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Abstract 22 

Biofouling development is affected by a variety of factors that change over the length of 23 

reverse osmosis (RO) membrane modules in pressure vessels. Spatially resolved biofouling 24 

formation was studied under conditions representative to practice using four one-meter Long 25 

Channel Membrane Test Cells (LCMTCs) in series, simulating an industrial pressure vessel. 26 

Biofouling was induced by dosing an easily assimilable substrate to the feed water. The 27 

impact of biofouling on the sequential decline of RO membrane performance indicators (feed 28 

channel pressure drop, permeability and salt rejection) was investigated. Also, the temporal 29 

organic carbon (DOC) consumption was assessed spatially over the four test cells. 30 

Results showed that all membrane performance indicators were impacted by biofouling 31 

formation. The feed channel pressure (FCP) drop increase was impacted earliest and strongest 32 

followed by permeability and salt rejection decline, underlining that FCP drop is a sensitive 33 

and early biofouling monitoring indicator. Spatially resolved biofouling investigations 34 

revealed that most biofouling was formed in the lead sections of membrane installation with a 35 

decreasing gradient over length, linked to DOC availability in the system. In this study, FCP 36 

drop played a crucial role: the FCP drop increase at the lead test cell of the membrane 37 

installation caused performance losses for the downstream test cells. 38 

Minimizing the effect of biofouling on membrane performance should be pursued by a 39 

combination of strategies involving (i) early detection and preventive cleaning, (ii) substrate 40 

limitation for delaying biofouling built-up and (iii) optimized (early) cleaning procedures for 41 

more effective biofilm removal. 42 

Keywords 43 

Biofouling, Reverse Osmosis, Feed channel pressure drop, Permeability, Salt rejection, Long 44 

channel membrane test cell. 45 

46 
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1. Introduction  47 

Treatment plants applying reverse osmosis (RO) or nanofiltration (NF) produce high-quality 48 

water from different sources for irrigation or potable use. RO and NF membranes enable the 49 

extensive removal of salts, heavy metals, pathogens, micro-pollutants and other organic 50 

compounds. Fouling – the unwanted accumulation of deposits on the membrane – is a major 51 

drawback in RO processes as it results in lower product quality, decrease of the produced 52 

water quantity, membrane damage, and more frequent membrane cleaning increasing the 53 

process costs. Hydrodynamics, water quality, operational conditions, and design of spacer and 54 

membrane influence the development of fouling in spacer-filled membrane channels [1-4].  55 

Biofouling, one of the most critical fouling types in membrane systems can be restricted, but 56 

not completely prevented [5, 6]. Biofouling increases the feed channel pressure (FCP) drop 57 

while permeate quantity and salt rejection decrease leading to overall membrane performance 58 

decline [7-9]. Hence, advanced anti-biofouling strategies are required. Extensive pre-59 

treatment for biofouling reduction has been applied to reduce the concentration of bacteria 60 

and assimilable organic compounds in the feed water [10-12]. However, even very few 61 

bacterial cells and a limited amount of substrate can still cause biofouling. Some recent 62 

approaches to minimize biofouling occurrence include surface modifications and coatings for 63 

spacers and membranes by natural or chemical antifouling compounds, surface-bound 64 

biocides, surface smoothing, or antimicrobial peptides [5, 13]. Most of these approaches were 65 

ineffective in controlling biofouling as these strategies were successful only in delaying 66 

biofilm formation [14].  To limit biofouling formation, a detailed knowledge of its formation 67 

is crucial. Key factors that affect biofouling development such as membrane characteristics, 68 

feed spacers, operating conditions, etc., are widely researched [7, 15-19]. However, not all 69 

studies lead to the same conclusions (e.g. [18-21]), because they vary in operating conditions 70 

such as hydrodynamics, permeate flux, substrate supply and microbial composition, leading to 71 
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differences in biofouling formation. Therefore, representative, reproducible and systematic 72 

investigations are needed.  73 

Spiral wound modules (SWM) with dense thin-film composite RO membranes in 4- or 8-inch 74 

diameter are standard elements used for water desalination. Feed spacers, placed between two 75 

membrane sheets, promote mixing and influence the hydrodynamics in the flow channel [22].  76 

The SWMs of one-meter length are usually installed in series, with 4-8 modules in one 77 

pressure vessel. Along the length of the pressure vessel, an increase in the concentration of 78 

dissolved solutes and a decrease in the feed  flow occur, leading to a change in the filtration 79 

conditions (substrate load, crossflow velocity, concentration polarization, and osmotic 80 

pressure); thus, impacting biofouling formation and membrane performance [23]. For a better 81 

understanding of fouling development in full-scale RO systems, a Long Channel Membrane 82 

Test Cell (LCMTC) of one-meter length was developed and validated under hydrodynamic 83 

conditions representative of SWMs [24]. 84 

Aiming to understand the impact of biofouling formation under representative practice 85 

conditions on the development of performance indicators (FCP drop, membrane permeability 86 

and salt rejection), this study investigated biofouling development over the length of one RO-87 

LCMTC simulating a 1 m long membrane element and over the length of 4 membrane 88 

elements in series (4 m) representing a pressure vessel. Novel are the sequence of membrane 89 

performance indicator decline over four elements in series, as well as, spatially resolved 90 

biofouling development and temporal DOC consumption in the LCMTC and its impact on 91 

performance indicators.  92 
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2. Material & Methods 93 

2.1. Experimental set-up 94 

2.1.1. Long Channel Membrane Test Cell (LCMTC) 95 

Biofouling development was investigated with LCMTCs of 1 m length each, made of 96 

Polymethylmethacrylate. The test cells were constructed to simulate spiral wound RO 97 

modules enabling permeability and salt rejection measurements over five segments along the 98 

one meter long test cell. The test cells had been validated with respect to the hydraulic 99 

behavior of spiral wound modules. A detailed description of the test cells and the validation is 100 

given in [24]. Briefly, the length and width of the feed channel were 0.91 m × 0.04 m. A 31 101 

mil (0.787mm) thick diamond shape feed spacer was placed in the feed channel. The 102 

permeate channel of 0.3 mm height was divided into five separated segments of 18 cm, each 103 

of them equipped with a permeate spacer (0.3 mm thick). Pictures of the LCMTC are shown 104 

in figure S1 in the supplementary material. Both, feed and permeate spacers were supplied by 105 

Hydranautics. An outlet for permeate release in each of the five segments was used for flux 106 

and salt rejection measurements. A low-pressure polyamide RO membrane (ESPA2, 107 

Hydranautics) was used. The membrane characteristics, based on literature and manufacturer 108 

data are summarized in Table 1.  109 

TABLE 1 110 

2.1.2. Pilot plant  111 

The experiments were conducted with one test cell and with four test cells in series. Figure 1 112 

presents a scheme of the experimental set up. The high-pressure membrane-metering pump 113 

(Hydra-Cell P200, Wanner engineering, UK) generated the feed pressure. Pressure 114 

transmitters (IMP 331, ICS Schneider Messtechnik, GmbH Germany and Type 8314, Bürkert 115 

Fluid Control Systems, Germany) were installed before each test cell as well as at the end of 116 

the system for sensitive transmembrane pressure and FCP drop measurements. A mechanical 117 
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pressure relief valve from Swagelok, Germany, was installed for constant pressure operation. 118 

A turbine impeller wheel flow meter (PEL, Kobold Messring GmbH, Germany) measured the 119 

feed flow. Temperature measurements of feed and concentrate were performed with a 120 

resistance thermometer (PT100, TMH GmbH, Germany). Temperature inside the feed 121 

reservoir was controlled with a heating element connected to a thermostat (Rommelsbacher, 122 

Germany). Stainless steel valves (Swagelok, Germany) between the cells allowed sampling of 123 

feed and concentrate of each cell. Valves and tubes (em technik GmbH, Germany) were used 124 

for permeate collection. For process control and data acquisition TopMessage (Delphin 125 

Technology AG, Germany) was used. 126 

FIGURE 1 127 

2.2. Experimental procedure and sampling 128 

2.2.1. Biofouling investigations with one and four test cells in series 129 

Tap water with an unadjusted pH of 7.6 ± 0.2, was used as feed and easily biodegradable 130 

substrate (acetate) was dosed to accelerate bacterial growth [25]. A 10 µm pore size cartridge 131 

filter and an activated carbon filter (both Weinert Prozesstechnik GmbH, Germany) were used 132 

to remove particles and residual chlorine from the feed water prior to substrate dosage. The 133 

test cell feed water total bacterial cell count was 104 cells/mL, assessed using flow cytometry. 134 

Substrates, dissolved in ultra-pure water provided as stock solution, were kept in a small 135 

reservoir with a pH of 11.5 to avoid microbial growth in the reservoir. Sodium acetate, 136 

sodium nitrate and sodium dihydrogen phosphate (all Merck KGaA, Germany) were 137 

dissolved in DI water with a C:N:P ratio of 100:20:10 [19]. The substrate stock solution was 138 

dosed continuously to the feed prior to the test cells using Stepdos dosage pump (KNF, 139 

Switzerland) at a flow rate of 28 mL/hour resulting in a concentration increase of 0.5 mg.L-1 140 

carbon. The dosing of easily biodegradable substrate (acetate) to the feed water was sufficient 141 

to induce bacterial growth for the experiment, enabling rapid biofouling in the LCMTCs 142 
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within 6 days. The system was run continuously with single pass flow and permeate, and feed 143 

water were discharged to the drain (figure 1). 144 

Prior to the study, the membrane, feed spacer and product spacer were flushed and compacted 145 

with DI water for 12 hours at the chosen operation pressure and finally stabilized for 12 hours 146 

with DI water. During the biofouling studies, the transparent cells and substrate reservoirs 147 

were covered to avoid growth of phototrophic bacteria. For all experiments, flow conditions 148 

as typical for full scale water production were justified. Thus, the inlet side of the first test cell 149 

linear flow velocity was 0.16 m.s-1 and the initial flux was set to 24 L.m-2.h-1. Feed pressure 150 

was adjusted accordingly and kept constant during operation. The temperature was kept 151 

constant at 25±0.5 °C. The permeate flux was measured manually via permeate collection 152 

every 12 hours, the measurement was done 5 times and each measurement was taken over 153 

20 minutes. Experiments were stopped when an overall reduction in membrane permeability 154 

of >10 % was reached over all the test cells.  155 

The feed channel pressure (FCP) drop was calculated as  156 

∆� = 	��� − ��	
          (1) 157 

The permeability PSeg was calculated separately for the five segments according to the 158 

following calculation:  159 

��� = ����
������            (2) 160 

��� is the flux of each segment and �����	is the corresponding average pressure in the 161 

segment. The pressure was recorded every 12 hours; the measurements were done in 162 

duplicates and the average and standard deviation were calculated. The pressure drop over the 163 

length of the membrane module was assumed to be linear. For each segment the average 164 

pressure ����� was calculated. 165 

For each segment salt rejection, ��� was calculated by the following equation: 166 
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��� = �1 − ��,���
��,��� ∙ 100%         (3) 167 

Here, $�,�� is the permeate conductivity of each segment and $%,�� is the average feed 168 

conductivity for each segment. The conductivity was recorded every 12 hours; the 169 

measurements were done five times and the average and standard deviation were calculated. 170 

2.2.2. Sampling and analysis of the fouling layer 171 

Feed and concentrate were sampled daily (Table S1) and analyzed for pH, conductivity and 172 

dissolved organic carbon (DOC). pH and conductivity were measured with pH/oxi 340i and 173 

multi 340i, respectively (both WTW, Germany).  174 

Immediately after an experiment was finished, sheets of membrane and spacer were taken 175 

from the different segments of the different test cells in series to analyze the developed 176 

biofilm for adenosine triphosphate (ATP) and dissolved organic carbon (DOC). The 177 

membrane and corresponding spacer sheets were placed in 50 mL of DI water for DOC 178 

analysis and 50 mL of sterile tap water for ATP analysis. To transfer the biofilm properly to 179 

the water, the membrane and the spacer coupons in the tubes were subjected to ultrasound 180 

(output 45 kHz, 130 W, VWR Ultrasonic cleaner, Germany) for 6 × 2 minutes and in between 181 

mixing with a vortex shaker (VV3, VWR, Germany) for 15 seconds. Biofilm DOC 182 

concentrations were determined from duplicate samples (two 25mL samples from the original 183 

50mL sample) using a thermal catalytic method (liquiTOC trace, Elementar 184 

Analysensysteme, Germany). The samples were filtered with a 0.45 µm pore size cellulose 185 

acetate filter (MF-Millipore™) prior to the size exclusion column. Average and standard 186 

deviation of the duplicate measurements is presented in the results. ATP samples were 187 

prepared according to the technical bulletin of the BacTiterGloTM reagent [26] and measured 188 

using the multi-functional reader INFINITE 200 Pro (Tecan, Germany) at 570 nm wavelength 189 
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in duplicates. The measurements and sample preparation were carried out at 25°C. Calibration 190 

was done using an ATP stock solution (Sigma Aldrich, Germany), measured in triplicates.  191 
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3. Results  192 

3.1. Spatial impact of biofouling on performance indicators 193 

Two independent biofouling studies with one test cell and four test cells in series were 194 

conducted using tap water supplemented with 0.5 mg·L-1 acetate carbon. The recorded FCP 195 

drop and the measured membrane permeability and salt rejection with time are shown in 196 

figure 2. In the study of four test cells in series, the FCP drop increased over all test cells with 197 

time (figure 2 A). The FCP drop increased most severely at the feed side of the four test cells 198 

in series (test cell 1, figure 2 A). After five days an FCP drop increase of 2.0 bar was recorded 199 

for the first test cell only, significantly higher than the FCP drop increase for the second (0.35 200 

bar), third (0.10 bar) and fourth test LCMTC (0.07 bar), respectively (figure 2 A). The initial 201 

and final FCP drop for each test cell are shown in figure S2A in supplementary material.  202 

Similarly, the membrane permeability declined with time in all test cells in the study of 203 

four test cells in series (figure 2 C) with the highest decline in membrane permeability (18 %)  204 

for the lead test cell. The permeability normalization method and the initial and final 205 

permeability values for each test cell are shown in figure S2B in supplementary material. 206 

Contrary to the permeability decline, the flux decline was most severe in the tail part of the 207 

membrane installation (figure 3, S3) in supplementary material. In the study of one test cell, 208 

the membrane permeability decline along the length of the test cell was strongest at the first 209 

segment (20 %), with a lower decline in the following segments (14 %, 14 %, 11 % and 5 % 210 

for segments 2 to 5 respectively, figure 2 D).  211 

The membrane salt rejection declined in all the test cells in the study of four test cells in 212 

series (figure 2 E) similar to the permeability decline. Initially a limited decrease of salt 213 

rejection was observed in the first test cell. However, at the end of the five day experiment, a 214 

maximum salt rejection decline of 2.2% was detected at test cell four, and the least salt 215 

rejection decline for the first test cell (0.8 %). Comparing the salt rejection decline with time 216 
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in the different segments of the test cell for the one test cell experiment showed a higher 217 

decrease in salt rejection (1.3 %) for the first segment compared to the other segments (0.7 218 

%). The results for segments 1, 3 and 5 are shown in figure 2 F to facilitate visibility due to 219 

overlapping curves. Overall, compared to changes in FCP drop and membrane permeability, a 220 

limited decrease in salt rejection occurred as a result of biofouling. 221 

FIGURE 2 222 

FIGURE 3 223 

3.2. Feed and concentrate DOC concentration  224 

The concentration of DOC in the feed and the concentrate of each test cell was measured to 225 

investigate the relationship between the accumulated biofilm and the available substrate. The 226 

DOC concentration of the feed water before substrate dosage was ~ 200-250 µg-C·L-1 (figure 227 

4). Acetate carbon 500 µg·L-1 was dosed continuously in the feed water increasing the carbon 228 

concentration to a total of ~750 µg-C·L-1. Only on day 0, a DOC concentration of ~ 750 µg-229 

C·L-1 similar to the feed DOC plus substrate dosing concentration, was measured in the 230 

concentrates of the four test cells in series and of the single test cell (figure 4 A, B). A 231 

constant concentrate DOC concentration of ~200-250 µg-C·L-1 was measured for all the test 232 

cells after day 0 as the biofilm started to develop in both experiments; indicating that after 1.8 233 

days (four test cell experiment) and 1.4 days (one test cell experiment) the developing biofilm 234 

consumed all acetate dosed to the feed of the first test cell, strongly removing substrate from 235 

the water feeding the subsequent test cells. The almost complete use of substrate in the lead 236 

membrane module suggests major biofilm development in the lead module, followed by a 237 

clearly restricted biofilm development in cell 2, 3 and 4. 238 

3.3. Spatial biomass deposition  239 

Higher DOC and higher ATP concentrations were measured in the foulant deposits for (i) 240 

the first test cell compared to the following test cells in the experiment of four test cells in 241 
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series (figure 5 A) and (ii) in segment 1 compared to the following segments for the 242 

experiment of one test cell (figure 5 B). A declining amount of accumulated biofilm (DOC 243 

and ATP) was found with increasing distance from the feed side. These findings were most 244 

clearly observed in the experiment with four test cells in series (figure 5 A, C). The 245 

accumulated biofilm DOC and ATP concentrations were in agreement with the observed FCP 246 

drop increase and the permeability and salt rejection decline (figure 2). Moreover, the highest 247 

amount of accumulated biofilm in the first test cell is in agreement with the feed water DOC 248 

concentration trend in figure 4. However, the observed spatial flux decline trend (figure 3, S3) 249 

is not related to the deposited biomass amount (figure 5) but is attributed to the increase in the 250 

loss of system pressure with length (figure S5). 251 

FIGURE 5 252 

3.4. Sequential biofouling impact on performance 253 

In this study, the effect of biofouling development on three performance indicators was 254 

monitored with time. In practice, membrane cleaning is applied when a decline in membrane 255 

performance occurs mainly defined as 10 -15 % increase of the FCP drop at constant flux 256 

and/or the permeability decreases by 10 % and/or the salt rejection decreases by 5 - 10% [27]. 257 

Within the duration of the study all performance indicators were impacted by the 258 

development of biofouling; however, the FCP drop was the indicator first and most severely 259 

affected by biofouling development (figure 6). The FCP drop increased by 430%, the 260 

permeability declined by 14%, and the salt rejection decreased by 1.4 % over the four test 261 

cells in series (figure 7 A) after the 5 day experimental period. The FCP drop increase over 262 

the lead test cell was twice the decline over the four test cells in series (figure 7 B) enabling 263 

earlier performance decline detection. The time needed to observe a 10 % decline in 264 

performance indicators is shown in table S2 in the supplementary material, with the shortest 265 
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time for the FCP drop measurement. Compared to the other indicators, FCP drop is the most 266 

sensitive performance indicator and can be used as an accurate indicator for biofouling. 267 

FIGURE 6 268 

FIGURE 7  269 
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4. Discussion 270 

4.1. Impact of biofouling on membrane module performance indicators 271 

Biofouling developed in one-meter-long membrane test cells (four in series simulating a 272 

pressure vessel) during dosing of an easily assimilable substrate (acetate) to the feed water. 273 

All performance indicators (FCP drop, permeability and salt rejection, figure 2) were 274 

impacted by biofouling development. Most biofilm accumulated in the module at the feed 275 

side of the membrane installation (figure 5) but the performance indicators were affected over 276 

the total length of the four test cells. 277 

Biofilm accumulated on the membrane and between the spacer filaments increased the 278 

hydraulic resistance in the feed channel due to changes in flow direction and stagnation zones 279 

resulting in a FCP drop increase [4, 28]. Consequently, the most severe FCP drop increase 280 

occurred in the lead section of the first test cell, where most of the biofilm was present 281 

(figures 2, 4). The FCP drop increase and the amount of biomass accumulated during the 282 

biofouling study were comparable with other studies in literature dosing a similar 283 

concentration of acetate carbon, e.g. [29, 30].  284 

Biofilm development reduced membrane permeability and permeate flux in all the test 285 

cells. A decline in permeate flux as biofilm develops on the membrane is mainly due to two 286 

mechanisms: increased membrane hydraulic resistance and increased biofilm enhanced 287 

concentration polarization in the presence of salts [1, 7, 31, 32]. The two above mechanisms 288 

occur in a direction perpendicular to the membrane between the feed channel and the 289 

permeate channel [33]. However, the increase in FCP drop over the lead test cell resulted in a 290 

loss in system pressure strongly reducing the permeate production at the tail test cells [32], 291 

although in the tail test cells only a minor amount of biofilm was deposited (figure 3, S3). 292 

Flux reduction and recovery reduction (figure 3, S3-5) caused by reduced driving forces, as 293 

described by Gutman et al. [32], results in increased energy costs for water production [19].  294 
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Salt rejection is affected by the feed water salt concentration, salt concentration 295 

polarization (CP), permeation and fouling. At the end of the experiment a decline in salt 296 

rejection was observed in all test cells operated in series. The salt rejection decline in the lead 297 

test cell is due to biofouling accumulation. However, the strongest decline in salt rejection 298 

was observed in the tail test cell mainly as a result of a high flux decline (dilution effect [1]), 299 

as an indirect effect of the severe biofouling in the lead element reducing the system pressure. 300 

Interestingly, the influence of system pressure reduction on the permeate flux and salt 301 

rejection in the tail test cell was stronger than the impact of biofouling occurrence on salt 302 

rejection and flux in the lead test cell. In industrial applications, where permeate production 303 

must be achieved with a high productivity and quality, identifying the reasons behind 304 

permeate quality and quantity deterioration is highly important.  305 

In this study, the impact of biofouling on all performance indicators was significant. Most 306 

severely impacted was FCP drop and least affected was salt rejection. Therefore, salt rejection 307 

is not feasible to be used as a control indicator in practice. The earliest and highest decline in 308 

FCP drop underlines the suitability of FCP drop as a biofouling monitoring indicator as 309 

proposed by [34].  310 

4.2. Substrate availability predicting the extent of biofilm accumulation  311 

In this study, most biofilm deposited at the inlet side of the lead membrane installation, 312 

with a significantly decreasing gradient towards the tail position (figure 5). Substrate 313 

availability is the key indicator for biofilm formation [35]. The DOC results revealed that the 314 

dosed acetate was consumed by the developing biofilm in the first test cell during the early 315 

stages of the experiment (<2 days, figure 4). The carbon concentration in the permeate was 316 

below the detection limit eliminating the possible occurrence of carbon penetration through 317 

the membrane. Initial bacterial adhesion followed by the production of extracellular 318 

polymeric substances (EPS) occurs very rapidly and induces biofilm formation within several 319 
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hours [15, 36]. Since each test cell had a membrane surface area of 0.0364 m² and spacer 320 

surface area of 0.0290 m² (calculated based on [37]) bacterial cells attached in the first test 321 

cells started to grow and consumed the carbon very quickly. After an experimental period of 322 

1.4 - 1.8 days almost all carbon was consumed in the first positions of the membrane 323 

installation. Therefore, hardly any substrate was available for biofilm development in the 324 

subsequent three test cells. The biofilm that developed in test cells 2, 3 and 4 was formed 325 

when acetate was still available the first 1.4 - 1.8 days of the experiment and/or from 326 

reattached biofilm that detached from the preceding test cell. Therefore, the gradient in 327 

biofilm development over the length of the test cells was directly correlated to the availability 328 

of biodegradable organic substrate in the water (figure 4).  329 

In contrast, full-scale studies using natural feed waters have diverging results regarding the 330 

locations in a plant that are dominated by biofouling. Khan et al. [38] found biofilms mainly 331 

in the lead section when using both tertiary wastewater and seawater as a feed source for the 332 

RO. However, different gradients of biofouling were observed for other feed water types 333 

primarily attributed to the amount of easily biodegradable substrate present in each water 334 

type. In severely fouled membranes, Vrouwenvelder et al. [30] observed that the lead 335 

membrane elements had the highest amount of biofilm in a full-scale plant compared to the 336 

downstream elements. However, when the membranes were moderately fouled, the biofilm 337 

was more evenly distributed among the elements in series. Xu et al. observed most biofouling 338 

in the tail section when non-nitrified micro-filtered secondary wastewater effluents were used 339 

as RO feed water while evenly distributed biofilm formation among the elements was 340 

observed when denitrified secondary wastewater effluent was used [39]. The discrepancy 341 

between the results found in the literature is attributed to the fact that natural RO feed waters 342 

such as seawater or wastewater contain different types of foulants. As a result, several fouling 343 

types occur simultaneously with foulant-foulant interactions that lead to changes in the 344 
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characteristics of the deposited material on the membrane. The type and amount of substrate 345 

present remain primarily influential to the spatial distribution and extent of biofouling 346 

development [40]. The ability of biofilm‐associated bacteria to sense prevailing substrate 347 

conditions and modify their structural organization and species composition accordingly has 348 

been well documented [41-44]. Therefore, enriched substrate conditions lead to more 349 

biofouling in the lead elements while limited substrate conditions lead to biofouling in the tail 350 

elements [18]. What is highly important is the nature of the available substrate. The spatial 351 

distribution of biofouling as shown in this study and in literature is mainly the result of dosing 352 

easily biodegradable compounds while slowly biodegradable substrates will lead to biofouling 353 

that is more distributed over the membrane. Variation in spatial biofilm distribution results in 354 

a variation in performance declines [45]. More biofilm on the spacer will have more impact 355 

on the FCP drop while more biofilm on the membrane will have more impact on permeability 356 

and flux. Moreover, not only the amount of biofilm present but also the physical 357 

characteristics of the developed biofilm affect the performance decline.  358 

Results from this study emphasize the importance of substrate availability for biofouling 359 

control as found by others [8, 46, 47]. Reducing the substrate concentration with proper pre-360 

treatment prior to the RO can effectively delay biofouling onset allowing membrane operation 361 

without cleanings for longer periods [10, 12].   362 

4.3. Further research 363 

This study was performed under constant feed pressure conditions and thus the results are 364 

most relevant for treatment plants operated in the same mode. Loss of system pressure does 365 

not occur when operating under constant permeate flux mode, increasing the pressure 366 

continuously to maintain a constant permeate flux. Therefore, a study under constant 367 

permeate flux mode is suggested. Understanding how each performance indicator is affected 368 

by spatial biofilm development, and monitoring all performance indicators over time and 369 
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length of membrane installations, will help to gain more insights on biofouling development 370 

and leading to more effective control strategies [30].   371 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

19 

5. Conclusions 372 

The effect of biofouling on RO membrane performance indicators with time was investigated 373 

by growing a biofilm using four 1 m Long Channel Membrane Test Cell (LCMTC) in series, 374 

simulating an industrial pressure vessel under constant feed pressure conditions. The 375 

following conclusions can be drawn: 376 

• Biofouling impacted all performance indicators in a different sequence. Feed channel 377 

pressure (FCP) drop was the earliest and most sensitive indicator, underlining the 378 

suitability of FCP drop as a sensitive biofouling indicator. In contrast, salt rejection is 379 

not a suitable control indicator as it was least impacted by biofouling.  380 

• Most biofilm deposited and formed in the lead positions of the membrane test cells. 381 

The gradient of biofouling over the length of test cells correlated well with the 382 

declining availability of easily assimilable substrate (measured as DOC) emphasizing 383 

the importance of substrate limitation to decrease the rate of biofilm build-up.  384 

• High amounts of accumulated biomass in the inlet position of the lead membrane test 385 

cell resulted in spatially varying decline in performance indicators. In this study, the 386 

severe FCP drop increase at the inlet position caused the strongest permeate flux and 387 

salt rejection decline at the tail positions. 388 
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Abbreviation and Symbols 396 

ATP Adenosine Triphosphate 

CP Concentration polarization 

CP,Seg [µS cm-2] Permeate conductivity for a segment 

CF,Seg [µS cm-2] Average feed conductivity over a segment 

DI De-ionized 

DOC Dissolved organic carbon 

EPS Extracellular polymeric substances 

FCP Feed channel pressure 

J,Seg [L m-² h-1] Flux of a segment 

LCMTC Long Channel Membrane Test Cell 

NF Nanofiltration 

OC Organic carbon 

PSeg [L m-2 h-1 bar-1] Permeability for a segment 

pSeg [bar] Average pressure over a segment 

RO Reverse osmosis 

RSeg [%] Rejection of a segment 

SWM Spiral wound module 

 397 
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Table 1 – Characteristics of the membrane, based on manufacturer’s data and literature. 

 ESPA2 
(Hydranautics) 

Ref. 

NaCl rejection 99.6 % (1.5 g/L feed) (Hydranautics 2009) 

Test pressure, bar 10.5 (Hydranautics 2009) 

Zeta potential, mV 
(pH 7) -26 ± 10 (10 mM KCl) (Li et al. 2011, Fujioka et al. 2014, 

Tu et al. 2014) 

Charge (pH 7) negative (Fujioka et al. 2014) 

Roughness, nm (root 
mean square) 54 ± 20 (Alturki et al. 2010, Li et al. 2011, 

Varin et al. 2013) 

Contact angle 44° ± 9° (Li et al. 2011, Fujioka et al. 2014, 
Tu et al. 2014) 
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Figure 1 – Experimental set-up for the biofouling studies using four test cells operated in series. 
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Figure 2 – Spatially resolved development of (i) feed channel pressure drop (A,B),  (ii) 
normalized permeability (C,D) and normalized salt rejection (E,F) with time induced by 
substrate dosage of 0.5 mg-C·L-1 over the length of four membrane test cells in series  (0 – 4 m) 
and one test cell (0-1 m). Segments 1, 2, 3, 4, and 5 are from 0-18 cm, 18-36 cm, 36-54 cm, 54-
72 cm, and 72-90 cm respectively. Error bars indicate standard deviation of the five 
measurements (n=5, permeability and salt rejection). The permeability and salt rejection values 
were normalized by dividing them by the initial day 0 permeability and salt rejection.  
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Figure 3 – Spatially resolved development of normalized flux with time induced by substrate 
dosage of 0.5 mg-C·L-1 over the length of (A) four membrane test cells in series  (0 – 4 m) and 
(B) one test cell (0-1 m). Segments 1, 2, 3, 4, and 5 are from 0-18 cm, 18-36 cm, 36-54 cm, 54-
72 cm, and 72-90 cm respectively. The permeate flux values were normalized by dividing them 
by the initial day 0 permeate flux. 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 
Figure 4 – DOC concentration in the feed water prior to substrate dosage and the concentrate 
after each test cell during substrate dosage of 0.5 mg-C·L-1 for (A) four test cells in series (0 – 4 
m) and (B) one test cell length  (0-1 m).  
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Figure 5 – Deposited foulants over the length of four membrane test cells in series  (0 – 4 m) and 
one test cell (0-1 m) shown as organic carbon (A,B) and bacterial activity ATP (C,D). The test 
cells were operated for 5 and 6 days, respectively. 
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Figure 6 – Sequential impact of biofouling on performance indicators measured over the length 
of four membrane test cells in series  (0 – 4 m): most severe and earliest impact was identified 
for FCP drop, which enables this indicator to be suitable for biofouling monitoring. Error bars 
indicate standard deviation of the five measurements (n=5, permeability and salt rejection). 
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Figure 7 – Performance decline of FCP drop, permeability and salt rejection for the average of 

(A) four membrane test cells in series  (0 – 4 m) and (B) the first test cell (0 – 1 m) of four 

membrane test cells in series (0 – 4 m) after 5 days of operation. 
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Highlights 

� Sequential impact of biofouling on membrane performance indicators. 

� Spatial biofouling development in a pressure vessel. 

� Feed channel pressure drop:  Fastest and strongest impacted performance indicator. 

� Lead membrane biofouling negatively affected downstream element performance. 

� Most feed water DOC consumed rapidly by biofilm growth in lead membrane module. 

 


