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ABSTRACT 

Feed water nutrient composition: impact on biofilm growth and 

performance of desalination membranes 

Luisa Emilia Javier Fregoso 

 
Nanofiltration and seawater reverse osmosis desalination are still considered energy-

intensive processes. Seawater desalination can be 25 times more energy-intensive 

compared to conventional water treatment processes. Biofouling is a significant problem 

in achieving sustainable desalination, as it increases the energy demands and the overall 

water cost. Limiting the biodegradable substrate concentration in the feed water is 

proposed as a suitable approach to control biofouling in desalination membranes. Until 

now, nutrient manipulation studies have not fully elucidated to which extent this 

technique affects biofilm morphology and if the manipulated biofilms are easier to control 

and remove with a chemical-free approach.  

The main objective of this Ph.D. study is to provide a comprehensive assessment of the 

effect of nutrient manipulation on the physical properties of the developed biofilm to 

decrease the impact of biofouling on system performance and enhance the cleanability 

of biofilms in membrane systems. The aspects of the study included biofilm development 

and related system performance under varying feed water biodegradable carbon and 

phosphorous concentrations and the impact of permeation. The results of this study 

indicate that lowering the assimilable organic carbon and phosphorus concentration in 
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the feed water controls biofilm formation and prolongs membrane system performance. 

A strategy of enhancing the hydraulic cleanability of biofilms in RO systems could involve 

avoiding the increase of the phosphorus concentration by eliminating the use of 

phosphonate-based antiscalants. The higher detachment for biofilms grown at a lower 

phosphorus concentration was explained by more soluble polymers in the EPS, resulting 

in a lower biofilm cohesive and adhesive strength. We demonstrated that the phosphorus 

concentration in the feed water affected the microbial and EPS composition. A 

homogenous bacterial community composition was found over the biofilm height. 

Permeation played a role in shaping biofilm localization, and therefore, the observed 

impact on the system performance parameters. This Ph.D. dissertation represents an 

exciting advance towards greener desalination by controlling and enhancing the 

cleanability of biofilms through feed water nutrient manipulation. 
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Chapter 1 – Introduction 

 

The global demand for clean water and sanitation are major societal challenges in the 

21st century. Perhaps the most significant advancement in water treatment technology 

was introducing perm-selective membranes more than half a century ago [1]. Reverse 

osmosis (RO) and related pressure-driven membrane processes have allowed access to 

reserves of previously unavailable impaired water resources, such as brackish 

groundwater, wastewater, and sea waters. The Middle East and North Africa are the most 

water-scarce regions in the world with only one percent of the world’s freshwater sources 

and approximately half of the world's desalination capacity (Figure 1.1) [2,3].  

 

Figure 1.1 – Global desalination capacity in thousands of cubic meters per day [4]. 
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Reverse osmosis membranes can reject ≈ 99% of salts ions and retain almost all organic 

and inorganic contaminants. RO modules are generally assembled in a spiral-wound 

membrane configuration (Figure 1.2). The module consists of more than 30 flat sheet 

membranes separated by spacers, rolled around a central permeate collection tube, 

resulting in an element with 20.3 cm diameter, 1 m length, and 37-40 m2 surface area.  

The rolled membranes and spacers are wrapped in a fiberglass outer casing. The modules 

operate in crossflow mode, whereby pressurized salty feed water flows across the 

membrane layers, where 8-12% of the feed water passes through the membrane and gets 

collected in the permeate tube as product water. The remaining water with an elevated 

salt concentration exits at the other end of the element [5]. The principal advantage of 

this configuration is the high surface area per unit of volume. However, the drawbacks of 

the use of the spiral-wound membrane systems are the relatively high-pressure losses, 

and the inconvenience of cleaning the modules [6]. 

 

Figure 1.2 – Schematic of an industrial spiral-wound RO membrane train and module 
adapted from Creber et al. (2010) [7]. 
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As membrane installations continue to grow in number and capacity worldwide, new 

strategies are being sought to reduce the associated costs and environmental footprints 

of such facilities, including their substantial energy demands [8]. Among the most 

significant factors affecting energy requirements for large-scale installations are the 

different types of membrane fouling (Figure 1.3). For RO and NF membranes, membrane 

fouling can occur as particulate and organic fouling (particles or colloids), scaling 

(precipitation of soluble salts), and biological fouling or biofouling (bacteria forming a 

biofilm), which can adhere to the membrane surface and lead to the decrease in water 

production quantity and quality, and increase in pressure drop [9,10].  

 

Figure 1.3 – Pictures of a fouled reverse osmosis membrane module [11]. 
 

Pre-treatment, such as ultrafiltration, is used to control particulate and organic fouling, 
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while the addition of scale-inhibitors is used to control scaling [12]. Pre-treatment to 

control biofouling focuses on the removal of bacterial cells and dissolved organic matter. 

However, even after reducing 99.9% of microorganisms in the feed water, there are 

enough remaining microbial cells to grow by utilizing the available biodegradable 

substances in the membrane installation [13]. Even a minute nutrient concentration 

(microgram per liter level) can lead to a significant organic substrate supply and biofilm 

growth. 

Other common biofouling control strategies are: (i) feed water nutrient limitation, (ii) 

membrane surface modification, (iii) feed spacer design, and ultimately (iv) 

chemical/mechanical membrane cleaning (Figure 1.4). Nutrient limitation consists of 

reducing the nutrient concentration in the feed water to restrict microbial growth. 

Membrane surface modification helps to delay biofilm formation but does not prevent 

biofouling. Feed spacer geometry modification reduces the impact of accumulated 

biomass and enhances the cleanability of the membrane module [13–15]. In general, it 

can be stated that chemical or mechanical cleaning methods only restore temporary the 

system performance [14–16]. In conclusion, until now, there is no conclusive approach to 

control biofilm formation. 
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Figure 1.4 – Biofouling control strategies in reverse osmosis membrane systems. 
 

Biofouling represents a significant limitation in the use of membranes for water 

treatment, as it imposes more than 30% of the operating costs in RO plants [17]. The 

potential savings of biofouling control are estimated to be 10% of the annual membrane 

replacement and chemical costs (including labor for cleaning) and between 2 and 5% of 

energy costs [18]. To solve or minimize the negative impacts of biofouling, a 

comprehensive understanding of biofilm development is needed.  

Biofilms are comprised of bacterial cells embedded in an extracellular polymeric 

substances (EPS) matrix, which makes 50-80% of the organic matter [19]. Biofilm 

formation occurs in five stages: (i) motile planktonic bacteria cells attach to the surface, 

(ii) the attachment becomes irreversible when bacteria cells aggregate to form 

microcolonies and start excreting EPS, (iii) cell-to-cell adhesion occurs forming multi-

layered clusters and a biofilm is formed, (iv) the biofilm matures and grows into dense 

mushroom-shaped structures, the EPS matrix provides protection against environmental 
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threats, (v) the biofilm reaches a critical mass and disperses planktonic bacteria cells that 

will colonize other surfaces [20,21] (Figure 1.5). On a dry-weight basis, the EPS component 

typically comprises the bulk of a biofilm; and mature biofilms are often >90% water by 

weight [22]. As a result, biofilms and the EPS component specifically exhibit diffusional 

and mechanical properties characteristic of solvated hydrogels [23,24]. Consequently, 

biofilms are generally slippery to the touch and can be compressed with loss of water 

content. Indeed, [25] have expressed the concept that bacterial biofilms should be viewed 

in the context of soft-matter physics, in which comparatively rigid bacteria, effectively 

resembling abiotic colloids, are embedded in a cross-linked hydrogel polymer. They 

emphasize that biofilms regulate their water contents, viscoelastic, and transport 

properties by modifying their EPS matrix in response to various environmental signals. 

The nutrients in the feed water influence the bacteria and the type of EPS matrix 

developed in the biofilm. It has been suggested that the EPS matrix is responsible for the 

decline of membrane performance [26,27]. It is important to fully elucidate the 

relationship of nutrient limitation and its effects on biofilm structural properties, given 

the widespread occurrence and economic impact of biofouling problems observed at 

membrane installations around the globe [10].  
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Figure 1.5 – Biofilm development stages. Adapted from Karaguler et al. (2017) [28]. 
 

1.1 Nutrient limitation as a biofouling control strategy 

Almost any membrane system operating with water is prone to biofilm formation [29]. 

The biofouling potential is dictated by the microorganism and the nutrient availability in 

the feed water. As indicated above, since the removal of microorganisms in the feed 

water did not control biofouling, then research has emerged investigating biofouling 

control through feed water nutrient manipulation [30–33]. Nutrient limitation strategies 

are based on the premise of maintaining biofilm under a certain threshold. Nutrient 

engineering can serve as a mechanism to (i) develop biofilms in specific locations, (ii) 

minimize biofilm development and prolong membrane performance, and (iii) develop 

biofilms that are easier to be removed with biocide-free cleaning strategies. Sacrificial 
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modules, biofilters, and other configurations of biofilm reactors have been proposed to 

develop biofilms in specific areas that are easier to control, thus decreasing the extent of 

biofilm development in subsequent modules [29]. Other studies have proposed nutrient 

limitation to restrict microbial growth and prolong membrane system performance 

[15,34]. The third approach is to engineer biofilms with a lower adhesion and cohesion 

strength by nutrient manipulation to enhance biofilm cleanability from the membrane 

[35]. Therefore, several studies have been developed in the past two decades to analyze 

the effect of nutrient limitation (mainly carbon, nitrogen, and phosphorus) on biofilm 

development [15,30–32,34–43]. 

1.1.1 Carbon limitation 

The first considered mitigation strategy is limiting the assimilable organic carbon (AOC) 

in the feed water, as bacteria use AOC for microbial growth [44]. Table 1.1 shows the 

recent research developed to analyze the role of AOC in biofilm development. Allan et al. 

(2002) [45] showed that the carbon source influenced biofilm development. The results 

from that study demonstrated that biofilms developed more on lactose-limiting 

conditions compared to glucose-limiting conditions. However, from the results of the 

other studies, it can be concluded that generally, carbon limitation resulted in restricted 

microbial growth and, therefore, in biofilm control. 
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Table 1.1 – Summary of studies done on biofilms by limiting the carbon concentration (C) 
in the feed water. 

System used Feed water 
used Reference Main result 

RotoTorque reactor 
Filtered 
drinking 
water 

Chandy et al. 
(2001)  

[30] 

Removal of carbon resulted 
in greater persistence of 
chlorine, promoting biofilm 
control 

Air-lift reactor Ultra-pure 
water 

Allan et al. 
(2002) 

[45] 

Biofilm controlled under 
glucose as the carbon source 
but not under lactose 

Crossflow filtration 
cells with a 
microfiltration 
membrane 

Drinking 
water 
prepared 
from 
anaerobic 
groundwater 

Dreszer et al. 
(2014)  

[36] 

Reducing the carbon 
concentration, enabled the 
application of higher 
crossflow velocities, without 
impact on biofilm 
development 

Reverse osmosis 
pilot unit  

Pretreated 
seawater 

Weinrich et al. 
(2016)  

[37] 

Carbon limitation produced 
lower biofilm biomass, 
prolonging system 
performance 

1.1.2 Nitrogen limitation 

Following the carbon source, nitrogen is a substantial element for synthesizing nucleic 

acids, lipids, and proteins in bacterial cells [46]. To the best of our knowledge, few studies 

have been developed to analyze nitrogen limitation's effect on biofilm development and 

control. Table 1.2 summarizes the findings, where it can be concluded that nitrogen 

limitation resulted in control of biofilm formation, prolonging system performance. 

Further research is required to analyze the effect of the biomass developed (ATP, TCC, 

EPS per cell) in biofilms under nitrogen limiting conditions.  
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Table 1.2 – Summary of studies done on biofilms by limiting the nitrogen (N) 
concentration in the feed water. 

System used Feed water 
used Reference Main result 

Fluidized bed reactor Tap water 
Kurt et al. 
(1987) 

[31] 

Nitrogen limitation control 
biofilm formation 

Air-lift reactor Ultra-pure 
water 

Allan et al. 
(2002) 

[45] 

Nitrogen limitation resulted 
in less biofilm development, 
compared to phosphorus and 
carbon limitation 

Gravity driven 
membrane flow cells 

Sterile feed 
water 

Desmond et al. 
(2018) 

[40] 

Nitrogen limitation control 
biofilm formation and 
prolonged system 
performance 

 

1.1.3 Phosphorus limitation 

Phosphorus is an essential component for microbial development as bacteria use 

phosphorus to synthesize nucleic acids and phospholipids in the bacteria cell walls. 

Previous research has shown that even a minute change in the phosphorus concentration, 

as low as 1 µg P·L-1, in the feed water promotes microbial growth [32,47]. Table 1.3 

summarizes the studies on biofilms grown under phosphorus limiting conditions, which 

contradict each other regarding the effect on biofouling. Most of the studies agreed that 

restricting phosphorus in the feed water reduced microbial growth in terms of total cell 

count. However, biofilms are composed of the extracellular polymeric matrix surrounding 

the bacterial cells [23]. Recent research has demonstrated that under phosphorus limiting 

conditions, higher EPS per bacteria cell is developed, and therefore, this strategy did not 
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prevent biofilm formation [40,42,43]. Griebe and Flemming (1998) [48] showed that 

under nutrient depletion conditions, EPS production was enhanced. However, the 

biofilms were less dense and with a different structure. Therefore, further research is 

needed to fully elucidate the effect of phosphorus limitation on biofouling control. 
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Table 1.3 – Summary of studies done on biofilms by limiting the phosphorus (P) 
concentration in the feed water. 

System used Feed water 
used Reference Main result 

Glass flasks Surface water 

Miettinen and 
Vartiainen 
(1997) 

[32] 

Phosphorus limitation 
inhibited microbial growth by 
reducing the total cell count 

Polyvinyl chloride 
plates Surface water 

Lehtola et al. 
(2002) 

[41] 

Phosphorus limitation 
reduced the total cell count in 
the biofilms developed 

Air-lift reactor Ultra-pure 
water 

Allan et al. 
(2002) 

[45] 

Phosphorus limitation 
restricted microbial growth in 
terms of total cell counts 

Mixed biofilm 
reactors Tap water 

Rubulis and 
Juhna (2007) 

[49] 

Even at low concentrations of 
microbially available 
phosphorus, biofilm formed 

Membrane fouling 
simulators Surface water 

Vrouwenvelder 
et al. (2010) 

[34] 

Phosphorus limitation 
controlled biofouling by 
presenting lower ATP, and 
TCC in the biofilm 

Forward osmosis 
flow cells 

Synthetic 
wastewater  

Kim et al. (2014)  

[15] 

Phosphorus limitation in feed 
water greatly reduced 
microbial growth (as TCC and 
ATP) and biofilm formation 

Gravity driven 
membrane flow 
cells 

Sterile feed 
water 

Desmond et al. 
(2018) 

[40] 

Phosphorus limitation did not 
prevent biofilm formation.  

Cooling towers 
Reverse 
osmosis 
permeate 

Pinel et al. 

(2020) 

[42] 

Phosphorus limitation 
restricts microorganism 
growth (in terms of ATP and 
TCC) but not biofilm 
formation  
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1.1.4 Combined nutrient limitation 

Recent research has moved into the direction of restricting nutrients in general to 

control biofilm formation. As more factors are considered in the multiple nutrient 

limitation approaches, the findings vary depending on the type of study. Table 1.4 

summarizes the studies. Allen et al. (2018) and de Vries et al. (2021) [33,50] demonstrated 

that under nutrient limiting conditions, biofilms were more adhesive with a more stable 

community that is harder to remove, compared with the enriched conditions.  On the 

contrary, Salgar-Chaparro et al. (2020) [51] showed that the combined nutrient restriction 

developed less robust biofilms and prolonged the system performance.  
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Table 1.4 – Summary of studies done on biofilms by limiting different types of nutrients 
in the feed water. 

System used Feed water 
used Reference Main result 

Flow cell 

Mixed 
nutrients 
(King B) and 
ultrapure 
water 

Allen et al. 
(2018) 

[33] 

Under low nutrient and 
dynamic conditions, biofilms 
were more developed and 
more adhesive 

Membrane fouling 
simulator with 
reverse osmosis 
membrane 

Dechlorinated 
reverse 
osmosis tap 
water 

Javier et al. 
(2020) 

[43] 

Phosphorus limitation along 
with carbon limitation, 
prolonged membrane system 
performance 

Anaerobic biofilm 
reactors 

Produced 
water 

Salgar-Chaparro 
et al. (2020) 

[51] 

Nutrient restriction produced 
thinner and less robust 
biofilms compared with 
enriched conditions. 

Crossflow filtration 
cells with 
microfiltration 
membrane 

Tap water 
De Vries et al. 
(2021) 

[50] 

Limitation by stopping the 
nutrient dosage for different 
periods of time. Nutrient 
limitation resulted in a more 
stable bacterial community 
harder to remove. 

 

1.1.5 Methods for reducing the nutrient concentration in the feed water 

Several methods have been proposed to restrict the nutrient concentration in the feed 

water. Research documented different methods, which are (i) the implementation of a 

granular activated carbon filter, (ii) a sand filter, (iii) chemical coagulation followed by 

ultrafiltration, and (iv) using thermostable ferritin enzyme for phosphate removal. 

Polanska et al. (2015) [52] showed that granular activated carbon (GAC) filtration was able 

to diminish further the available microbial phosphorus significantly in the feed water. 
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Griebe and Flemming 1998 [48] proposed a sand filter before and after the reverse 

osmosis test cell. The study's findings showed the removal of nutrients but the increase 

in EPS production in the RO flow cell after the sand filter. The biofilm developed after the 

sand filter was less dense. Similarly, Jacobson et al. (2009) [39] demonstrated that the 

combination of inline coagulation followed by ultrafiltration (UF) reduced the phosphate 

level by 75-98% in the feed water. A novel approach was proposed by Jacobs et al. (2010) 

and Sevcenco et al. (2015) to remove the phosphorus concentration in the water to values 

below microgram level by using a thermostable ferritin enzyme [53,54]. Regardless of the 

method used to reduce the nutrient concentration in the feed water, a complete study of 

the nutrient ratios could help determine the biofouling potential. 

In summary, the nutrient composition in the feed water shapes the bacterial 

community and the types of extracellular polymeric substances segregated. It is still not 

well understood to what extent nutrient load and operating conditions affect the biofilm 

structure. Experimental studies have demonstrated that biofilm morphology is often 

highly heterogeneous and can contain voids [55]. So, the magnitude of the biofilm 

resistance will be critically affected by voids number, shape, tortuosity, distribution, 

penetration depth, local EPS chemistry, and so forth. It is possible that two biofilms having 

the same overall thickness could exhibit different hydraulic resistance [56] and, therefore, 

a different effect on the membrane performance decline. 
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1.2 Physical properties of biofilms 

In-situ observations of the developed biofilm in this dissertation were performed using 

Optical Coherence Tomography (OCT).  OCT is an optical technique that employs near-

infrared light to a relatively long wavelength so that a deeper detection at micrometer 

resolution (5 µm) can be achieved [57].  OCT is a non-disruptive imaging technique that 

recently gained a lot of attention in the biofilm research [27,58,59]. OCT is an optical 

technique that employs near infrared light to relatively long wavelength, so that a deeper 

detection with micrometer resolution can be achieved[60]. OCT is capable of imaging 

structures in the millimeter range with a micrometer resolution; which gives an advantage 

over other imaging techniques. Derived from Michelson interferometer, OCT splits a 

broadband light into two paths (Figure 1.6). Light reflected from the sample combines 

with the reference light that does not encounter the object to generate interference 

patterns that form two dimensional and three-dimensional OCT images [61]. It has been 

proven to be an adequate tool for biofilm thickness and structural measurements under 

operating conditions. 
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Figure 1.6 – Schematic diagram of optical coherence tomography (OCT) system.  
Light coming from a broadband source is split half to the sample arm and half to the 
reference arm, which at the end it encounters a mirror. The mirror reflects the beam back 
toward the beam splitter and the two beams are combined into a single beam 
“interfering” with each other. The recombined beam then travels to a photodetector, 
which is a device that measures the brightness of the merging beam. 

 

OCT measures intensity depth profiles (A-scan) from translucent samples such as 

biofilms. Consecutive A-scans provide a cross-sectional view of the biofilm structure (B-

scan, xz-plane). B-scans are combined to volumetric representations within this 

communication referred to as C-scan. Biofilm 3D structures are capable to be visualized 

in seconds (Figure 1.7). 



35 

 

 

Figure 1.7 – Schematic representation of locations where OCT images are taken.  
The cube on the left top corner represents a diagram of an A (red), B (green) and C-scan 
(blue) in the OCT. 

1.2.1 Biofilm thickness 

Biofilm thickness (𝐿!) in spiral wound membrane systems is defined as the average 

distance between the membrane surface and the top edge of the biofilm (Figure 1.8).  

𝐿! =
"
#
∑ 𝐿!,%#
%&"           (1) 

where 𝐿!,%  is the biofilm thickness [µm], and 𝑁 is the total number of measurements. 

Rarely if ever, biofilms are evenly distributed over the membrane materials [25,62]. For 

this reason, several measurements over the membrane surface are needed to calculate 

the average biofilm thickness.  
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Figure 1.8 – Schematic two-dimensional representation of a biofilm as observed with 
optical coherent tomography for thickness measurements.  
The thickness is measured in every 5 µm along the membrane (represented by the black 
arrow) from which the average thickness is calculated as shown in equation 1.  

1.2.2 Biofilm porosity 

The biofilm porosity ratio, 𝜙!,  is defined as the ratio of biofilm void area compared 

with the biofilm area [58]. In this dissertation, a biofilm void is considered the empty area 

of the two-dimensional OCT scans, as shown in Figure 1.9. However, the resolution of the 

OCT is limited to 5 µm; thus, only voids larger than 5 µm are considered. The biofilm 

porosity in this study refers only to the large voids of the biofilm structure, which plays an 

essential role in the subsequent effect on membrane performance parameters.  

𝜙! =
"
#
∑ '!"#$%

'&#"'#()
#
%&"          (2) 

where Avoids and Abiofilm  [m2] are the areas of the voids and the biofilm respectively, 

and N are the number of measurements. 
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Figure 1.9 – Two-dimensional cross-section optical coherence tomography image showing 
the void and the covered area of a biofilm. 

 

Dreszer et al. (2014) [63] were able to demonstrate that by varying the flux from 20 to 

60 L·m−2·h−1, the biofilm underwent vertical compaction with loss (collapsing) of internal 

voids. At the elevated flux, biofilm thickness was reduced to about 75% of its original 

thickness. It has also been suggested that when compressing a biofilm, voids start 

“closing,” making the biofilm less porous  [27]. A key conclusion from these studies was 

that RO membrane performance was related to biofilm thickness and how the biofilm 

structural properties changed under different operational conditions. 

1.3 Overall objective and dissertation outline 

Limiting the substrate concentration in the feed water is being proposed as a suitable 

approach to control biofouling in desalination membranes [30,34,45] . Until now, nutrient 

manipulation studies have not fully elucidated to which extent this technique affects 

biofilm morphology and if the manipulated biofilms are easier to control and remove with 
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a chemical-free approach. Hence, it is worthwhile exploring the physical characteristics of 

biofilms developed under different carbon and phosphorus conditions and its effects on 

biofilm cleanability. Crucial questions need to be answered: What is the role of feed water 

biodegradable carbon concentration on biofouling and cleanability? What is the impact 

of phosphorus and carbon limited conditions on the structural properties (thickness, 

porosity) of a biofilm and in membrane performance parameters? How the phosphorus 

concentration in the feed water affects biofilm hydraulic cleanability? Which bacterial 

families develop under phosphorus limited conditions and if the bacterial population 

remains the same after increasing the crossflow velocity? What is the combined effect of 

permeation and manipulating the phosphorus concentration in the feed water on biofilm 

development? Therefore, the main objective of this Ph.D. study is to provide a 

comprehensive assessment of the effect of nutrient manipulation on the physical 

properties of the developed biofilm to decrease the impact of biofouling and enhance the 

cleanability of biofilms in membrane systems.  

This dissertation is divided into seven chapters, with the introduction as the first 

chapter and the conclusions from the current thesis and outlook of new research 

opportunities as the last chapter. Chapter 2 presents an understanding of the role of feed 

water biodegradable carbon concentration on biofouling in terms of biofilm 

characteristics, membrane performance, and cleanability. We used an in-situ biofilm 

visualization technique, OCT, to analyze the biofilm structure.  

Chapter 3 elucidates the effect of phosphorus limitation under different dosed 
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assimilable organic carbon concentrations. The morphology (biofilm thickness and 

porosity) of the accumulated biomass for both carbon concentrations was characterized 

by OCT. 

Chapter 4 proposes a chemical-free strategy to enhance the hydraulic cleanability of 

biofilms developed under a low phosphorus concentration in reverse osmosis membrane 

systems.  

Chapter 5 analyzes the changes in bacterial biofilm populations grown under 

phosphorus limiting conditions before and after forward flushing in reverse osmosis 

membrane systems.  

Chapter 6 investigates the effect of permeation on biofilm development and 

distribution under different phosphorus conditions in membrane systems. A 

quantification of the total phosphorus concentration accumulating on the membrane and 

the spacer was performed by using inductively coupled plasma atomic emission 

spectroscopy (ICP-OES). 

The thesis is structured as a paper dissertation, i.e. it consists of a number of scientific 

articles, except for the introduction and outlook chapter. Some repetitions are 

consequently unavoidable in individual chapters. Small adaptations have been made to 

improve the chapters (Figure 1.10). 
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Figure 1.10 – Structure of dissertation outline targeting different stages of membrane 
processes. 
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Chapter 2 – Role of feed water biodegradable substrate concentration on 

biofouling: biofilm characteristics, membrane performance and 

cleanability 

Highlights: 

• Faster flow channel pressure drop increase at higher substrate concentration. 

• Lower permeate flux decline at higher substrate concentration. 

• More biomass accumulated at higher substrate concentration. 

• Permeate flux decline not predictive for amount of accumulated biomass. 

• Slower growing, harder to remove biofilms at lower substrate concentration. 

This chapter has been published as: Farhat, N., Javier, L., van Loosdrecht, M.C.M., 
Kruithof, J.C., Vrouwenvelder, J.S., 2019. Role of feed water biodegradable substrate 
concentration on biofouling: Biofilm characteristics, membrane performance and 
cleanability. Water Research 150, 1–11. 

 

Abstract 

Biofouling severely impacts operational performance of membrane systems increasing 

the cost of water production. Understanding the effect of critical parameters of feed 

water such as biodegradable substrate concentration on the developed biofilm 

characteristics enables development of more effective biofouling control strategies.  

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

examined using membrane fouling simulators (MFSs). A feed channel pressure drop (PD) 
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increase of 200 mbar was used as a benchmark to study the developed biofilm. The 

amount and characteristics of the formed biofilm were analysed in relation to membrane 

performance indicators: feed channel pressure drop and permeate flux. The effect of the 

characteristics of the biofilm developed at three substrate concentrations on the removal 

efficiency of the different biofilms was evaluated applying acid/base cleaning.  

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

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

flux decline was affected by the spatial location and the physical characteristics of the 

biofilm rather than the total amount of biofilm. The slower growing biofilm developed at 

the lowest substrate concentration was harder to remove by NaOH/HCl cleanings than 

the biofilm developed at the higher substrate concentrations. 

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

While substrate limitation is a generally accepted biofouling control strategy delaying 

biofouling, development of advanced cleaning methods to remove biofilms formed under 

substrate limited conditions is of paramount importance. 

2.1 Introduction 

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

for water production with an almost five times lower energy consumption than five 

decades ago [1,64]. Fouling remains the main hurdle in the application of RO desalination 

[65], resulting in the deterioration of the produced permeate quality and quantity, 
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causing increased costs of the water production as (i) more energy is required to produce 

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

and (iii) ultimately module lifetimes will shorten [65,66]. Biofouling is defined as the 

excessive growth of a biofilm resulting in an intolerable loss of system performance [67]. 

In practice a 15 % increase in feed channel pressure drop or a 10% decrease in permeate 

flux is considered unacceptable after which cleanings are performed to restore the 

membrane performance [68–71]. Biofouling can be restricted but not completely 

eliminated by applying extensive pre-treatment [72]. 

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

RO plant feed water characteristics and operating conditions [72–74]. The development 

of a biofilm, defined as bacterial cells embedded in a matrix of extracellular polymeric 

substances, is affected by several interrelated factors including water temperature, 

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

operating conditions such as the crossflow velocity [75]. Biofilms grow utilizing 

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

different phases starting by formation of a conditioning film layer on the pristine 

membrane and spacer surface followed by bacterial attachment and growth. The 

different types of substrates in the feed water shape the conditioning film layer 

characteristics. Furthermore, the ability of biofilm-associated bacteria to sense prevailing 

substrate conditions, accordingly, modifying their structural organization, species 

composition, and EPS production has been documented [76–79]. In fact, Flemming (2016) 
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[80] has impeccably described the biofilm as the perfect slime in acknowledgment to the 

multifunctional versatility and adaptability of the biofilm matrix. Consequently, biofilm 

growth is the result of the bacterial response to existing conditions, mass transfer of 

substrate to the attached bacteria and subsequent conversion of the substrate. 

Therefore, biomass yield and biomass density are important to understand the influence 

of the concentration and transport rate of the growth limiting substrate on biofilm 

development. Understanding the comparative kinetics of growth, relating the substrate 

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

high substrate concentrations rapidly growing bacteria will outcompete efficiently 

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

rapid growth [81,82], a phenomenon well known and understood as the difference 

between r- and k-strategists [83]. Biomass (bacterial cells and extracellular polymeric 

substances EPS) density and its physical structural characteristics are hard to understand. 

The hydrodynamic conditions in the membrane system and the physiological 

characteristics of the group of organisms growing will govern the biomass density [84–

86]. Tijhuis et al. (1996) [87] observed that a lower substrate loading and a higher 

detachment force yielded smooth and strong biofilms in a biofilm airlift suspension 

reactor while a higher substrate loading lead to rough and weak biofilms. The physical 

characteristics of the biofilm has been fully attributed to the EPS matrix that the bacteria 

produce after attachment to any surface. The EPS has been postulated to contribute most 

to the hydraulic resistance of biofilms [59,88,89]. The variation in the nature of the EPS 
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molecules produced by the bacteria under different operating conditions, as well as the 

EPS concentration, result in biofilms with varying hydraulic resistance affecting 

membrane performance differently. A better understanding of the physical 

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

under which the biofilm developed: the hydrodynamic conditions and the predominant 

substrate conditions [33,90–93]. 

Limiting the substrate concentration of the feed water is considered a suitable 

approach to control biofouling in RO membranes, hence it is worthwhile to explore the 

characteristics of a biofilm developed under three substrate concentrations. In this study, 

the effect of growing a biofilm under different carbon concentrations maintaining the 

same hydrodynamic conditions was investigated. It is well established that a faster 

development of biofilm will occur at higher feed water substrate concentrations. In this 

study, we investigated the developed biofilm characteristics, the biofilm impact on 

membrane performance indicators such as feed channel pressure drop and permeate flux 

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

investigated for three feed water biodegradable nutrient concentrations.  

2.2 Material and methods  

2.2.1 Experimental setup 

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

cm coupon of a membrane, a feed spacer, and a permeate spacer [12,94]. The MFS was 
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operated in crossflow mode with permeate production at a pressure of two bar. 

Hydrodynamic conditions in the MFS were similar to spiral wound membrane modules as 

applied in practice for water treatment [94,95]. The feed and permeate spacer and RO 

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

DOW FILMTEC, USA). The feed spacer consisted of a sheet of 34 mil (864 µm) thick 

diamond-shaped polypropylene spacer. The feed spacer was placed in the MFS with the 

same orientation as in spiral wound membrane elements (45◦ contact angle with the feed 

flow).  The system was  fed continuously  with nutrient enriched tap water and the setup 

consisted of a feed flow mass flow controller (MINI CORI-FLOW™ M15, Bronkhorst, 

Ruurlo, Netherlands), substrate dosing pump (MINI CORI-FLOW™ M13, Bronkhorst, 

coupled with Tuthill Gear Pump D-SERIES), MFS, differential pressure transmitter (Delta 

bar, PMD75, Endress+Hauser, Switzerland), permeate mass flow controller (MINI CORI-

FLOW™ M14, Bronkhorst, Ruurlo, Netherlands), and pressure controller (EL-PRESS P-

502C, Bronkhorst, Ruurlo, Netherlands). Feed water was filtered over a granular activated 

carbon and cartridge filter (filter housing model: UPS BB3 [AWF-UPS-3H-20B] Cartridges 

model: pore size 4 µm, sediment-carbon [AC-SC-10-NL]) before passing through the MFS. 

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

2.2.2 Operating conditions 

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

linear flow velocity of 0.17 m·s-1 representative for practice [96,97]. A substrate stock 
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solution containing sodium acetate, sodium nitrate, and sodium phosphate in a mass ratio 

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

commonly used [7,98].  Three substrate concentrations 1000, 250, and 30 µg·L-1 C were 

used to enhance biofilm formation in the MFS. All chemicals were purchased in analytical 

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

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

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

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

feed water was low compared to the feed water flow rate (17.0 L·h-1, the reference feed 

flow). Therefore, the high pH-value of the substrate solution had no effect on the pH of 

the feed water of 7.8. All experiments were run in duplicates and the figures show the 

average and standard deviation from the two runs. 

2.2.3 Chemical cleaning 

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

Parmer, USA) upstream of the MFS for the dosage of the cleaning chemical. A second 

connection was made downstream of the MFS to return the chemicals to the cleaning 

solution bottle. Between the pump and the MFS, a membrane filter (10 µm pore size) was 

placed to avoid the recirculation of biofilm particles, which may be released from the 

biofilm in the MFS. Subsequently, 1 L of NaOH and HCl were recirculated for 1 h at 17 L·h-

1 with the gear pump. The concentrations of 0.01 mol·L-1 NaOH (pH 12) and 0.1 mol·L-1 HCl 
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(pH 1) used were similar to the ones applied in practice [99,100]. NaOH was heated to 

35°C with a thermostatic water bath (Isotemp 210, Fisher Scientific, USA) and the tubing 

covered with insulating foam to maintain the temperature in the system. The MFS was 

flushed with feed water for 5 minutes after both the NaOH and the subsequent HCl 

cleaning to remove the cleaning solutions. To avoid biofilm sloughing, the water flow was 

gradually reduced to 0 L·h-1 and increased again to 17 L·h-1. NaOH/HCl cleaning was 

performed once a feed channel pressure drop increase of 200 mbar was reached. 

2.2.4 Monitoring of fouling  

Normalized pressure drop and permeate flux 

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

fouling was monitored by measuring the pressure drop increase over the feed spacer 

channel of the MFS and the decline in permeate flow. All experiments were stopped once 

a normalized pressure drop increase of 200 mbar was reached. The pressure drop for each 

MFS was normalized to the initial starting pressure drop of 20 ± 3 mbar. 

2.2.5 Biomass quantification  

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

the experiment for adenosine triphosphate (ATP) and total organic carbon (TOC). To 

characterize the accumulated fouling, sections of membrane and feed spacers were taken 

from the MFSs. The sections (16 cm2) were placed in a capped tube in 40 mL sterile tap 

water for ATP analysis or ultrapure water for TOC analysis. To determine the amount of 
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biomass, the tubes with the membrane sections were placed in an ultrasonic water bath 

(Branson, 5510MTH, output 135 W, 40 kHz). Low energy sonic treatment (2 minutes) 

followed by mixing on a vortex (few seconds) was repeated two times. When the liquid 

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

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

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

Next, water collected from the tubes was used to determine the biomass parameters ATP 

and TOC. ATP was measured using a luminometer (Celsis Advance, Charles River 

Laboratories, Inc., USA) and TOC was measured as non-purgeable organic carbon with a 

Total Organic Carbon analyser TOC-VCPH (Shimadzu, Japan) equipped with a high-sensitive 

catalyst (High sense TC catalyst; Shimadzu, Japan). The TOC concentration of the sample 

for each run was the average of the three measurements. Samples were run in duplicates. 

To prepare a calibration curve a stock solution of potassium hydrogen phthalate (TOC-

standard solution ICC-033-5, ULTRA scientific, USA) was diluted with nanopure water to 

obtain solutions with carbon concentrations between 0 and 10 mg-C·L-1. The detection 

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

2.2.6 Extraction and quantification of extracellular polymeric substances (EPS) 

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

saline (PBS) and the biomass (bacteria and EPS) was separated from the membranes using 

2 mins of vortexing and 5 mins of low energy sonic treatment in an ultrasonic water bath 
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(Branson, 5510MTH, output 135 W, 40 kHz). The EPS was extracted following the 

formaldehyde-NaOH method established by Liu and Fang (2002) [101]. In their study, Liu 

and Fang (2002) [101] revealed that the formaldehyde–NaOH process extracted the 

highest amounts of EPS and the authors quantified DNA and extracellular DNA and based 

on the results concluded that all evidences suggested that the formaldehyde–NaOH 

extraction process did not cause cell lysis, and thus the extracted EPS were not 

contaminated by the intracellular substances. In brief, the whole 10 mL EPS suspended in 

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

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

centrifuged for 20 min at 20000×g. The supernatant was filtered through a 0.2 µm pore 

size membrane and dialyzed using a 3500 Da dialysis membrane (Thermo Fisher Scientific, 

USA) for 24 h. The dialyzed samples were lyophilized for 48 h and re-suspended in 10 mL 

of MQ water. The fluorescence excitation−emission matrix (FEEM) was measured using a 

Fluoromax-4 spectrofluorometer (Horiba Scientific, Japan) under excitation of 240 to 450 

nm and emission of 290 to 600 nm at a speed of 1500 nm min−1, a voltage of 700 V, and 

a response time of 2 s. FEEM peaks were identified according to [102]. The carbohydrates 

were measured following the sulfuric acid phenol method [103]. In brief, 200 µL of the 

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

incubated at 90 °C for 5 min and left to cool down. The absorbance at 490 nm was 

measured using a Spectra A max 340pc microplate reader (Molecular devices, USA). The 

protein concentrations were measured using a BCA protein assay kit (Thermo Scientific 
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Inc., NH, USA) according to the manufacturer’s guidelines.  

2.2.7 Optical coherence tomography (OCT) 

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

spectral domain Optical Coherence Tomography (Thorlabs Ganymede OCT System) with 

a central light source wavelength of 930 nm and a refractive index of 1.3. The OCT was 

fitted with a 5× telecentric scan lens (Thorlabs LSM03BB) which provides a maximum scan 

area of 100 mm2. The OCT engine was configured to provide high-resolution images at 36 

kHz A-scan rate. Volumetric images were created using the maximum intensity profile 

algorithm included in the instrument software (Thorlabs SD-OCT system software version 

3.2.1) for a rectangular area of 2 mm × 5 mm using 200 B-scans and 500 A-scans of 619 

pixels corresponding to a physical depth of 1.1 mm. 
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2.3 Results 

2.3.1 Effect of substrate concentration on biofilm development  

Membrane performance indicators 

The feed channel pressure drop (PD) development was recorded for all MFS 

experiments at three substrate concentrations. A normalized PD increase of 200 mbar 

was used as the criterion for stopping the experiments. The exponential PD increase with 

time was indicative of biofilm formation. The PD increase reached 200 mbar in 

approximately five days for 1000 µg·L-1 C, 10 days for 250 µg·L-1 C, and 32 days for 30 µg·L-

1 C (Figure 2.1). The developed biofilm impact on permeate flux decline is shown in Figure 

2.2. At 2 bar the initial permeate flux for the brackish water RO membrane using tap water 

was ≈20 L.m-2.h-1. Biofilm that developed at the lowest substrate concentration (30 µg·L-

1 C) resulted in a 45% decrease in permeate flux compared to a 25% decrease for the 

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

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

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

substrate concentration (30 µg·L-1 C). 
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Figure 2.1 – Normalized pressure drop [mbar] with time over the MFS for the biofilms 
grown at different dosed substrate concentrations.  
All experiments were stopped once a normalized pressure drop increase of 200 mbar was 
reached (n=2). 

 

Figure 2.2 – Permeate flux decline [%] for the biofilms that developed at the different 
dosed substrate concentrations reaching a 200 mbar increase in normalized pressure 
drop. 
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2.3.2 Biomass indicators 

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

highest substrate concentration (Figure 2.3 A and B). Since the length of the experimental 

runs and the dosed concentrations were different, the total amount of acetate carbon 

dosed until the end of experiment was also different. The calculated amounts of dosed 

substrate are shown in Figure S1 in supplementary material.  
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Figure 2.3 – Biomass indicators: adenosine triphosphate, total organic carbon and yield. 
Accumulated biofilm (A) Total organic carbon (mg.cm-2), (B) Adenosine triphosphate (ATP) 
(pg.cm-2) at the end of the experiment once a PD increase of 200 mbar was reached. (C) 
and (D) are the TOC and ATP produced at the end of the experiment per total amount of 
acetate carbon dosed over the time period of each experiment. 
 

A yield value was defined as the amount of TOC or ATP produced per amount of 

acetate carbon dosed not taking into account the TOC and ATP leaving the system in the 

water or the detached biomass. Compared to the biofilm developed at 1000 µg·L-1 C, the 

biofilm developed at 250 µg·L-1 C, had a lower TOC and ATP concentration, but the 

resulting yields were not significantly different (t-test P>0.05). The TOC yield was the 

same, while the ATP yield was marginally lower (≈ 14 % lower) only. However, the biofilm 

developed at 30 µg·L-1 C had a lower TOC and a significantly lower (t-test P<0.05) ATP 

yield per amount of acetate carbon dosed (lower by 36 % and 85% respectively) 

suggesting carbon limitation where the energy is mainly used for bacterial cell 

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



56 

 

 

Figure 2.4 – Protein and carbohydrate concentration (mg.cm-2) of the extracted EPS 
matrix for the biofilms that developed at the different feed water substrate 
concentrations at a normalized pressure drop increase of 200 mbar. 
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EPS extraction and characterization was performed for all the biofilms. All biofilms 

developed had a higher protein than carbohydrate concentration (Figure 2.4). Both the 

protein and the carbohydrate concentration increased with increasing feed water 

substrate concentration.  

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

extracted EPS from biofilms developed at the three substrate concentrations. Four main 

regions could be distinguished in the FEEM plot: I (humic-like; Ex > 280 nm, Em >380 nm), 

II (protein-like; Ex= 250−280 nm, Em < 380 nm), III (fulvic acid-like; Ex = 220−250 nm, Em 

> 380 nm), and IV (tyrosine-like; Ex = 220−250 nm, Em = 330−380 nm).The FEEM plot 

showed that the relative intensity of the protein peaks was the highest (peak II, Figure 2.5 

A , B, and C) in all EPS samples. Biofilms developed at 250 µg·L-1 C had similar peaks 

compared to biofilms that developed at 1000 µg·L-1 C. The main peaks were protein like 

substances (peak II) and tyrosine like substances (peak IV) (Figure 2.5 A and B). On the 

other hand, the FEEM plot for the biofilm that developed at 30 µg·L-1 C revealed a larger 

variety in the components present with the presence of the four main peaks. The humic 

like substances peak from the biofilm developed using 30 µg·L-1 C (Figure 2.5C) was not 

present in the FEEM plot of the biofilms developed at higher substrate concentrations. 

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

concentrations caused the same PD increase emphasizing the importance of the effect of 

biofilm characteristics and composition on membrane performance indicators. 
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Figure 2.5 – FEEM plots of organic matter extracted from biofouled membrane samples 
for the biofilms grown under different carbon concentration in the feed water. 
(A) 1000 µg·L-1 C (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 the FEEM plots of organic matter 
extracted from biofouled membrane samples after cleaning with NaOH and HCl. The plots 
show the presence of (I): Humic like substances (II): Protein like substances (III): Fulvic 
acid like substances and (IV): Tyrosine like substances. 

 

2.3.3 Biofilm spatial distribution 

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

day of the experiments when a PD increase of 200 mbar was reached (Figure 2.6). The 

OCT images revealed biofilm development in the feed channel on both the membrane 

and feed spacer for all substrate concentrations. Distinctively, biofilm developed 

predominantly on the feed spacer at 1000 µg·L-1 C substrate concentration while major 

biofilm development was observed on the membrane when substrate concentration was 
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the lowest (30 µg·L-1 C). A thin biofilm layer (≈ 20 µm) was detected on the membrane at 

1000 µg·L-1 C while average membrane biofilm thickness was about 5 times higher (≈ 105 

µm) for 30 µg·L-1 C. The distinct differences in spatial biofilm distribution at the different 

substrate concentrations clearly played a role in the observed decline in membrane 

performance parameters. The feed water nutrient concentration determined the spatial 

biofilm distribution affecting the membrane performance indicators.  

 

Figure 2.6 – 2D cross-section optical coherence tomography (OCT) images along the MFS 
feed channel.  
The 2D images show the membrane (marked green) the feed spacers (marked as dashed 
red circles) and the biofilms developing at different substrate concentrations (A) 1000 
µg·L-1 C (B) 250 µg·L-1 C and (C) 30 µg·L-1 C. All experiments were stopped once a 
normalized pressure drop increase of 200 mbar was reached. The arrow indicates the flow 
direction.  
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2.3.4 Biofilm cleanability  

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

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

recorded before and after cleaning to evaluate performance restoration. A stronger PD 

reduction was observed after cleaning for the biofilms that developed faster at the two 

highest substrate concentrations compared to the slower growing biofilm at the lowest 

substrate concentration (Figure 2.7).  Chemical cleaning with NaOH and HCl was able to 

achieve similar biofilm inactivation higher than 80% for all biofilms developed irrespective 

of the substrate concentration used (Figure 2.8 A and B). 
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Figure 2.7 – Normalized pressure drop [mbar] at the end of the experiment once an 
increase of 200 mbar was reached and after cleaning with NaOH and HCl for the biofilms 
grown with different dosed substrate concentrations. 
 
 

However, the TOC removal was not the same for the different biofilms (Figure 2.9). 

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

the biofilm developed at the two highest substrate concentrations compared to the 

lowest substrate concentration (Figure 2.9B). However, for the highest substrate 

concentrations the quantity of TOC remaining after cleaning was still higher than for the 

lowest substrate concentrations (Figure 2.9A) but with less impact on the feed channel 

pressure drop.  

Chemical cleaning showed different removal efficiencies of proteins and 

carbohydrates (Figure 2.10).  In general, proteins were better removed  than 

carbohydrates. For the biofilm developed at 1000 µg·L-1 C, a significant reduction of the 

protein and carbohydrate content was observed, with about 20% and 30% protein and 

carbohydrate remaining respectively. On the contrary, a higher percentage of proteins 

and carbohydrates remaining after cleaning was seen for the biofilms developed at the 

two lower substrate concentrations (Figure 2.10B). The FEEM plot showed a large 

reduction for the intensity of most peaks (Figure 2.5D,E, and F). The average protein peak 

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

average tyrosine like substance peak reduction (≈ 60% for 1000 and 250 µg·L-1 C and ≈ 

40% for 30 µg·L-1 C). Humic like substances (peak I), only detected in the biofilm that 
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developed at 30 µg·L-1 C, had an average reduction of ≈ 75%. The chemical cleaning 

efficiency using NaOH and HCl was prominently affected by the different biofilm 

characteristics, the EPS nature and concentration, as a result of the different prevailing 

substrate concentrations.  

 

Figure 2.8 – ATP concentration and reduction after cleaning with NaOH and HCl. 
(A) ATP concentration after cleaning (pg.cm-2), (B) ATP reduction (%) after cleaning with 
NaOH and HCl for the biofilms that developed at the different substrate concentrations 
at a 200 mbar increase in normalized pressure drop. 
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Figure 2.9 – TOC concentration and reduction after cleaning with NaOH and HCl. 
(A) TOC after cleaning (mg.cm-2), (B) TOC removal (%) after cleaning with NaOH and HCl 
for the biofilms that developed at the different substrate concentrations once a 200 mbar 
increase in normalized pressure drop was reached. 

 

Figure 2.10 – Protein and carbohydrate concentration and percentage remaining after 
cleaning with NaOH and HCl. 
(A) Protein and carbohydrate concentration (B) relative percentage remaining of proteins 
and carbohydrates from the extracted EPS matrix after cleaning with NaOH and HCl for 
the biofilms that developed at the different substrate concentrations. All experiments 
were stopped once a normalized pressure drop increase of 200 mbar was reached. 
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2.4 Discussion  

2.4.1 Substrate concentration and biofilm characteristics 

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

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

decline, and membrane cleanability was examined. In a review, Bossier and Verstraete 

(1996) [104] reported that low substrate concentrations, promoting slow growth rates, 

trigger bacterial cell surface changes (i) altering bacterial cell morphology resulting in 

smaller cells and (ii) increasing the strength of bacterial attachment to surfaces (Petrova 

and Sauer 2012). Allen et al. (2018) [33]observed that at low substrate concentration 

grown biofilms were significantly more adhesive. James et al. (1995) [77]observed that at 

high substrate concentrations bacterial cells had a bacillar cell morphology with a loose 

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

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

affects the EPS composition [105] thus changing the adhesiveness of EPS [106]. The fact 

that biofilms are impacted by varying growth conditions underlined the importance to 

study the changes in biofilm characteristics by varying the substrate concentration in 

relation to RO biofouling. When addressing RO biofouling the impact of biofilms on 

membrane performance is characterized by the membrane performance indicators: feed 

channel PD and permeate flux. In this study the criterion for stopping the experiments 

was a PD increase of 200 mbar. The characteristics of the developed biofilm were 
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dependent on the substrate concentration. The biofilm formation at substrate 

concentrations of 250 and 1000 µg·L-1 C was not substrate limited. Within five days the 

highest substrate concentration resulted in the highest biomass amount (Figure 2.1) 

together with the lowest permeate flux decline (Figure 2.2). On the contrary, the biofilm 

that developed at 30 µg·L-1 C was substrate limited. After a running time of 32 days, this 

substrate concentration of 30 µg·L-1 C resulted in the lowest amount of biomass with the 

highest permeate flux decline  (Figures 2.2 and 2.3). A significant observation from these 

results was that the biomass amount was not related to permeate flux decline and the PD 

increase. At 30 µg ·L-1 C, a 200 mbar PD increase was caused by a much lower biomass 

amount than at 1000 µg·L-1 C. It is proposed that the EPS nature, concentration, and 

properties play a predominant part in the hydraulic resistence of biofilms [40,59,80,107]. 

As reported by Flemming et al. (2007) [105] and Herrling et al. (2017) [108], the EPS 

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

the porosity of this gel layer controls the water permeation rate. The biofilm developed 

at the lowest substrate concentration of 30 µg·L-1 C had a larger variety in the EPS 

components present where humic like substances occurrence was observed. Humic-like 

substance have higher resistance to shear forces and contribute to a more stable and 

cohesive biofilm structure [85,109,110]. Moreover, comparing the amount of biomass 

produced and the EPS content (proteins and carbohydrates) for the different biofilms 

shows that the EPS concentration for the biofilm developed at the lowest substrate 

concentration of 30 µg·L-1 C was the highest, in agreement with (Van Loosdrecht et al. 
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1995, Kroukamp et al. 2010) [84,86]who reported that a fluffy loose biofilm more prone 

to sloughing developed at the highest substrate concentrations while a denser stiffer 

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

developing under varying limitation conditions has repeatedly been characterized as 

denser biofilms with a lower bacterial cell to EPS ratio [84,85,111]. Another key 

observation at the substrate concentration of 30 µg·L-1 C was the biofilm coverage on the 

membrane where an average of 105 µm thick biofilm was measured from the OCT images 

taken on the last day of the experiment at a PD increase of 200 mbar (Figure 2.6) 

compared to a very thin biofilm layer (≈ 20 µm) present on the membrane for the 1000 

µg·L-1 C. However, considering the intrinsic hydraulic transmembrane resistance of RO 

membranes, biofilms play a minor role [59]. It is still not fully understood how EPS and 

their associated physical structures influence hydraulic transport through the biofilm but 

Dreszer et al. (2013) [59] showed that for NF and RO systems the decline of membrane 

performance is not predominantly caused by an increase of biofilm resistance. Therefore, 

the influence of the feed spacer presence, spacer biofouling [112] and the increase in 

feed-concentrate pressure drop is dominating the performance decline.   

2.4.2 Biofilm characteristics and chemical cleaning 

Chemical cleaning is unavoidable to restore membrane performance [99]. Though the 

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

biofouling control is through bacterial cell and tissue lysis, a primary requirement from 
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cleaning chemicals is enhanced removal of biomass. The chemical reactions that typically 

occur are hydrolisis, peptization, solubilization, dispersion, chelation, sequestering and 

suspending [113]. Alkaline cleaning is usually used for organic fouling removal. In this 

study, the same chemical cleaning protocol (NaOH and HCl) was applied on three different 

biofilms developed under varying substrate conditions to investigate removal efficiency 

of the different biofilms and to highlight the role the formed EPS matrix is playing in 

achieving this removal efficiency. The highest biomass removal efficiency was observed 

for the biofilm developed at the highest substrate concentrations (1000 µg·L-1 C). At the 

lowest substrate concentration, with a lower biomass amount, NaOH and HCL cleanings 

were less effective in removing the biomass and restoring membrane performance. The 

more stable and cohesive biofilm structure with a higher EPS concentration and a wider 

variety of EPS components (Figure 2.5) explains the lowest biofilm removal efficiency at 

low feed water substrate concentrations (30 µg·L-1 C). The lower efficiency is due to the 

hindered diffusion of the cleaning chemical (NaOH and HCl) into the biofilm due to the 

more cohesive and dense biofilm structure. Moreover, although proteins and 

carbohydrates are closely interwoven, the discrepancy in removal efficacy between 

proteins and carbohydrates is attributed to the lower penetration ability of cleaning 

chemical into the dense biofilm structure and the spatial localization of proteins and 

carbohydrates.  

2.4.3 Limiting substrates to control biofouling  
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All recently published studies addressing biofouling concluded that biofouling cannot 

be avoided shifting the focus to control strategies aiming for: (i) delayed biofilm 

formation, (ii) reduced or delayed impact of accumulated biofilm on performance and (iii) 

biofilm removal by advanced cleaning strategies [14]. Research focussing on extensive 

pre-treatment to limit the amount of biodegradable substrates in the feed water showed 

success only in delaying biofilm formation [114]. The primary reason is that a very low 

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

of water provided per membrane surface with time, even minimal amounts of substrate 

- microgram per litre level [115] in the feed water lead to a significant organic substrate 

supply for biofilm growth, occurring over weeks or even months of membrane operation 

[14]. Biofilm growth delay is still a feasible control strategy as it allows membrane 

operation for longer periods before an unacceptable decline in performance is reached. 

However, results from this study raise a main concern regarding the inefficient 

cleanability of biofouled membrane systems with conventional cleaning chemicals such 

as NaOH/HCl of biofilms developed under low substrate concentrations. Bacteria 

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

frequency and rate of biofilm regrowth thereby restricting the effect of substrate 

limitation to delay biofouling through extensive pre-treatment. Effective cleaning can be 

achieved only when both the chemical and physical interactions between the cleaning 

chemical and the biofilm are favourable [116]. Therefore, research focussing on novel 

cleaning chemicals and strategies for better solubilization of the EPS matrix, followed by 
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removal of the biofilm is recommended to achieve a breakthrough in biofouling control.  

2.5 Conclusions 

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

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

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

a benchmark to study the developed biofilm. The main objective was to investigate the 

effect of the differences in the developed biofilm characteristics on the PD increase, 

permeate flux decline, and membrane cleanability. The main study findings can be 

summarized by:  

(i) A faster biofilm development occurred at a high biodegradable substrate 

concentration in feed water causing a faster increase in feed channel pressure 

drop. Biofilm that developed under high substrate conditions resulted in less 

permeate flux decline attributed to the spatial location and composition of the 

biofilm. 

(ii) Substrate concentration affected the developed biofilm structure and 

therefore its cleanability. Slowly growing biofilms developing under low 

substrate conditions were harder to remove during conventional cleanings. 

(iii) The same PD can be caused by biofilms differing in composition and spatial 

distribution therefore impacting the permeate flux and the cleanability 

efficiency differently.  
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Chapter 3 – Biofouling control by phosphorus limitation strongly depends 

on the assimilable organic carbon concentration 

 

 

Highlights 

• At a high C content, P restriction caused a faster pressure drop increase with time. 

• At a low C content, P restriction caused a slower pressure drop increase with time. 

• Phosphorus limitation restricted microbial growth but changed biofilm structure. 

• P-restricted biofilms were more porous and covered a larger area in the channel. 

• Biofilm spatial distribution had strong implications on membrane performance. 

This chapter has been published as: Javier, L., Farhat, N.M., Desmond, P., Linares, R.V., 
Bucs, S., Kruithof, J.C., Vrouwenvelder, J.S., 2020. Biofouling control by phosphorus 
limitation strongly depends on the assimilable organic carbon concentration. Water 
Research 183, 116051. 
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Abstract 

Nutrient limitation is a biofouling control strategy in reverse osmosis (RO) membrane 

systems. In seawater, the assimilable organic carbon content available for bacterial 

growth ranges from about 50 to 400 µg C·L-1, while the phosphorus concentration ranges 

from 3 to 11 µg P·L-1. Several studies monitored biofouling development, limiting either 

carbon or phosphorus. The effect of carbon to phosphorus ratio and the restriction of 

both nutrients on membrane system performance have not yet been investigated.  

This study examines the impact of reduced phosphorus concentration (from 25 µg P·L-

1 and 3 µg P·L-1, to a low concentration of ≤ 0.3 µg P·L-1), combined with two different 

carbon concentrations (250 C·L-1 and 30 µg C·L-1), on biofilm development in an RO 

system. Feed channel pressure drop was measured to determine the effect of the 

developed biofilm on system performance. The morphology of the accumulated biomass 

for both carbon concentrations was characterized by optical coherence tomography 

(OCT) and the biomass amount and composition was quantified by measuring total 

organic carbon (TOC), adenosine triphosphate (ATP), total cell counts (TCC), and 

extracellular polymeric substances (EPS) concentration for the developed biofilms under 

phosphorus restricted (P-restricted) and dosed (P-dosed) conditions. 

For both carbon concentrations, P-restricted conditions (≤ 0.3 µg P·L-1) limited bacterial 

growth (lower values of ATP, TCC). A faster pressure drop increase was observed for P-

restricted conditions compared to P-dosed conditions when 250 µg C·L-1 was dosed. This 
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faster pressure drop increase can be explained by a higher area covered by biofilm in the 

flow channel and a higher amount of produced EPS. Conversely, a slower pressure drop 

increase was observed for P-restricted conditions compared to P-dosed conditions when 

30 µg C·L-1 was dosed. Results of this study demonstrate that P-limitation delayed biofilm 

formation effectively when combined with low assimilable organic carbon concentration 

and thereby, lengthening the overall membrane system performance. 

3.1 Introduction 

Advanced water treatment technologies, such as pressure-driven membrane systems, 

emerged over the past 50 years to satisfy the increasing global freshwater demand [1]. 

Membrane filtration installations grew in number and capacity, with a primary focus on 

different strategies to reduce the energy demand and environmental impact [8]. Biofilm 

occurrence in membrane systems is considered inevitable, and the excessive growth of 

biofilms (biofouling) in membrane systems is a significant problem. Biofouling results in 

unacceptable losses in membrane performance: increasing the feed channel pressure 

drop (PD), reducing membrane flux and/or solute rejection, increasing energy 

requirements and water production cost [117].  

Extensive research has been carried out to prevent and control biofouling [66,118]. 

The most commonly applied biofouling control strategy is feedwater pre-treatment to 

reduce organic nutrient content and to remove bacterial cells. However, even after 

removal of 99.9% of the microorganisms in the feed water, active microbial cells remain, 
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which grow and multiply consuming biodegradable substances present in the feed water 

of the membrane installation [13]. Other biofouling control strategies are (i) membrane 

surface modification, which may delay biofilm formation, but does not prevent biofouling, 

(ii) feed spacer design, which reduces the effect of accumulated biomass and enhances 

the cleanability of the membrane module, and (iii) chemical/mechanical membrane 

cleaning, which is effective in temporarily restoring membrane performance [14,119]. 

Nutrient limitation is considered a biofouling control strategy in reverse osmosis 

membrane systems, with assimilable carbon limitation as the first considered mitigation 

strategy [30,45]. In seawater, the assimilable organic carbon content available for 

bacterial growth ranges from 50 to 400 µg C·L-1 [120]. Limitation of nitrogen and 

phosphorus in the feed water has also been considered to restrict microbial growth in 

membrane modules [34,39,40,121]. The phosphorus concentration in seawater ranges 

from 3 to 11 µg P·L-1, and after water pre-treatment with processes such as coagulation, 

it may be restricted to values below 1 µg P·L-1 [39]. Several studies reported a mass ratio 

for carbon (C), nitrogen (N) and phosphorus (P) of at least  ~100:23:4.3 for bacterial 

growth to occur [122]; indicating that even a minor change in phosphorus concentration 

in the feed water can have a significant influence on the growth of microorganisms [123].  

Phosphorus occurs naturally as different types of phosphate (PO4
-3) (i) ortho-

phosphates, (ii) condensed, and (iii) organic phosphates. The soluble form, ortho-

phosphate, can be readily used by microorganisms [124]. The condensed form (meta, 

pyro, and pylo-phosphate), sometimes referred to as inorganic phosphate, is composed 
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of multiple ortho-phosphate molecules together [125]. Lastly, organic phosphates are a 

class of phosphates which are bound to organic compounds [126]. Although the 

condensed and organic phosphates are less available for microbial utilization, they can be 

converted to ortho-phosphate, increasing the concentration of biologically available 

phosphorus in water [127]. 

It is not well understood how varying the nutrient composition in the feed water 

affects the biofilm structure and, subsequently, the membrane performance indicators in 

reverse osmosis (RO) and nanofiltration (NF) modules. Biofilm structure has been studied 

since the early 1990s using microscopic techniques at a microscale. Some of the principal 

drawbacks of applying the commonly used microscopic techniques to study membrane 

biofouling are that these techniques are mainly destructive, with a low axial resolution, 

and with limitations in laser penetration [128]. However, in recent years, more focus has 

been directed towards understanding and analyzing biofilm structures at mesoscale. 

Optical coherence tomography (OCT) is a non-disruptive imaging technique that recently 

gained attention in biofilm research [58]. OCT is capable of imaging in-situ spatially 

resolved structures on a millimeter-scale with a micrometer resolution; therefore, OCT is 

used to compare the structural properties of biofilms (such as density, porosity, thickness, 

roughness, spatial distribution) grown at different nutritional conditions. Studies have 

shown that varying the nutrient concentration in the feed water influences the structural 

properties of biofilms, affecting membrane performance parameters [129,130]. 

Several studies have been carried out to characterize biofouling development while 
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limiting either carbon or phosphorus concentration in the feed water [40,45]. However, 

the effect of restricting both carbon and phosphorous on biofilm development and its 

impact on the membrane system has not yet been investigated. The objective of this 

study was to examine the impact of reducing the phosphorus concentration to a low 

concentration (≤ 0.3 µg P·L-1) on biofilm development in RO systems at two dosed 

assimilable organic carbon concentrations (250 and 30 µg C·L-1). Morphology and 

composition of the developed biofilms were examined under phosphorus-restricted (P-

restricted, ≤ 0.3 µg P·L-1) and dosed (P-dosed, 3 and 25 µg P·L-1) conditions. The effect of 

varying the nutrient load on membrane system performance (feed channel pressure 

drop) was monitored to achieve a comprehensive understanding of the biofouling 

problem and, therefore, its control.  

3.2 Materials and methods 

3.2.1 Experimental setup 

A lab-scale experimental setup representative to the practical operation of spiral 

wound membrane systems was used for this study [131]. A crossflow channel comprising 

of a membrane sheet and feed flow channel called Membrane Fouling Simulator (MFS) 

was used for this experiment [117].  

The setup consisted of a feed water pump, a feed flow meter and controller, a 

biodegradable nutrient dosage system (pump and controller), a membrane fouling 

simulator, a back-pressure valve (Bronkhorst, Ruurlo, Netherlands) and a differential 
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pressure sensor (Delta bar, PMD75, Endress+Hauser, Switzerland) to monitor the 

pressure drop over the flow channel. The system was fed by potable tap water produced 

by the King Abdullah University of Science and Technology seawater desalination plant 

(Thuwal, Jeddah, Saudi Arabia). Because the tap water is chlorinated, the feed water was 

filtered by an activated carbon filter (filter housing model: UPS BB3 [AWF-UPS-3H-20B] 

cartridges model: sediment-carbon [AC-SC-10-NL]) to remove the residual chlorine, and 

by two cartridge filters (pore size 4 µm) to remove any particles entering the feed water 

from the carbon filter. For this study, reverse osmosis produced tap water was selected 

to ensure an extremely low phosphorus content. Earlier work [132] has shown that 

dosage of biodegradable nutrients to various water types provided the same bacterial 

growth yield in seawater as the bacterial growth yield in tap water. Therefore, the results 

presented in this paper are representative for seawater biofouling as well. 

The original MFS has been modified to include an optical glass sight window to allow 

in-situ OCT imaging. The MFS uses a membrane with the dimensions of 20 cm × 3.5 cm, a 

34 mil (864 µm) thick feed channel spacer, taken from a new commercially available spiral 

wound membrane element (TW30-4040, DOW FILMTEC, USA). The MFS has an inlet and 

outlet sides allowing crossflow operation and two orifices for different pressure 

measurements. The system and water characteristics are representative of biofilm 

studies, as previously reported by [38]) [38]. 

3.2.2 Operating conditions 
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The system was operated at a constant pressure of two bar in crossflow mode. The 

feed water was pumped through the MFS at a flow rate of 17 L·h-1 equivalents to a linear 

flow velocity of 0.18 m·s-1, which is representative for practical membrane filtration 

installations [131]. The tap water feeding the MFS had a phosphorus concentration of ≤ 

0.3 µg P·L-1. 

Table 3.1 shows the experimental conditions. A nutrient stock solution containing 

sodium acetate, sodium nitrate, and sodium phosphate in a mass ratio of C:N:P of 

100:20:10 and 100:20:0, was prepared for P-dosed and P-restricted conditions, 

respectively. The nutrient stock solution was added to the feed water to enhance biofilm 

growth in the flow cell increasing the assimilable organic carbon concentration of the feed 

water by 250 µg C·L-1 and 30 µg C·L-1. Chemicals from Sigma Aldrich (Darmstadt, Germany) 

were purchased in analytical grade. The pH-value was set at 11 by the addition of sodium 

hydroxide, to restrict bacterial growth in the nutrient stock solution. The feed water flow 

rate was high (17.0 L·h-1) compared to the dosing flow rate of the nutrient solution (0.03 

L·h-1). Consequently, the high pH-value of the nutrient solution did not affect the feed 

water pH of 7.8 [38]. Two fully independent membrane fouling simulators (N=2) were run 

for each set of experiments, and the figures show the average and standard deviation. 
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Table 3.1 - Experimental conditions to study the impact of phosphorus limitation on 
biofilm development 

Dosed carbon 
concentration 
(µg C·L-1 ) 

Dosed 
phosphorus 
concentration 
(µg P·L-1) 

Code Nutrient 
C:N:P ratio 

Measured 
phosphorus 
concentration 
(µg P·L-1) 

250 
25.0 P-dosed 100:20:10 26.0 

0.0 P-restricted 100:20:0 ≤ 0.3 

30 
3.0 P-dosed 100:20:10 3.5 

0.0 P-restricted 100:20:0 ≤ 0.3 

 

3.2.3 Phosphorus concentration in the feed water 

To quantify low concentrations of ortho-phosphate a low detection auto analyzer 

using a colorimetric based method was applied (SEAL AutoAnalyser 3 HR Seal Analytical, 

Germany) following the proposed protocol by [133]). The phosphorus concentration 

reported in this study was calculated from the obtained ortho-phosphate concentration. 

Triplicate feed water samples were processed. For the P-restricted water, the phosphorus 

concentration was below the detection limit using the colorimetric auto analyzer method 

(≤ 0.3 µg P·L-1). For the P-dosed water, the measured phosphorus concentrations (26.0 

and 3.5 µg P·L-1) were in good agreement with the dosed phosphorus concentrations (25.0 

µg P·L-1 and 3.0 µg P·L-1, respectively). 

3.2.4 Fouling monitoring 

System performance parameters: feed channel pressure drop 
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Two sets of experiments (one for each carbon concentration) consisting of four 

membrane fouling simulators were run in parallel. Fouling development was monitored 

by measuring the feed channel pressure drop over the length of the flow cell. The average 

initial pressure drop registered in each MFS was 27 ± 4 mbar. For both carbon 

concentrations, experiments stopped once a feed channel pressure drop increase of 150 

mbar reached. Pressure drop was selected as the membrane performance indicator as 

reverse osmosis biofouling is in practice predominantly a feed spacer channel problem 

[112]. At full-scale RO installations operated for long periods (up to 10 years) with the 

same membrane modules fed with water containing very low biodegradable nutrient 

(AOC) concentrations, the cleaning cycle was governed by the feed channel pressure drop 

increase [134,135]. Biofouling due to biodegradable nutrients in the feed water affects 

the membrane performance decline in a temporal sequence: first, the feed channel 

pressure drop is increased, then at a later moment and to a lesser extend the flux decline 

followed by increased salt passage [136]. 

3.2.5 Biomass quantification  

Membrane autopsies at the end of the experiment were carried out by retrieving 

membrane and feed spacer coupons of 4 × 4 cm2 from the MFS to quantify and 

characterize the accumulated fouling. Sheets of membrane and spacer were analyzed for 

total organic carbon (TOC) and adenosine triphosphate (ATP). The feed water surface area 

of the membrane is 4 × 4 cm2. The total surface area of the feed spacer is depending on 
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the spacer geometry and thickness, approximately similar to the surface area of the 

membrane sheet area facing the feed water. 

The sections of the membranes and spacer (8 cm2 each) were placed in a capped tube 

in 40 mL sterile tap water for ATP analysis or ultrapure water for TOC analysis. To 

determine the amount of biomass, the tubes with the membrane and spacer coupons 

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

energy sonic treatment (2 minutes) followed by mixing on a vortex (few seconds) was 

repeated two times. When the liquid was visually not homogeneous or when all biomass 

was not removed from the coupons, additional time-interval treatments were applied 

with a sonifier probe (Q700 Qsonica sonicator, USA) for 1 to 2 minutes (sample kept on 

ice) until the liquid was homogenous. Water collected from the tubes was used to 

determine the biomass parameters ATP and TOC. ATP was measured using a luminometer 

(Celsis Advance, Charles River Laboratories, Inc., USA) and TOC was measured with a Total 

Organic Carbon analyser TOC-VCPH (Shimadzu, Japan) equipped with a high-sensitive 

catalyst (High sense TC catalyst; Shimadzu, Japan). The TOC concentration for each 

sample was the average of the three measurements. Samples were measured in 

duplicates. To prepare a calibration curve a stock solution of potassium hydrogen 

phthalate (TOC-standard solution ICC-033-5, ULTRA scientific, USA) was diluted with 

ultrapure water to obtain solutions with carbon concentrations between 0 and 10 mg·L-1 

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

Flow cytometry was used to measure the bacterial total cell counts (TCC) in the biofilm 

according to the protocol reported by [137]) in order to compare the bacterial total cell 

concentration between biofilm[138] In brief, a 4 × 2 cm2 coupon of biofouled membrane 

and spacer was placed in a capped tub in 40 mL ultrapure water, followed by 2 minutes 

of vortexing to separate the biomass from the membrane and spacer. Samples (500 µL) 

were preheated to 35 °C for 10 min, stained with 10 µL mL−1 SYBR Green I (Molecular 

Probes, Eugene, OR, USA), then incubated in the dark at 35 °C for 10 min. Measurements 

were performed using a BD Accuri C6 flow cytometer (BD Accuri Cytometers, Belgium) 

equipped with a 50 mW laser having a fixed emission wavelength of 488 nm. Fluorescence 

intensity was collected at FL1 = 533 ± 30 nm, FL3 > 670 nm, sideward and forward 

scattered light intensities were obtained as well. All data were processed with the BD 

Accuri CFlow® software, and electronic gating was used to select SYBR green labeled 

signals for quantifying total bacterial cell count following the procedure described by 

[139]. 

3.2.7 Extraction and quantification of extracellular polymeric substances (EPS) 

For EPS analysis a 4 × 4 cm2 coupon of biofouled membrane and spacer was placed 

into 10 mL phosphate-buffered saline solution (PBS), followed by 2 minutes of vortexing 

and 5 minutes of sonication to separate the biomass from the membranes. The EPS was 

extracted following the formaldehyde–NaOH method established by [101] and quantified 
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by measuring carbohydrates (sulfuric acid phenol method) and proteins (BSA). In brief, 

the EPS suspended in 10 mL PBS was treated using 0.06 mL formaldehyde (36.5%; Sigma-

Aldrich, MO, USA) at 4 °C for 1 h and incubated with 4 mL 1 N NaOH at 4 °C for 3 h. After 

treatment, the samples were centrifuged for 20 min at 20000×g. The supernatant was 

filtered through a 0.2 µm pore-sized membrane and dialyzed using a 3500 Da dialysis 

membrane (Thermo Fisher Scientific, USA) for 24 h. The dialyzed samples were lyophilized 

for 48 h and re-suspended in 10 mL of MQ water. The carbohydrates were measured 

following the sulfuric acid phenol method [103]. In brief, 200 µL of the sample was mixed 

with 600 µL sulfuric acid and 120 µL 5% phenol. The samples were then incubated at 90 

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

Spectra A max 340pc microplate reader (Molecular Devices, USA). The protein 

concentrations using bovine serum albumin (BSA) as a standard, were measured using a 

BCA protein assay kit (Thermo Scientific Inc., NH, USA) according to the manufacturer’s 

guidelines. 

3.2.8 Biofilm structural properties 

Optical coherence tomography (OCT) 

OCT uses coherent light to capture A-scans of optical scattering media such as biofilms. 

Consecutive A-scans provide a cross-sectional view in two dimensions (2D) of the biofilm 

structure (B-scan). B-scans are combined to volumetric representations, consequently 3D 

structures are capable to be visualized in seconds. In-situ imaging of the biofilm in the 



83 

 

flow channel was performed using a spectral-domain Optical Coherence Tomography 

(Thorlabs Ganymede OCT System) with a central light source wavelength of 930 nm. The 

refractive index was 1.33. The OCT fitted with a 5× telecentric scan lens (Thorlabs 

LSM03BB), provided a maximum scan area of 100 mm2. The OCT engine is configured to 

provide high-resolution images at a 36 kHz A-scan rate. Twenty images were taken at 

twenty randomized coordinates across the entire membrane fouling simulator (B-scan, x-

z direction) consisting of a length of 5.00 mm and a physical depth of 1 mm with a pixel 

size in the x-direction of 6.00 µm and a z-direction of 2.13 µm, were taken and used for 

quantification purposes. Image processing details with respect to calculated biofilm 

porosity and area occupied by biofilm in the examined section of the flow channel, were 

quantified using the software developed in Matlab® (MathWorks, Natick, US) as can be 

found in previous publications [40,140]. Image analysis consisted of i) detecting the 

membrane, spacer and biofilm interface with an intensity gradient analysis at the 

beginning and the end of the experiment; ii) automatic thresholding of the biofilm for 

pixels above 20 dB; this threshold was selected after analyzing more than 200 images 

studied in twenty independent membrane fouling simulators, and then excluding the 

membrane and spacer taken at time zero; iii) calculation of the area occupied by biofilm 

in the cross-section of the flow channel, and the biofilm porosity. 

Area occupied by biofilm in the cross-section of the flow channel 

The membrane and feed spacer area occupied by biofilm in the cross-section of the 

flow channel was calculated based on the pixel area covered by biofilm from each OCT 
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image. Twenty random images were taken at the inlet and outlet location of each MFS. 

Biofilm calculated porosity 

The biofilm porosity is the ratio between the total void area in the biofilm and the 

biofilm total area [58]. In this study, we considered biofilm voids as areas with an intensity 

below 20 dB in the two-dimensional OCT scan. The area of the biofilm consisted of the 

pixels with an intensity higher than 20 dB, excluding pixels from the membrane and 

spacer. However, it has to be emphasized that the resolution of the OCT is limited to 6 

μm; thus, only voids larger than the 6 μm are considered. Therefore, the calculated 

biofilm porosity in this study refers only to the voids of the biofilm structure detected by 

the OCT (> 6 μm). 

𝜙! =
"
#
∑ '!"#$%

'&#"'#()
#
"   (1) 

where 𝜙! is the biofilm calculated porosity, Avoids and Abiofilm  [m2] are the areas of the 

voids and the biofilm respectively, and N is the number of measurements. 

3.3 Results  

3.3.1  High assimilable organic carbon concentration (250 µg C·L-1) 

The MFSs that were operated under phosphorus-restricted (P-restricted), and 

phosphorus-dosed (P-dosed) conditions were stopped once a feed channel pressure drop 

increase of 150 mbar was reached (Figure 3.1). For a high assimilable organic carbon 

content of 250 µg C·L-1, P-restricted biofilms caused a faster feed channel pressure drop 
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increase than the P-dosed biofilms.  

 

Figure 3.1 – Feed channel pressure drop [mbar] in time over the MFS for the P-restricted 
(<0.3 μg P·L-1) and the P-dosed (25 μg P·L-1) feed water conditions for a dosed high 
assimilable organic carbon concentration of 250 μg C·L-1.  
Fully independent duplicate experiments are shown. The MFSs were stopped and 
sampled for biofilm analysis once a feed channel pressure drop increase of 150 mbar was 
reached. 

The TOC content was more than two times lower (Figure 3.2A) under P-restricted 

conditions compared to when phosphorus was dosed (0.03 mg·cm-2 versus 0.07 mg·cm-2, 

respectively). The ATP concentration (Figure 3.2B) and total bacterial cell count (TCC) had 

the same trend for P-restricted and P-dosed conditions (Figure 3.2C).  The ATP 

concentration was about 19 times lower under P-restricted conditions compared to when 

phosphorus was dosed (1.45 ´ 104 pg·cm-2 versus 2.71 ´ 105 pg·cm-2, respectively). The 

TCC for the P-restricted biofilm was only two times lower for the P-dosed biofilm (0.59 ´ 

106 cells·cm-2 versus 1.07 ´ 106 cells·cm-2, respectively). The EPS content for the P-
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restricted biofilm was higher than that for the P-dosed biofilm (56 ´ 10-3 mg·cm-2 versus 

51 ´ 10-3 mg·cm-2, respectively, Figure 3.2D). In summary, P-restricted conditions limited 

bacterial growth (lower values of ATP, TOC, TCC) but produced more EPS compared to P-

dosed conditions, causing a faster increase in the feed channel pressure drop. 

 

Figure 3.2 – Biomass parameters for the P-dosed and P-restricted biofilms for a dosed 
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assimilable organic carbon concentration of 250 μg C·L-1. 
(A) Total organic carbon (TOC), (B) Adenosine triphosphate (ATP), (C) Total cell count 
(TCC), and (D) EPS for the P-dosed (25 μg P·L-1) and P-restricted (<0.3 μg P·L-1) biofilms for 
a dosed assimilable organic carbon concentration of 250 μg C·L-1. The area (cm-2) referred 
here is the top view surface area (xy direction). Fully independent duplicate experiments 
are shown. All experiments were stopped and sampled for biofilm analysis once a 
normalized feed channel pressure drop increase of 150 mbar was reached. 

 

Based on two-dimensional OCT images, the area occupied by biofilm and the porosity 

of the biofilm in the examined section of the flow channel are calculated. Compared to P-

dosed biofilms, P-restricted biofilm had three times more area occupied by biofilm (5.2 ´ 

10-2 mm2 versus 1.7 ´ 10-2 mm2, respectively, Figure 3.3A). P-restricted biofilms were 

three times more porous compared to P-dosed biofilms (0.65 compared to 0.18, 

respectively, Figure 3.3B). Figure 3.3C shows the two-dimensional OCT images. Compared 

to the P-restricted biofilm, the P-dosed biofilm occupied a smaller surface area in the flow 

channel with high intensity pixels surrounding the spacer. A smaller coverage area with 

higher concentrations of TOC, ATP, and TCC can signal to the formation of a denser more 

compact biofilm. The P-restricted biofilm occupied a larger area in the flow channel with 

lower concentrations of TOC, ATP, and TCC. The intensity profile around the spacer 

showed areas of lower intensity with much bigger areas with very low intensity 

considered as voids. The higher calculated porosity of the formed biofilm correlates with 

the lower biomass amount (lower values of ATP, TOC and TCC). P-restricted biofilm 

disrupted more the crossflow in the feed channel and therefore caused the faster increase 

of the feed channel pressure drop, compared to biofilms grown under P-dosed conditions. 
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Figure 3.3 – OCT images, area occupied by the biofilm and calculated biofilm porosity for 
the P-dosed and P–restricted biofilms for a dosed assimilable organic carbon 
concentration of 250 μg C·L-1. 
 (A) Area occupied by biofilm in the examined section of the flow channel (mm2), (B) 
calculated biofilm porosity and (C) two-dimensional OCT images with intensity profile of 
the biofilms developing on the membrane under P-restricted (<0.3 μg P·L-1) and P-dosed 
(25 μg P·L-1) conditions for a dosed assimilable organic carbon concentration of 250 μg 
C·L-1 (N=20). The OCT signal intensity was used to describe biofilm properties, with higher 
intensity resulting from a more light-scattering biofilm. Note that the thickness of the 
spacer in the OCT images does not correspond necessarily to 34 mil, because the thickness 
of the spacer’s filaments is irregular, as shown in  previous studies [141,142]. All 
experiments were stopped and sampled for biofilm analysis once a normalized feed 
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channel pressure drop increase of 150 mbar was reached. The arrows indicate the 
crossflow direction. 

 

3.3.2 Low assimilable organic carbon concentration (30 µg C·L-1) 

The second set of experiments was performed to analyze the effect of limiting the 

assimilable organic carbon to 30 μg C·L-1 at phosphorus concentration of 3 μg P·L-1 and 

<0.3 μg P·L-1 in the feed water. Contrary to the 250 µg C·L-1 experiment, the P-restricted 

biofilm caused a slower feed channel pressure drop increase than the P-dosed biofilm 

(Figure 3.4). The P-restricted biofilm had a lower TOC concentration compared to the P-

dosed biofilm (0.01 versus 0.02 mg·cm-2, respectively, Figure 3.5A). The ATP 

concentration was lower under P-restricted conditions compared to when phosphorus 

was dosed (3.30 ´ 103 pg·cm-2 versus 7.30 ´ 103 pg·cm-2, respectively, Figure 3.5B). Once 

again, the P-restricted biofilm had a higher EPS content than the P-dosed biofilm (20.00 

´ 10-3 mg·cm-2 versus 12.00 ´ 10-3 mg·cm-2, respectively, Figure 3.5C). Therefore, results 

in TOC, ATP, and the EPS for the biofilm grown under 30 µg C·L-1 showed the same trends 

as for the biofilm grown under 250 µg C·L-1.  
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Figure 3.4 – Feed channel pressure drop [mbar] in time over the MFS for the P-restricted 
(<0.3 μg P·L-1) and the P-dosed (3 μg P·L-1) feed water conditions for a dosed assimilable 
organic carbon concentration of 30 μg C·L-1.  
Fully independent duplicate experiments are shown. The MFSs were stopped and 
sampled for biofilm analysis once a feed channel pressure drop increase of 150 mbar was 
reached. 

 

Figure 3.5 – Biomass parameters for the P-dosed and P-restricted biofilms for a dosed 
assimilable organic carbon concentration of 30 μg C·L-1. 
(A) Total organic carbon (TOC), (B) Adenosine triphosphate (ATP), and (C) EPS for the P-
dosed (3 μg P·L-1) and P-restricted (<0.3 μg P·L-1) biofilms for a dosed assimilable organic 
carbon concentration of 30 μg C·L-1. The area (cm-2) referred here is the top view surface 
area (xy direction). Fully independent duplicate experiments are shown. All experiments 
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were stopped and sampled for biofilm analysis once a normalized feed channel pressure 
drop increase of 150 mbar was reached. 

 

Figure 3.6A shows the area occupied by the biofilm in the flow channel. The P-

restricted and P-dosed biofilms occupied almost the same area in the flow channel at the 

end of the experiment. The P-restricted biofilm was significantly (P<0.05) more porous in 

agreement with the biofilm grown under 250 µg C·L-1. The biofilm calculated porosity for 

P-restricted and P-dosed conditions was 0.53 versus 0.27, respectively (Figure 3.6B). Two-

dimensional OCT images showed a higher intensity for biofilms grown under P-dosed 

conditions compared to the P-restricted biofilm, which shows areas of lower intensity 

around the spacer, with higher calculated biofilm porosity (Figure 3.6C). 
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Figure 3.6 – OCT images, area occupied by the biofilm and calculated biofilm porosity for 
the P-dosed and P–restricted biofilms for a dosed assimilable organic carbon 
concentration of 30 μg C·L-1. 
(A) Area occupied by biofilm in the examined section of the flow channel (mm2), (B) 
calculated biofilm porosity and (C) two-dimensional OCT images with intensity profile of 
the biofilms developing on the membrane under P-restricted (<0.3 μg P·L-1) and P-dosed 
(3 μg P·L-1) conditions for a dosed assimilable organic carbon concentration of 30 μg C·L-1 
(N=20). The OCT signal intensity was used to describe biofilm properties, with higher 
intensity resulting from a more light-scattering biofilm. Note that the thickness of the 
spacer in the OCT images does not correspond necessarily to 34 mil, because the thickness 
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of the spacer’s filaments is irregular, as shown in  previous studies [141,142]. All 
experiments were stopped and sampled for biofilm analysis once a normalized feed 
channel pressure drop increase of 150 mbar was reached. The arrows indicate the 
crossflow direction. 
 
Table 3.2 – Summary of the results for the biofilms grown at two carbon concentrations 
250 μg C·L-1 and 30 μg C·L-1. 

Carbon concentration [µg C·L-1] 250 30 

Phosphorus concentration [µg P·L-1] <0.3 25 <0.3 3 

Time to reach 150 mbar [days] 4.2 6.5 40 28 

TOC [mg·cm-2] 0.03 0.07 0.01 0.02 

ATP [×103 pg·cm-2] 14 271 3 7 

EPS [×10-3 mg·cm-2] 56 51 20 12 

EPS/day [×10-3 mg·cm-2·day-1] 13.3 7.8 0.5 0.4 

Covered area by the biofilm in the xz 
direction [×10-2 mm2] 

5.2 1.7 8 7.5 

Covered area by the biofilm/day in the xz 
direction [×10-2 mm2·day-1] 

1.2 0.3 0.2 0.3 

Biomass volume in the xyz direction / 
area [mm3·cm-2] 

1.0 0.3 1.6 1.5 

Biofilm calculated porosity 0.65 0.18 0.53 0.27 

 

Table 3.2 summarizes the results of all experiments. The opposite trend of the feed 

channel pressure drop increase for biofilms grown under 250 µg C·L-1 and 30 µg C·L-1, 

while restricting the phosphorus content, can be explained by two factors. The first factor 

is the difference at which the active biomass is producing EPS per day. For the biofilm 
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grown at 250 µg C·L-1, P-restricted biofilm produced 70% more EPS per day compared to 

the P-dosed biofilm. Whereas, the P-restricted biofilm grown at 30 µg C·L-1 produced only 

25% more EPS per day than the P-dosed biofilm. The second factor is related to the 

difference in biofilm spatial distribution in the flow channel under different assimilable 

organic carbon concentrations. When phosphorus was restricted but sufficient amount 

of carbon was available (250 µg C·L-1), the biofilm that developed occupied a higher 

surface area in the flow channel per day (+300%) compared to the P-dosed biofilm, which 

resulted in an accelerated increase in the feed channel pressure drop. On the contrary, 

for a lower assimilable organic carbon content (30 µg C·L-1), the P-restricted biofilm 

covered 33% less surface area per day in the flow channel, compared to the P-dosed 

biofilm, resulting in a slower increase in the feed channel pressure drop.   



95 

 

3.4 Discussion 

3.4.1 Phosphorus limitation restricts microbial growth but increases EPS secretion in 

abundance of assimilable organic carbon 

Previous studies on phosphorus limiting conditions demonstrated an excessive 

production of extracellular polymeric substances [40], but lower bacterial growth, 

characterized by the active biomass (ATP) and total bacterial cell count (TCC) [15,34]. Kim 

et al. (2014) demonstrated that the total bacterial cell count was reduced when 

decreasing the phosphorus concentration in the feed water of a forward osmosis 

membrane system. The objective of this study was to compare the effect of restricting 

phosphorus in the feed water at two assimilable organic carbon concentrations (250 and 

30 µg C·L-1) on membrane performance and biomass activity in a reverse osmosis 

membrane system. In agreement with previous studies, P-restricted conditions limited 

bacterial growth (lower values of ATP and TCC) but increased EPS secretion compared to 

P-dosed conditions at both carbon concentrations. This EPS production under P-restricted 

conditions affected the biofilm structural properties, and thus the system performance 

(feed channel pressure drop increase) differently depending on the assimilable organic 

carbon concentration (Figure 3.7). The observed faster pressure drop increase for P-

restricted conditions when dosing 250 µg C·L-1 was a result of the larger area occupied by 

a more porous biofilm in the flow channel (Figure 3.3).  

This study used tapwater as feedwater, but it is expected that the observations 
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obtained in this study for tap water can be applied to SWRO. The yield of bacterial growth 

is the same for fresh, tap and seawater with the same biodegradable nutrient content 

[132]. Bacterial cells in a biofilm typically make up a very small fraction (less than a half 

percent) of the overall biofilm volume and therefore do not hamper the water flow 

through the biofilm significantly [26]. The hydraulic biofilm resistance is mainly attributed 

to the (amount and density of) extracellular polymeric substances (EPS) and not to the 

bacterial cells [26].  

The importance of EPS and its composition on membrane performance decline and 

cleanability has been demonstrated [118,143,144]. Therefore, it is vital to note that when 

the bacteria are different in seawater, the EPS produced by these bacteria could be 

different. Future biofilm studies comparing biofouling development in membrane 

systems fed with fresh and with seawater will include the assessment of the bacterial 

community composition (and the EPS structure and composition) of the biofilm and the 

feed water.   
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Figure 3.7 – Biofilm schematic for high (250 μg C·L-1) and low (30 μg C·L-1) carbon 
concentrations, at low phosphorus concentration (P-restricted <0.3 µg P·L-1) in the feed 
water. 

 

3.4.2 Nutrient limitation influences biofilm morphology and spatial distribution 

Analytical quantification of ATP, TOC, TCC, and EPS give an estimate of the biomass 

concentration on the membrane and the spacer. However, these parameters do not show 

the spatial distribution of the biofilm in the MFS and the biofilm structure. Feed channel 

pressure drop measurements are based on the resistance that water experiences when 

passing through the flow channel [131,145]. This study showed that under high 

assimilable organic carbon concentration, even less biomass (ATP, TCC, and TOC) can have 

a higher impact on the feed channel pressure drop (Figure 3.1). Therefore, besides the 
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amount of biomass, biofilm structural properties such as porosity and the location in the 

flow channel, play an essential role on the effect of membrane performance parameters 

[146]. 

In this study, the greater influence of the P-restricted biofilm on the feed channel 

pressure drop when dosing 250 µg C·L-1 compared with the 30 µg C·L-1, can be explained 

by the biofilm metabolic and structural responses to nutrient restriction. OCT images 

showed that for a high assimilable organic carbon concentration, three times more area 

was occupied by the biofilm in the flow channel under restricted phosphorus conditions 

compared to P-dosed condition (Figure 3.3A). Studies on nutrient limiting conditions 

demonstrate changes in bacterial physiology, triggering cell elongation, filamentous 

growth which resulted in the formation of a dispersed biofilm floc [147–149]. The uniform 

distribution of biofilm over the whole flow cell under limitation conditions and its effect 

on performance should not be neglected. The change in bacterial physiology combined 

with the higher EPS production resulted in a more porous biofilm covering a larger area 

in the flow channel, restricting the water flow.  

In the case of a low assimilable organic carbon content and P-dosed conditions, 

bacteria at the beginning of the experiment did not have any nutrient limitation. Note 

that clusters of dense biofilm accumulate close to the spacer (Figure 3.6C), similar of how 

the biofilm developed under high assimilable organic content and P-dosed conditions. As 

the biofilm continues to develop, carbon limitation occurs, biofilm then starts to spread 

to maximize nutrient intake, linked to the higher rate of pressure drop increase under this 
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condition. For the biofilm grown at low assimilable organic carbon content and P-

restricted conditions, the developed biofilm structure signified the occurrence of dual 

nutrient limitation; definitely, with one substrate being the limiting substrate at one 

period in time, starting with P-limitation followed by C-limitation. P-restricted biofilm 

started to spread to maximize nutrient intake, however the EPS production per day is not 

as fast as in the presence of abundant assimilable organic carbon content (+25% versus 

+70%, respectively). The covered area by the P-restricted biofilm in the flow channel is 

33% lower compared to the P-dosed conditions, which explains the slower pressure drop 

increase (Table 3.2). An important fact to note is that according to this study, phosphorus 

restriction combined with carbon restriction delayed biofilm formation, extending system 

performance by 43% compared to biofilms grown under P-dosed conditions. Moreover, 

additional experiments run in duplicates under different operating conditions (e.g. 

different crossflow velocity and ended at different values of pressure drop increase, data 

not included in this paper) supported the conclusions of this study. 

Results from this study highlight that the conventional biomass quantification 

parameters (ATP, TOC, TCC and EPS) did not correlate with the pressure drop increase 

and cannot aid in predicting the system performance decline. The two parameters 

combined together that correlated the most with the pressure drop increase where the: 

(i) area occupied by the biofilm in the flow channel and (ii) biofilm spatial distribution 

(spacer/membrane).  
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3.4.3 Carbon concentration determines the effectiveness of phosphorus limitation as a 

biofouling control strategy 

Restricting the phosphorous concentration resulted in a varying impact on feed 

channel pressure drop depending on the concentration of assimilable organic carbon that 

was dosed (Figure 3.7). Limiting only the phosphorous content while dosing a relatively 

higher carbon concentration produced a biofilm that lead to a faster pressure drop. A 

strategy based on nutrient limitation should focus on the appropriate selection of the 

nutrient ratio in the feed water. The amount of nutrient converted by bacterial cells to 

EPS depends on the composition of the growth medium. A growth medium containing a 

high ratio of carbon with a limited phosphate, enhanced polysaccharide production as 

shown in [150]. In this study, for the high carbon concentration (250 µg C·L-1) even at a 

deficient phosphorus concentration in the feed water (≤ 0.3 µg P·L-1), the C:P ratio was 

833:1, while for the low carbon concentration (30 µg C·L-1), the C:P ratio was 100:1. When 

the C:P ratio is high, the bacteria utilize the excess carbon for EPS production rather than 

cell growth, since there is insufficient phosphorus for ATP synthesis [150]. Particular 

attention should be given to the carbon concentration in feedwater because limiting 

phosphorus without knowing the amount of carbon concentration, may result in a 

negative impact in the feed channel pressure drop increase compared to a non-limiting 

phosphorus condition. Depending on the available carbon concentration, phosphate 

limitation can be a strategy to prevent biofouling, requiring the elimination of 

phosphate/phosphorous based anticalant dosage in pretreatment [151]. The presence of 



101 

 

both very low concentrations of phosphate and biodegradable substrate in the feed water 

of a full-scale RO installation lead to low biofilm concentrations in the lead and outlet 

modules of the installation compared to most installations studied [134], indicating that 

combined restriction of phosphate and biodegradable nutrients limited the decline in 

membrane performance indicators. Slightly higher biofilm accumulation in the membrane 

module at the outlet side of the RO installation was observed under these low nutrient 

conditions [34,134]. [152] clearly illustrated in numeral simulations how the membrane 

rejected biodegradable substrates accumulates at the membrane surface due to 

concentration polarization. With an increased biofilm thickness, however, the overall 

substrate consumption rate dominates the substrate accumulation due to polarization. 

Therefore, the accumulation of rejected biodegradable substrate could only accelerate in 

a limited extent the biofilm growth [152]. Further studies are recommended on 

concentration polarization of phosphate, salt and biodegradable nutrients in relation to 

biofouling and scaling.  

The difficulty of restricting phosphorous makes carbon limitation a more attractive and 

cost-effective approach for biofouling control in seawater. As shown in this study, even a 

minute amount of phosphorus in the feed water, at low carbon concentration, although 

delayed biofouling it did not completely eliminate its occurrence. On the contrary, 

regardless of the phosphorus concentration, a low assimilable organic carbon content 

delayed the membrane performance decline (pressure drop increase) significantly, 

compared to high carbon content. 
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3.4.4 Future research 

Quantification of very low phosphorus concentrations in water remains a challenge. 

The principal obstacles are: (i) the limited available techniques to remove phosphorus 

[153–156] and (ii) the absence of available detection methods to allow reliable 

quantification of very low concentrations ≤ 0.3 µg P·L-1 to validate the efficiency of the 

removal techniques. Results from this study emphasize the need for a reliable 

quantification method for determining phosphorus at concentrations lower than 0.3 µg 

P·L-1. Ultra-trace phosphorus quantification techniques are needed to show at which P-

concentration phosphorus limitation occurs, causing no biofilm development. In order to 

better understand phosphorus restriction and its effect on membrane performance, 

further studies should focus on: (i) analyzing the effect of permeation and concentration 

polarization under nutrient limitation conditions, (ii) analyzing the microbial community 

composition in the biofilm to determine bacterial community that can grow under 

phosphorus stressed conditions, (iii) understanding the carbon metabolic pathway for EPS 

production versus bacterial cell growth when phosphorus is restricted, and (iv) tuning the 

phosphorus concentration in the feed water to define the optimal effect on membrane 

performance and cleanability.  

A future study to separately sample the accumulated material on the feed spacer and 

membrane and subsequently analyse the composition (TOC, cells, ATP, EPS and microbial 

community) is essential as well. Such study aids in determining whether e.g. hydraulics 

and permeate production affect the amount and composition of these biomass 
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parameters and this research could include varying cross flow velocities and permeate 

fluxes.  

3.5 Conclusions 

The objective of this study was to analyze the effect of nutrient limitation on biofilm 

development and its impact on system performance. In this study we assessed the 

physical structure and chemical composition of the biofilms that developed under 

phosphorus-restricted conditions (≤ 0.3 µg P·L-1). Feed channel pressure drop was 

determined to understand the impact of the developed biofilm on system performance. 

The developed biofilm was analyzed once the feed channel pressure drop reached an 

increase of 150 mbar. The conclusions of this study can be summarized by: 

(i) Under P restricted conditions, for both supplemented assimilable organic 

carbon concentrations (250 and 30 µg C·L-1) the biofilm that developed had less 

ATP, TCC, and TOC, but had higher EPS production, was more porous and 

occupied a larger area in the flow channel. 

(ii) A supplemented carbon concentration of 250 µg C·L-1 and low feed water P-

concentration (≤ 0.3 µg P·L-1) caused an accelerated feed channel pressure drop 

increase, explained by more EPS production and a larger area occupied by the 

biofilm in the cross-section of the flow channel, compared with biofilms that 

developed at a carbon concentration of 30 µg C·L-1. 

(iii) The carbon concentration determines the effectiveness of phosphorus 
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limitation, and therefore, the impact on the feed channel pressure drop. 

(iv) Limiting both carbon and phosphorus concentrations in the feed water proves 

to be a suitable approach in delaying biofilm formation and hence, lengthening 

the overall membrane system performance. 
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Chapter 4 – Enhanced hydraulic cleanability of biofilms developed under a 

low phosphorus concentration in reverse osmosis membrane systems 

 

Highlights 

• Biofilms grown under a very low P concentration had an enhanced hydraulic 

cleanability. 

• Phosphorus-limited biofilms had a more soluble and less cohesive polymeric 

matrix. 

• Biofilm streamers, disrupt water flow and cause a higher pressure drop increase. 

• The use of phosphorus-based antiscalants produces harder to remove biofilms. 

• Feed water nutrient composition changes biofilm structure and enhances 

cleanability. 

This chapter has been published as: Javier, L., Farhat, N.M., Vrouwenvelder, J.S., 2021. 
Enhanced hydraulic cleanability of biofilms developed under a low phosphorus 
concentration in reverse osmosis membrane systems. Water Research X 10, 100085.  
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Abstract 

A critical problem in seawater reverse osmosis (RO) filtration processes is biofilm 

accumulation, which reduces system performance and increases energy requirements. As 

a result, membrane systems need to be periodically cleaned by combining chemical and 

physical protocols. Nutrient limitation in the feed water is a strategy to control biofilm 

formation, lengthening stable membrane system performance. However, the cleanability 

of biofilms developed under various feed water nutrient conditions is not well 

understood.  

This study analyzes the removal efficiency of biofilms grown in membrane fouling 

simulators (MFSs) supplied with water varying in phosphorus concentrations (3 and 6 µg 

P·L-1 and with constant biodegradable carbon concentration) by applying hydraulic 

cleaning after a defined 140% increase in the feed channel pressure drop, through 

increasing the crossflow velocity from 0.18 m·s-1 to 0.35 m·s-1 for one hour. The two 

phosphorus concentrations (3 and 6 µg P·L-1) simulate the RO feed water without and 

with the addition of a phosphorus-based antiscalant, respectively, and were chosen based 

on measurements at a full-scale seawater RO desalination plant. Biomass quantification 

parameters performed after membrane autopsies such as total cell count, adenosine 

triphosphate, total organic carbon, and extracellular polymeric substances were used 

along with feed channel pressure drop measurements to evaluate biofilm removal 

efficiency. The outlet water during hydraulic cleaning (1 hour) was collected and 

characterized as well. Optical coherence tomography images were taken before and after 
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hydraulic cleaning for visualization of biofilm morphology.  

Biofilms grown at 3 µg P·L-1 had an enhanced hydraulic cleanability compared to 

biofilms grown at 6 µg P·L-1. The higher detachment for biofilms grown at a lower 

phosphorus concentration was explained by more soluble polymers in the EPS, resulting 

in a lower biofilm cohesive and adhesive strength. This study confirms that manipulating 

the feed water nutrient composition can engineer a biofilm that is easier to remove, 

shifting research focus towards biofilm engineering and more sustainable cleaning 

strategies. 

4.1 Introduction 

Seawater reverse osmosis (SWRO) membrane systems have emerged in recent 

decades to overcome the global increase in freshwater demand. A fundamental issue in 

SWRO filtration processes is the fouling of the membrane. Membrane fouling raises the 

system's hydraulic resistance and increases energy requirements [157]. One of the most 

challenging types of fouling is biofouling, the excessive growth of a biofilm. A biofilm 

develops through the attachment and growth of bacterial cells embedded in a produced 

matrix of extracellular polymeric substances (EPS) [158]. Biofouling negatively impacts 

the system performance, increasing the feed channel pressure drop, decreasing the flux 

and salt rejection, and increasing the overall water cost [136]. 

One proposed strategy for biofouling control is limiting biodegradable organic 

nutrients in the feed water to reduce bacteria's potential to grow [47,159–162]. In full-
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scale plants, pretreatment processes reduce nutrient concentration and bacterial cell 

concentration. Feed water pretreatment is done by various processes arranged in 

different configurations, such as dissolved air flotation, inline coagulation, biologically 

activated carbon filtration, slow sand filtration, dual media filtration, and ultrafiltration 

[120,132]. Almost all conventional pretreatment systems used in RO plants utilize low 

micron range cartridge filter (CF) units as a final protection barrier before the high-

pressure pumps of the RO membranes [163]. The types of treatment steps applied and 

sequence of pretreatment processes can vary between plants (there is no standard 

pretreatment process). 

Research has focused on restricting other nutrients, such as phosphorus concentration 

in the feed water [15,34,42,43,153]. Although phosphorous limitation has been shown to 

be effective in delaying biofilm formation and prolonging the system performance, the 

unintentional addition of phosphorous to the feed water through the dosage of 

phosphorus-based antiscalants is still performed. Antiscalants are often dosed to the RO 

feed water to avoid the scaling accumulation on the membrane. It has been previously 

reported that some antiscalants increase the organic content, and therefore, increase 

bacterial growth potential [164].  

Membrane modules are cleaned to remove accumulated fouling and restore system 

performance, usually when the overall differential pressure drop increases by more than 

15% [165]. Membrane cleaning is generally done using chemical and physical protocols 

[166]. Recent studies focused on advanced physical cleaning methods to reduce the 
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environmental impact and associated cost of chemical cleaning. Several hydraulic 

cleaning methods are reported in the literature, such as (i) reverse flushing by changing 

the direction of the flow from the concentrate to the feed side, (ii) reverse module 

operation where the elements are turned around and the brine seal moved to the other 

end [167], (iii) forward flushing by increasing the crossflow velocity, (iv) soaking of 

membranes [168], and (v) gas/liquid two-phase flow cleaning [169]. A previous study 

showed that among different hydraulic cleaning methods, the reverse operation of 

modules achieved a higher (15%) feed channel pressure drop recovery [167]. 

Hydrodynamic conditions affect biofilm structure, growth, and detachment [36,152]. 

Previous studies have reported that nutrient load in the feed water affects biofilm 

morphology and biofilm hydraulic resistance [38,170]. Biofilm morphology plays a vital 

role in determining the biofilm’s mechanical response to hydraulic shear stress [171]. 

Biofilm streamers are viscoelastic filamentous structures formed by bacteria embedded 

in strands of EPS [172]. Biofilm streamers have caused catastrophic disruption of flow 

independent of bacterial cell growth [173–175]. [174]) demonstrated that biofilms 

attached to the surfaces had little effect on flow, whereas biofilm streamers caused a 

higher flow disruption. Moreover, a recent study showed biofilm grown under restricted 

phosphorus conditions, detached by sloughing and peeling off when instantaneously 

increasing hydraulic shear force [170]. The biofilm detachment was explained by a weaker 

cohesive strength of the phosphorus-limited biofilm than the non-limited biofilm.  

Previously, we demonstrated that biofouling control by phosphorus limitation 
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depends on the assimilable organic carbon concentration [43]. However, the removal of 

biofilms developed under various feed water nutrient conditions is not well understood. 

This study analyzes the removal efficiency of biofilms grown at two phosphorus 

concentrations (3 and 6 µg P·L-1) by applying hydraulic cleaning after a 140% increase in 

the feed channel pressure drop through increasing the crossflow velocity from 0.18 m·s-1 

to 0.35 m·s-1 for one hour. The same carbon concentration was used for all the 

experiments to analyze the impact of phosphorus conditions only on biofilm cleanability. 

The two phosphorus concentrations (3 and 6 µg P·L-1) were chosen based on 

measurements taken at a seawater RO desalination plant (Figure S2 in supplementary 

material) simulating the RO feed water without and with the addition of a phosphorus-

based antiscalant, respectively. Biomass quantification parameters performed after 

membrane autopsies such as total cell count, adenosine triphosphate, total organic 

carbon, and extracellular polymeric substances were used along with feed channel 

pressure drop measurements to evaluate biofilm removal efficiency. The outlet water 

during hydraulic cleaning (1 hour) was collected and characterized as well. The biofilm 

structure was visualized with Optical Coherence Tomography. To the authors' knowledge, 

this is the first study that defines a hydraulic cleaning method to evaluate biomass 

detachment of biofilms grown at different feed water phosphorus conditions, and 

therefore, propose a more sustainable approach to improve membrane system 

performance.  
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4.2 Materials and Methods 

4.2.1 Experimental setup 

The feed water used for this study was tap water, produced by reverse osmosis (RO) 

desalination, supplemented with nutrients (Table 4.1), to assure an extremely low 

phosphorus content as a baseline (≤ 0.3 µg P·L-1). The tap water is produced through RO 

desalination at the King Abdullah University of Science and Technology desalination plant 

(Thuwal, Jeddah, Saudi Arabia) and distributed to the network with residual chlorine 

[176]. The chlorine in the feed water was removed by an activated carbon filter (filter 

housing model: UPS BB3 [AWF-UPS-3H-20B], cartridge model: sediment-carbon [AC-SC-

10-NL]) to protect the membranes. Water was passed through two cartridge filters (pore 

size 4 µm) to remove particles entering the feed water from the carbon filter.  

The experiments were conducted in a lab-scale setup with hydraulics, water 

characteristics and materials representative of SWRO membrane systems [38]. The setup 

consisted of a feed water pump, a feed flow controller, a pump for dosing the nutrients, 

a flow cell called a Membrane Fouling Simulator (MFS: [94], a back-pressure valve 

(Bronkhorst, Ruurlo, Netherlands) and a differential pressure sensor (Delta bar, PMD75, 

Endress+Hauser, Switzerland) to monitor the pressure drop over the feed channel. The 

MFS had inlet and outlet orifices for pressure drop measurements. A reverse osmosis (RO) 

polyamide membrane sheet with the dimensions of 20 cm × 3.5 cm and a 34 mil (864 µm) 

thick feed channel spacer, taken from a new commercially available spiral wound 
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membrane element (TW30-4040, DOW FILMTEC, USA) were placed inside the MFS. The 

feed flow channel height is 0.864 mm, equal to the feed spacer thickness.  

4.2.2 Fouling monitoring by feed channel pressure drop 

Earlier work has shown that reverse osmosis biofouling is a feed channel problem [96]. 

Pressure drop measurements were recorded as an indicator of system performance of RO 

biofouling, as feed channel pressure drop was shown to be the first and strongest 

impacted performance indicator [136]. Eight fully independent membrane fouling 

simulators were run simultaneously (Table 4.1), and the figures show the average and 

standard deviation of duplicate experiments for each scenario. The average initial 

pressure drop registered in each MFS was 35 ± 5 mbar. For each phosphorus 

concentration (3 µg P·L-1 and 6 µg P·L-1), two MFSs w§ere used as a control, where 

hydraulic cleaning was not performed. These MFSs were immediately stopped and 

sampled for biofilm analysis once a feed channel pressure drop increase of 140% (53 

mbar) was reached. The pressure drop increase chosen for the MFS simulates the 

biofouling condition that could be present at the inlet of the lead RO element. This 

pressure drop increase (140%) over the 0.20 m long MFS can explain a pressure drop 

increase of 15% over the first stage pressure vessel containing several 1 meter long 

membrane elements is series, as previously reported by [12,96,134]. Hydraulic cleaning 

was performed for the remaining two MFSs for each phosphorus condition; once the 

same pressure drop increase of 53 mbar was achieved. Hydraulic cleaning was performed 
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by increasing the crossflow velocity from 0.18 m·s-1 to 0.35 m·s-1 for one hour, still in the 

range of what is commonly applied in practice for hydraulic cleaning procedures. After 

hydraulic cleaning, the MFSs were stopped for biomass characterization. 

Table 4.1 – Experimental conditions for the study at different dosed phosphorus 
concentration 

Dosed carbon 
concentration 

(µg C·L-1) 

as glucose 

Dosed nitrogen 
concentration 

(µg N·L-1) 

as sodium nitrate 

Dosed phosphorus 
concentration 

(µg P·L-1) 

as sodium 
phosphate 

Cleaning procedure 

125 25 

3 Control 

3 Control 

3 Hydraulic cleaning 

3 Hydraulic cleaning 

6 Control 

6 Control 

6 Hydraulic cleaning 

6 Hydraulic cleaning 

 

4.2.3 Operating conditions 

Operating conditions during biofilm development 

The feed water was pumped through the MFS at a flow rate of 17 L·h-1, which is 

equivalent to a linear flow velocity of 0.175 m·s-1, representing practical conditions at 

membrane filtration installations [131]. Eight fully independent MFSs (Table 4.1) were run 

in parallel in a crossflow mode at a constant pressure of two bar without permeate 



114 

 

production. Previous studies showed the same pressure drop increase and biofilm 

formation in a nanofiltration (NF) installation with and without permeation [94,117]. A 

nutrient stock solution was added to the feed water, containing glucose, sodium nitrate, 

and sodium phosphate, to enhance biofilm growth in the flow cell. The nutrient stock 

solution increased the assimilable organic carbon concentration of the feed water by 125 

µg C·L-1. The same carbon concentration was used for all the membrane fouling simulators 

to only analyze the impact of different phosphorus conditions on biofilm removal.  The 

chosen carbon type (glucose) and concentration (125 µg C·L-1) was based on a previous 

study by [120]), where they reported a bacterial growth potential (BGP) of 128 µg C·L-1 as 

glucose for the RO feedwater of a  desalination plant performing one cleaning in place 

(CIP) per year. Previous studies showed that a reasonable carbon to nitrogen ratio (C:N) 

to promote bacterial growth is 100:20, which was the ratio used for this study [38,119]. 

The phosphorus concentration in seawater ranges from 3 to 11 µg P·L-1, and after water 

pretreatment with processes such as coagulation, it may be restricted to values below 1 

µg P·L-1 [34,39]. Figure S2 in supplementary material shows the phosphorous 

concentrations measurements taken at different stages of the seawater reverse osmosis 

(SWRO) plant at King Abdullah University of Science and Technology. The phosphorus 

concentrations for this study, 3 µg P·L-1 and 6 µg P·L-1, were selected based on phosphorus 

measurements which are typically present in seawater (S1) and the RO feed water after 

the addition of phosphorus-based antiscalants (S3). Chemicals from Sigma Aldrich 

(Darmstadt, Germany) were purchased in analytical grade. The nutrient stock solution's 
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pH-value was set at 11 by the addition of sodium hydroxide to restrict bacterial growth. 

The feed water flow rate was high (17.0 L·h-1) compared to the dosing flow rate of the 

nutrient solution (0.03 L·h-1). Consequently, the high pH-value of the nutrient solution did 

not affect the feed water pH of 7.8 [36]. Before nutrient dosage, on day 0, the outlet water 

from the crossflow was collected for one hour to measure adenosine triphosphate, total 

organic carbon, and total cell count, to use this data as a baseline. 

Operating conditions during hydraulic cleaning 

Two MFSs for each nutrient condition were hydraulically cleaned once the MFS 

reached a pressure drop increase of 140% (53 mbar). Cleaning was performed without 

permeate production; the impact of concentration polarization during cleaning is 

negligible. In practice, cleaning is done at a much lower feed pressure compared to 

operation. The crossflow velocity was increased from 0.18 m·s-1 to 0.35 m·s-1 for one hour 

and then returned to the original crossflow conditions (0.18 m·s-1) for an additional hour. 

Once the MFS reached a pressure drop increase of 53 mbar, the outlet water from the 

crossflow was collected for one hour before, during, and after the hydraulic cleaning for 

characterization purposes (measurements of adenosine triphosphate, total organic 

carbon, and total cell count). These parameters were used to analyze and quantify the 

flushed biomass and compared it to what remained on the membrane and feed spacer. 

4.2.4 Biomass quantification and characterization 

Total bacterial cell count 
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At the end of the experiments, the MFSs were stopped and disassembled for biomass 

characterization. Total bacterial cell counts (TCC) in the biofilm were performed by flow 

cytometry, following the protocol reported by [137]). Coupons of 4 × 2 cm2 of the 

biofouled membrane and spacer were cut from the MFS's inlet and outlet positions. The 

coupons were then placed in a capped tube with 40 mL ultrapure water. The samples 

were vortexed and sonicated for 2 minutes to detach biomass from the membrane and 

spacer. A sample of 700 µL was taken from the tube and stained with 7 µL·mL−1 SYBR 

Green I (100×) diluted from a 10,000× stock solution (Molecular Probes, Eugene, OR, 

USA). Next, the samples were incubated in the dark at 35 °C for 10 min. A BD Accuri C6 

flow cytometer (BD Accuri Cytometers, Belgium) equipped with a 50 mW laser with a fixed 

emission wavelength of 488 nm was used for TCC measurements. Fluorescence intensity 

was collected at FL1 = 533 ± 30 nm, FL3 > 670 nm, with sideward and forward scattered 

light intensities also obtained. All data were processed with the BD Accuri CFlow® 

software. Electronic gating was used to select SYBR green-labeled signals to quantify the 

total bacterial cell count following the procedure described by [139]). 

Adenosine triphosphate and total organic carbon 

Membrane and feed spacer coupons of 4 × 4 cm2 were retrieved from the MFS inlet 

and outlet positions to analyze accumulated adenosine triphosphate (ATP) and total 

organic carbon (TOC). The coupons were placed in a capped tube containing 40 mL of 

sterile tap water for ATP analysis or ultrapure water for TOC quantification. Next, the 

tubes were vortexed (for a few seconds) and placed in an ultrasonic water bath (Branson, 
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5510MTH, output 135 W, 40 kHz) to detach the biomass from membranes and spacers. 

The sonication procedure (2 minutes) was repeated until the liquid was homogenous. The 

water collected from the tubes was used as a sample to determine ATP and TOC 

concentrations in the biofilms. Samples were measured in duplicate. For ATP 

measurements, a luminometer (Celsis Advance, Charles River Laboratories, Inc., USA) was 

used. TOC measurements were performed with a Total Organic Carbon analyzer TOC-

VCPH (Shimadzu, Japan) equipped with a high-sensitivity catalyst (High sense TC catalyst; 

Shimadzu, Japan). A stock solution of potassium hydrogen phthalate (TOC-standard 

solution ICC-033-5, ULTRA scientific, USA) was diluted with ultrapure water to obtain 

solutions with carbon concentrations between 0 and 10 mg·L-1 C, to prepare a calibration 

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

Extraction and characterization of extracellular polymeric substances (EPS) 

EPS was extracted from the biofouled membrane and spacer by cutting a 4 × 4 cm2 

coupon from the MFS and placing it into tubes containing 10 mL of phosphate-buffered 

saline solution (PBS). The tubes were vortexed for two minutes and sonicated for five 

minutes to separate the biomass from the membranes and feed spacers. The EPS was 

extracted following the formaldehyde–NaOH method established by [101]). In brief, the 

water collected from the tubes was used as a sample for EPS extraction. A solution of 0.06 

mL formaldehyde (36.5%; Sigma-Aldrich, MO, USA) was added to the samples and 

incubated at 4 °C for 1 h. Next, 4 mL 1 N NaOH was added to the samples and incubated 

at 4 °C for 3 h, followed by centrifugation for 20 min at 20000×g. The supernatant was 
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filtered through a 0.2 µm pore-sized membrane and dialyzed using a 3500 Da dialysis 

membrane (Thermo Fisher Scientific, USA) for 24 h. Samples were then lyophilized for 48 

h and resuspended in 10 mL of ultrapure water. These samples were used to determine 

the fluorescence excitation-emission matrix (FEEM). The FEEM was measured using a 

Fluoromax-4 spectrofluorometer (Horiba Scientific, Japan) under excitation of 240-450 

nm and emission of 290-600 nm at a speed of 1500 nm min-1, a voltage of 700 V, and a 

response time of 2 s. FEEM peaks were identified, according to [177]). The FEEM plots 

presented in this study show four main regions: I	 (humic-like; excitation>280 nm, 

emission>380 nm), II (protein-like; excitation=250-280 nm, emission< 380 nm), III (fulvic 

acid-like; excitation=220-250 nm, emission> 380 nm), and IV (tyrosine-like; 

excitation=220-250 nm, emission=330-380 nm). 

4.2.5 Optical coherence tomography (OCT) 

In-situ imaging of the biofilm in the MFS was visualized using a spectral-domain Optical 

Coherence Tomography (Thorlabs Ganymede OCT System). The OCT is equipped with a 

central light source wavelength of 930 nm. The OCT is fitted with a 5× telecentric scan 

lens (Thorlabs LSM03BB), providing a maximum scan area of 100 mm2. OCT uses coherent 

light to capture the intensity signal of the scattered media in two dimensions (XZ). Two-

dimensional images are combined to form three-dimensional (3D) representations (XYZ) 

in seconds. Six three-dimensional images were taken at the inlet, middle, and outlet 

positions of each MFS for visualization purposes. Each 3D image consisted of 278 two-
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dimensional images. Images were taken at a high-resolution frequency of 36 kHz, with a 

refractive index of 1.33. The images had a length of 5.00 mm and a depth of 1.00 mm with 

a pixel size in the x-direction of 18.00 µm and a z-direction of 2.13 µm. The images showed 

in this study were representative from all the images analyzed. 

4.3 Results 

4.3.1 Membrane performance parameter: feed channel pressure drop 

 

This study assessed the hydraulic cleanability of biofilms developed under two 

phosphorus concentrations (3 µg P·L-1 and 6 µg P·L-1) by increasing the crossflow velocity 

from 0.18 to 0.35 m·s-1 for one hour. We used 140% feed channel pressure drop increase 

(+53 mbar from the initial value) as a parameter for either stopping the control membrane 

fouling simulators or for performing the hydraulic cleaning (Figure S3). Biofilms grown 

under the 3 µg P·L-1 phosphorus condition took 15 days longer to reach the defined 

pressure drop (Figure 4.1A). Pressure drop recovery after hydraulic cleaning of only 3% 

was measured for biofilms grown under 6 μg P·L-1 compared to 60% recovery for biofilms 

grown under 3 μg P·L-1 (Figure 4.1B). A better recovery in  
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Figure 4.1 – Feed channel pressure drop plots before and after hydraulic cleaning.  
(A) Feed channel pressure drop in time over the membrane fouling simulator (MFS) 
before hydraulic cleaning (n=4), and (B) feed channel pressure drop before hydraulic 
cleaning (crossflow velocity of 0.16 m·s-1) and after hydraulic cleaning increasing the 
crossflow velocity to 0.32 m·s-1 for 1 hour, for the biofilms grown at 3 μg P·L-1 and 6 μg 
P·L-1 in the feed water with a dosed assimilable organic carbon concentration of 125 μg 
C·L-1. The average of independent duplicate experiments is shown. The MFSs were 
hydraulically cleaned, stopped, and sampled for biofilm analysis once a feed channel 
pressure drop increase of 53 mbar was reached. 

 

 

4.3.2 Biomass characterization 

Characterization of the crossflow outlet water 

On day 0 and on the last day of the experiment, we characterized the crossflow outlet 

water to quantify total cell count, adenosine triphosphate and total organic carbon 

before, during and after hydraulic cleaning. The total cell count (TCC) in the crossflow 

outlet water was 0.24×105 cells·mL-1 on day 0. An increase in the bacterial cell count in 

the crossflow outlet water for both the 3 μg P·L-1 and 6 μg P·L-1 was observed when a feed 
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channel pressure drop increase of 53 mbar was reached. The collected crossflow outlet 

water before hydraulic cleaning had a total cell count of 0.84×105 cells·mL-1 for the 3 μg 

P·L-1, and 0.95×105 cells·mL-1 for the 6 μg P·L-1 condition. During the hydraulic cleaning, 

TCC increased to 9.78 and 1.89×105 cells·mL-1, respectively (Figure 4.2A). The increase in 

the total cell count in the crossflow outlet water during hydraulic cleaning was higher for 

the 3 μg P·L-1 condition, suggesting a better biofilm removal.  

Adenosine triphosphate (ATP) in the crossflow outlet water was 1.25 pg·mL-1 on day 0. 

During hydraulic cleaning, a higher ATP concentration was released in the crossflow outlet 

water for biofilms grown at 3 μg P·L-1 phosphorus compared to 6 μg P·L-1. For the biofilms 

grown at 3 μg P·L-1, the ATP concentration was 59.22 pg·mL-1 before hydraulic cleaning 

and 871.41 pg·mL-1 during hydraulic cleaning, compared to biofilms grown at 6 μg P·L-1, 

where before and during hydraulic cleaning, the ATP values were 34.85 and 121.74 pg·mL-

1, respectively (Figure 4.2B). The crossflow outlet water showed a higher amount of 

adenosine triphosphate during hydraulic cleaning for the 3 μg P·L-1 condition, suggesting 

a better removal of active bacteria. 

The total organic carbon (TOC) in the crossflow outlet water was 0.57 mg·L-1 on day 0. 

For biofilms grown at 3 and 6 μg P·L-1, the TOC before hydraulic cleaning was 0.89 and 

1.42 mg·L-1 respectively, and during hydraulic cleaning, the TOC increased to 2.16 and 

1.46 mg·L-1, respectively. The TOC for the 6 μg P·L-1 concentration did not show a 

significant increase in the crossflow outlet water during hydraulic cleaning (Figure 4.2C). 

The crossflow outlet water collected after a pressure drop increase of 140% showed a 
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clearly higher TCC, ATP and TOC values during hydraulic cleaning for biofilms grown at 3 

μg P·L-1 suggesting better biomass removal. 

 

Figure 4.2 – Crossflow outlet water characterization before, during, and after hydraulic 
cleaning.  
(A) total cell count (B) adenosine triphosphate, and (C) total organic carbon for the 
biofilms grown at 3 μg P·L-1 and 6 μg P·L-1 feed water conditions with a dosed assimilable 
organic carbon concentration of 125 μg C·L-1, before hydraulic cleaning (crossflow velocity 
of 0.16 m·s-1), during (crossflow velocity of 0.32 m·s-1 for 1 hour) and after hydraulic 
cleaning (crossflow velocity of 0.16 m·s-1). The horizontal black line indicates the baseline 
at day 0 for each parameter. The average of independent duplicate experiments is shown. 
The MFSs were hydraulically cleaned, stopped, and sampled for biofilm analysis once a 
feed channel pressure drop increase of 53 mbar was reached. 

 

Biomass characterization on the membrane and spacer 

The biomass parameters (total cell count, adenosine triphosphate, and total organic 

carbon) for the biofouled membrane and spacer lead to the same conclusions as to the 

crossflow outlet water. Figures 3A and 3B show the total cell count and adenosine 

triphosphate of the biofouled membranes and spacers before and after the hydraulic 

cleaning. The control MFSs, where no hydraulic cleaning was performed, were stopped 

and autopsied once a feed channel pressure drop increase of 53 mbar was reached. For 
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the control MFSs, the biofilms grown at 6 μg P·L-1 showed significantly higher TCC 

(8.01×107 cells·cm-2) and ATP values (88.52×103 pg·cm-2) compared to biofilms grown at 

3 μg P·L-1 at the same biodegradable carbon concentration (2.96×107 cells·cm-2 and 

24.44×103 pg·cm-2, respectively). These results demonstrated that the lower phosphorus 

concentration restricted bacterial growth in the developed biofilms grown at at 3 μg P·L-

1 compared to biofilms grown at 6 μg P·L-1. Figure 4.3C shows the TOC for biofilms 

developed at both phosphorus concentrations, 6 and 3 μg P·L-1, which did not show a 

significant difference at the end of the experiment, 0.071 and 0.067 mg C·cm-2, 

respectively. The results revealed that biofilms with lower TCC and ATP values before 

performing hydraulic cleaning had the same pressure drop increase due to the same TOC 

content. 

After one hour of hydraulic cleaning, two MFSs for each phosphorus concentration 

were autopsied for biomass characterization by increasing the crossflow velocity from 

0.18 to 0.35 m·s-1. The total cell count for the biofilms grown at 3 μg P·L-1 showed a 67% 

reduction after hydraulic cleaning; the TCC went from 2.96 to 0.97×107 cells·cm-2, 

compared with biofilms grown at 6 μg P·L-1, where the TCC value dropped 29% from 8.01 

to 5.71×107 cells·cm-2 (Figure 4.3A). Similarly, Figure 4.3B demonstrates that the ATP 

showed the highest reduction (82%) for biofilms developed at 3 μg P·L-1 (from 24.44 to 

4.48×103 pg·cm-2) compared to biofilms grown at 6 μg P·L-1 (from 88.52 to 61.07×103 

pg·cm-2). Figure 4.3C shows a 55% decrease in TOC for biofilms grown at 3 μg P·L-1 (from 

0.067 to 0.031 mg·cm-2) compared to the 18% TOC decrease for biofilms developed at a 
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higher phosphorus concentration (from 0.071 to 0.058 mg·cm-2). In summary, more 

biofilm biomass, in terms of TCC, ATP and TOC, was removed after hydraulic cleaning for 

biofilms grown at a lower phosphorus concentration.  

 

Figure 4.3 – Biofilm characterization of the biofouled membrane and spacer before and 
after hydraulic cleaning.  
(A) total cell count (B) adenosine triphosphate, and (C) total organic carbon for the 
biofilms grown at 3 μg P·L-1 and 6 μg P·L-1 feed water conditions with a dosed assimilable 
organic carbon concentration of 125 μg C·L-1, before hydraulic cleaning (crossflow velocity 
of 0.16 m·s-1) and after hydraulic cleaning increasing the crossflow velocity to 0.32 m·s-1 
for 1 hour. The average of independent duplicate experiments is shown. The MFSs were 
hydraulically cleaned, stopped, and sampled for biofilm analysis once a feed channel 
pressure drop increase of 53 mbar was reached. 

 

At the end of the experiment, extracellular polymeric substances (EPS) were extracted 
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emission=330-380 nm). Figures 4A and 4C show the FEEM plots for the biofilm developed 

at both phosphorus concentrations before hydraulic cleaning. The EPS of both biofilms, 6 

and 3 μg P·L-1, showed similar peaks of humic acid-like substances (26,290 and 24,147 

counts per second/microAmpere, respectively) and tyrosine like substances (203,069 and 

190,120 counts per second/microAmpere, respectively). Biofilms grown at 3 μg P·L-1 

showed a higher peak in fulvic acid-like substances (158,756 counts per 

second/microAmpere) compared to biofilms grown at 6 μg P·L-1 (104,720 counts per 

second/microAmpere). A higher fluorescence intensity was shown for biofilms grown at 

6 μg P·L-1 where a higher peak was observed for protein-like substances (627,976 counts 

per second/microAmpere) compared to biofilms grown at 3 μg P·L-1 (293,873 counts per 

second/microAmpere). Figure 4.4E shows the reduction in fluorescence intensity after 

hydraulic cleaning for the biofouled membranes and spacers for both conditions. After 

hydraulic cleaning, the peak for the humic-like substances of the biofilms developed at 6 

and 3 μg P·L-1, reduced in 16% and 8%, respectively. A higher reduction was observed in 

the fluorescence intensity of protein substances for biofilms grown at 3 μg P·L-1 (69%) 

compared to biofilms grown at 6 μg P·L-1 (50%), indicating a better protein removal. The 

removal of fulvic like substances showed a similar result, where the reduction in the peak 

after hydraulic cleaning was 23% for biofilms grown at 3 μg P·L-1, compared with the 

reduction of 15% of biofilms grown at 6 μg P·L-1. Tyrosine like substances reduced in a 

40% and 48% for biofilms grown at 6 and 3 μg P·L-1, respectively (Figures 4B and D). In 

summary before hydraulic cleaning, the TOC was about the same for biofilms grown at 
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both phosphorus concentrations (Figure 4.3C). However, Figure 4.4 shows that biofilms 

differing in EPS composition (varying amounts of humic acids, proteins, fulvic acids and 

tyrosine) had the same pressure drop increase (Figure 4.1). 

 

Figure 4.4 – Fluorescence excitation-emission matrix (FEEM) plots of organic matter 
extracted from biofouled membrane samples. 
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For the biofilms grown under (A) 6 µg P·L-1 and (C) 3 µg P·L-1 concentration in the feed 
water. (B) 6 µg P·L-1 (D) 3 µg P·L-1 show the FEEM plots of organic matter extracted from 
biofouled membrane samples after hydraulic cleaning. The FEEM plots show the presence 
of I: Humic-like substances, II: Protein like substances, III: Fulvic acid-like substances, and 
IV: Tyrosine like substances. (E) Reduction in fluorescence intensity for the four types of 
substances after hydraulic cleaning by increasing the crossflow velocity from 0.16 m·s-1 to 
0.32 m·s-1 for 1 hour. The MFSs were hydraulically cleaned, stopped, and sampled for 
biofilm analysis once a feed channel pressure drop increase of 53 mbar was reached.  

4.3.3 Biofilm structural properties 

The biofilm structure was visualized by optical coherence tomography. Three-

dimensional images, each composed of 278 two-dimensional images in the XZ direction, 

were assessed. The images were taken at the inlet, middle, and outlet positions of each 

membrane fouling simulator on the last day of the experiments before and after hydraulic 

cleaning (Figure 4.5). Figure 4.5E shows an OCT image of a clean membrane and spacer 

on day 0. Before hydraulic cleaning, for the biofilms grown at 6 μg P·L-1 (Figure 4.5A), the 

membranes looked to contain more biofilm, compared to the biofilms grown at 3 μg P·L-

1 (Figure 4.5C). OCT images confirmed biomass characterization results of the biofouled 

membranes and spacers, where more biomass was removed after hydraulic cleaning for 

biofilms grown at a lower phosphorus concentration (Figure 4.5D), compared to biofilms 

grown at 6 μg P·L-1 (Figure 4.5B).  

Figure 4.5A and 4.5C show the formation of biofilm streamers in both MFSs. These 

filamentous structures were significantly removed by the hydraulic cleaning for the 

biofilms grown at 3 μg P·L-1 (Figure 4.5D), compared to biofilms grown at a higher 

phosphorus concentration (Figure 4.5B). To sum up, for both phosphorus concentrations 
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(3 and 6 μg P·L-1), the biomass quantity and the biofilm streamers caused a detrimental 

effect on membrane performance, such as pressure drop increase. 

 

Figure 4.5 – Three-dimensional visualization (top view) of a clean and biofouled 
membranes and spacers imaged with optical coherence tomography (OCT).  
The images (5 mm length) show the biofilms grown under feed water conditions of (A and 
B) 6 µg P·L-1 and (C and D) 3 µg P·L-1 with a dosed assimilable organic carbon concentration 
of 125 μg C·L-1, before and after hydraulic cleaning increasing the crossflow velocity from 
0.16 m·s-1 to 0.32 m·s-1 for 1 hour. E) OCT image of a clean membrane and spacer on day 
0 before nutrient dosage. The MFSs were hydraulically cleaned, stopped, and sampled for 
biofilm analysis once a feed channel pressure drop increase of 53 mbar was reached. Six 
three-dimensional images were taken at the inlet, middle, and outlet positions of each 
MFS. The arrow indicates the flow direction.  
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Figure 4.6 shows a summary of different biomass parameters’ reduction after 

hydraulic cleaning. A slight restoration of 3% in the feed channel pressure drop for 

biofilms grown at 6 μg P·L-1 was accompanied by a reduction of 29% of TCC, 31% of ATP, 

18% of TOC, and 50% of proteins. Recovery of 60% in the feed channel pressure drop for 

biofilms grown at 3 μg P·L-1 represented a reduction of 67% of TCC, 82% of ATP, 55% of 

TOC, and 69% of proteins. The overall results indicate that the biofilms are structurally 

different due to different nutrient feed water phosphorus concentrations and therefore 

detach differently in response to changes in flow patterns. Under these circumstances, 

better removal of active biomass (ATP, TCC) and proteins was achieved by biofilms grown 

at a lower phosphorus concentration. Therefore, biofilms developed under a low 

phosphorus concentration demonstrate an enhanced hydraulic cleanability. 

 

Figure 4.6 – Membrane performance restoration and biomass removal.   
The figure shows the percentage of reduction after hydraulic cleaning increasing the 
crossflow velocity from 0.16 m·s-1 to 0.32 m·s-1 for 1 hour, for the biofilms grown at 3 μg 
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P·L-1 and 6 μg P·L-1 in the feed water with a dosed assimilable organic carbon 
concentration of 125 μg C·L-1. The MFSs were hydraulically cleaned, stopped, and sampled 
for biofilm analysis once a feed channel pressure drop increase of 53 mbar was reached. 

4.4 Discussion 

4.4.1 Biofilms grown at a low phosphorus concentration have an enhanced hydraulic 

cleanability 

Developing effective and reliable biofilm cleaning strategies requires understanding 

how nutrient composition in the feed water affects biofilm composition. Previous studies 

have reported various mechanisms to influence biofilm’s EPS composition: i) the material 

of membranes and spacers [16,178], ii) the water characteristics [38], and operational 

conditions of the system [93]. Therefore, different EPS composition influence biofilm 

structural properties and, thus, the biofilm detachment when changes in the crossflow 

patterns occur [40]. This study assessed the efficiency of hydraulic cleaning of biofilms 

grown under two phosphorus concentrations (6 µg P·L-1 and 3 µg P·L-1) by increasing the 

crossflow velocity from 0.18 m·s-1 to 0.35 m·s-1 for 1 hour. The results showed a higher 

pressure drop reduction explained by an enhanced detachment of biofilms grown at a 

lower phosphorus concentration (Figure 4.1B). 

We attribute the enhanced detachment of biofilms grown at 3 µg P·L-1 to two main 

factors: i) the composition of EPS and ii) the cohesive strength of phosphorus limiting 

biofilms. The first factor relates to the composition of the extracellular polymeric 

substances, thus changing EPS sorption and adhesiveness. Proteins can be involved in 



131 

 

hydrophobic interactions resulting in an adsorptive EPS [179]. It has been reported that 

the adsorptive EPS gives the biofilm sorption characteristics by binding various nutrients, 

metals, and contaminants, which in turn increases biofilm rigidity [180,181]. Moreover, it 

has been previously shown that phosphate limitation results in the loss of adhesin LapA, 

an adhesion protein required for biofilm formation [182]. LapA has been correlated with 

more permanent associations with surfaces [183]. In this study, biofilms grown at a higher 

phosphorus concentration (6 µg P·L-1) showed 53% higher protein production (Figure 4.4), 

indicating a more rigid and more “sticky” structure, compared to biofilms grown at 3 µg 

P·L-1. An additional finding from this study is the higher amount of fulvic acids (+52%) 

present for biofilms grown at a lower phosphorus concentration (Figure 4.4C), which was 

reduced after hydraulic cleaning. Humic substances are heterogenic organic constituents 

found in soils and water. Depending on their solubility, humic substances can be divided 

into three fractions: humic acids, fulvic acids, and humin [184]. Fulvic acids are soluble in 

natural waters independent of the pH. On the contrary, humic acids are insoluble in the 

water below pH 8 [185]. Fulvic acids are natural amphiphilic polymers with carboxylic and 

phenolic-OH groups forming a micelle-like structure [165]. It has been suggested that 

amphiphilic polymers aid bacteria in detaching from interfaces [180]. In our study, when 

the crossflow was increased for one hour, the higher presence of fulvic acids in the biofilm 

grown at a lower phosphorus concentration helped solubilize and detach the biofilm from 

the membrane and spacer. The combination of lower protein production and more 

soluble and amphiphilic polymers in the EPS causes the enhanced cleanability of biofilms 
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grown at lower phosphorus concentration. 

The second factor relates to the cohesive strength of phosphorus limiting biofilms. EPS 

composition determines biofilms' mechanical properties, such as cohesive strength, a 

material's ability to hold itself together under stress [23,186]. [187] showed that biofilms 

grown under restricted phosphorus conditions sloughed and peeled off from the 

membrane when increasing the shear stress from 0 to 2 bar pressure in a gravity-driven 

membrane system. They explained the biofilm detachment by performing a biofilm 

rheological analysis, where biofilms grown under phosphorus limiting conditions showed 

a weaker cohesive strength. We confirmed with the OCT images that biofilm structures 

detached better at a lower phosphorus concentration when increasing the crossflow 

velocity (Figure 4.5). In agreement with our study, the results confirmed that phosphorus 

limitation determines the biofilm mechanical properties, such as cohesive strength and 

the ability of a material to hold itself together under stress.  

4.4.2 Biofilm structural properties play an essential effect on pressure drop increase 

Organic compounds in the feed water and hydrodynamic conditions influence biofilm 

structural properties [38,170]. Some studies have reported the formation of distinct 

biofilm structures called streamers. These filamentous structures develop in the surface 

on one or both ends, while the rest is floating in the fluid [172,188]. Biofilm streamers 

cause significant disruption of the flow, negatively impacting the pressure drop 

[172,173,175]. In this study, the higher phosphorus concentration (6 µg P·L-1) resulted in 
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biofilm attached to the surfaces and biofilm streamers. On the contrary, at a lower 

phosphorus concentration, the streamers were the governing biofilm structure (Figure 

4.5). Both biofilms had a similar total organic carbon (Figure 4.3C); however, the 

phosphate limiting biofilm showed a substantially lower bacterial cell activity (TCC and 

ATP). This result indicates that regardless of the biomass composition, the biofilm 

structural properties play a significant role on the pressure drop increase and detachment 

from membranes and spacers. 

4.4.3 Practical implications 

Desalination plants usually dose phosphorus-based antiscalants to control scale 

formation in the membrane modules, increasing the phosphorus concentration in the 

feed water [189]. Antiscalants easily avoid precipitation of soluble salts such as CaCO3 and 

CaSO4; however, the removal of calcium phosphate is still questionable [190]. Previous 

research demonstrated that increasing the concentration of phosphorus can lead to the 

formation of colloidal composites within a very short time of less than seconds, promoting 

calcium phosphate scaling on the membrane [191,192]. Moreover, it has been previously 

reported that some antiscalants can increase the assimilable organic content in the feed 

water, and therefore increase the biofouling potential [164]. Our study recommends a 

low-cost optimization strategy for reverse osmosis desalination plants by lowering or 

avoiding the increase of the phosphorus concentration in the feed water by adding 

different chemicals (antiscalants, acids, biocides) to develop a biofilm with enhanced 
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hydraulic cleanability. The phosphates added to the antiscalants get concentrated in the 

brine and act as a nutrient for algae promoting eutrophication when brine is discharged 

into the sea generating environmental problems [193,194]. Besides the environmental 

advantages of dosing phosphorus-free antiscalants, if phosphorus limitation is combined 

with carbon restriction after feed water pretreatment, the approach could delay biofilm 

formation prolonging the system performance [43]. Our recommendation to lower the 

phosphorus and carbon concentration in the feed water and periodic hydraulic cleaning 

anticipate a sustainable method to extend system performance, while maintaining water 

production and, therefore, reducing the overall water cost. 

4.4.4 Future research 

Biofouling control strategies have focused mainly on eradicating biofilm development 

[98,195]. This study proves that biofilm engineering, e.g., manipulating the feed water 

nutrient composition, would enable improved biofilm management strategies. In that 

sense, it will be possible to engineer, control, and manage biofilms that are easier to be 

cleaned by solubilization and removal. This study evaluated the detachment of biofilm 

grown at two phosphorus concentrations after performing a hydraulic cleaning. The 

characterization of the EPS on the membrane and the biomass quantification of the outlet 

water when increasing the crossflow velocity could be used to determine the removal 

potential of biofilms grown at different nutrient conditions to changes in the crossflow 

pattern. Future research should focus on testing (i) different nutrient conditions and (ii) 
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permeate conditions and their effect on biofilm detachment. This data could be used to 

customize and design more effective cleaning protocols for better biofilm removal, such 

as (i) the proper selection of hydraulic cleaning methods (backflush, forward flush, 

bubbles, gas/liquid two-phase flow cleaning), (ii) the effect of hydraulic cleaning 

combined with chemical cleaning along with membrane and spacer modification for 

biofouling control [16,196], and (iii) the optimization of operational parameters during 

cleaning procedures [166]. It has been shown that cleaning-in-place (CIP) efficiency is 

lower for full-scale RO than lab-scale MFS [144]. Therefore, further studies should also be 

performed in full-scale installations by lowering the phosphorus concentration in the feed 

water to validate the efficiency of cleaning strategies. 

4.5  Conclusions 

This study analyzed the effect of hydraulic cleaning by increasing the crossflow velocity 

from 0.18 m·s-1 to 0.35 m·s-1 for one hour on biofilm grown at two phosphorus 

concentrations (3 µg P·L-1 and 6 µg P·L-1) with the same biodegradable organic carbon 

content. Feed channel pressure drop measurements and the characterization of the MFS 

crossflow outlet water and biomass on the membrane and spacer were used as an 

indicator to analyze system performance and hydraulic cleaning efficiency. The 

membrane fouling simulators were hydraulically cleaned, stopped, and sampled for 

biofilm analysis (TCC, ATP, TOC and EPS characterization) once a feed channel pressure 

drop increase of 53 mbar was reached (+140% from its initial value). The conclusions of 
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this study can be summarized by: 

(i) Biofilms grown at 3 µg P·L-1 have a higher hydraulic cleanability compared to 

biofilms grown a 6 µg P·L-1. The higher detachment for biofilms grown at a 

lower phosphorus concentration is explained by fewer proteins and more 

soluble polymers in the EPS, translating in a lower biofilm cohesive and 

adhesive strength. 

(ii) Different biomass composition (in terms of ATP, TCC and EPS components) can 

have the same detrimental effect on pressure drop increase, explained by the 

biofilm's structural arrangement in the flow channel (biofilm streamers). 

(iii) The manipulation of nutrient composition in the feed water could develop 

biofilms that are easier to be removed by hydraulic cleaning methods. 

(iv) The use of phosphorus-based antiscalants increases the phosphorus 

concentration in the feed water, thereby producing a biofilm with higher 

cohesive strength and subsequently, reducing the biofilm hydraulic 

cleanability. 

(v) The hydraulic cleaning technique proposed in this study could be used to 

analyze the detachment of biofilms grown at different nutrient composition. 

  



137 

 

Chapter 5 – Phosphorus concentration in water affects the biofilm 

community and the produced amount of extracellular polymeric sub-

stances in reverse osmosis membrane systems 

 

Highlights 

• P in the feed water affects the microbial composition and EPS production. 

• The ratio of EPS per bacterial cell increases as P concentration decrease. 

• Different bacterial communities develop at varying P in the feed water. 

• Bacterial biofilm population remain the same after forward flushing. 

• A homogenous bacterial community develops along the biofilm depth. 

 
This chapter has been published as: Javier, L., Pulido, M., Kruithof, J., Vrouwenvelder, J., 
Farhat, N., 2021. Phosphorus concentration in water affects the biofilm community and 
the produced amount of extracellular polymeric substances in reverse osmosis 
membrane systems. Membranes 11.  
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Abstract 

Biofouling is a problem that hinders sustainable membrane-based desalination and 

stratification of bacterial populations over the biofilm’s height is suggested to 

compromise the efficiency of cleaning strategies. Some studies reported a base biofilm 

layer attached to the membrane that is harder to remove. Previous research suggested 

limiting phosphorus concentration in the feed water as a biofouling control strategy. 

However, bacterial communities growing under phosphorus limiting conditions and 

communities remaining after cleaning is unknown. This study analyzes the bacterial 

communities developed in biofilms grown in membrane fouling simulators (MFSs) 

supplied with water with three dosed phosphorus conditions at a constant biodegradable 

carbon concentration. After biofilm development, biofilm was removed using forward 

flushing (an easy-to-implement and environmentally friendly method) by increasing the 

crossflow velocity for one hour. We demonstrate that small changes in phosphorus 

concentration in the feed water led to (i) different microbial composition, (ii) different 

bacterial cells to EPS ratio, while (iii) similar bacterial biofilm population remained after 

forward flushing, suggesting a homogenous bacterial community composition along the 

biofilm height. This study represents an exciting advance to-wards greener desalination 

by applying non-expensive physical cleaning methods while manipulating feed water 

nutrient conditions to prolong membrane system performance and enhance membrane 

cleanability. 
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5.1 Introduction 

In the Arab region, fourteen countries rely on non-conventional sources of water, like 

desalination, to meet their growing water demand [2]. Reverse osmosis membrane 

systems have significantly expanded in the Arab region, where half of the world's 

desalination capacity is produced [3]. One of the main challenges in desalination is to 

produce clean water at a lower cost. The water cost can be impacted by biofouling 

occurrence. Biofouling is when biofilm, or the accumulation of bacteria embedded in a 

matrix of extracellular polymeric substances (EPS), excessively accumulates on the 

membrane and feed spacer, resulting in an unacceptable decline in membrane 

performance [143]. Biofouling is considered a problem in achieving sustainable 

desalination, as it impacts the membrane operational parameters such as feed channel 

pressure drop increase, the flux decline, and the salt passage [197]. 

The characteristics of the biofilm developed in the membrane system depend on the 

feed water phosphorus conditions. Nutrient conditions in the feed water alter the growth 

of different bacterial communities and substances segregated in the biofilms [19]. It has 

been suggested that a mass ratio of carbon (C), nitrogen (N), and phosphorus (P) of at 

least ~100:23:4.3 is needed for bacterial growth to occur [122].  The demand for C, N, and 

P increases as the bacterial growth rate increases. C:N ratios appear to vary slightly in 

time even after the growth rate increases. However, a minor change in phosphorus 

concentration in the feed water impacts the growth of microorganisms [43,162,198]. One 

of the strategies proposed for biofouling control is manipulating the feed water nutrient 
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composition [38].  Phosphorus limitation in the feed water has been suggested as an 

approach for biofouling control [15,34,39]. We previously demonstrated that even at 

extremely low phosphorus concentrations in the feed water (£0.3 µg PO4-P·L-1) at high 

assimilable organic carbon concentration, an adverse effect in the feed channel pressure 

drop was observed, as bacteria increased the production of extracellular polymeric 

substances [43]. This finding suggests that certain bacterial families outcompete and 

adapt to phosphorus limiting conditions. 

Bacterial adaptations to phosphorus limiting conditions include but are not limited to 

(i) increased EPS production, (ii) phosphorus accumulation, regeneration, and 

sequestration, and (iii) regulating adhesin protein production. Danhorn et al. (2004) [199] 

and Desmond et al. [40] showed that phosphorus limitation enhances biofilm formation 

by bacteria increasing the extracellular polymeric substances (EPS) production to provide 

bacterial protection from a wide range of stresses [200]. Similarly, some bacterial families 

adapt to phosphorus limiting conditions by accumulating, regenerating, or sequestering 

phosphorus. Polyphosphate accumulating organisms (PAO) accumulate phosphorus 

through the reversible transfer of adenosine triphosphate (ATP) to polyphosphate [201–

203]. Some species regenerate phosphorus when the N:P ratio is below 25:1 [198]. Other 

bacterial families sequester phosphorus by modifying a filiform extension of the cell. 

[204–207]. Another mechanism for bacterial survival under phosphorus limiting 

conditions is to increase intracellular signaling molecules resulting in the release of 

adhesin proteins from the cell walls to attach better to surfaces [182,208–211].  
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These bacterial adaptations to phosphorus limiting conditions and related EPS 

production can compromise membrane cleaning strategies. It has been suggested that 

the stratification of bacterial populations in the inner biofilm layers developed a base 

biofilm attached to the membrane that is harder to remove [212,213]. Previously, we 

demonstrated that reducing the phosphorus concentration in the water from 6 µg P·L-1 (P 

in RO feed water after dosage of phosphorus-based antiscalants) to 3 µg P·L-1 (P in 

seawater) enhanced the hydraulic cleanability of reverse osmosis membranes and feed 

spacers [35]. However, it is unknown which bacterial communities grow under 

phosphorus limiting conditions and if the bacterial community in the biofilm that remains 

after membrane flushing (by increasing the crossflow velocity of reverse osmosis systems) 

is of a different composition.  

This study analyzes the bacterial communities developed in biofilms grown in 

membrane fouling simulators (MFSs) supplied with water at three dosed phosphorus 

concentrations (0, 3, and 6 µg P·L-1) and with a constant biodegradable carbon 

concentration of 125 μg C·L-1. After biofilm development, forward flushing was done by 

increasing the crossflow velocity in MFSs from 0.18 m·s-1 to 0.35 m·s-1 for one hour [96]. 

Membrane performance was monitored by analyzing the feed channel pressure drop 

increase. Biomass detachment was studied by performing membrane autopsies and 

quantifying adenosine triphosphate, total cell count, and extracellular polymeric 

substances (EPS). To our knowledge, this is the first time to perform a 16sRNA gene 

sequencing biomass analysis in phosphorus enriched and limited biofilms to analyze and 
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compare the different bacterial community present before and after forward flushing and 

its effect on biofilm development. Understanding the bacterial communities developed 

under phosphorus limiting conditions can help define better biofouling control protocols 

and membrane cleaning strategies for more sustainable desalination. 

5.2 Materials and Methods 

5.2.1 Experimental setup and operational parameters during biofilm growth 

Dechlorinated tap water supplemented with nutrients (Table 5.1) was used as the feed 

water for this study containing an ultra-low phosphorus concentration of £0.3 µg PO4-P·L-

1, measured as orthophosphate according to Javier et al. (2020, 2021) [35,43,214]. The 

tap water is produced through seawater reverse osmosis (SWRO) desalination at the King 

Abdullah University of Science and Technology desalination plant (Thuwal, Jeddah, Saudi 

Arabia). Previous studies have shown that the tap water used for this experiment is 

suitable for biofilm studies [38,215–217]. The tap water elemental composition can be 

found in Table S1 of the supplementary material.  

The lab-scale experimental setup (Figure 5.1) consisted of (i) an activated carbon filter, 

(ii) two cartridge filters, (iii) a water pump, (iv) a flow controller, (v) a nutrient dosage 

pump, (vi) a membrane fouling simulator with inlet and outlet orifices for pressure drop 

measurements (MFS: [117]), (vii) a differential pressure sensor (Delta bar, PMD75, 

Endress+Hauser, Switzerland) to monitor the pressure drop over the feed channel and 

(viii) a back pressure valve (Bronkhorst, Ruurlo, Netherlands). The activated carbon filter 
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(filter housing model: UPS BB3 [AWF-UPS-3H-20B], cartridge model: sediment-carbon 

[AC-SC-10-NL]) was used to remove the residual chlorine in the feed water. The two 

cartridge filters (pore size 4 µm) were placed after the activated carbon filter to remove 

any particles in the water that passed previously from the carbon filter. The membrane 

and spacer placed in the MFS were a reverse osmosis (RO) polyamide membrane with the 

dimensions of 20 cm × 3.5 cm and a 34 mil (864 µm) thick feed channel spacer, taken from 

a new commercially available spiral wound membrane element (TW30-4040, DOW 

FILMTEC, USA). The hydraulics in the MFS, the membranes, and the spacers used in this 

study are representative of SWRO membrane systems [38]. 

 

Figure 5.1. Lab-scale experimental setup (picture and schematic diagram). 
 

Previous research shows that the first and strongest membrane performance 

parameter affected for biofilm development is the feed channel pressure drop [136]. 
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Twelve fully independent membrane fouling simulators (Table 1) dosed with three 

different phosphorus concentrations, 0 μg P·L-1, 3 μg P·L-1, and 6 μg P·L-1 and with a dosed 

assimilable organic carbon concentration of 125 μg C·L-1, were run in parallel in a 

crossflow mode at a constant pressure of two bar without permeate production [94,117]. 

The membrane performance was monitored by analyzing the feed channel pressure drop 

increase over time. The average initial pressure drop registered in each MFS was 35 ± 5 

mbar. 

During biofilm growth, the feed water was pumped through the MFS at a flow rate of 

17 L·h-1, equivalent to a linear flow velocity of 0.16 m·s-1, representing practical conditions 

at membrane filtration installations [131]. In analytical grade, glucose, sodium nitrate, 

and sodium phosphate from Sigma Aldrich (Darmstadt, Germany) were added to the feed 

water to enhance biofilm growth in the MFSs. Sodium hydroxide was added to the 

nutrient solution to set the pH value to 11 and restrict bacterial growth. The high pH-value 

of the nutrient solution did not affect the feed water pH of 7.8, as the nutrient solution 

was dosed at a low rate of 0.03 L·h-1, compared to the feed water flow of 17.0 L·h-1 [36]. 

The same dosed assimilable organic carbon and nitrogen concentrations were dosed to 

all MFSs of 125 µg C·L-1 and 25 µg N·L-1, to only analyze the effect of varying phosphorus 

concentration in the feed water on the bacterial communities developed. The 125 µg C·L-

1 assimilable organic carbon concentration as glucose was used based on measurements 

performed at a desalination plant [120]. The dosed phosphorus concentrations for this 

study, 3 µg P·L-1 and 6 µg P·L-1, were selected based on phosphorus measurements which 



145 

 

are typically present in seawater and the RO feed water after the addition of phosphorus-

based antiscalants [35,218]. The dosed phosphorus concentration selected of 0 µg P·L-1 

was used as removing the phosphorus concentration from the feed water has been 

suggested as a biofilm control strategy [34,54]. 

Table 5.1 - Experimental conditions for the study  
(All experiments were run in duplicates) 

Dosed carbon 
concentration 

(µg C·L-1) 

as glucose 

Dosed nitrogen 
concentration 

(µg N·L-1) 

as sodium 
nitrate 

Dosed 
phosphorus 

concentration 

(µg P·L-1) 

as sodium 
phosphate 

C:N:P ratio Forward 
flushing 

125 25 

0 100:20:0.24* No 

0 100:20:0.24* Yes 

3 100:20:2.4* No 

3 100:20:2.4* Yes 

6 100:20:4.8* No 

6 100:20:4.8* Yes 

* The water phosphorus concentration is £0.3 µg PO4-P·L-1 measured from 

orthophosphate 

5.2.2 Forward flushing and end of the experiment 

After biofilm development, forward flushing was done to duplicate MFSs for each 

phosphorus dosed condition by increasing the crossflow velocity in MFSs from 0.18 m·s-1 

to 0.35 m·s-1 for one hour. Desalination operations are looking at techniques of optimizing 

processes without increasing costs. Therefore, we selected forward flushing as an easy-
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to-implement and environmentally friendly strategy to clean the biofilm from the 

membrane without chemical dosage. Forward flushing was performed after 140% feed 

channel pressure drop increase for biofilms grown at 3 µg P·L-1 (after 20 days), 6 µg P·L-1 

(after 5 days), and after 18% of feed channel pressure drop increase of MFS operation for 

biofilms grown at 0 µg P·L-1 (after 20 days). The pressure drop increase of 140% simulates 

the pressure drop increase of 15% over the lead RO element of the first stage pressure 

vessel. In practice, cleaning protocols are applied when the lead element increases its 

pressure drop to 15% [96]. We stopped the MFSs of biofilms grown at 0 µg P·L-1 at the 

same time as the MFSs of biofilms grown at 3 µg P·L-1, as there was not a significant 

increase in the feed channel pressure drop after 20 days of MFS operation. MFSs were 

immediately stopped and sampled for biofilm analysis before and after forward flushing. 

5.2.3 Optical Coherence Tomography 

Biofilms in the MFSs were visualized in-situ on day 0 and at the end of the experiment 

using a spectral-domain Optical Coherence Tomography (Thorlabs Ganymede OCT 

System), equipped with a central light source wavelength of 930 nm. The OCT 5× 

telecentric scan lens (Thorlabs LSM03BB) provides a maximum scan area of 100 mm2. OCT 

captures the intensity signal of the scattered media in two dimensions (XZ) by using 

coherent light. OCT can provide three-dimensional (3D) representations (XYZ) in seconds 

by combining two-dimensional images. For visualization purposes, six three-dimensional 

images were taken at each MFS's inlet, middle, and outlet positions. Each 3D image 

consisted of 278 two-dimensional images. Images were taken at a high-resolution 
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frequency of 36 kHz, with a refractive index of 1.33. The images had a length of 5.00 mm 

and a depth of 1.00 mm with a pixel size in the x-direction of 18.00 µm and a z-direction 

of 2.13 µm. The images showed in this study were representative of all the images 

analyzed. 

5.2.4 Biomass quantification 

Adenosine triphosphate 

MFSs were stopped and disassembled for biomass quantification at the end of the 

experiments. We retrieved membrane and feed spacer coupons of 4 × 4 cm2 from the 

MFS inlet and outlet positions to analyze accumulated adenosine triphosphate (ATP). The 

coupons were then placed in a capped tube containing 40 mL of sterile tap water for ATP 

analysis. Next, the tubes were vortexed (for a few seconds) and placed in an ultrasonic 

water bath (Branson, 5510MTH, output 135 W, 40 kHz) to detach the biomass from 

membranes and spacers until the liquid was homogenous. The water collected from the 

tubes was used as a sample to determine ATP concentrations in the biofilms. Samples 

were measured in duplicates. We used a luminometer (Celsis Advance, Charles River 

Laboratories, Inc., USA) for ATP measurements.  

Total cell count 

We followed the protocol reported by Neu et al. (2019) [137] to quantify the total 

bacterial cell counts (TCC) in the biofilm using flow cytometry. We took coupons of 4 × 2 

cm2 of the biofouled membrane and spacer from the MFS's inlet and outlet positions. The 
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coupons were then placed in a capped tube with 40 mL ultrapure water. The samples 

were vortexed and sonicated for 2 minutes to detach biomass from the membrane and 

spacer. A sample of 700 µL was taken from the tube and stained with 7 µL·mL−1 SYBR 

Green I (100×) diluted from a 10,000× stock solution (Molecular Probes, Eugene, OR, 

USA). Next, the samples were incubated in the dark at 35 °C for 10 min. A BD Accuri C6 

flow cytometer (BD Accuri Cytometers, Belgium) equipped with a 50 mW laser with a fixed 

emission wavelength of 488 nm was used for TCC measurements. Fluorescence intensity 

was collected at FL1 = 533 ± 30 nm, FL3 > 670 nm, with sideward and forward scattered 

light intensities also obtained. All data were processed with the BD Accuri CFlow® software 

[132,219]. Electronic gating was used to select SYBR green-labeled signals to quantify the 

total bacterial cell count following the procedure described by [139]. 

Extraction and quantification of extracellular polymeric substances (EPS) 

Extracellular polymeric substances were quantified by extracting 4 × 4 cm2 coupons of 

the biofouled membrane and spacer from the MFS. The coupons were placed into tubes 

containing 10 mL of phosphate-buffered saline solution (PBS). The tubes were vortexed 

for two minutes and sonicated for five minutes to separate the biomass from the 

membranes and feed spacers. We extracted the EPS following the formaldehyde–NaOH 

method established by [101]. In brief, the water collected from the tubes was used as a 

sample for EPS extraction. A solution of 0.06 mL formaldehyde (36.5%; Sigma-Aldrich, 

MO, USA) was added to the samples and incubated at 4 °C for 1 h. Next, 4 mL 1 N NaOH 

was added to the samples and incubated at 4 °C for 3 h, then centrifugated for 20 min at 
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20000×g. The supernatant was filtered through a 0.2 µm pore-sized membrane and 

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

Samples were then lyophilized for 48 h and resuspended in 10 mL of ultrapure water. We 

quantified the biofilm's carbohydrate concentration following the sulfuric acid phenol 

method [103]. In brief, 200 µL of the sample was mixed with 600 µL sulfuric acid and 120 

µL 5% phenol. The samples were then incubated at 90 °C for 5 min and left to cool down. 

The carbohydrate absorbance at 490 nm was measured using a Spectra A max 340pc 

microplate reader (Molecular Devices, USA). We quantified the proteins concentration 

using bovine serum albumin (BSA) as a standard, using a BCA protein assay kit (Thermo 

Scientific Inc., NH, USA) according to the manufacturer's guidelines. The protein 

absorbance at 562 nm was measured using a Spectra A max 340pc microplate reader.  

We calculate the bacterial and EPS relative abundance by multiplying the total cell 

count per cm2 by the average dry weight (between 83 to 1,172 fg) of single bacterial cells 

reported in the literature [220]. The dry weight per cm2 was added to the total EPS per 

cm2 to obtain the total biofilm per cm2. The relative proportion of bacterial cells and EPS 

was then calculated. 

5.2.5 DNA extraction and Illumina sequencing 

Coupons of 4 × 4 cm2 of the biofouled membrane and spacer were used to extract 

microbial genomic DNA using the DNeasy® PowerWater® kit purchased from Qiagen (USA) 

as per manufacturer's protocol. The concentration of extracted DNA was confirmed using 
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Qubit™ dsDNA BR assay kit with the Qubit® 2.0 Fluorometer (Thermo Fisher Scientific, 

USA). Afterward, the extracted microbial community DNA was processed, and sequencing 

libraries were prepared for DNA sequencing in DNASense's laboratory (Denmark) by 

performing 16S rRNA gene-based high-throughput sequencing on the Illumina MiSeq 

platform. The forward [515F: GTGYCAGCMGCCGCGGTAA] and reverse [806R: 

GGACTACNVGGGTWTCTAAT] primers were designed to amplify V4 region of the 16S rRNA 

gene [221,222]. The taxonomy of 16S rRNA sequences was assigned using the Ribosomal 

Database Project (RDP) classifier [223] based on SILVA 16S rRNA database (SSU123). The 

raw sequencing data were processed using the research standard UPARSE workflow and 

analyzed through RStudio using the ampvis2 package developed at Aalborg University in 

Denmark. The abundances of the species presented in the analysis represent the count 

of each bacterial 16S rRNA gene in the sample. Bacterial community analysis was 

performed using the DNASense app https://dnasense.shinyapps.io/dnasense/. The 

bacterial alpha diversity was calculated using the Shannon–Weaver diversity index. The 

Shannon index increases as both species richness and evenness increase. The sequences 

were compared for their Bray-Curtis similarities and represented graphically for spatial 

distribution in a plot called Principal Coordinates Analysis (PCoA) of 12 samples and 100 

OTUs [224]. Before the analysis, OTU's that were not present in more than 0.1% relative 

abundance in any sample were removed. The data was transformed initially by applying 

the Hellinger transformation [225]. The relative contribution (eigenvalue) of each axis to 

the total inertia in the data is indicated in percent at the axis titles. Sequence reads for 
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this study were submitted to the National Center for Biotechnology Information (NCBI). 

5.3 Results 

5.3.1 Feed channel pressure drop restoration and visualization of biofilm removal 

This study analyzed the bacterial communities developed in biofilms grown in 

membrane fouling simulators (MFSs) supplied with water with three phosphorus 

conditions, 0 µg P·L-1 (simulating P removed from seawater), 3 µg P·L-1 (P in seawater), 

and 6 µg P·L-1 (P after the addition of phosphate-based antiscalants) and with a constant 

biodegradable carbon concentration of 125 μg C·L-1. The membrane performance was 

monitored by analyzing the feed channel pressure drop increase over time. After biofilm 

development, forward flushing was done by increasing the crossflow velocity in MFSs 

from 0.18 m·s-1 to 0.35 m·s-1 for one hour. We selected forward flushing as an easy-to-

implement and environmentally friendly strategy to clean the biofilm from the membrane 

without chemical dosage. Figure 5.2 shows the feed channel pressure drop at the 

beginning of the experiment, before and after forward flushing. On day 0, all MFSs had 

an initial feed channel pressure drop of 35.3 ± 5 mbar. After nutrient dosage and before 

forward flushing, the pressure drop for biofilms grown at 0, 3, and 6 μg P·L-1 increased to 

44.0 ± 4, 88.1 ± 5, and 89.0 ± 5 mbar, respectively. Forward flushing was done by 

increasing the crossflow velocity to 0.35 m·s-1 for 1 hour, and the pressure drop returned 

to 38.0 ± 4 mbar, 57.0±5 mbar and 85.0±4 mbar for biofilms grown at 0, 3, and 6 μg P·L-

1, respectively. A higher pressure drop percentage (60%) was recovered for biofilms 
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grown at 3 μg P·L-1, compared to 0 and 6 μg P·L-1. In conclusion, increasing the phosphorus 

concentration to 6 μg P·L-1 in the feed water by adding phosphate-based antiscalants had 

a detrimental effect on the hydraulic cleanability and the MFS's feed channel pressure 

drop restoration. 

 
Figure 5.2 – Feed channel pressure drop before biofilm growth, before forward flushing 
(crossflow velocity of 0.18 m·s-1) and after forward flushing. 
By increasing the crossflow velocity to 0.35 m·s-1 for 1 hour, for the biofilms grown at 0 
μg P·L-1, 3 μg P·L-1, and 6 μg P·L-1 in the feed water with a dosed assimilable organic carbon 
concentration of 125 μg C·L-1. The average and standard deviation of independent 
duplicate experiments are shown. 

 

Figure 5.3 shows the top view of the three-dimension OCT images at the beginning and 

the end of the experiment before and after forward flushing. OCT images confirmed the 

presence of biofilm on membranes and spacer for the 0 µg P·L-1 feed water conditions 

(Figure 3E). The images show a higher biofilm development for biofilms grown at 6 µg P·L-

1, compared to 0 and 3 µg P·L-1 biofilms. Visually a stronger biofilm removal was achieved 

at 3 µg P·L-1 supplemented phosphorus in the feed water (Figure 3F), compared to the 
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biofilms grown at 0 and 6 µg P·L-1 (Figure 3E and 3G). In conclusion, the system 

performance is better restored when maintaining the phosphorus concentration of 

seawater (3 µg P·L-1), avoiding the dosage of phosphate-based antiscalants (6 µg P·L-1). 

 

Figure 5.3 – OCT Three-dimensional visualization (top view) images.  
(A) a clean membrane and spacer on day 0 before nutrient dosage. The OCT images (5 
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mm length) show the biofilms grown under feed water conditions of (B and E) 0 µg P·L-1, 
(C and F) 3 µg P·L-1, and (D and G) 6 µg P·L-1 with a dosed assimilable organic carbon 
concentration of 125 μg C·L-1, before and after forward flushing by increasing the 
crossflow velocity from 0.18 m·s-1 to 0.35 m·s-1 for 1 hour. Six three-dimensional images 
were taken at the inlet, middle, and outlet positions of each MFS. The arrow indicates the 
flow direction. 

5.3.2  Biomass characterization 

The biomass present on the membrane and spacer was characterized after forward 

flushing. Table 5.2 shows the data for the adenosine triphosphate (ATP), total cell count 

(TCC), proteins, and extracellular polymeric substances (EPS) in terms of proteins and 

carbohydrates for the biofilms grown at the three different dosed phosphorus 

concentrations. Figure 5.4A shows that there was a higher ATP reduction, 82 ± 9%, for 

biofilms grown at 3 µg P·L-1 compared to biofilms grown under 0 and 6 µg P·L-1, where 

ATP removal was 45 ± 15% and 31 ± 1%, respectively. Figure 5.4B shows that the TCC 

removal after forward flushing was also higher, 67 ± 2%, for biofilms grown at 3 µg P·L-1 

compared to biofilms grown at 0 and 6 µg P·L-1, where TCC reduction was 45 ± 3% and 29 

± 1%, respectively. Forward flushing removed similar EPS quantity for biofilms grown at 3 

and 6 µg P·L-1, 23 ± 5% and 20 ± 4%, respectively, compared to biofilms grown at 0 µg P·L-

1, where EPS reduction was 8 ± 1% (Figure 5.4C). In summary, a stronger removal in terms 

of ATP, TCC, and EPS was achieved by forward flushing for biofilms grown at 3 μg P·L-1 

compared to 0 and 6 µg P·L-1 biofilms. Figure 5.4D shows that the ratio of bacterial cells 

to EPS per cm2 decreases as phosphorus concentration decreases, 465 ± 90, 242 ± 107, 

and 13 ± 7 for the biofilms grown at 6, 3, and 0 μg P·L-1, respectively. After forward 
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flushing, the ratio decreased to 413 ± 16, 103 ± 9, and 7 ± 3 for the biofilms grown at 6, 

3, and 0 μg P·L-1, respectively. We calculated the relative abundance of bacteria cells and 

EPS based on the average dry weight (between 83 to 1,172 fg) of single bacterial cells 

reported in the literature [220]. Figure 5.4E shows that the proportion of bacterial cells 

decreases on biofilms analyzed before forward flushing, and EPS concentration increases 

as phosphorus concentration decreases in the feed water. In summary, at lower 

phosphorus concentrations, there is less ATP and TCC but more EPS production per cell. 

Table 5.2 – Biomass parameters of biofilms grown at different phosphorus concentrations 
(all experiments were run in duplicates) 

Study 
Dosed 
phosphorus 
concentration 

6 µg P·L-1 3 µg P·L-1 0 µg P·L-1 

Adenosine 
triphosphate 
[ng×cm-2] 

Before 
forward 
flushing 

88.52 ± 6.55 24.54 ± 5.04 2.44 ± 0.41 

After forward 
flushing 61.07 ± 2.75 4.48 ± 0.49 1.34 ± 0.45 

Total cell count 

[´107 cells ×cm-

2] 

Before 
forward 
flushing 

8.01 ± 0.28 2.96 ± 0.17 0.11 ± 0.01 

After forward 
flushing 5.70 ± 0.20 0.97 ± 0.02 0.06 ± 0.00 

Proteins  

[µg×cm-2] 

Before 
forward 
flushing 

8.22 ± 1.05 7.21 ± 0.58 3.54 ± 0.12 

After forward 
flushing 7.77 ± 0.89 5.39 ± 1.16 3.50 ± 0.03 

Extracellular 
polymeric 
substances in 

Before 
forward 
flushing 

17.22 ± 3.05 12.21 ± 1.58 8.39 ± 0.37 
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terms of 
proteins and 
carbohydrates 
[µg×cm-2] 

After forward 
flushing 13.77 ± 1.89 9.39 ± 2.16 7.72 ± 1.40 

 

Figure 5.4 – Biofilm characterization of the biofouled membrane and spacer before and 
after MFS forward flushing.  
(A) adenosine triphosphate (B) total cell count, (C) extracellular polymeric substances 
(EPS) reduction, (D) ratio of bacterial cells to EPS per cm2, and (E) relative cells and EPS 
abundance for the biofilms grown at 0 μg P·L-1, 3 μg P·L-1, and 6 μg P·L-1 feed water 
conditions with a dosed assimilable organic carbon concentration of 125 μg C·L-1, before 
forward flushing (crossflow velocity of 0.18 m·s-1) and after MFS forward flushing by 
increasing the crossflow velocity to 0.35 m·s-1 for 1 hour. The average and standard 
deviation of independent duplicate experiments are shown. 

5.3.3  Bacterial diversity and community analysis 

Figure 5.5A shows the alpha bacterial diversity calculated by the Shannon-Weaner 

diversity index. The Shannon-Weaner diversity index increases (1.41, 1.66, and 2.81) as 
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the phosphorus concentration in the feed water decreases from 6, 3, and 0 μg P·L-1, 

respectively, suggesting a more diverse community on biofilms grown under low 

phosphorus concentration conditions. The principal coordinates analysis shows the 

reproducibility of the data (Figure 5.5B). Four independent MFSs were run, and the 

bacterial community results show nearby clustering along the PCo1 and PCo2 axes for 

each phosphorus concentration condition. The principal coordinates analysis shows that 

different bacterial communities form when varying the phosphorus concentration in the 

feed water. The bacterial communities did not change after the forward flushing of MFSs, 

suggesting a homogenous distribution of bacterial communities across the biofilm height. 

To summarize, a more diverse bacterial community developed as phosphorus 

concentration decreased, and the bacterial diversity did not significantly change after 

forward flushing. 

 

Figure 5.5 - a and b bacterial diversity for biofilms grown under the three phosphorus 
concentration conditions.  
(A) Shannon-Weaner diversity index (a diversity) and (B) Principal coordinates analysis (b 
diversity) based on the Bray-Curtis distance metric. Each point represents the microbial 
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community in a specific sample for the biofilms grown under 0 µg P·L-1, 3 µg P·L-1, and 6 
µg P·L-1 feed water conditions with a dosed assimilable organic carbon concentration of 
125 μg C·L-1. Empty points show the cleaned MFSs by increasing the crossflow velocity 
from 0.18 m·s-1 to 0.35 m·s-1 for 1 hour. The filled points represent the MFSs that were 
not cleaned. Distance between the sample dots signifies similarity; the closer the samples 
are, the more similar their microbial composition.  

 

Burkhoderiaceae and Sphingomonadaceae were the two prominent bacterial families 

that dominated the bacterial community during biofilm growth for the three phosphorus-

dosed conditions (Figure 5.6). For biofilms grown at 6 µg P·L-1, the Burkhoderiaceae family 

represents 76.3% of the total bacterial community, followed by Pseudomonadaceae 

13.5%, and Sphingomonadaceae 7.2%. Table 5.2 shows a higher protein concentration for 

the biofilms grown at 6 µg P·L-1 condition compared to biofilms grown at 0 and 3 µg P·L-1. 

Burkhoderiaceae has been associated with a high adhesin protein production in the cell 

wall [208,226]. In contrast, a higher relative abundance of Sphingomonadaceae family is 

present for biofilms grown at 3 and 0 µg P·L-1 conditions, 44.6%, and 42.3% respectively, 

compared to biofilms grown at 6 µg P·L-1. Sphingomonadaceae are related to extracellular 

polymeric substances production [227–230]. Caulobacteraceae represents 7.8% of the 

relative bacterial abundance for biofilms grown at 0 µg P·L-1, while in lower abundance 

for biofilms grown at 3 and 6 µg P·L-1. The most predominant bacterial families that stayed 

after the forward flushing of MFSs for the three phosphorus conditions were 

Burkhoderiaceae and Sphingomonadaceae (Table 5.3). In conclusion, the bacterial biofilm 

composition remained the same before and after forward flushing, indicating a 

homogenous bacterial composition over the biofilm height. 
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Figure 5.6 – Taxonomic distributions of bacterial community at the family level. 
For the biofilms grown under a dosed phosphorus concentration of 0 µg P·L-1, 3 µg P·L-1, 
and 6 µg P·L-1 with a dosed assimilable organic carbon concentration of 125 μg C·L-1 in the 
feed water, before forward flushing (crossflow velocity of 0.18 m·s-1) and after forward 
flushing by increasing the crossflow velocity to 0.35 m·s-1 for 1 hour.  
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Table 5.3 – Summary of predominant bacterial families at different phosphorus 
concentrations 

This experiment Literature 

Dosed 
phosphorus 
concentration 

Bacterial family and class 
ordered from higher to 
lower percentage of 
relative abundance 

Effect in biofilm 
development 
under phosphate 
limiting conditions 

Reference 

6 µg P·L-1 

Burkhoderiaceae 

(betaprotobacteria) 

Adhesin protein 
production and P 
accumulation 

[201,208,226] 

Pseudomonadaceae 

(gammaprotobacteria) 

Increase in 
quorum-sensing 
signals that 
promote biofilm 
formation, P 
regeneration 

[198,231–233] 

Sphingomonadaceae 

(alphaproteobacteria) 
EPS production 

[227–230] 

3 µg P·L-1 

Sphingomonadaceae 

(alphaproteobacteria) 
EPS production 

[227–230] 

Burkhoderiaceae 

(betaprotobacteria) 

Adhesin protein 
production and P 
accumulation 

[201,208,226] 

0 µg P·L-1 

Sphingomonadaceae 

(alphaproteobacteria) 
EPS production  

[227–230] 

Burkhoderiaceae 

(betaprotobacteria) 

Adhesin protein 
production and P 
accumulation 

[201,208,226] 

Caulobacteraceae 

(alphaproteobacteria) 
Phosphorus 
sequestration 

[204–207] 
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5.4 Discussion 

5.4.1 Bacterial adaptation to phosphorus limiting conditions 

Understanding differences in the biofilm developed in membrane systems under 

varying nutrient compositions in the feed water is vital to optimize membrane cleaning 

strategies.  Previous studies have shown that minute changes in the phosphorus 

concentration in the feed water impact bacterial planktonic cell growth and the overall 

biofilm development [43,162,198]. Some of the bacterial adaptations to phosphorus 

limiting conditions include but are not limited to (i) increased EPS production, (ii) 

phosphorus accumulation, regeneration, and sequestration, and (iii) regulation of 

adhesin proteins at the bacterial cell wall. This study assessed the bacterial communities 

and biomass characteristics developed before and after forward flushing by increasing 

the crossflow velocity for 1 hour, in biofilms grown in membrane fouling simulators 

(MFSs) supplied with water with three phosphorus conditions (0, 3, and 6 µg P·L-1) and 

with a constant biodegradable carbon concentration.  

EPS production 

Vrouwenvelder et al. (2010) [34] and Kim et al. (2014) [15] showed that fewer 

individual active cells developed under phosphorus limiting conditions. Recent research 

focused on quantifying EPS of phosphorus limited biofilms, Desmond et al. [40] and Javier 

et al. (2020) [43] showed EPS production increased on phosphorus limiting conditions. 

Figure 5.4E shows that as phosphorus concentration decreases, the ratio of EPS 
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production per bacteria cell increases, most probably to protect bacteria under stressed 

conditions and maximize nutrient intake [200]. We proved that the relative abundance of 

the bacterial family Sphingomonadaceae started increasing at 3 µg P·L-1. 

Sphingomonadaceae are related to extracellular polymeric substances production [227–

230]. We previously demonstrated that when lowering the phosphorus concentration in 

the feed water from 6 µg P·L-1 to 3 µg P·L-1, an enhanced detachment was observed, 

explained by less protein production and more soluble polymers present in the EPS matrix 

[35]. In this study, a better biofilm removal (in terms of ATP, TCC, and EPS) was achieved 

after forward flushing for biofilms grown at 3 µg P·L-1 compared to the 0 and 6 µg P·L-1 

conditions (Figure 5.2). We explain the enhanced biofilm removal to the biofilm 

localization. For the 0 µg P·L-1 condition, the biofilm spread evenly on the membrane 

(Figure 5.3), not causing a significant increase in the feed channel pressure drop (Figure 

5.2). Therefore, the biofilm showed less impact on changes in the crossflow velocity. It 

has been suggested that the type of EPS matrix influences the mechanical biofilm 

properties and biofilm localization in the flow channel [234]. The biofilm composition for 

the three dosed phosphorus was different in terms of the relative abundance of cells and 

EPS. At a higher dosed phosphorus concentration of 6 µg P·L-1, the biofilm composition 

was approximately 80% cells and 20% EPS. At the lowest dosed phosphorus concentration 

of 0 µg P·L-1, the biofilm composition was the opposite, showing 5% cells and 95% EPS. 

Interesting to see that the biofilm that was better removed (3 µg P·L-1) had a balanced 

ratio of cells to EPS, around 60% cells and 40% EPS compared to the biofilms grown at 0 
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and 6 µg P·L-1. In summary, we see a trend that the ratio of cells to EPS could influence 

the biofilm localization, the mechanical biofilm properties, and the response to shear 

forces.  

Phosphorus accumulation, regeneration, and sequestration  

Some microorganisms, under phosphorus limiting conditions, respond by 

accumulating phosphorus within their cells. The bacterial family Burkhoderiaceae has 

been associated as a polyphosphate accumulating organism (PAO). An enzyme catalyzes 

the microbial synthesis of intracellular polyP through the reversible transfer of ATP to 

polyP [201–203]. In this study, the bacterial family Burkhoderiaceae was present for the 

three dosed phosphorus concentrations, being more abundant on biofilms grown at 6 µg 

P·L-1. The relative abundance for the Burkhoderiaceae family did not change after forward 

flushing. Other species apart from accumulating can regenerate phosphorus. The 

bacterial family Pseudomonadaceae has been reported to regenerate phosphorus when 

the N:P ratio is below 25:1 [198]. This bacterial family was the second most present in 

biofilms grown at 6 µg P·L-1 when the N:P ratio was the lowest 4.2:1 compared to the 

other phosphorus-dosed conditions (Figure 5.6). Similarly, different species modify their 

morphology to sequester phosphorus to adapt to nutrient limitation. Most species of the 

family Caulobacteraceae produce a filiform extension of the cell, known as prosthecum 

or stalk. Phosphorus-starved cells produce stalks as much as 30 times longer compared 

to cells growing in phosphorus enriched conditions. The increase in surface/volume ratio 

caused by stalk elongation during phosphorus limitation allows the cell to take up 
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phosphorus more efficiently, and therefore, act as a phosphorus scavenger [204–207]. In 

this study, the bacterial family Caulobacteraceae was the third most predominant species 

in biofilms grown at the dosed 0 µg P·L-1 condition, proving that even under ultra-trace 

reactive phosphorus concentration in the feed water (£0.3 PO4-P·L-1), some bacterial 

families start to predominate to provide enough nutrients to the biofilm matrix. 

Adhesin protein production 

Some bacteria respond differently under phosphorus limiting, and phosphorus 

enriched conditions by developing mechanisms to attach stronger to surfaces. Figure 5.7 

shows a graphical explanation of the mechanisms proposed in the literature for protein 

production and biofilm formation under phosphorus enriched and starved conditions.  As 

phosphorus concentration increases, some bacterial families start producing more 

intracellular signaling molecules that increase the outer membrane adhesin proteins, 

associated with surface attachment [182,208–211]. On the contrary, some of these 

adhesin proteins are released from the cell surface when phosphorus is depleted, 

promoting biofilm dispersal. It has been proven that some species of the bacterial family 

Burkhoderiaceae increases the protein production at bacteria cell walls, which enables 

the bacterial cells to attach better to the surfaces [226]. In this study, the relative 

abundance of the bacterial family Burkhoderiacea was higher for biofilms grown at 6 µg 

P·L-1 compared to 0 and 3 µg P·L-1 (Figure 5.6). The lower protein production can be a 

possible explanation on why the biofilm grown at 3 µg P·L-1 had an enhanced hydraulic 

cleanability after forward flushing compared to the other phosphorus-dosed conditions 
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(Figure 5.2). 

 

Figure 5.7  – Model for biofilm formation and dispersal on the membrane at high and low 
phosphorus concentrations.  
(A) At high phosphorus concentration, there is a production increase of the intracellular 
signaling molecule cyclic dimeric guanosine monophosphate (c-di-GMP) which binds the 
inner membrane protein Lap D. LapD interacts with the protease LapG in the periplasm. 
LapG cleaves the N-terminal of LapA, an outer membrane adhesin protein. LapA is 
associated with surface attachment, and therefore, biofilm formation. (B) Phosphorus 
limitation (low P) promotes the expression of the enzyme RapA, which depletes the 
production of the secondary messenger c-di-GMP. The LapD/Lap G complex dissociates, 
and the LapA protein is released from the cell surface, promoting biofilm dispersal. 
Adapted from [209–211]. 

5.4.2 Homogenous bacterial community composition throughout the biofilm height 

Our study involved biofilm analysis in reverse osmosis MFSs. However, different 

studies in wastewater have proven that biofilms stratify into aerobic, anoxic, and 

anaerobic zones to achieve removal of organic pollutants [29,30,66–69]. If biofilms 

stratify across the biofilm height in reverse osmosis membrane systems, then the base 

biofilm layer would be harder to remove, compromising membrane cleaning strategies. 
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Desmond et al. (2018) [70] proved that in nutrient-enriched and river water biofilms, a 

stratification in cohesion was observed over the biofilm's depth. A cohesive base layer 

remained attached to the membrane surface when increasing the shear conditions for 

these nutrient-enriched biofilms. Conversely, phosphorus limited biofilms showed 

uniform structural properties over the biofilm's depth. Under high shear forces, the 

phosphorus limited biofilms detached by sloughing from the membrane surface, 

indicating more susceptible detachment. Our results agree with previous research where 

an enhanced hydraulic cleanability was observed for biofilms grown under phosphorus 

limiting conditions [31,70]. Moreover, the bacterial families remained the same after 

forward flushing in this study, suggesting a homogenous bacterial population across the 

biofilm height (Figure 5.6). Therefore, non-expensive physical cleaning methods of 

membranes can be applied to enhance the membrane system performance. 

5.4.3 Practical implications and future research 

The water cost from desalination sources has dramatically decreased since 1980, 

reaching a plateau of around 1 USD per m3 from year 2000. However, seawater reverse 

osmosis desalination is still considered an energy-intensive technology [239]. The main 

costs of fouling are associated with early membrane replacement and energy costs [240]. 

Therefore, research is moving into greener desalination to reduce the overall water cost. 

In terms of biofouling control, some strategies include but are not limited to (i) alter the 

nutrient conditions, (ii) modify the morphology of membranes and spaces, and (iii) reduce 

the chemicals and the toxicity of the chemicals dosed during the desalination process 
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[38,119,196,241]. This study demonstrated that even a minor variation in the dosed 

phosphorus concentration in the feed water alters the bacterial community and the EPS 

produced within the biofilm, resulting in a different effect on the membrane performance 

decline and hydraulic membrane cleanability. An easy-to-implement strategy to improve 

the overall system performance is to stop the addition of phosphate-based antiscalants. 

The increase of phosphorus concentration in the feed water develops biofilms that are 

more attached to membranes and harder to be removed by hydraulic cleaning methods. 

Membrane cleaning strategies should consider the feed water's C:N:P ratio to increase 

their effectiveness. Future research should focus on manipulating the feed water nutrient 

concentrations with antiscalants used in practice under permeation conditions to define 

a biofilm with known characteristics. These biofilms could be easier to control and remove 

without chemicals. Other cleaning strategies should be evaluated, like reverse flushing, 

air backflushing, air bubbling, and CO2 addition [167,242–244], shifting the conventional 

chemical cleaning methods to a more sustainable approach for greener desalination 

[245]. 

5.5 Conclusions 

This study analyzed the bacterial communities developed in biofilms grown in 

membrane fouling simulators (MFSs) supplied with water with three dosed phosphorus 

conditions (0, 3, and 6 µg P·L-1) and with a constant biodegradable carbon concentration 

of 125 μg C·L-1. The conclusions of the present study can be summarized by: 
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(i) A better biofilm removal (in terms of ATP, TCC, and EPS) was achieved by 

forward flushing for biofilms grown at 3 µg P·L-1 compared to the 6 µg P·L-1 

conditions (Figure 5.4), explained by the biofilm localization (Figure 5.3) and 

the production of a balanced proportion of cells to EPS (Figure 5.4).  

(ii) For biofilms grown at lower phosphorus concentration conditions, the ratio of 

EPS production per bacterial cell was higher than for higher phosphorus 

concentrations (Figure 5.4). 

(iii) The relative abundance of main bacterial communities changed at varying 

dosed phosphorus concentrations in the feed water (Figure 5.6). 

(iv) For the three dosed phosphorus concentration conditions in the feed water, 

the bacterial biofilm population remained the same after forward flushing, 

suggesting a homogenous bacterial community composition along the biofilm 

height (Figure 5.5, 5.6).  
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Chapter 6 – Impact of permeation in biofilm development in membrane 

systems with varying feed water phosphorus concentrations 

 

 
 
Highlights 

• Permeation influences phosphorus distribution in the MFS, impacting pressure 

drop. 

• P concentration influences biofilm thickness on the membrane and EPS per 

bacterial cell. 

• Higher flux decline observed at lower P concentrations in the feed water. 

• Under permeation conditions, more P accumulated on the membrane. 

• Under P limitation, bacteria use non-reactive sources of P to develop a biofilm.  
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Abstract 

Nutrient limitation has been proposed as a biofouling control strategy for membrane 

systems. Recent research has focused on analyzing the effect of varying phosphorus 

concentrations in the feed water to control biofouling or enhance membrane cleaning 

strategies. One of the challenges is defining the phosphorus threshold at which 

microorganisms' growth is hampered, as the detection limit of current techniques for 

measuring phosphorus in water does not go below the microgram per liter level. 

Moreover, previous studies have concluded that permeation does not influence biofilm 

development and membrane performance parameters. However, the impact of 

permeation on biofilm development in membrane systems under phosphorus limited and 

enriched conditions is poorly understood. 

This study analyzed biofilm development in membrane fouling simulators (MFSs) with 

and without permeation supplied with water varying in dosed phosphorus concentrations 

(0, 3, 6, and 25 μg P·L-1) and a dosed assimilable organic carbon concentration of 250 μg 

C·L-1. The MFSs operated under permeation conditions were run at a constant flux of 15.6 

L·m2·h-1 for 4.7 days. Feed channel pressure drop, transmembrane pressure, and flux 

were used as membrane performance indicators. Optical coherence tomography (OCT) 

images and biomass quantification were used to analyze the different biofilms developed. 

We quantified the total phosphorus concentration accumulated on the membrane and 

spacer using microwave digestion followed by measurements with inductively coupled 

plasma atomic emission spectroscopy (ICP-OES). To our knowledge, this is the first time 
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to quantify the phosphorus accumulated on the membrane and on the spacer to analyze 

the effect of phosphorus distribution and permeation on biofilm development. This study 

shows that even at an ultra-trace reactive phosphate as phosphorus concentration in the 

feed water (0.3 μg PO4-PR ·L-1), biofilm ultimately develops, with few bacterial cells but 

high EPS per cell, possibly using non-reactive sources of phosphorus, like the one stored 

on the cells and from ATP. We demonstrated that permeation influences phosphorus 

distribution on the membrane and spacer, which causes the differences in the biofilm 

localization, and therefore, the effect on the membrane performance parameters. 

6.1 Introduction 

It has been over 60 years since the first significant membrane application when a 

German manufacturer developed a microfiltration membrane for industrial purposes. 

Years later, in the late 1950s, a fundamental breakthrough in membrane science came 

when Loeb and Sourirajan discovered reverse osmosis membranes for water desalination 

[244–246]. Since then, humanity has benefited from significant advancements in 

membrane technologies. One advancement to address clean water scarcity is the use of 

nanofiltration membranes (NF) as a promising solution for water treatment. 

Nanofiltration membranes have more environmentally friendly operating conditions 

thanks to the lower energy requirements than reverse osmosis (RO) membranes systems 

[247]. 

One of the main drawbacks of membrane systems is membrane fouling, which can 
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occur as particulate/colloidal fouling, organic/inorganic fouling, and biofouling [248]. 

Biofouling is when a biofilm develops, the accumulation of bacteria and extracellular 

polymeric substances (EPS), and causes operational system performance decline, such as 

pressure drop increase, flux decline, and increase in the salt passage [68]. Biofouling has 

been reported to contribute to more than 45% of all membrane fouling, and it has been 

considered a significant problem in nanofiltration and reverse osmosis membrane 

systems [249]. Biofouling has been defined as the "Achilles heel" of membrane processes 

[29]. Even after 99.9% of bacterial cell removal, the remaining bacteria can use the 

biodegradable nutrients in the feed water to develop a biofilm. Therefore, major factors 

contributing to biofouling are nutrient concentration in the feed water and shear forces 

in the system [29]. 

The first significant factor influencing biofilm development is the nutrient 

concentration in the feed water. Consequently, nutrient limitation has been proposed as 

a biofouling control strategy for membrane systems [15,34,38]. Recent research has 

focused on analyzing the effect of varying phosphorus concentrations in the feed water 

to control biofouling or enhance membrane cleaning strategies [35,43]. One of the 

challenges in applying this approach is to define the phosphorus threshold at which 

microorganisms could hinder their growth, as the detection limit of current techniques 

for measuring phosphorus in water does not go below the microgram per liter level.  

Elemental phosphorus never occurs in water, but always as some type of phosphate 

[250]. Most of the quantification methods measure the concentration of different kinds 
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of phosphates, and from there, a calculation to obtain the elemental phosphorus 

concentration is performed. Phosphates can be as orthophosphate (reactive form), 

condensed, and organic (non-reactive forms). All the different types of phosphates can 

be dissolved or attached to particles. Reactive phosphate or orthophosphate is readily 

available for microbial utilization [34]. Orthophosphate can be measured by a reaction 

with ascorbic acid and ammonium molybdate. Non-reactive phosphate includes 

condensed and organic phosphates. Condensed phosphates (like meta, pyro, and 

polyphosphate) are multiple orthophosphate molecules joined by an oxygen atom [251]. 

Condensed phosphates are hydrolyzable, meaning they can be measured by using acid to 

break the complex phosphates in orthophosphate. Organic phosphates are phosphates 

bound to organic compounds. In microorganisms, organic phosphates can be found in 

substances like phospholipids, nucleic acids, nucleotide sugars, and small molecule 

monomers like adenosine triphosphate [252,253]. Organic phosphates can be measured 

by digesting them using heat and acid to break the phosphates down into 

orthophosphate. Under phosphorus limitation, bacteria can convert the less reactive 

forms of phosphate (condensed and organic) into orthophosphate, increasing the 

biodegradable phosphorus concentration in the water [47] to promote bacterial survival 

and growth (Figure 6.1). 

Other significant factors influencing biofilm development are the hydrodynamics and 

shear forces in the flow channel. Vrouwenvelder et al. [96] demonstrated that increasing 

the crossflow velocity from 0.04 to 0.24 m·s-1 in a membrane fouling simulator increased 
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the biomass accumulated on a reverse osmosis membrane translating into a higher 

pressure drop increase. Moreover, previous studies have concluded that permeation 

does not influence biofilm development and hence, has no effect on membrane 

performance parameters [254]. The conclusions follow the assumption that the 

perpendicular component of the permeation flow velocity is neglectable (for NF around 

1.1´10-5 m·s-1 and for RO around 4.0´10-6 m·s-1) compared with the higher parallel 

component of the crossflow velocity (at least 0.1 m·s-1)[247,255]. Nevertheless, the effect 

of permeation on biofilm development in membrane systems under phosphorus limiting 

conditions has not been evaluated. 

This study analyzed the effect of biofilms grown in membrane fouling simulators 

(MFSs) with and without permeation supplied with water varying in dosed phosphorus 

concentrations (0, 3, 6, and 25 μg P·L-1) and a dosed assimilable organic carbon 

concentration of 250 μg C·L-1, in a nanofiltration membrane system. The MFSs operated 

under permeation (constant flux of 15.6 L·m2·h-1), and no permeation conditions were run 

for 4.7 days. Feed channel pressure drop, transmembrane pressure, and flux were used 

as membrane performance parameters. Optical coherence tomography (OCT) images and 

biomass quantification were used to analyze the different biofilms developed. We 

quantified the total phosphorus concentration accumulated on the membrane and spacer 

using microwave digestion followed by measurements with an inductively coupled 

plasma atomic emission spectroscopy (ICP-OES). To our knowledge, this is the first time 

to quantify the phosphorus accumulated on the membrane and on the spacer to analyze 
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the effect of phosphorus distribution and permeation on biofilm development. 

 

Figure 6.1 – Total phosphorus and its different types of phosphates in water.  
Adapted from [250,256,257]. 
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6.2 Materials and Methods 

6.2.1 Feed water characterization 

We used dechlorinated tap water supplemented with nutrients at four varying dosed 

phosphorus concentrations (0, 3, 6 and 25 μg P·L-1) and a constant biodegradable carbon 

and nitrogen concentration of 250 μg C·L-1 and 25 μg N·L-1, respectively (Table 1). The tap 

water is produced through seawater reverse osmosis (SWRO) desalination at the King 

Abdullah University of Science and Technology desalination plant (Thuwal, Jeddah, Saudi 

Arabia). Previous biofilm studies have been performed using the tap water in this study 

[38,258]. Nutrients as sodium acetate, sodium nitrate, and sodium phosphate from Sigma 

Aldrich (Darmstadt, Germany) were added to the feed water to enhance biofilm growth 

in the MFSs.  Sodium hydroxide was added to the nutrient solution to set the pH value to 

11 and restrict bacterial growth. The dosed carbon and nitrogen concentrations were 

selected based on previous biofilm studies [93,215]. We used a dosed phosphorus 

concentration of 0 µg P·L-1, as previous research has suggested phosphorus limitation as 

a biofilm control strategy [15,34,54]. The dosed phosphorus concentrations of 3 µg P·L-1 

and 6 µg P·L-1 were selected based on previous phosphorus measurements, which are 

typically present in seawater and the RO feed water after the addition of phosphorus-

based antiscalants, respectively [35]. The dosed phosphorus concentration of 25 µg P·L-1 

was selected following a C:N:P ratio of 100:20:10, as used in several biofouling 

experiments [38,118,254].  
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6.2.2 Phosphorus concentration in the feed water 

Before nutrient dosage, the tap water had a reactive phosphate as phosphorus 

concentration measured from orthophosphate of 0.39 µg PO4-PR·L-1. Duplicate water 

samples were processed to measure the orthophosphate in the feed water 

(orthophosphate in the tap water plus the orthophosphate dosed) using a segmented 

flow analyzer (SEAL Auto Analyser 3 HR Seal Analytical, Germany). We used the ascorbic 

acid and ammonium molybdate method as previously described by [132,252]. The 

detection limit of the segmented flow analyzer for reactive phosphorus from 

orthophosphate is higher than 0.30 µg PO4-PR·L-1. The results agree with what was dosed, 

and they are described in section 3.4. 
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Table 6.1 - Experimental conditions for the study  
(all experiments were run in triplicate MFSs) 

Dosed carbon 
concentration 

(µg C·L-1) 

as acetate 

Dosed nitrogen 
concentration 

(µg N·L-1) 

as sodium nitrate 

Dosed phosphorus 
concentration 

(µg P·L-1) 

as sodium 
phosphate 

Permeation 

250 50 

0 Yes 

0 No 

3 Yes 

3 No 

6 Yes 

6 No 

25 Yes 

25 No 

6.2.3 Experimental setup and operational parameters 

The chlorinated tap water was first passed through an activated carbon filter to 

remove any residual chlorine (filter housing model: UPS BB3 [AWF-UPS-3H-20B], cartridge 

model: sediment-carbon [AC-SC-10-NL]). The dechlorinated tap water then passed 

through two cartridge filters (pore size 4 µm) to remove any possible particles from the 

activated carbon filter. The water was then pumped to the system composed of a flow 

controller, a nutrient dosage pump, an MFS, a permeate flow controller, a back pressure 

valve (Bronkhorst, Ruurlo, Netherlands), and a differential pressure sensor (Delta bar, 

PMD75, Endress+Hauser, Switzerland) to monitor the pressure drop over the feed 

channel.  
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Twenty-four independent membrane fouling simulators (MFS: [94] with and without 

permeation were run in triplicates for each dosed phosphorus concentration condition 

(Table 1). The membrane placed in the MFS was a polyamide thin-film composite 

nanofiltration (NF) membrane with active permeation dimensions of 20 cm × 4 cm. A 31 

mil (787 µm) thick feed channel spacer was used with dimensions of 20 cm × 4 cm and a 

porosity of 0.85 [259]. We wanted to differentiate the effect of permeation on biofilm 

development. Therefore, the feed water was pumped through the MFS at 12.5 L·h-1, 

corresponding to a linear flow velocity of 0.13 m·s-1 [260]. We run the MFSs at a constant 

flux of 15.6 L·m2·h-1. Nutrients were dosed for 4.7 days to enhance biofilm development 

at a low flow rate of 0.03 L·h-1 to prevent the high pH nutrient solution affects the feed 

water pH of 7.8 [36]. The membrane performance was monitored by analyzing the feed 

channel pressure drop and the transmembrane pressure increase over time. The average 

initial pressure drop registered in each MFS was 35 ± 5 mbar. The average initial 

transmembrane pressure registered in each MFS was 1.93 ± 0.05 bar. After 4.7 days of 

MFS operation and biofilm growth, a flux decline assessment was performed for all MFSs 

by varying the transmembrane pressure from 0.5 bar to 4 bar. The membrane and spacer, 

the hydraulics, and the operational conditions used in this study represent nanofiltration 

systems in practice [261]. 

6.2.4 Biofilm in situ visualization in the membrane fouling simulator 

At the end of the experiment, biofilms were visualized in situ using a spectral-domain 

Optical Coherence Tomography (Thorlabs Ganymede OCT System). OCT uses coherent 
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light to capture the intensity signal of the scattered media, like biofilms, in two 

dimensions. The OCT is equipped with a central light source wavelength of 930 nm and a 

5× telecentric scan lens (Thorlabs LSM03BB), which provides a maximum scan area of 100 

mm2. Twenty-four images were taken at different randomized coordinates across the 

entire membrane fouling simulator at a high-resolution frequency of 36 kHz, with a 

refractive index of 1.33. The images had a length of 5.00 mm and a depth of 1.00 mm with 

a pixel size in the x-direction of 10.00 µm and a z-direction of 2.13 µm. Image processing 

was done using the software developed in Matlab® (MathWorks, Natick, US), as found in 

previous publications [43,129,170]. In brief, image analysis consisted of first determining 

the membrane, followed by automatic thresholding of the biofilm for pixels above 20 dB. 

The threshold was selected after analyzing more than 200 images visualized in twenty 

independent membrane fouling simulators. We proceed to calculate the biofilm thickness 

accumulated on the membrane (𝐿() based on the average distance between the 

membrane surface and the top edge of the biofilm [140]. 

𝐿( =
"
#
∑ 𝐿(,%#
%&"            (1) 

Where 𝐿(,%  is the biofilm thickness [µm], and 𝑁 is the total number of measurements. 

6.2.5 Adenosine triphosphate, total cell count, and extracellular polymeric substances 

quantification 

After 4.7 days of MFS operation, the MFSs were stopped and disassembled for 

biomass quantification. Adenosine triphosphate measurements (ATP) were done by first 
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retrieving coupons of 4 × 4 cm2 taken from the membrane and the feed spacer from the 

MFS inlet and outlet positions. The coupons were then placed in a capped tube 

containing 40 mL of sterile tap water, then vortexed and sonicated for 2 minutes in an 

ultrasonic water bath (Branson, 5510MTH, output 135 W, 40 kHz) to detach the biomass 

from membranes and spacers until the liquid was homogenous. The water from the 

tubes was used as the sample to determine ATP concentrations in the biofilms with a 

luminometer (Celsis Advance, Charles River Laboratories, Inc., USA). Samples were 

measured in triplicates. 

Total bacterial cell counts (TCC) in the biofilm were measured using a flow cytometer, 

following the protocol reported by [137]) by retrieving coupons of 4 × 2 cm2 of the 

biofouled membrane and spacer from the MFS's inlet and outlet positions. The coupons 

were then placed in a capped tube with 40 mL ultrapure water. The samples were 

vortexed and sonicated for 2 minutes to detach biomass from the membrane and spacer. 

A sample of 700 µL was taken from the tube and stained with 7 µL·mL−1 SYBR Green I 

(100×) diluted from a 10,000× stock solution (Molecular Probes, Eugene, OR, USA). Next, 

the samples were incubated in the dark at 35 °C for 10 min. A BD Accuri C6 flow cytometer 

(BD Accuri Cytometers, Belgium) equipped with a 50-mW laser with a fixed emission 

wavelength of 488 nm was used for TCC measurements. Fluorescence intensity was 

collected at FL1 = 533 ± 30 nm, FL3 > 670 nm, with sideward and forward scattered light 

intensities also obtained. All data were processed with the BD Accuri CFlow® software. 

Electronic gating was used to select SYBR green-labeled signals to quantify the total 
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bacterial cell count following the procedure described by [139]. 

Extracellular polymeric substances (EPS) quantification was done by retrieving 4 × 4 

cm2 coupons of the biofouled membrane and spacer from the MFS, following the 

formaldehyde–NaOH method established by [101]). The coupons were placed into tubes 

containing 10 mL of phosphate-buffered saline solution (PBS). We vortexed the tubes for 

two minutes and sonicated for five minutes to separate the biomass from the membranes 

and feed spacers. The water collected from the tubes was used as a sample for EPS 

extraction. A solution of 0.06 mL formaldehyde (36.5%; Sigma-Aldrich, MO, USA) was 

added to the samples and incubated at 4 °C for 1 h. Next, 4 mL 1 N NaOH was added to 

the samples and incubated at 4 °C for 3 h, then centrifugated for 20 min at 20000×g. The 

supernatant was filtered through a 0.2 µm pore-sized membrane and dialyzed using a 

3500 Da dialysis membrane (Thermo Fisher Scientific, USA) 24 h. Samples were then 

lyophilized for 48 h and resuspended in 10 mL of ultrapure water. We quantified the 

biofilm's carbohydrate concentration following the sulfuric acid phenol method [103]. In 

brief, 200 µL of the sample was mixed with 600 µL sulfuric acid and 120 µL 5% phenol. 

The samples were then incubated at 90 °C for 5 min and left to cool down. The 

carbohydrate absorbance at 490 nm was measured using a Spectra A max 340pc 

microplate reader (Molecular Devices, USA). We quantified the proteins concentration 

using bovine serum albumin (BSA) as a standard, using a BCA protein assay kit (Thermo 

Scientific Inc., NH, USA) according to the manufacturer's guidelines. The protein 

absorbance at 562 nm was measured using a Spectra A max 340pc microplate reader.  
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6.2.6 Total phosphorus on the membrane and spacer characterization 

At the end of the experiment, we retrieved coupons of 4 × 4 cm2 of the biofouled 

membrane and spacer from the MFS. In brief, membrane and spacers were placed 

independently in digestion test tubes, and we added 5 mL of 70% nitric acid to each tube. 

The membrane and spacer were digested using an ultraWAVE microwave digestion 

system (Milestone Srl, Italy). The ultraWAVE is used to digest samples in strong acids 

based on a single reaction chamber technology that combines microwave heating with a 

high-pressure reactor. We diluted the digested sample in 20 mL ultrapure water. A Perkin-

Elmer Optima 8300 Inductively Coupled Plasma Optical Emission Spectrometry 

instrument (Norwalk, CT) was used to determine the total elemental phosphorus (P) 

concentration (reactive and non-reactive) accumulated on the membrane and the spacer 

according to the protocol reported by Holden et al. [262]. Triplicate biofouled membrane 

and spacer samples and clean membranes and spacer samples were processed. Briefly, 

ICP-OES can detect the concentration of trace elements in liquid samples by ionizing the 

sample to produce excited atoms and ions that emit electromagnetic radiation at 

wavelengths characteristic of a particular element. We used a 177.434 nm wavelength in 

this study to determine the total phosphorus concentration accumulated on the 

membrane and the spacer. This instrument employs a careful experimental comparison 

of a sample with a calibration standard that is prepared to mimic the expected nature of 

the sample in terms of both matrix and the analyte mass fraction. Any observed difference 

between the sample and standard is used to compute the analyte mass fraction in the 
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sample. The detection limit of ICP-OES for elemental total phosphorus measurements is 

higher than 80 µg P·L-1. 

6.3 Results 

6.3.1 Membrane performance parameters: feed channel pressure drop, 

transmembrane pressure, and flux 

This study analyzed the effect of biofilms grown in MFSs with and without permeation 

supplied with water varying in dosed phosphorus concentrations (0, 3, 6 and 25 μg P·L-1) 

and a dosed assimilable organic carbon concentration of 250 μg C·L-1, in a nanofiltration 

membrane system for 4.7 days. The MFSs operated under permeation conditions run at 

a constant flux of 15.6 L·m2·h-1. Figures 2A and 2B show that permeation had a more 

substantial effect on the feed channel pressure drop than no permeation MFSs for all the 

P concentrations tested. A higher increase in pressure drop was observed for biofilms 

grown under 0, and 25 μg P·L-1 conditions (Figure 6.2A) compared to biofilms grown at 3 

and 6 μg P·L-1 under permeation conditions. Under no permeation conditions, there was 

a slightly higher pressured drop increase for biofilms grown at 0 μg P·L-1 compared to the 

ones grown at 3, 6, and 25 μg P·L-1 (Figure 6.2B). At the end of the experiment, the 

transmembrane pressure for the MFSs operated under permeation conditions was higher 

for biofilms grown at lower phosphorus concentrations than at higher phosphorus 

concentrations (Figure 6.2C). 
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Figure 6.2 – Membrane fouling simulator (MFSs) performance parameters over 4.7 days 
of MFSs operation.  
Feed channel pressure drop over time for the MFSs run under (A) permeation conditions 
at a constant flux of 15.6 L·m2·h-1, and (B) without permeation. (C) Transmembrane 
pressure over time for the MFSs run under permeation conditions at a constant flux of 
15.6 L·m2·h-1, with varying dosed phosphorus concentrations (0, 3, 6 and 25 μg P·L-1) and 
a dosed assimilable organic carbon concentration of 250 μg C·L-1 in the feed water. The 
graphs show the average of independent triplicate experiments.  
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To understand how the biofilm development affected the flux at varying 

transmembrane pressure in all MFSs, we performed a flux decline assessment. After 4.7 

days of MFS operation and biofilm growth, we varied the transmembrane pressure from 

0.5 bar to 4 bar for all MFSs (run with and without permeation). The results are shown in 

Figure 6.3. A higher flux decline was recorded when increasing the transmembrane 

pressure for MFSs run under permeation conditions compared to non-permeation 

conditions. Similarly, a higher flux decline is observed for MFSs run with permeation at 

lower phosphorus concentrations than higher phosphorus concentrations. The highest 

drop is observed when the transmembrane pressure is the highest (4 bar), and the 

phosphorus concentration is the lowest (0 μg P·L-1), where a flux decline of 11% is 

recorded compared with a clean membrane flux. For the MFSs operated without 

permeation conditions, no significant flux decline is seen for biofilms grown at 3, 6, and 

25 μg P·L-1, however for biofilms grown at 0 μg P·L-1, a 5% flux decline is recorded 

compared to the clean membrane. These results suggest that the combined effect of 

permeation and lowering the phosphorus concentration in the feed water had a higher 

impact on the membrane flux decline. 
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Figure 6.3 – Flux at different transmembrane pressures. 
For the MFSs run under (A) permeation conditions at a constant flux of 15.6 L·m2·h-1, and 
(B) without permeation with varying dosed phosphorus concentrations (0, 3, 6 and 25 μg 
P·L-1) and a dosed assimilable organic carbon concentration of 250 μg C·L-1 in the feed 
water. The transmembrane pressure was varied at the end of the experiment after 4.7 
days of nutrient dosage. The graphs show the average of independent triplicate 
experiments. 

6.3.2 Optical coherence tomography images and biofilm thickness on the membrane 

OCT images show that, in general, more biofilm accumulated in the MFS under 

permeation conditions than non-permeation conditions. Under permeation conditions, 

the biofilms grown at 0 μg P·L-1 and 25 μg P·L-1 had a higher spread in the flow channel, 

explaining the higher effect on pressure drop increase, compared to biofilms grown at 3 

μg P·L-1 and 6 μg P·L-1 (Figure 6.4). For the MFSs operated under no permeation 

conditions, even though there is no significant effect on pressure drop increase, the OCT 
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images show some presence of compacted biofilm around the spacer. As phosphorus 

concentration increases, the biofilm intensity around the spacer increases too. Biofilm 

thickness on the membrane for MFSs operated under permeation conditions was 33.3 ± 

5.1; 27.6 ± 3.3; 17.2 ± 4.3; 11.0 ± 2.4 μm for biofilms grown at 0, 3, 6, and 25 μg P·L-1, 

respectively (Figure 6.4E). For the MFSs operating without permeation, the biofilm 

thickness on the membrane was 10.7 ± 5.0, 9.3 ± 2.9, 10.0 ± 1.4, 8.6 ± 2.9 μm for biofilms 

grown at 0, 3, 6 and 6 μg P·L-1, respectively (Figure 6.4J). In general, more biofilm 

accumulated on the membrane under permeation conditions compared to non-

permeation conditions. Additionally, under permeation conditions, biofilm thickness on 

the membrane increases as phosphorus concentration decreases.  For the MFSs run 

under no permeation conditions, there is no significant difference in the biofilm thickness 

accumulated on the membrane at different dosed phosphorus concentrations. In 

summary, more biofilm accumulated on the membrane for the MFSs run under 

permeation conditions as phosphorus concentration decreases, translating into a higher 

effect on flux decline. 
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Figure 6.4 – OCT images and quantification of biofilm thickness on the membrane after 
4.7 days of MFSs operation.  
Two-dimensional OCT images with intensity profile of the biofilms developing on the 
MFSs under (A-D) permeation conditions at a constant flux of 15.6 L·m2·h-1 and (F-I) no 
permeation conditions with varying dosed phosphorus concentrations (0, 3, 6 and 25 μg 
P·L-1) and a dosed assimilable organic carbon concentration of 250 μg C·L-1 in the feed 
water. The OCT signal intensity was used to describe biofilm properties, with higher 
intensity resulting from a more light-scattering biofilm. The arrows indicate the crossflow 
direction. Quantification and histogram of biofilm thickness on the membrane for MFSs 
operated under (E) permeation and (J) without permeation conditions at varying dosed 
phosphorus concentrations in the feed water. The graph shows the data distribution of 
24 images for each phosphorus condition. 

6.3.3 Biomass quantification 

Figure 6.5A shows the adenosine triphosphate (ATP) for all the MFSs at the different 

conditions. The ATP concentration for the MFSs run under permeation conditions was 

17,931 ± 5,414; 14,986 ± 3,941; 70,734 ± 15,574; 178,218 ± 38,954 pg×cm-2 for biofilms 

grown at 0, 3, 6 and 25 μg P·L-1, respectively. For MFSs operated without permeation 

conditions, ATP was 12,569 ± 3,316; 13,117 ± 2,377; 65,009 ± 19,042; 104,717 ± 20,601 

pg×cm-2 for biofilms grown at 0, 3, 6 and 25 μg P·L-1, respectively. There was a slightly 

higher ATP concentration between MFSs operating under permeation compared without 

permeation conditions. As expected, ATP increased as phosphorus concentration 

increased. 

The total cell count concentration is shown in Figure 6.5B. For the MFSs run under 

permeation conditions the TCC was 3.6 ± 1.9; 10.0 ± 1.0; 15.8 ± 1.9; 39.5 ± 4.6 

´107cells×cm-2 for biofilms grown at 0, 3, 6 and 6 μg P·L-1, respectively. For MFSs operated 

without permeation conditions, TCC was 2.8 ± 0.8; 11.5 ± 1.8; 15.6 ± 2.1; 20.7 ± 2.6 
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´107cells×cm-2 for biofilms grown at 0, 3, 6 and 25 μg P·L-1, respectively. Like the ATP 

concentration, there was a slightly higher TCC concentration between MFSs operating 

under permeation compared without permeation conditions. TCC increased as 

phosphorus concentration increased. 

Figure 6.5C shows the quantification of the extracellular polymeric substances (EPS) in 

terms of proteins and carbohydrates. For the MFSs run under permeation conditions the 

EPS was 0.080 ± 0.003; 0.076 ± 0.001; 0.079 ± 0.001; 0.093 ± 0.001 mg×cm-2 for biofilms 

grown at 0, 3, 6 and 25 μg P·L-1, respectively. For MFSs operated without permeation 

conditions, EPS was 0.059 ± 0.003; 0.069 ± 0.003; 0.071 ± 0.003; 0.070 ± 0.002 mg×cm-2 

for biofilms grown at 0, 3, 6 and 25 μg P·L-1, respectively. EPS on MFSs operated under 

permeation conditions is higher compared with the MFSs run without permeation. For 

the MFSs run under permeation conditions the ratio of EPS per bacteria cell was 2.22 ± 

0.17; 0.76 ± 0.17; 0.49 ± 0.08; 0.23 ± 0.02 pg×cell-1 for biofilms grown at 0, 3, 6 and 25 μg 

P·L-1, respectively. For MFSs operated without permeation conditions, the ratio of EPS per 

bacteria cell was 2.03 ± 0.46; 0.60 ± 0.21; 0.45 ± 0.15; 0.34 ± 0.10 pg×cell-1 for biofilms 

grown at 0, 3, 6 and 25 μg P·L-1, respectively. The ratio of EPS per bacteria cell, increased 

as phosphorus concentration decreases (Figure 6.5D). 

In summary, higher biomass in terms of ATP, TCC, and EPS accumulates in the MFS 

operated under permeation conditions than those run without permeation. ATP and TCC 

decrease as phosphorus concentration decreases. The ratio of EPS production per 

bacteria cell increases as phosphorus concentration decreases. Therefore, biomass 
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quantification confirmed the OCT images, where higher biomass in biofilms grown with 

permeation conditions translated into differences in biofilm localization affecting 

membrane performance indicators. 
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Figure 6.5 – Quantification of biomass parameters after 4.7 days of MFSs operation.  
(A) Adenosine triphosphate, (B) total cell count, (C) extracellular polymeric substances 
(EPS) in terms of proteins and carbohydrates, and (D) ratio of EPS per bacteria cell of the 
biofilms developing on the MFSs under conditions at a constant flux of 15.6 L·m2·h-1 and 
no permeation conditions with varying dosed phosphorus concentrations (0, 3, 6 and 25 
μg P·L-1) and a dosed assimilable organic carbon concentration of 250 μg C·L-1 in the feed 
water. The graphs show the average of independent triplicate experiments. 

6.3.4  Phosphorus measurements 

The reactive phosphate as phosphorus concentration in the feed water was quantified 

using a segmented flow analyzer at different dosed phosphorus concentrations (0, 1, 3, 

6, and 25 μg P·L-1). ICP-OES could not determine the total phosphorus concentration in 

the feed water as it is below the device's detection limit (>80 µg P·L-1). The results have 

an accurate correlation factor of 0.999 (Figure 6.6A), indicating a reactive phosphate as 

phosphorus concentration in the feed water, before any additional dosing, of 0.39 PO4-

PR·L-1. The results of the reactive phosphate as phosphorus concentration in the feed 

water agree with previous studies [43]. 

At the end of the experiment, we extracted the phosphorus accumulated in the MFS 

by independently digesting the membrane and spacer. We proceeded to measure the 

phosphorus concentration by inductively coupled plasma atomic emission spectroscopy 

(ICP-OES). Figure 6.6B shows the relation between the dosed phosphorus concentration 

and the phosphorus accumulated in the MFS (membrane and spacer). MFSs run under 

permeation conditions showed a phosphorus accumulation on the membrane and spacer 

of 61.8 ± 3.5; 111.5 ± 9.1; 154.1 ± 8.4; 396.4 ± 10.0 μg×cm-2 for biofilms grown at 0, 3, 6 

and 25 μg P·L-1, respectively. For the MFSs run without permeation, the phosphorus 
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accumulation on the membrane and spacer was 61.8 ± 2.4; 124.2 ± 12.7; 125.1 ± 10.4; 

202.5 ± 3.4 μg×cm-2 for biofilms grown at 0, 3, 6 and 25 μg P·L-1, respectively. In general, 

more phosphorus accumulated in the MFS run under permeation conditions compared 

with the ones run without permeation. 

As expected, phosphorus concentration accumulated on the membrane and spacer 

increases as the dosed phosphorus concentration increases. Under permeation 

conditions, there is a correlation between the phosphorus dosed and what accumulates 

on the membrane. Note that the model in Figure 6.6B for the MFSs run under permeation 

conditions has a higher correlation coefficient (R2=0.998) than the no permeation 

conditions (R2=0.874). Figures 6C and 6D show separately the phosphorus concentration 

accumulated on the membrane and the spacer, respectively. From the total phosphorus 

accumulated in the MFS, more phosphorus accumulates on the membrane compared to 

the spacer, regardless of the permeation condition. Therefore, permeation impacts the 

phosphorus accumulated on the membrane, and no effect is observed on the phosphorus 

accumulation on the spacer. A higher phosphorus accumulation on the membrane was 

observed for biofilms grown under permeation conditions than those run without 

permeation. These findings show that phosphorus distributes differently on the MFS 

depending on the dosed phosphorus concentration and permeation conditions, which 

causes the differences in the biofilm localization, and therefore, the effect on the 
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membrane performance parameters.  

Figure 6.6 – Reactive phosphorus concentration in the feed water and phosphorus 
concentrations on the MFSs.  
(A) XY scatter plot of the reactive phosphorus concentration in the feed water at different 
dosed phosphorus concentrations (0, 1, 3, 6, and 25 μg P·L-1) determined by a segmented 
flow analyzer. (B) XY scatter plot of the total accumulated phosphorus concentration in 
the MFS for permeation and non-permeation conditions determined by inductively 
coupled plasma atomic emission spectroscopy (ICP-OES) after 4.7 days of system 
operation. The dots represent the experimental data. The lines represent the fitted 
model. Phosphorus concentration accumulated on (B) the membrane, and (C) the spacer 
for the MFSs at varying dosed phosphorus concentrations (0, 3, 6 and 25 μg P·L-1) and a 
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dosed assimilable organic carbon concentration of 250 μg C·L-1 in the feed water. The 
graphs show the average of independent triplicate experiments. 

  

Table 2 shows the phosphorus amount after 4.7 days of MFS operation. For biofilms 

grown at 25 μg P·L-1, 90% of what was in the feed water (P in tab and P dosed) 

accumulated in the MFS under permeation conditions and 46% without permeation 

conditions. On the contrary, for biofilms grown at 0, 3, and 6 μg P·L-1, more phosphorus 

accumulated in the MFS than what was dosed and present as orthophosphate in the 

water. These findings suggest that under phosphorus limited conditions, bacteria use 

non-reactive sources of phosphorus that should be present in the feed water but that are 

challenging to measure for biofilm development and growth. 

 

Table 6.2  – Phosphorus amount after 4.7 days of MFS operation. 
Dosed phosphorus 
concentration 0 µg P·L-1 3 µg P·L-1 6 µg P·L-1 25 µg P·L-1 

Phosphorus IN 

Reactive phosphate as 
phosphorus in the feed water, 
PR-FW [µg PO4-PR]  

559 4,793 9,028 35,287 

Reactive phosphate as phosphorus in 
the tap water PR-TAP [µg PO4-PR]  559 559 559 559 

Reactive phosphate as phosphorus 
dosed, PR-DSD [µg PO4-PR] 0 4,234 8,469 34,728 

Phosphorus in the MFS under permeation conditions 

Total phosphorus (reactive and 
non-reactive) accumulated on 
the membrane and spacer, PMFS 

[µg P] 

4,943 8,921 12,325 31,716 
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Phosphorus in the MFS under no permeation conditions 

Total phosphorus (reactive and 
non-reactive) accumulated on 
the membrane and spacer, PMFS 

[µg P] 

4,946 9,938 10,005 16,204 

 

6.4 Discussion 

6.4.1 Differences in pressure drop increase under permeation, and no permeation 

conditions are related to biofilm composition and localization in the MFS 

The shear forces and hydrodynamics in the flow channel influence biofilm 

development [29]. In crossflow membrane systems, there are two simultaneous flow 

velocities: (i) the feed crossflow velocity, flowing parallel to the membrane walls, and (ii) 

the permeate crossflow velocity, flowing perpendicular to the membrane surface [263]. 

Previous studies performed in nanofiltration membranes in a monitor, test rigs, a pilot-

scale, and a full-scale installation demonstrated that irrespective of whether a flux was 

applied or not, the feed channel pressure drop and ATP increased [254]. Some of the 

assumptions to discard permeation in membrane studies are based on the low 

perpendicular component of the permeation flow velocity (for NF around 1.1´10-5 m·s-1 

and for RO around 4´10-6 m·s-1) compared with the higher parallel component of the 

crossflow velocity (between 0.10 to 0.40 m·s-1) [247,255]. Contrary to what was expected, 

in this study, a higher pressure drop increase was observed for biofilms grown under 

permeation conditions than non-permeation conditions. More biomass in terms of EPS 
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developed in biofilms grown in MFS with permeation compared without permeation for 

all the dosed phosphorus concentration conditions (Figure 6.5C). The differences in 

biofilm growth under permeation and no permeation conditions could be attributed to 

phosphorus distribution in the MFS. Figure 6.6B shows that, in general, more phosphorus 

accumulates in the MFS under permeation conditions compared to non-permeation 

conditions. The difference in phosphorus accumulation in the MFS impacts biofilm growth 

and development (higher EPS), and therefore, the effect in pressure drop increase. 

The impact of biofilm development on performance is dependent on the EPS to 

bacteria cell growth ratio. Values of EPS to bacteria cells for different types of biofilms 

reported in the literature range from 0.2-4.5 [264,265]. According to a model proposed 

by Jin and Marshall [266], low EPS to bacterial cell ratios form compact and denser 

biofilms, compared to higher EPS to bacteria cell ratios where a less dense and disperse 

biofilm is formed with a tendency to break up. The results of this study show that 

permeation accelerates pressure drop increase for biofilms grown at 0 and 25 μg P·L-1 

but did not show a significant effect on pressure drop increase for biofilms grown at 3 and 

6 μg P·L-1. For the 0 μg P·L-1 under permeation conditions, the higher effect on pressure 

drop increase is explained by a higher EPS ratio per bacterial cell, which translated into 

"expanded" EPS in the flow channel following Javier et al. [43] results. Previous studies 

(Javier et al., to be published) found that the dominant bacterial families for biofilms 

grown under 0 μg P·L-1 were Sphingomonadaceae, which are related to extracellular 

polymeric substances production [227–229]. For the 25 μg P·L-1 under permeation 
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conditions, the higher effect on pressure drop increase is explained by a denser biofilm 

accumulated mainly on the spacer (Figure 6.4D) than on the membrane, impacting the 

pressure drop operational parameter. This study's results agree with Jin and Marshall's 

[266] model, where OCT images confirmed that a compact biofilm formed around the 

spacer at higher dosed phosphorus concentration (low EPS to bacterial cell ratio). A more 

expanded EPS was observed in the flow channel at a low dosed phosphorus concentration 

(high EPS to bacterial cell ratio). Therefore, a proper understanding of how the nutrient 

ratios affect biofilm localization is required to minimize membrane performance decline. 

6.4.2 Phosphorus distribution in the MFS shaped the EPS production resulting in a 

thicker biofilm on the membrane, explaining the differences in flux decline under 

permeation and no permeation conditions 

The conclusions regarding the importance of considering permeation in membrane 

studies are contradictory. Previous studies have concluded that permeation does not 

influence biofilm development and the effect on membrane performance parameters in 

nanofiltration systems [254]. Differently in ultrafiltration membranes, Eshed et al. [263] 

studied the impact of the permeate drag force on the biofouling layer and concluded that 

the permeate flow enhanced biofilm development. Our study observed a higher effect on 

flux decline for MFSs run under permeation conditions than the MFSs without permeation 

(Figure 6.2). Higher EPS was observed for MFSs run under permeation conditions than 

those run without permeation (Figure 6.4A, 6.4B, and 6.4C). More phosphorus 

accumulated on the membrane under permeation compared with no permeation 
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conditions (Figure 6.5C). A higher phosphorus distribution on the membrane for MFSs run 

under permeation conditions promotes biofilm development, resulting in a higher flux 

decline. Biofilm formation occurs in four stages: (i) planktonic bacterial cell attachment to 

a surface, (ii) cell-to-cell adhesion to develop a microcolony formation, (iii) biofilm 

maturation, and (iv) biofilm dispersal, which may colonize other areas [24,28]. As biofilm 

matures, a higher EPS production is expected. Therefore, we explain the variances in flux 

decline because experiments were stopped at a fixed time. Thus, biofilms were in 

different developmental stages between permeation and non-permeation conditions. 

The higher phosphorus accumulation on the membrane under permeation conditions 

shaped the EPS production and the biofilm localization, negatively impacting the flux 

parameter.  

This study observed that as phosphorus concentration decreased, there was a higher 

effect in flux decline for the MFSs operated under permeation conditions (Figure 6.1C). 

We explained the relation between the dosed phosphorus concentration and the impact 

in flux to a thicker biofilm on the membrane (Figure 6.4), resulting in differences in the 

EPS composition. Our results are consistent with what was previously reported by Javier 

et al. [35,43], reaffirming that when phosphorus concentration decreases, few bacteria 

cells start producing more EPS. Previous research has shown that nutrient levels and 

composition determine biofilm structural properties, such as the thickness on the 

adhered surface [51,187]. Eshed et al. [263] demonstrated that a thicker biofilm 

developed under permeation conditions than non-permeation conditions. The difference 
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in biofilm thickness on the membrane could be related to the type of bacterial cells 

accumulating on the membrane under different dosed phosphorus concentrations in the 

feed water. A bacterial community to be expected under phosphorus limiting conditions 

is Burkhoderiaceae, which stores non-reactive forms of phosphorus, such as 

polyphosphate (Javier et al., to be published). Polyphosphate is a high molecular weight 

molecule composed of several orthophosphates bound together. Some microorganisms 

have reported using polyphosphate as an alternate phosphate source in the absence of 

more reactive sources of phosphates [47]. Under permeation conditions, this study 

showed that even at ultra-trace reactive phosphate as phosphorus concentration in the 

feed water (0.39 μg PO4
3--PR ·L-1), bacteria used non-reactive sources of phosphorus (like 

condensed and organic phosphates) to grow and ultimately develop a biofilm and impact 

the membrane performance parameters. 

6.4.3 Practical implications and future research 

In practice, feed water nutrient manipulation to control biofouling could be used to 

develop biofilm reactors "in the right place," where biofilms could be controlled and to 

decrease the impact of biofouling in subsequent membrane modules [29]. This study 

showed that even at ultra-trace reactive phosphate as phosphorus concentration in the 

feed water, bacteria developed a biofilm, with few bacterial cells but high EPS per cell. 

However, it has been previously demonstrated that lowering the phosphorus 

concentration in the feed water produces biofilms with enhanced hydraulic cleanability 

[35]. Feed water nutrient characteristics vary across plants and locations [267]. 
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Consequently, a detailed evaluation of the feed water nutrient composition, especially 

regarding phosphorus concentration, should be done for determining the best approach 

to engineer biofilms that are controllable and with enhanced cleanability through more 

environmentally friendly methods. 

Further research is needed regarding feed water nutrient manipulation for biofouling 

control. At a certain threshold of low phosphorus content in the feed water, phosphorus 

limitation shows a promising approach to developing biofilms that are easier to control 

and clean with more sustainable methods. Up to date, most biofouling studies quantify 

the total cell count. However, little research has been done to understand the types and 

concentration of macromolecules inside bacterial cells, like polyphosphates, to determine 

the relationship between biofilm development and membrane performance parameters. 

Flow cytometry has been proven a promising technique to characterize phosphate 

accumulating organisms and be used as a polyphosphate detector [268]. These 

macromolecules either inside the bacterial cells or in the EPS might influence biofilm 

development and biofilm localization in the flow channel. Therefore, research should 

continue analyzing the relationship between nutrients in the feed water, biofilm 

localization, and the effect on membrane performance decline. 

6.5 Conclusions 

This study analyzed the effect of biofilms grown in MFSs with and without permeation 

supplied with water varying in dosed phosphorus concentrations (0, 3, 6 and 25 μg P·L-1) 
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and a dosed assimilable organic carbon concentration of 250 μg C·L-1, in a nanofiltration 

membrane system. The MFSs operated under permeation conditions were run at a 

constant flux of 15.6 L·m2·h-1 for 4.7 days. Feed channel pressure drop, transmembrane 

pressure, and flux were used as membrane system performance parameters. At the end 

of the experiment, we varied the transmembrane pressure from 0.5 bar to 4 bar for all 

MFSs to determine the effect of biofilm on flux decline. OCT images and biomass 

quantification were used to analyze the differences between the biofilms developed at 

different dosed phosphorus concentrations under permeation and no permeation 

conditions. We quantified the phosphorus accumulated on the membrane and on the 

spacer to analyze the effect of phosphorus distribution on biofilm development. The 

conclusions of the study can be summarized by: 

(i) Differences in pressure drop increase under permeation, and no permeation 

conditions are related to biofilm composition and localization in the MFS. 

(ii) A higher effect on pressure drop increase was observed for biofilms grown 

under 0 μg P·L-1 and 25 μg P·L-1 conditions under permeation conditions, 

explained by biofilm localization and higher EPS accumulation on the MFSs. 

o For the 0 μg P·L-1 under permeation conditions, the higher effect on 

pressure drop increase is explained by "expanded" EPS in the flow 

channel. 
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o For the 25 μg P·L-1 under permeation conditions, the higher effect on 

pressure drop increase is explained by a higher quantity of "condensed" 

EPS around the spacer. 

(iii)  A thicker biofilm on the membrane explains differences in flux decline under 

permeation conditions resulting from a higher phosphorus accumulation on 

the membrane than non-permeation conditions. 

(iv)  As phosphorus concentration decreases, there was a higher effect in flux 

decline for the MFSs operated under permeation conditions, explained by a 

higher accumulation of EPS/cell, which translated into a thicker biofilm on the 

membrane. 

(v) This study shows that even at ultra-trace reactive phosphate as phosphorus 

concentration in the feed water (0.39 μg PO4
3--PR·L-1), bacteria use non-reactive 

sources of phosphorus (like condensed and organic phosphates) to grow and 

ultimately develop a biofilm, with few bacterial cells but high EPS per cell. 

(vi)  These findings show that permeation influences phosphorus distribution in the 

MFS, which causes the differences in the biofilm localization, and therefore, 

the effect on the membrane performance parameters. 
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Chapter 7 – Conclusions and outlook 

7.1 Conclusions 

Nanofiltration and seawater reverse osmosis desalination are still considered energy-

intensive processes. Seawater desalination can be as 25 times more energy intensive 

compared to other conventional water treatment approaches [269]. Therefore, if a 

membrane gets clogged, it increases 15% energy consumption and the overall water cost 

[72]. During the past 60 years of membrane research, advances have been made to 

control fouling, like particulate, organic, and scaling. However, further research is 

required to determine the most effective biofouling control strategies. The use of toxic 

biocides is generally used in practice as the primary corrective biofouling control 

approach, raising environmental concerns. To shift to more environmentally friendly 

methods, cleaning strategies should consider the physicochemical aspects of biofilms and 

not only the microorganisms’ inactivation. Nutrient manipulation in the feed water can 

help engineer weak biofilms that are easy to control and remove by greener methods, 

like increasing the shear forces. The research presented in this dissertation proposed an 

approach for feed water nutrient engineering as a chemical-free strategy to improve 

performance and enhance the cleanability of biofilms in membrane systems. The main 

findings of this research are summarized herein: 

Understanding the role of feed water biodegradable carbon concentration on 

biofouling in terms of biofilm characteristics, membrane performance, and cleanability 
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allows us to determine that carbon limitation, controlled biofouling, and prolonged 

membrane system performance. However, implementing a strategy of carbon limitation 

without reducing other nutrients developed slow-growing biofilms that are harder to be 

removed. We proceed with clarifying the effect of phosphorus limitation under different 

dosed assimilable organic carbon concentrations. We demonstrated that biofouling 

control by phosphorus limitation strongly depends on the assimilable organic carbon 

concentration, showing promising results for prolonging system performance when 

carbon and phosphorus are limited in the feed water. 

A chemical-free cleaning method was proposed by enhancing the hydraulic cleanability 

of biofilms developed under a low phosphorus concentration in reverse osmosis 

membrane systems. We showed that increasing the crossflow velocity and lowering the 

phosphorus concentration in the feed water from 6 to 3 µg P·L-1 resulted in a higher 

biofilm detachment. We proceed by analyzing the changes in bacterial biofilm 

populations grown under phosphorus limiting conditions after forward flushing in reverse 

osmosis membrane systems. We demonstrated that the bacterial communities 

developed within the biofilm adapt to phosphorus limiting conditions. The bacterial 

biofilm population remained the same after forward flushing, suggesting a homogenous 

bacterial community composition along with the biofilm height. This study represents an 

exciting advance towards greener desalination by applying non-expensive physical 

cleaning methods of membrane systems while manipulating feed water nutrient 

conditions to prolong membrane system performance. 
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Several lab-scale experiments are done in flow cells without permeation conditions. 

We proposed a detailed analysis of the effect of permeation on biofilms developing under 

different phosphorus conditions in membrane systems. We determined the total 

phosphorus concentration in the feed water at a microgram per liter level by 

accumulating the phosphorus on the membrane and the spacer. This study showed that 

even at an ultra-trace reactive phosphate as phosphorus concentration in the feed water, 

bacteria use non-reactive sources of phosphorus to grow and ultimately develop a 

biofilm, with few bacterial cells but high EPS per cell. We demonstrated that permeation 

influences nutrient distribution on the membrane and spacer, which causes the 

differences in the biofilm localization, and therefore, the effect on the membrane 

performance parameters. Moreover, the results of this study can be used as a foundation 

to select and evaluate ultra-trace phosphorus quantification techniques for phosphorus 

limiting studies. 

7.2 Outlook and future work 

7.2.1 Phosphorus measurements in water and inside the microbial cells 

Ultra-trace phosphorus quantification techniques are needed to show at which 

phosphorus concentration limitation occurs, resulting in no biofilm development. Up to 

date, measuring phosphorus concentrations below the microgram per liter level is a 

challenge. The principal obstacles are: (i) the limited available techniques to remove 

phosphorus [153–156] and (ii) the absence of available detection methods to allow 
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reliable quantification of very low concentrations to validate the efficiency of the removal 

techniques. We propose an approach to measure phosphorus concentrations below a 

microgram per liter level by accumulating it on the membrane and the spacer. However, 

further studies are required to optimize and validate the method applied in different 

types of low-phosphorus content water. 

Up to date, most biofouling studies quantify the total cell count. However, limited 

research has been done to understand the types and concentration of macromolecules 

inside bacterial cells and EPS, like polyphosphates, to determine the relationship between 

biofilm development and membrane performance parameters. Flow cytometry has 

proven a promising technique to characterize phosphate accumulating organisms and be 

used as a polyphosphate detector [268]. Therefore, research should continue analyzing 

the relationship between nutrients in the feed water, the type of biofilm developed (in 

terms of bacterial cells, communities, and EPS characterization), the biofilm structure, 

and the effect on membrane performance decline. 

7.2.2 Next steps in feed water nutrient manipulation 

Research is moving into greener desalination to reduce the overall water cost. Previous 

studies focussing on extensive pre-treatment to limit the biodegradable substrate 

concentration in the feed water showed success only in delaying biofilm formation [114]. 

The primary reason is that a very low concentration of biodegradable substrates remains 

in the feed water. With a large amount of water provided per membrane surface in time, 
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even minimal amounts of substrate, microgram per liter level [115] in the feed water led 

to a significant organic substrate supply for biofilm growth, occurring over weeks or even 

months of membrane operation [14]. Biofilm growth delay is still a feasible control 

strategy as it allows membrane operation for extended periods before an unacceptable 

decline in performance is reached. Our research proves that an appropriate nutrient 

limitation strategy delayed biofilm formation and altered the mechanical biofilm 

properties, such as the adhesive and cohesive strength. In that sense, it will be possible 

to engineer, control, and manage biofilms that are easier to be removed by solubilization 

and application of shear forces. Further quantification methods to measure the 

mechanical biofilm properties are needed to determine their impact on biofilm 

cleanability and loss of membrane performance. These measurements should be done in 

conjunction with studies that enable a deeper EPS characterization, as it has been 

suggested that the EPS matrix influences the mechanical biofilm properties [270].  

When implementing nutrient limitation as a biofouling control strategy, the nutrient 

ratios in the feed water should be evaluated in advance. Our studies showed that the 

nutrient ratios are more important than the nutrient concentration in the feed water to 

engineer biofilms with less cohesive and adhesive strength. Therefore, membrane 

cleaning strategies should consider the feed water's C:N:P ratios to increase their 

effectiveness. In this research, the two primary nutrients analyzed were carbon and 

phosphorus. Nitrogen limitation should be examined in more detail in subsequent 

studies, as it has proven effective in controlling biofilm formation [31,40,45]. Other 



210 

 

possible elements that could be investigated are magnesium, calcium, and potassium, as 

they have been suggested to influence biofilm development [271–273]. Future research 

should focus on manipulating the feed water nutrient conditions and the operational 

parameters (such as flux and crossflow velocity). Understanding the effect of feed water 

nutrient alteration will define a biofilm with known characteristics that are easier to 

control and remove without using chemicals, optimizing the membrane performance and 

the overall water cost.  

7.2.3 Practical implications 

In practice, feed water nutrient manipulation to control biofouling could be used to 

develop biofilm reactors "in the right place" [29]. Nutrient limitation in reactors in the 

right place and proper chemical-free cleaning protocols could decrease the impact of 

biofouling in subsequent membrane modules. Effective cleaning can be achieved only 

when the chemical and physical interactions between the solubilizing agent and the 

biofilm are favorable [116]. With nutrient manipulation, we decrease the need for toxic 

cleaning chemicals by engineering biofilms that are less attached and easier to be 

removed with increase in the shear forces. Therefore, research focussing on more 

effective cleaning protocols for better biofilm removal should be investigated. These 

protocols should evaluate strategies such as (i) the proper selection of hydraulic cleaning 

methods (backflush, forward flush, bubbles, gas/liquid two-phase flow cleaning) together 

with nutrient limitation, (ii) the effect of hydraulic cleaning combined with chemical 

cleaning along with membrane and spacer modification for biofouling control [16,196], 
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and (iii) the optimization of operational parameters during cleaning procedures [166]. A 

comprehensive physicochemical cleaning strategy is recommended to achieve a 

breakthrough in biofouling control.  

This study demonstrates that nutrient engineering could start with a low-cost strategy 

like lowering or avoiding the increase of the phosphorus concentration in the feed water, 

such as avoiding the addition of different chemicals (antiscalants, acids, biocides) to 

develop a biofilm with enhanced hydraulic cleanability. Further studies should be done to 

analyze the effect of nutrient limitation on biofilm formation when dosing phosphate-free 

antiscalants compared to phosphate-based antiscalants and its impact on full-scale RO 

plants. Besides the environmental advantages of dosing phosphorus-free antiscalants, if 

phosphorus limitation is combined with carbon restriction after feed water pretreatment, 

the approach could delay biofilm formation prolonging the system performance [43].  It 

has been shown that cleaning-in-place (CIP) efficiency is lower for full-scale RO than lab-

scale MFS [144]. Therefore, nutrient limitation strategies should be performed in full-

scale membrane installations to validate their feasibility. If studies are feasible, additional 

scale-up methods should be developed to remove the feed water's nutrients effectively. 

Our recommendation to lower the phosphorus and carbon concentration in the feed 

water and periodic hydraulic cleaning anticipate a sustainable method to extend system 

performance while maintaining water production and, therefore, reducing the overall 

water cost. 
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APPENDICES 

 

Appendix A: supplementary material of chapter 2 

 

Figure S1– Amount of carbon dosed (g) until the end of the experiment. 1000 µg-C·L-1: 5 
days, 250 µg-C·L-1: 12 days, 30 µg-C·L-1: 33 days 
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Appendix B: supplementary material of chapter 4 

Phosphorus concentration measurements  

A low detection auto analyzer using a colorimetric based method was applied (SEAL 

AutoAnalyser 3 HR Seal Analytical, Germany) following the proposed protocol by [133]) 

to quantify low concentrations of ortho-phosphate. The phosphorus concentration 

reported in this study was calculated from the obtained ortho-phosphate concentration. 

Triplicate feed water samples were processed. 
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Figure S2 – (A) Treatment processes of the seawater reverse osmosis (SWRO) plant in King 
Abdullah University of Science and Technology.  
Green arrows indicate chemical dosage. The red dots indicate the sampling points for 
measuring the phosphorus concentration in the water, (B) measured phosphorus 
concentration at different sampling points. 
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Figure S3 – Increment of feed channel pressure drop compared to baseline 
 
 

Appendix C: supplementary material of chapter 5 

Table S1 Elemental analysis of tap water.  
ND=Not determined 

Before hydraulic
cleaning
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cleaning
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3 µg P·L-1

co
m

pa
re

d 
to

 b
as

el
in

e 
[%

]
In

cr
em

en
t o

f f
ee

d 
ch

an
ne

l p
re

ss
ur

e 
dr

op
0

60

120

180

Elements 
Tap water  

µg/L 

Sodium (Na) 28600 

Calcium (Ca) 3600 

Potassium (K) 1930 

Magnesium (Mg) 858.6 

Iron (Fe) 124.7 

Zinc (Zn) 74.4 

Aluminum (Al) 17.3 

Strontium (Sr) 9.0 

Nickel (Ni) 4.8 
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Lead (Pb) 2.5 

Gold (Au) 1.7 

Copper (Cu) 1.7 

Palladium (Pd) 1.2 

Lithium (Li) 1.1 

Chromium (Cr) <0.001 

Cobalt (Co) ND 

Rubidium (Rb) 1.0 

Silver (Ag) 0.7 

Mercury (Hg) 0.5 

Scandium (Sc) 0.5 

Manganese (Mn) 0.5 

Barium (Ba) 0.5 

Vanadium (V) 0.3 

Titanium (Ti) 0.2 

Beryllium (Be) 0.2 

Cadmium (Cd) 0.07 


