 496 

Bucs, S.S., Farhat, N., Kruithof, J.C., Picioreanu, C., van Loosdrecht, M.C.M. and Vrouwenvelder, 497 
J.S. (2018) Review on strategies for biofouling mitigation in spiral wound membrane systems. 498 
Desalination 434, 189-197. 499 
 500 
Bucs, S.S., Farhat, N., Siddiqui, A., Linares, R.V., Radu, A., Kruithof, J.C. and Vrouwenvelder, 501 

J.S. (2016) Development of a setup to enable stable and accurate flow conditions for membrane 502 
biofouling studies. Desalination and Water Treatment 57(28), 12893-12901. 503 

 504 
Bucs, S.S., Linares, R.V., Marston, J.O., Radu, A.I., Vrouwenvelder, J.S. and Picioreanu, C. 505 
(2015) Experimental and numerical characterization of the water flow in spacer-filled channels of 506 
spiral-wound membranes. Water Research 87, 299-310. 507 



30 
 

Cao, F., Bourven, I., van Hullebusch, E.D., Pechaud, Y., Lens, P.N.L. and Guibaud, G. (2017) 508 

Hydrophobic molecular features of EPS extracted from anaerobic granular sludge treating 509 
wastewater from a paper recycling plant. Process Biochemistry 58, 266-275. 510 
 511 

Chong, T.H., Wong, F.S. and Fane, A.G. (2008) The effect of imposed flux on biofouling in 512 
reverse osmosis: Role of concentration polarisation and biofilm enhanced osmotic pressure 513 
phenomena. Journal of Membrane Science 325(2), 840-850. 514 
 515 
Creber, S.A., Vrouwenvelder, J.S., van Loosdrecht, M.C.M. and Johns, M.L. (2010) Chemical 516 

cleaning of biofouling in reverse osmosis membranes evaluated using magnetic resonance 517 
imaging. Journal of Membrane Science 362(1-2), 202-210. 518 
 519 
Derlon, N., Grütter, A., Brandenberger, F., Sutter, A., Kuhlicke, U., Neu, T.R. and Morgenroth, E. 520 

(2016) The composition and compression of biofilms developed on ultrafiltration membranes 521 
determine hydraulic biofilm resistance. Water Research 102, 63-72. 522 

 523 
Desmond, P., Best, J.P., Morgenroth, E. and Derlon, N. (2018) Linking composition of 524 

extracellular polymeric substances (EPS) to the physical structure and hydraulic resistance of 525 
membrane biofilms. Water Research 132, 211-221. 526 
 527 

DOW (2016) FILMTEC Membranes, Factors Affecting RO Membrane Performance. 1-4. 528 
 529 

Dreszer, C., Vrouwenvelder, J.S., Paulitsch-Fuchs, A.H., Zwijnenburg, A., Kruithof, J.C. and 530 
Flemming, H.C. (2013) Hydraulic resistance of biofilms. Journal of Membrane Science 429, 436-531 
447. 532 

 533 

Egli, T. (2010) How to live at very low substrate concentration. Water Research 44(17), 4826-534 
4837. 535 
 536 

Elimelech, M. and Phillip, W.A. (2011) The Future of Seawater Desalination: Energy, 537 
Technology, and the Environment. Science 333(6043), 712-717. 538 

 539 
Fane, A.G. (2018) A grand challenge for membrane desalination: More water, less carbon. 540 

Desalination 426, 155-163. 541 
 542 
Farhat, N.M., Staal, M., Bucs, S.S., Van Loosdrecht, M.C.M. and Vrouwenvelder, J.S. (2016a) 543 
Spatial heterogeneity of biofouling under different cross-flow velocities in reverse osmosis 544 
membrane systems. Journal of Membrane Science 520, 964-971. 545 

 546 
Farhat, N.M., Vrouwenvelder, J.S., Van Loosdrecht, M.C.M., Bucs, S.S. and Staal, M. (2016b) 547 

Effect of water temperature on biofouling development in reverse osmosis membrane systems. 548 
Water Research 103, 149-159. 549 
 550 
Flemming, H.-C. (1997) Reverse osmosis membrane biofouling. Experimental Thermal and Fluid 551 
Science 14(4), 382-391. 552 



31 
 

Flemming, H.-C. (2016) The Perfect Slime: Microbial extracellular polymeric substances. 553 

Flemming, H.-C., Neu, T.R. and Wingender, J. (eds), pp. 1-13, IWA Press, London. 554 
 555 
Flemming, H.C. (2002) Biofouling in water systems – cases, causes and countermeasures. Applied 556 

Microbiology and Biotechnology 59(6), 629-640. 557 
 558 
Flemming, H.C., Neu, T.R. and Wozniak, D.J. (2007) The EPS matrix: The "House of Biofilm 559 
Cells". Journal of Bacteriology 189(22), 7945-7947. 560 
 561 

Flemming, H.C. and Schaule, G. (1988) Biofouling on membranes - A microbiological approach. 562 
Desalination 70(1-3), 95-119. 563 
 564 
Flemming, H.C., Schaule, G., Griebe, T., Schmitt, J. and Tamachkiarowa, A. (1997) Biofouling - 565 

the Achilles heel of membrane processes. Desalination 113(2-3), 215-225. 566 
 567 

GE (2009) Utilization of Chemical Treatments to Maintain and Restore Membrane Performance. 568 
GE Water & Process Technologies, 1-6. 569 

 570 
Herrling, M.P., Weisbrodt, J., Kirkland, C.M., Williamson, N.H., Lackner, S., Codd, S.L., 571 
Seymour, J.D., Guthausen, G. and Horn, H. (2017) NMR investigation of water diffusion in 572 

different biofilm structures. Biotechnology and Bioengineering 114(12), 2857-2867. 573 
 574 

Hydranautics (2001) Troubleshooting Your RO - Hydranautics. 1-6. 575 
 576 
Imbrogno, J., Keating, J.J.I., Kilduff, J. and Belfort, G. (2017) Critical aspects of RO desalination: 577 

A combination strategy. Desalination 401, 68-87. 578 

 579 
James, G.A., Korber, D.R., Caldwell, D.E. and Costerton, J.W. (1995) Digital Image-Analysis of 580 
Growth and Starvation Responses of a Surface-Colonizing Acinetobacter Sp. Journal of 581 

Bacteriology 177(4), 907-915. 582 
 583 

Jiang, S., Li, Y. and Ladewig, B.P. (2017) A review of reverse osmosis membrane fouling and 584 
control strategies. Science of the Total Environment 595, 567-583. 585 

 586 
Kroukamp, O., Dumitrache, R.G. and Wolfaardt, G.M. (2010) Pronounced Effect of the Nature of 587 
the Inoculum on Biofilm Development in Flow Systems. Applied and Environmental 588 
Microbiology 76(18), 6025-6031. 589 
 590 

Lin, H., Zhang, M., Wang, F., Meng, F., Liao, B.-Q., Hong, H., Chen, J. and Gao, W. (2014) A 591 
critical review of extracellular polymeric substances (EPSs) in membrane bioreactors: 592 

Characteristics, roles in membrane fouling and control strategies. Journal of Membrane Science 593 
460, 110-125. 594 
 595 
Liu, H. and Fang, H.H.P. (2002) Extraction of extracellular polymeric substances (EPS) of sludges. 596 
Journal of Biotechnology 95(3), 249-256. 597 



32 
 

Liu, Y., Yang, S.F. and Tay, J.H. (2004) Improved stability of aerobic granules by selecting slow-598 

growing nitrifying bacteria. Journal of Biotechnology 108(2), 161-169. 599 
 600 
Masuko, T., Minami, A., Iwasaki, N., Majima, T., Nishimura, S.I. and Lee, Y.C. (2005) 601 

Carbohydrate analysis by a phenol-sulfuric acid method in microplate format. Analytical 602 
Biochemistry 339(1), 69-72. 603 
 604 
Matin, A., Khan, Z., Zaidi, S.M.J. and Boyce, M.C. (2011) Biofouling in reverse osmosis 605 
membranes for seawater desalination: Phenomena and prevention. Desalination 281, 1-16. 606 

 607 

Nielsen, A.T., Tolker‐Nielsen, T., Barken, K.B. and Molin, S. (2000) Role of commensal 608 

relationships on the spatial structure of a surface‐attached microbial consortium. Environmental 609 
Microbiology 2(1), 59-68. 610 

 611 

Petrova, O.E. and Sauer, K. (2012) Sticky Situations: Key Components That Control Bacterial 612 
Surface Attachment. Journal of Bacteriology 194(10), 2413-2425. 613 

 614 
Peyton, B.M. (1996) Effects of shear stress and substrate loading rate on Pseudomonas aeruginosa 615 

biofilm thickness and density. Water Research 30(1), 29-36. 616 
 617 
Pfeiffer, T., Schuster, S. and Bonhoeffer, S. (2001) Cooperation and competition in the evolution 618 

of ATP-producing pathways. Science 292(5516), 504-507. 619 
 620 

Ras, M., Lefebvre, D., Derlon, N., Hamelin, J., Bernet, N., Paul, E. and Girbal-Neuhauser, E. 621 
(2013) Distribution and hydrophobic properties of Extracellular Polymeric Substances in biofilms 622 
in relation towards cohesion. Journal of Biotechnology 165(2), 85-92. 623 

 624 

Ridgeway, H.F. (2003) Biological Fouling of Separation Membranes Used in Water Treatment 625 
Applications, AWWA Research Foundation. 626 
 627 

Roe, F.L., Wentland, E., Zelver, N., Warwood, B., Waters, R. and Characklis, W.G. (1994) Online 628 
Side-Stream Monitoring of Biofouling. Biofouling and Biocorrosion in Industrial Water Systems, 629 

137-150. 630 
 631 
Roller, B.R.K. and Schmidt, T.M. (2015) The physiology and ecological implications of efficient 632 
growth. Isme Journal 9(7), 1481-1487. 633 

 634 
Sánchez, O. (2018) Microbial diversity in biofilms from reverse osmosis membranes: A short 635 

review. Journal of Membrane Science 545, 240-249. 636 
 637 
Telgmann, U., Horn, H. and Morgenroth, E. (2004) Influence of growth history on sloughing and 638 
erosion from biofilms. Water Research 38(17), 3671-3684. 639 
 640 

Tijhuis, L., Hijman, B., VanLoosdrecht, M.C.M. and Heijnen, J.J. (1996) Influence of detachment, 641 
substrate loading and reactor scale on the formation of biofilms in airlift reactors. Applied 642 
Microbiology and Biotechnology 45(1-2), 7-17. 643 



33 
 

Trägårdh, G. (1989) Membrane cleaning. Desalination 71(3), 325-335. 644 

 645 
Van Loosdrecht, M.C.M., Eikelboom, D., Gjaltema, A., Mulder, A., Tijhuis, L. and Heijnen, J.J. 646 
(1995) Biofilm structures. Water Science and Technology 32(8), 35-43. 647 

 648 
Vrouwenvelder, J.S., Bakker, S.M., Cauchard, M., Le Grand, R., Apacandie, M., Idrissi, M., 649 
Lagrave, S., Wessels, L.P., van Paassen, J.A.M., Kruithof, J.C. and van Loosdrecht, M.C.M. 650 
(2007) The Membrane Fouling Simulator: a suitable tool for prediction and characterisation of 651 
membrane fouling. Water Science and Technology 55(8-9), 197-205. 652 

 653 
Vrouwenvelder, J.S., Dreszer, C., Valladares Linares, R., Kruithof, J.C., Mayer, C. and Flemming, 654 
H.-C. (2016) The Perfect Slime: Microbial extracellular polymeric substances. Flemming, H.-C., 655 
Neu, T.R., Wingender, J (ed), pp. 193-206, IWA Press, London. 656 

 657 
Vrouwenvelder, J.S., Hinrichs, C., Van der Meer, W.G.J., Van Loosdrecht, M.C.M. and Kruithof, 658 

J.C. (2009a) Pressure drop increase by biofilm accumulation in spiral wound RO and NF 659 
membrane systems: role of substrate concentration, flow velocity, substrate load and flow 660 

direction. Biofouling 25(6), 543-555. 661 
 662 
Vrouwenvelder, J.S., Manolarakis, S.A., van der Hoek, J.P., van Paassen, J.A.M., van der Meer, 663 

W.G.J., van Agtmaal, J.M.C., Prummel, H.D.M., Kruithof, J.C. and van Loosdrecht, M.C.M. 664 
(2008) Quantitative biofouling diagnosis in full scale nanofiltration and reverse osmosis 665 

installations. Water Research 42(19), 4856-4868. 666 
 667 
Vrouwenvelder, J.S., van Paassen, J.A.M., Wessels, L.P., van Dama, A.F. and Bakker, S.M. (2006) 668 

The membrane fouling simulator: A practical tool for fouling prediction and control. Journal of 669 

Membrane Science 281(1-2), 316-324. 670 
 671 
Vrouwenvelder, J.S., von der Schulenburg, D.A.G., Kruithof, J.C., Johns, M.L. and van 672 

Loosdrecht, M.C.M. (2009b) Biofouling of spiral-wound nanofiltration and reverse osmosis 673 
membranes: A feed spacer problem. Water Research 43(3), 583-594. 674 

 675 

Wolfaardt, G.M., Lawrence, J.R., Robarts, R.D., Caldwell, S.J. and Caldwell, D.E. (1994) 676 
Multicellular Organization in a Degradative Biofilm Community. Applied and Environmental 677 
Microbiology 60(2), 434-446. 678 

 679 


