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Abstract 27 

Reducing membrane fouling caused by seawater algal bloom is a challenge for regions of the 28 

world where most of their freshwater is produced by seawater desalination. This study aims 29 

to compare ultrafiltration (UF) fouling potential of three ubiquitous marine algal species 30 

cultures (i.e., Skeletonena costatum-SKC, Tetraselmis sp.-TET, and Hymenomonas sp.-31 

HYM) sampled at different phases of growth. Results showed that flux reduction and 32 

irreversible fouling were more severe during the decline phase as compared to the 33 

exponential phase, for all species. SKC and TET were responsible for substantial irreversible 34 

fouling but their impact was significantly lower than HYM. The development of a transparent 35 

gel layer surrounding the cell during the HYM growth and accumulating in water is certainly 36 

responsible for the more severe observed fouling. Chemical backwash with a standard 37 

chlorine solution did not recover any membrane permeability. For TET and HYM, the 38 

Hydraulically Irreversible Fouling Index (HIFI) was correlated to their biopolymer content 39 

but this correlation is specific for each species. Solution pre-filtration through a 1.2 µm 40 

membrane proved that cells and particulate algal organic matter (p-AOM) considerably 41 

contribute to fouling, especially for HYM for which the HIFI was reduced by a factor of 82.3. 42 

 43 

Keywords: Ultrafiltration, algal bloom, fouling mitigation, chemical cleaning  44 

 45 

 46 

 47 

 48 

 49 

 50 

 51 
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1. Introduction 52 

Dual membrane system for seawater desalination treatment (i.e., low-pressure membrane 53 

followed by reverse osmosis) has been a worldwide research challenge since the last two 54 

decades (Huehmer, 2011). Its important development at full scale started during early 2000s 55 

and this combination of processes was quickly adopted as a promising technology (Busch et 56 

al., 2010). Energy saving and membrane maintenance under normal operation conditions 57 

were the major operational goals, however, algal bloom represents a major concern to this 58 

technology. For instance, in 2008, a Cochlodinium polykrikoides bloom in the Arabian Gulf 59 

led to the shutdown of several desalination plants (Berktay, 2011; Pankratz, 2008). 60 

 61 

From an operational point of view, algal growth involves an increase of both suspended solid 62 

concentration and organic substances, which are responsible for severe membrane fouling 63 

(Caron et al., 2010). Even though the removal of algal cells is significantly higher with UF 64 

than with dissolved air flotation (DAF) and granular media filter (GMF), it may lead to algal 65 

cell lysis and therefore to the release of easily biodegradable organic matter, thus increasing 66 

the biofouling potential on seawater reverse osmosis membrane (Voutchkov, 2010).  67 

 68 

In addition, the role of algal organic material in UF membrane fouling has been widely 69 

discussed in previous publications. However, these studies were mainly focused on 70 

freshwater algal culture with Microcystis aeruginosa as targeted phytoplankton (Qu et al., 71 

2012a, 2012b; Yu et al., 2014; Zhang et al., 2013; Zhou et al., 2014). Qu et al. (2012b) 72 

showed that high-molecular weight extracellular organic matter exuded from Microcystis 73 

aeruginosa highly contributes to UF membrane fouling. More recently, Zhou et al. (2014) 74 

confirmed that hydrophilic molecules caused higher flux decline while hydrophobic 75 

molecules are responsible for irreversible fouling. However, the impact of representative 76 
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marine algal species on UF membrane performances has not been extensively studied 77 

(Castaing et al., 2010; Ladner et al., 2010; Villacorte et al., 2015b). Moreover, algal solutions 78 

used in previous studies were only harvested at a unique growth stage and the fouling 79 

evolution of an outside/in UF membrane system over an algal bloom was, to the best of our 80 

knowledge, never investigated (Villacorte et al., 2015c). 81 

 82 

Another major question nowadays concerns the contribution of algal cells and large AOM 83 

structures in fouling reversibility. It has been suggested that cells fouled MF and UF 84 

membrane and a consequent reversible and irreversible fouling were observed by filtering a 85 

re-suspended cell solution (Ladner et al., 2010; Qu et al., 2012a). Nevertheless, a comparison 86 

between different marine algal cultures would allow us to conclude if bloom events of any 87 

algal species would reduce UF performances by a similar order of magnitude. 88 

 89 

For the current study three ubiquitous marine algal species were selected. Skeletonema 90 

costatum is a diatom with a silicate wall forming colonies, Tetraselmis sp. is a green alga 91 

used in marine culture a with high lipid content, and Hymenomonas sp. is an algal species 92 

with a calcite wall. The occurrence of algal blooms for these three species has been widely 93 

studied by previous researchers (Álvarez-Salgado et al., 2005; Caroppo, 2000; Daoudi et al., 94 

2012; Houdan et al., 2004; Shen et al., 2012).  Ultrafiltration experiments were performed 95 

with outside/in hollow fiber membrane and algal solutions at constant colloidal Algal 96 

Organic Matter (c-AOM) content prepared from the dilution of cultures harvested over their 97 

exponential and decline growth phases. Complementary experiments investigated the impact 98 

of 1.2 µm (GFC, Millipore) pre-filtration using cultures harvested during the decline phase.  99 

 100 
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2. Materials and Methods 101 

2.1. Algal Cultures 102 

Three ubiquitous marine algae provided by the Oceanological Observatory of Banyuls-sur-103 

Mer were selected as model microorganisms: Skeletonema costatum - SKC (Diatom), 104 

Tetraselmis sp. - TET (Prasinophycea), and Hymenomonas sp. - HYM (Coccolithophycea). 105 

Their characteristics are presented in supporting information (Table S1). These species were 106 

separately cultivated in 10L glass bottles filled with natural Red Sea water collected from the 107 

King Abdullah University of Science and Technology (KAUST) bay (Thuwal, Saudi Arabia). 108 

Raw seawater was filtered through a 0.45 µm cellulose acetate membrane filter, autoclaved at 109 

121°C for 20 minutes, and stored in the dark at 18°C. Before algae incubation, F/2 medium 110 

(Guillard, 1975) was added to the filtered seawater. Algal cultures were exposed to a 12h/12h 111 

light/dark cycle, at a controlled room temperature of 18°C. Aeration was provided to mix up 112 

the solution and to provide buffering of oxygen and CO2. Two batches of cultures were 113 

prepared over the period of experiment showing some slight difference in quality (i.e., DOC 114 

and biopolymers content). SKC_1, TET_1, and HYM_1 refers to the first batch, while 115 

TET_2 and HYM_2 refers to the second batch. 116 

2.2. Monitoring of cell growth by flow cytometry and Chlorophyll-a measurement 117 

Cultures were sampled every 2 days to measure cell density and Chlorophyll a (Chl-a) 118 

concentration according to the method developed by Marie et al. (2001). Cell density was 119 

determined with a FACSVerse flow cytometer (Becton Dickinson, Belgium). 200 µL of 120 

sample were excited with a blue laser at 488 nm. The combination of the right-angle light 121 

scattering (SSC, related to cell size) and red emission fluorescence (i.e., 700-754 nm) was 122 

used to discriminate and enumerate the different populations. The standard deviation was 123 

calculated by analyzing the algal solution thrice. 124 
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 125 

Chl-a concentration was measured in vivo using a 10 AU field fluorometer (Turner Designs, 126 

USA). Calibration standards were prepared according to the EPA method 445.0. 127 

2.3. Characterization of the algal organic matter 128 

Algal Organic Matter (AOM) includes Extracellular Organic Matter (EOM) produced during 129 

the exponential phase (EP) of growth and Intracellular Organic Matter (IOM) released from 130 

cell lysis during the decline phase (DP) of growth. In this study, colloidal Algal Organic 131 

Matter (c-AOM) was defined as the fraction going through a 1.2 µm glass fiber membrane, 132 

while the fraction retained on the membrane was defined as particulate Algal Organic Matter 133 

(p-AOM). Flow cytometry was used to confirm the absence of algal cells in permeates. The 134 

Total Organic Carbon (TOC) concentration of c-AOM was measured with a TOC analyzer 135 

(TOC-V-CSH, Shimadzu, Japan) in which the sample was acidified by HCl and spurge 136 

during 4 minutes with high purity air before thermal catalytic oxidation. The carbon dioxide 137 

formed during the oxidation step was measured with an infrared detector.  138 

 139 

Size exclusion chromatography equipped with an organic carbon detector (LC(SEC)-OCD, 140 

DOC-Labor, Germany) was used to separate and quantify the biopolymer fraction. Prior to 141 

analyses, all feed solutions were filtered through a 1.2 µm glass fiber membrane (GFC, 142 

Millipore) while permeates were not filtered. This analytical tool and conditions of use were 143 

thoroughly described by Huber et al. (2011).  144 

2.4. Filtration set-up 145 

Ultrafiltration experiments were conducted at room temperature (21°C) with a fully 146 

automated device (OSMO HYDRA, Convergence, Netherland).  147 
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The filtration module consisted of 7 hydrophilized DOW PVDF UF hollow fibers of 24.5 ± 148 

0.3 cm (OD: 1.3 mm, ID: 0.7 mm, active surface area: 70.0 ± 0.9 cm2) operating in outside-in 149 

filtration mode. A new module (i.e., virgin hollow fibers) was used for each experiment. For 150 

membrane conditioning, MilliQ water was filtered through the membrane for 8 hours until 151 

reaching a constant initial permeability of 456 ± 30 L m-2 h-1 bar-1. 152 

 153 

The sequence of filtration was divided in 10 cycles under a constant flux of 70 L m2 h-1 for 30 154 

min, followed by a backwash step using permeate water at 120 L m2 h-1 for 2 min. A 155 

Chemically Enhanced Backwash (CEB) was implemented after the 10th cycle with a 350 156 

mg.L-1 NaOCl solution at 120 L m2 h-1 for 3 min followed by a 5 min soaking. A following 157 

second filtration sequence was performed to assess the CEB efficiency.  158 

 159 

The feed solution was prepared by dilution of pure algal culture harvested during the 160 

exponential (i.e., approximately 3 to 5 days before the beginning of the decline phase) or 161 

decline phase with synthetic seawater (Grasshoff et al., 1999). The harvested algal culture 162 

was used as produced or after prefiltration through a 1.2 µm glass fiber membrane (i.e., only 163 

colloidal organics present in solution). UF membrane fouling experiments were conducted by 164 

diluting the culture solution to DOC contents near 0.5 and 1.0 mgC L-1. The feed water 165 

quality is presented in Table 1. 166 

 167 

For all experiments, permeate was collected during the 5th cycle of the first sequence at least 168 

10 min after the last backwash step and until the end of the cycle. 169 

2.5. Fouling Index calculation 170 

Hydraulic performances were compared using the concept of Unified Modified Fouling Index 171 

(UMFI) based on a resistance-in-series approach established by Huang et al. (2008) and 172 
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validated with full-scale applications by Nguyen et al. (2011). UMFI is a simple tool to 173 

standardize and compare filtration experiments performed with hollow fiber membrane at 174 

constant flux under different conditions (i.e., membrane types, water quality and operating 175 

conditions). UMFI assumed cake layer formation as the main cause of fouling. It can be 176 

defined as: 177 

       (1) 178 

where J’s is the normalized specific flux (dimensionless), Js is the specific flux for a defined 179 

permeate volume (L h-1 m-2 bar-1), Js0 is the specific flux for the virgin membrane (L h-1 m-2 180 

bar-1) and V is the permeate volume (L). Js is the ratio between the pressure driven water flux 181 

(J, L h-1 m-2), which is constant, and the transmembrane pressure (TMP, bar). 182 

 183 

UMFI includes clean membrane resistance, cake layer resistance, and resistance due to 184 

irreversible fouling not recovered by hydraulic or chemical cleaning. 185 

 186 

When UMFI is quantified only for a series of filtration cycles and hydraulic backwashes, 187 

UMFI is known as Hydraulically Irreversible Fouling Index (HIFI) (Nguyen et al., 2011). In 188 

the present study, the average values of Js0 / Js and V were calculated for each cycle. Data 189 

were embedded in the software Statplus (AnalystSoft) and two HIFI values were calculated 190 

with their confidence interval of 95%: the first value between cycle 1 to 10 (i.e., before 191 

chemical cleaning) and the second value between cycle 11 to 20 (i.e., after chemical 192 

cleaning). 193 

 194 

To calculate HIFI, transmembrane pressure (TMP), temperature, density, and flow rate were 195 

monitored every 3 s. 196 

= 
1 

J’s 

1 + (UMFI)V = 
Js0 

Js 
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 197 

3. Results and discussions 198 

3.1. Change in algal solution characteristics during growth 199 

Cell density and Chl-a concentrations, i.e., indicative of culture growth, were monitored 200 

(Figure 1). Three independent phases were clearly identified. The first period of 201 

approximately two weeks, referred to as Exponential Phase (EP), is characterized by a 202 

constant increase of cell density and Chl-a. During this period, the nutrients were present in 203 

excess in the solution and cells multiplied naturally. Because of high cell concentration, 204 

insufficient nutrients become a limiting factor for growth. Cell density and Chl-a content 205 

reached a maximum and stabilized for few days corresponding to the Stationary Phase (SP). 206 

When the nutrients were completely consumed, algal cells concentration decreased and the 207 

Decline Phase occurred (DP).  208 

 209 

During the first 8 days of growth, the Chl-a concentration was similar for the three algal 210 

species but continued to increase for TET only reaching a maximum to 241 µg L-1. However, 211 

no significant differences in cell density were observed. 212 

 213 
Figure 1. Cell density (a) and Chl-a concentration (b) over the culture growth. 214 
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Cell density and Chl-a concentration are two parameters providing equivalent information 215 

since Chl-a is a pigment present in living algal cell. As reported in supporting information 216 

(Figure S1), cell density and Chl-a concentration were proportional.  217 

 218 

DOC concentration and molecular size distribution provided important information about the 219 

c-AOM composition produced by the 3 algal species (Figure 2 and 3). At the end of the 220 

exponential phase, 6.51 mgC L-1 of colloidal Algal Organic Matter (c-AOM) were released 221 

by SKC against 9.68 and 14.94 mgC L-1 for HYM and TET, respectively (Figure 2). DOC 222 

continued to increase during the decline phase because of the cell lyses leading to 223 

Intracellular Organic Matter (IOM) release in solution. A pseudo linear relationship between 224 

c-AOM release and time of growth could be plotted. The increase of DOC during the growth 225 

of algal cultures were previously described by Henderson et al. (2008) and Villacorte et al. 226 

(2015a) for fresh and marine algal species. 227 

 228 

Figure 2. DOC quantification of c-AOM for Skeletonema costatum (SKC), Tetraselmis sp. (TET) and 229 

Hymenomonas sp. (HYM). 230 
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In addition to c-AOM concentration, the composition of c-AOM is another predominant 231 

parameter controlling UF membrane fouling. LC(SEC)-OCD profiles showed two major 232 

groups of organic matter eluting before and after 40 minutes (Figure 3). During size exclusion 233 

chromatography (SEC), the shorter the retention time, the higher the molecular weight.  234 

Before 40 minutes, organics refer to high molecular weight (HMW) biopolymers, after 40 235 

minutes organics corresponds to low molecular weight (LMW) structures. Regarding the 236 

HMW fraction, a unique peak was observed for SKC and HYM with a maximum retention 237 

time of 26.5 min whereas two peaks were observed for TET at 25.4 and 30.5 min. Although 238 

chromatographic resolution is not well achieved for the organics eluted before 40 min, it can 239 

be hypothesized that part of c-AOM from TET are larger than the biopolymers of the two 240 

other species since the first biopolymer peak has a lower retention time. For TET, the first 241 

biopolymer peak becomes more prominent at the beginning of the decline phase due to the 242 

release of colloidal IOM (c-IOM) biopolymers. This confirms previous conclusions provided 243 

by Pivokonsky et al. (2014) who demonstrated that IOM are larger than EOM for one 244 

flagellate and one diatom species. In addition, biopolymer fraction was quantified and plotted 245 

over time in Figure 3.d. The ratio biopolymer/DOC increase all along the culture growth for 246 

TET and HYM but slightly decrease during the decline phase for SKC. These results suggest 247 

that the proportion of biopolymers of IOM in TET and HYM cells is more important than in 248 

SKC cells.  249 
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 250 

Figure 3. Size exclusion chromatography profiles for Skeletonema costatum (a), Tetraselmis sp. (b) 251 

and Hymenomonas sp. (c) recorded over their growths and quantification of the biopolymers fraction 252 

(d). All solutions were filtered through a 1.2 µm glass filter prior to analyze. 253 

The LC(SEC)-OCD technique was recently used by Villacorte et al. (2015a) to characterize 254 

AOM smaller than 2 µm for two marine algal species (Alexandrium tamarense (AT) and 255 

Chaetoceros affinis (CA)). The chromatogram observed for AT was similar to the one 256 

observed for TET in this study (two peaks observed before 40 min and the peak for LMW 257 

compounds increases and slowly shifts to lower retention time) while the composition of 258 

AOM for CA shows similarities with SKC and HYM (only one peak before 40 min and the 259 
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retention of LMW compounds remains constant over the culture growth). This might be 260 

attributed to the algal characteristics since AT and TET are both flagellates whereas CA, 261 

SKC, and HYM are algal species with inorganic shells (CA and SKC are both diatoms and 262 

HYM is a coccolithophyceae). 263 

 264 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Table 1. Feed water quality. 265 

     biopolymers (mgC L-1) from cycle 1 to 10 from cycle 11 to 20 

culture phase PF(1) 
cell density  

(x 103 cells mL-1) 

DOC 

(mgC L-1) 
feed permeate removal  

HIFI 

(x 10-4 m2 L-1) 
R2 

HIFI 

(x 10-4 m2 L-1) 
R2 

SKC_1 EP no 70 ± 3 1.14 0.285 0.135 0.150 (52%) 14.5 (± 0.9) 0.973 44.1 (± 0.8) 0.998 

TET_1 EP no 60 ± 3 0.91 0.398 0.123 0.275 (69%) 1.0 (± 0.1) 0.868 0.9 (± 0.4) 0.428 

HYM_1 EP no 300 ± 5 1.15 0.122 0.092 0.030 (24%) 447.6 (± 160.2) 0.887 852.3(2) 1.000 

SKC_1 DP no 13 ± 2 1.04 0.425 0.296 0.129 (30%) 47.0 (± 1.4) 0.994 34.8 (± 1.8) 0.982 

TET_1 DP no 60 ± 3 0.92 0.758 0.514 0.244 (32%) 5.2 (± 0.5) 0.944 7.2 (± 0.3) 0.985 

HYM_1 DP no 280 ± 5 1.07 0.241 0.120 0.121 (50%) 575.7 (± 188.3) 0.824 1174.0(2) 1.000 

TET_2 DP no 65 ± 3 1.10 0.405 0.191 0.214 (53%) 13.7 (± 0.4) 0.993 - - 

HYM_2 DP no 100 ± 3 1.00 0.332 0.197 0.135 (41%) 1094.4 (± 281.9) 0.779 - - 

TET_2 DP no 30 ± 3 0.56 0.157 0.108 0.049 (31%) 6.0 (± 0.1) 0.997 - - 

HYM_2 DP no 65 ± 3 0.51 0.176 0.120 0.121 (50%) 349.2 (± 80.5) 0.690 - - 

TET_2 DP yes - 0.98 0.351 0.212 0.139 (40%) 6.3 (± 0.7) 0.908 - - 

HYM_2 DP yes - 1.14 0.281 0.167 0.114 (41%) 13.3 (± 0.1) 0.999 - - 

(1) PF: Prefiltration 266 

(2) determined with only 2 cycles. 267 
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3.2. Fouling properties as a function of the algal growth phase  268 

Hydraulic performances were studied during exponential (EP) and decline phases (DP) 269 

(Figure 4). The raw algal solutions were diluted with organic-free synthetic seawater to reach 270 

a feed DOC concentration of 1.03 ± 0.10 mgC L-1. Hydraulically Irreversible Fouling Index 271 

(HIFI) were calculated for each experiment and are reported in Table 1.  272 

 273 

Figure 4. Membrane fouling observed during the exponential phase (a) and decline phase (b) for 274 

Skeletonema costatum (SKC_1), Tetraselmis sp. (TET_1) and Hymenomonas sp. (HYM_1). (Initial 275 

DOC concentration = 1.03 +/- 0.10 mgC L-1). 276 

During the EP, almost no irreversible fouling was observed for TET (HIFI = 1.0 x 10-4 m2 L-
277 

1). Conversely, ultrafiltration membranes were rapidly fouled for SKC (HIFI = 14.5 x 10-4 m2 278 

L-1) and completely fouled in less than 2.5 hours for HYM (HIFI = 447.6 x 10-4 m2 L-1). The 279 

tests performed during DP highly impacted the membrane hydraulic performances. HIFIs 280 
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increased by a factor of 3.2 and 5.2 for SKC and TET, respectively. Li et al. (2014) showed 281 

that IOM from Microcystis aeruginosa has a free energy of cohesion higher than EOM which 282 

might explain why the DP is the most critical moment during an algal bloom when membrane 283 

processes are used as desalination treatment. Conversely, no significant difference is 284 

noticeable for HYM exponential and decline phases since membrane fouling was severe in 285 

both conditions. Therefore, independently of the algal species, these results clearly indicate 286 

that at equal organic loading an algal bloom would be more problematic over its decline 287 

phase. 288 

 289 

To recover the membrane permeability, a CEB with a solution of 350 mg L-1 of sodium 290 

hypochlorite, concentration usually applied in desalination plant (Gilabert Oriol et al., 2013), 291 

was performed after the 10th cycle. In the presence of SKC, the efficacy of the chemical 292 

cleaning was limited since only 67% and 50% of the initial permeability was recovered for 293 

the EP and DP, respectively. For TET, the CEB efficiency could not be clearly established 294 

for the EP experiment since the flux decline was insignificant after 10 filtration cycles. 295 

However, the initial permeability was not completely recovered (8% loss) after CEB applied 296 

with DP condition. The importance of the growth phase was highlighted by the results 297 

obtained with HYM. Though 46% of the permeability was recovered with chlorine solution 298 

for the EP experiment, the permeability recovery was only 16% for DP. Therefore, it is 299 

clearly demonstrated that conventional CEB is inefficient under severe filtration conditions.  300 

 301 

Regardless of the algal species or growth phases, flow cytometry analyses did not show the 302 

presence of cells in permeates, proving that ultrafiltration is a very efficient barrier against 303 

algal cell permeation. 304 

 305 
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Biopolymers contents were quantified by LC(SEC)-OCD and results are presented in Figure 306 

5 and Table 1. Chromatograms indicated that only biopolymers were removed by 307 

ultrafiltration. The organic fraction eluted after 40 min (i.e. < 1000 Da) in permeate samples 308 

perfectly overlaid those of the feed samples. Several studies have highlighted the same size 309 

exclusion mechanisms for Effluent Organic Matter (Filloux et al., 2012), freshwater AOM 310 

(Lee et al., 2004; Villacorte et al., 2015b) and marine AOM (Villacorte et al., 2015b). 311 

Furthermore, the concentration of biopolymers removed by the membrane was almost similar 312 

during the DP and during the EP for SKC and TET. By contrast, experiments conducted with 313 

HYM showed that higher amount of biopolymers was removed during the DP as compared to 314 

the EP. The formation of large clusters observed by optical microscopy (Figure 6) during the 315 

DP of HYM would explain this higher removal. Accordingly, the gel layer identified by 316 

optical microscopy certainly refers to the so-called transparent exopolymer particles (TEP). 317 

TEP was first described by Alldredge et al., (1993) and consist of hydrophilic compounds 318 

with a high molecular weight. It is well known that TEP is an organic matrix (Passow, 2002) 319 

that easily aggregates with algal cells (Thornton, 2002) and Villacorte et al. (2009) showed 320 

that UF process is the best barrier to retain TEP. In addition, Zhou et al. (2014) showed that 321 

algal hydrophilic material caused a greater flux decline than hydrophobic or transphilic 322 

fractions and it might explain why HYM induces the highest membrane fouling. Moreover, 323 

the fouling induced by such a gel layer is mainly irreversible. Therefore, biopolymers 324 

released by HYM might have been underestimated due to their coagulation forming a gel 325 

matrix removed by the prefiltration performed onto a 1.2 µm glass filter before LC-OCD 326 

analysis. 327 

Considering only the c-AOM of cultures, 30 µg L-1 of biopolymers were removed by UF for 328 

HYM during the EP against 150 and 275 µg L-1 for SKC and TET, respectively (Table 1). 329 
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Hence, HIFI seems to be better correlated with the composition of biopolymers and not with 330 

the amount removed since the HIFI value calculated during HYM filtration was the highest. 331 

 332 

Figure 5. Characterization of feed solution and UF permeate by LC(SEC)-OCD for the three algae 333 

species Skeletonema costatum (SKC_1) (a), Tetraselmis sp. (TET_1) (b) and Hymenomonas sp. 334 

(HYM_1) (c) with biopolymer quantification (d). (Initial DOC concentration = 1.03 +/- 0.10 mgC L-1). 335 
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 337 

Figure 6. Hymenomonas sp. cultures observed by optical microscopy during the exponential (a) and 338 

decline phases (b). 339 

3.3. Influence of c-AOM content 340 

Synthetic seawaters were prepared at c-AOM concentration of 0.54 ± 0.04 mgC L-1 and 1.06 341 

± 0.11 mgC L-1 with culture batches different from the previous experiment and harvested 342 

during DP. The goal of these new experiments was to investigate the impact of the foulant 343 

content on the fouling rate. Fouling data for TET and HYM algal species are presented in 344 

Figure 7, and HIFI values are reported in Table 1.  345 

 346 

Figure 7. Membrane fouling observed during the filtration of Tetraselmis sp. (TET_2) and 347 

Hymenomonas sp. (HYM_2) solutions for two different DOC concentrations. 348 
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When a culture dilution factor of 2 is applied, HIFI decreased by 2.3 and 3.1 for TET and 349 

HYM, respectively suggesting these two parameters might be linked together. For HYM, it 350 

means that the filtration time necessary to lose 90% of the initial permeability increased from 351 

2.3 h to 4.4 h. Tian et al. (2013) showed a strong correlation between biopolymers content 352 

and the fouling resistance for natural systems such as lake water, surface water, and 353 

wastewater secondary effluent. As shown in Figure 8, this correlation does not exist for 354 

seawater enriched with algal material. For comparable biopolymers content, HIFI for HYM is 355 

87 times greater than for TET. This is probably due to the presence of biopolymers forming 356 

p-AOM, which could not be quantified by LC(SEC)-OCD. Consequently, the membrane 357 

fouling observed over the filtration of algae enriched solution would be linked to the culture 358 

composition and not to the biopolymers concentration (i.e., a fraction of c-AOM).  359 

 360 

Figure 8. Correlation between HIFI and biopolymer content for Tetraselmis sp. (TET_2) and 361 

Hymenomonas sp. (HYM_2) cultures. 362 

In addition, the reversible fouling after hydraulic backwash decreased from 11% +/- 3 to 4% 363 

+/- 1 for the less concentrated solution of TET. The recovery values are average values 364 

calculated for the 10 cycles of filtration. In that case, TET cells might play the role of a 365 

barrier to irreversible foulant. It is known that TET is used in marine culture due to its large 366 
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concentration of lipids (Volkman et al., 1989) and this characteristic might be responsible for 367 

a higher reversible fouling in presence of TET cells.  Previous atomic force microscopy 368 

studies (i.e. force measurements in contact mode) have suggested that strong adhesion forces 369 

between compounds and membrane surfaces can be correlated to irreversible fouling 370 

(Yamamura et al., 2008). In particular, hydrophobic/hydrophobic interactions (i.e., probing 371 

hydrophobic functionalities: CH3, CF3, OCH3, CN, etc.) have shown significantly high 372 

adhesion forces (Sethuraman et al., 2004). Contrariwise, low adhesion forces are often 373 

correlated to reversible fouling. Interestingly, the interactions between hydrophobic 374 

functionalities/compounds and polar structures have shown a considerable decrease in 375 

adhesion forces compared to those of hydrophobic/hydrophobic (Sethuraman et al., 2004). 376 

For instance, proteins (i.e., which mostly interact through hydrophobic mechanisms (Tiraferri 377 

et al., 2012)) adhesion forces to polar structures/functionalities have evidenced little 378 

interactions (Sethuraman et al., 2004; Wang et al., 2004). These observations have been 379 

attributed to entropic effects, strong solvation layers, and thus unfavorable polar interactions 380 

(Butt et al., 2005; Gudipati et al., 2005; Tiraferri et al., 2012). On the other hand, hydrogen 381 

bonding is widely considered as an important foulant/membrane adsorption mechanism for 382 

material enriched in polysaccharides (Gutierrez et al., 2015; Yamamura et al., 2008). 383 

Considering our results and these previous studies focusing on interfacial interactions, we 384 

hypothesize that lipid/membrane association would show little interactions and would not be 385 

correlated to irreversible fouling (i.e., as compared to cation bridging or hydrogen bonding 386 

mechanisms). Increasing the proportion of lipids in biopolymers (i.e., a mixture of 387 

polysaccharides, proteins, and lipids) would then reduce the irreversible fouling phenomenon.   388 

 389 
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It is also important to notice that the HIFI calculation model becomes less accurate when the 390 

values are high. For instance, the confidence interval of 95% of HIFI for HYM is close to 391 

25% while it reaches a maximum of 11% for TET. 392 

3.4. Fouling properties of particulate and colloidal AOM (p-AOM and c-AOM) 393 

The combination of cells and p-AOM observed on Figure 6 is expected to play a major role in 394 

membrane fouling inducing a gel layer formation at the surface of the membrane. With the 395 

objective to indirectly study the role of the particulate organic fraction, additional 396 

experiments were performed with culture solutions harvested during the DP and pre-filtered 397 

through a 1.2 µm glass filter (GFC, Millipore) (Figure 9). The experiments were performed 398 

for 10 filtration cycles. 399 

 400 

Figure 9. Membrane fouling observed during the filtration of Tetraselmis sp. (TET) and 401 

Hymenomonas sp. (HYM) solutions harvested during the DP and prefiltered onto 1.2 µm. (Initial 402 

DOC concentration = 1.01 ± 0.12 mgC L-1). 403 

When p-AOM was preliminarily removed from algae culture, the fouling rate was decreased 404 

by a factor 2.2 for TET and by a factor 82 for HYM (Table 1). This result confirms that p-405 

AOM is the most fouling fraction of HYM culture. Likewise, the average reversible fouling 406 
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was the same with or without p-AOM (12.0% +/- 2.3 and 11% +/- 2, respectively) suggesting 407 

that cells and p-AOM are the main responsible of irreversible fouling for HYM. As a result, 408 

additional pretreatment (e.g., coagulation-flocculation) would help a desalination plant to 409 

face an HYM bloom. 410 

4. Conclusion 411 

This research aimed to assess the impact of three marine algal solutions (i.e., Skeletonema 412 

costatum (SKC), Tetraselmis sp. (TET) and Hymenomonas sp. (HYM)) harvested over their 413 

exponential (EP) and decline phases (DP) on UF membrane fouling. The main findings are: 414 

 415 

(1) The preliminary culture characterization showed that the three cultures reached a similar 416 

maximum cell density before their DP but the Chl-a concentration was much higher for TET. 417 

Moreover, the proportion of c-AOM biopolymers increases during cell growth and 418 

represented up to 62% of the dissolved organic carbon for the TET culture.  419 

 420 

(2) The DP was identified as the most problematic phase for the ultrafiltration of the three 421 

species. The flux decline significantly increased and the fouling was mainly irreversible as 422 

compared to EP. Chemical cleaning with standard NaOCl solution helped to partially recover 423 

the initial membrane permeability for SKC and TET but a complete recovery was not 424 

possible for both EP and DP. HYM was the most problematic algal species and the UF 425 

membrane was almost totally clogged after only 2.5h of filtration independently of the 426 

growth phase. The chlorine solution had no impact on irreversible fouling during DP for 427 

HYM. Consequently, the standard membrane cleaning conditions would be inefficient to face 428 

an algal bloom, especially during its DP. 429 

 430 
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(3) A correlation exists between the biopolymers content and the HIFI; however, this 431 

correlation is culture specific. 432 

 433 

(4) A transparent gel layer was observed by optical microscopy during the HYM growth. 434 

This aggregate might be assimilated to transparent exopolymeric polysaccharides referring to 435 

hydrophilic p-AOM. The calcite wall of HYM may favor its formation. A 1.2 µm 436 

prefiltration of the HYM cultures dramatically decreased the HIFI by a factor of 82.3.  437 

 438 
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Algal exudates produced by 3 algae species exert different fouling properties 
at similar DOM content 
 
Fouling propensity varies with the phase of algal growth, decline phase being 
the most problematic 
 
Reduced efficiency of hydraulic and chemical backwash to restore initial 
membrane properties 
 
Correlation was established between biopolymer concentration and fouling 
index 
 
Pre-filtration minimizes UF membrane fouling for algal species producing high 
level of EPS. 
 
 


