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ABSTRACT 

In-situ Non-destructive Studies on Biofouling Processes  

in Reverse Osmosis Membrane Systems 

Nadia Mohsen Farhat 

Reverse osmosis (RO) and nanofiltration (NF) membrane systems are high-

pressure membrane filtration processes that can produce high quality drinking water. 

Biofouling, biofilm formation that exceeds a certain threshold, is a major problem in 

spiral wound RO and NF membrane systems resulting in a decline in membrane 

performance, produced water quality, and quantity. In practice, detection of biofouling is 

typically done indirectly through measurements of performance decline. Existing direct 

biofouling detection methods are mainly destructive, such as membrane autopsies, where 

biofilm samples can be contaminated, damaged and resulting in biofilm structural 

changes. The objective of this study was to test whether transparent luminescent planar 

oxygen sensing optodes, in combination with a simple imaging system, can be used for 

in-situ, non-destructive biofouling characterization. Aspects of the study were early 

detection of biofouling, biofilm spatial patterning in spacer filled channels, and the effect 

of feed cross-flow velocity, and feed flow temperature. Oxygen sensing optode imaging 

was found suitable for studying biofilm processes and gave detailed spatial and 

quantitative biofilm development information enabling better understanding of the 

biofouling development process. The outcome of this study attests the importance of in-

situ, non-destructive imaging in acquiring detailed knowledge on biofilm development in 

membrane systems contributing to the development of effective biofouling control 

strategies.  
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CHAPTER 1 

Introduction 

1.1. Water availability  

Water is an important natural resource where all social and economic activities and 

ecosystem functions depend on. Insufficient access to potable water and sanitation is one 

of the most prevalent problems affecting people throughout the world (Montgomery and 

Elimelech 2007, Shannon et al. 2008). The adverse health impacts attributable to lack of 

water and sanitation are significant and are mainly due to exposure to pathogenic 

microbes and harmful chemicals through various routes. Millions of people die annually 

from diseases transmitted through unsafe water sources, 1.2 billion people lack access to 

safe drinking water, and 2.6 billion have little or no sanitation (Shannon et al. 2008). The 

demand for clean freshwater is rising due to the expanding needs of agriculture, food 

production, and energy consumption. However, the available clean fresh water resources 

are declining due to increased water pollution and the weaknesses of water management. 

Therefore, problems related to freshwater availability are expected to become worse in 

the coming decades. Figure 1.1 shows the projected geographical distribution of water 

stress for the year 2040. Since water stress is measured as the ratio of water withdrawal to 

supply, differentiation should be made between countries that are severely water-stressed 

and are managing their stress extremely well using advanced water treatment processes, 

from countries that have a lower stress ranking just due to having lower demand 

compared to their water supply.  
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Figure 1.1–Map of projected average exposure of water users in each country to water stress, the ratio of 
total withdrawals to total renewable supply in a given area in 2040. A higher percentage means more users 
are competing for limited water supplies. Source: WRI Aqueduct, (2015). 

Economic development, pollution of available freshwater resources, and climate 

change are making the global water scarcity problems even worse. In both developing 

and industrialized nations, human activities are resulting in an increase in the number of 

contaminants entering water supplies: from traditional compounds such as organic 

matter, heavy metals, pathogens and microbial contaminants to emerging micro-

pollutants from the use of pharmaceuticals and personal care products (PPCPs) and 

antibiotic-resistant bacteria (Schwartz et al. 2003). Therefore, water scarcity and 

inadequacy of water when available for potable use have pushed for investments for 

improvement of water treatment technologies. The only methods to increase drinking 

water supply beyond what is available from the hydrological cycle are desalination and 

water reuse (Shannon et al. 2008).  

1.2. Membrane desalination processes 

Seawater desalination offers a seemingly unlimited, steady supply of high-quality 

water, without impairing natural freshwater ecosystems (Elimelech and Phillip 2011). 
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Desalination substantially removes dissolved solutes from the brackish or seawater 

sources to create the desired product water (Service 2006). Constant enhancements to 

existing desalination technologies, especially is the last decade, lead to the reliable use of 

these technologies to desalinate seawater as well as brackish water to produce high-

quality drinking water. The most commonly used technologies to achieve this objective, 

include membrane and thermal desalination processes (Schiermeier 2008). Desalination 

process, regardless of the method used, is often considered a capital and energy intensive 

process (Semiat 2008). The process typically requires water intake systems to convey the 

water to the desalination plant, pretreatment of the feed water, disposal of the brine, and 

overall plant maintenance (Zhou and Tol 2005). Energy costs are considered the largest 

factor in the cost of a desalination system and are estimated to be 20-30% of the total 

water cost (Busch and Mickols 2004).  

Thermal desalination separates salt from water by evaporation and condensation, 

whereas in membrane desalination water diffuses through a membrane, while salts are 

almost entirely retained (Fritzmann et al. 2007). Higher energy consumption in thermal 

processes has reduced the global use of this technology over membrane based 

desalination alternatives, Figure 1.2 (Veerapaneni et al. 2007).  

Reverse osmosis (RO) and nanofiltration (NF) membranes are used to produce high-

quality drinking water from abundantly available brackish and seawater sources 

(Elimelech and Phillip 2011). While RO/NF technology has been widely used for 

seawater desalination for more than four decades, RO/NF advanced membrane 

technology has rapidly grown, and is constantly improving; reaching lower levels of salt 

passage and becoming more energy efficient that can eventually help decrease the total 
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water cost of desalinated water production. Improvement of RO/NF desalination 

technology resulted in an increase in the share of membrane-based desalination up to 

presently about 80 percent of the total global desalination capacity (Greenlee et al. 2009) 

(Figure 1.2).  

Different types of RO/NF membrane modules for water desalination exist; however, 

the most commonly used type is the spiral wound membrane module. Spiral wound 

membrane modules use sheets of membrane, feed spacer, and permeate spacer wrapped 

around a hollow tube called the permeate tube.  

 

Figure 1.2–Annual new contracted capacity of desalination plants: thermal versus membrane-based 
desalination. Source: DesalData/Desalination Markets 2010. 
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RO/NF membranes are described as semi-permeable membranes; these membranes 

are highly permeable to water however their permeability for dissolved substances is low, 

enabling the separation of water from solutes. RO membranes have a higher rejection of 

monovalent ions compared to NF membranes. The polymer material of RO/NF 

membranes forms a layered, web-like structure. Water after passing the membrane must 

follow a tortuous pathway through the membrane envelope to reach the permeate 

collection tube (Figure 1.3). Applying pressure across the membrane forces the water 

contained in the feed flow to permeate through the membrane. To overcome the feed side 

osmotic pressure, relatively high feed pressure is required to produce clean water. In 

seawater desalination, the feed pressure commonly ranges from 40 to 70 bar and the 

permeate water recovery from each membrane module is approximately 10 percent the 

feed flow reaching a water recovery of 45 percent for the whole pressure vessel. 

Feed spacers create intermembrane space in the spiral wound membrane elements 

necessary for water transport. The spacers improve water mixing thus reducing the 

overall diffusive boundary layer thickness as well as reducing concentration polarization, 

defined as the increase in the concentration of salts in the feed water closer to the 

membrane surface (Herzberg and Elimelech 2007), thus improving the overall treatment 

efficiency. Feed spacers can have different designs (e.g. geometries), but generally, have 

a mesh-like structure with mesh sizes of 2-3 mm and thicknesses varying from 28 to 34 

mil (1 mil equals 25.4 µm)  (Siddiqui et al. 2016, Araujo et al. 2012a). 
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Figure 1.3–Spiral wound RO membrane module showing the RO membrane sandwiched between a feed 
and permeate spacer. (http://www.porexfiltration.com/). 
 
1.3. Reverse osmosis membrane fouling  

RO fouling can be defined as the accumulation of material on the surface of the 

membrane or spacer in the feed channel of the membrane element. Fouling results in 

reduced membrane performance and increased costs. The reduction in performance is 

characterized by an increase in pressure drop along the feed channel of a membrane 

module, and/or decrease in permeate flux, and/or decrease in salt rejection (Flemming 

2003, Vrouwenvelder et al. 2008).  

Two types of pressure drop can be distinguished in spiral-wound membrane modules: 

the feed channel pressure drop (PD), the differential pressure between feed and 

concentrate, and the trans-membrane pressure drop (TMP), the differential pressure 

between feed and permeate. Fouling occurrence results in an increase in PD and flux 

decline requiring to increase the TMP to maintain the necessary permeate quantity (Bucs 

et al. 2014a). Major consequences of fouling are (i) deterioration of permeate quality and 

http://www.porexfiltration.com/
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quantity, (ii) higher energy consumption, (iii) higher chemical use for cleaning, (iv) and 

shorter membrane lifetime. Four categories of membrane fouling can be distinguished: (i) 

particle/colloid fouling, (ii) inorganic fouling, (iii) organic fouling, (iv) and biological 

fouling (biofouling) (Amiri and Samiei 2007). Fouling can develop unevenly through a 

membrane module and can occur between the membrane sheets of a module, where 

spacers are located to create space for the concentrate stream (Tran et al. 2007). These 

different types of fouling may occur simultaneously and can influence each other 

(Flemming 2003). Scaling and particulate fouling can be relatively easy to control by 

physical and chemical pretreatment, but biofouling and organic fouling seem to be less 

controllable (Vrouwenvelder et al. 2008). 

Biofouling is defined as the unwanted accumulation of biofilms (Flemming 2002). 

Biofouling can be operationally defined as the accumulation of a biofilm resulting in an 

unacceptable degree of system performance loss in industrial membrane systems (Roe et 

al. 1994). Different phases of biofilm development can be distinguished: attachment 

phase with reversible followed by irreversible adsorption of bacteria on a surface (Palmer 

et al. 2007), exponential cell growth and division phase followed by production of 

extracellular polymeric substances (EPS) and detachment phase (Kostakioti et al. 2013, 

Characklis 1981). Before the attachment phase, a conditioning layer comprised of 

organics present in the feed water starts to form on the pristine surface allowing the 

subsequent attachment of bacterial cells. The biomass present at the last stage when the 

biofilm becomes mature is characterized by a balance between bacterial cell growth, cell 

degradation, and detachment (Figure 1.4).  



20 
 

Biofouling becomes a problem when biofilm growth in membrane systems results in 

a performance decline that exceeds a certain threshold (Flemming 2003). In practice, this 

threshold is in most cases defined as 15 percent increase in feed channel pressure drop or 

reduction in permeate flux (Vrouwenvelder et al. 2008, Bucs et al. 2014a, Al-Ahmad et 

al. 2000, Hydranautics 2001, GE 2009, DOW 2016a). Figure 1.5 shows a biofouled spiral 

wound membrane module.  

Biofouling occurrence and its proper control strategies persist as a major concern for 

the application of membrane desalination processes (Vrouwenvelder et al. 1998, Baker 

and Dudley 1998). A better understanding of the biofouling process is the key to 

developing effective control strategies. 

 

 
Figure 1.4–Stages of biofilm development. 
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1.4. In-situ non-destructive biofouling detection  

Biofilm formation, which is considered a prerequisite for the occurrence of 

biofouling, may not always be detected by the present techniques. Detection of fouling is 

typically done indirectly through measurements of membrane performance decline 

(Vrouwenvelder et al. 2011a), which is not specific to biofouling and not sensitive 

enough to detect biofouling at an early stage. Existing methods to detect biofouling are 

mostly based on autopsy and require the destructive opening of a membrane module from 

the water treatment system (Tamachkiarow and Flemming 2003, Vrouwenvelder et al. 

2003, Vrouwenvelder and Van der Kooij 2003). Destructive biofouling detection and 

quantification methods such as membrane autopsies can result in biofilm sample 

contamination, or sample damage, leading to biofilm structural changes (Pembrey et al. 

1999). The ideal method for biofilm detection should be able to quantify biofouling, and 

spatial variability in-situ, in real time, non-destructively and at an early stage.  

 
Figure 1.5–Biofouled spiral wound membrane module. 
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A better understanding of spatial biofilm development process will result in the 

formulation of effective biofouling control strategies (Flemming 2003, Vrouwenvelder et 

al. 2006, 2007a). Besides, early detection of biofouling enables corrective actions at an 

earlier stage which may be more effective than cleanings at a later stage (Vrouwenvelder 

et al. 2008, 2011a, Creber et al. 2010a). Several in-situ, non-destructive techniques are 

used for biofouling studies for instance nuclear magnetic resonance (NMR): (Creber et al. 

2010a, Creber et al. 2010b, Manz et al. 2003, Seymour et al. 2004, Von der Schulenburg 

et al. 2008), optical coherence tomography (OCT): (Derlon et al. 2013, Dreszer et al. 

2014, Fercher et al. 2003), and oxygen sensing optodes (Staal et al. 2011a, Prest et al. 

2012). 

1.5. Oxygen sensing optodes  

Oxygen plays a vital role in microbial ecology, and the flux of O2 has been used to 

quantify primary biomass production, total bacterial community respiration, and 

mineralization rates (Fenchel and Finlay 2008). Oxygen concentrations can vary sharply 

at µm to mm scale, and precise quantification of the O2 distribution and dynamics is a 

crucial requirement for understanding spatial and temporal biofilm processes. Oxygen 

sensing optodes have been suggested as an excellent tool for the spatial and quantitative 

study of biofouling in membrane systems (Staal et al. 2011a, Prest et al. 2012, Glud et al. 

1998, Debeer et al. 1994). Planar optodes are a tool that can map the spatial distribution 

of O2 (Glud et al. 1996). Planar optodes use luminescent O2 indicators (dyes) 

immobilized in an oxygen permeable transparent polymeric matrix and can be coated on 

foils or surfaces. The measuring principle is based on the dynamic collisional quenching 

of the luminescent indicator by O2 (DeGraff and Demas 2005).  
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Figure 1.6–Schematic of the optode sensor foil and principle of dynamic fluorescence quenching. The 
sensor responds to oxygen by passing the energy of an excited state dye via collision to the oxygen 
molecule resulting in fluorescence quenching with increasing oxygen content of the sample. Taken from 
Tschiersch et al. (2011) 

The dye is excited by an excitation light where after the excited dye can release 

absorbed energy either by luminescence or collisional quenching by molecular oxygen. 

The ideal response of optical O2 sensors is described by Stern–Volmer relation (Bacon 

and Demas 1987). Planar optode imaging specifically detects biofouling through 

assessment of oxygen concentration as a direct correlation to biofilm activity (Debeer et 

al. 1994, Staal et al. 2011b).  

1.6. Thesis objective and outline 

Until now there have been enormous efforts to solve the biofouling problem; 

extensive pretreatment options for nutrient removal (Vrouwenvelder et al. 2010a, 

Jacobson et al. 2009) and bacteria inactivation and removal (Al-Ahmad et al. 2000, 

Flemming et al. 1997), and membrane module cleaning strategies (Chen et al. 2003, Di 
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Martino et al. 2007, Liikanen et al. 2002), development of low fouling membranes (Zou 

et al. 2011, Wilf and Alt 2000), etc. These control strategies have not shown the ability to 

control biofouling in all cases. Accepting the occurrence of biofilm and aiming to keep its 

development below a certain threshold is a possible effective approach described as 

biofilm management (Flemming 2003). A better understanding of the development of 

biofouling in RO membranes and the affecting factors is the most important component 

of such an approach and is considered the key to finding solutions to control biofouling. 

Crucial questions need to be answered: Where does the first attachment occur: the 

membrane or the spacer? What effect the spacer geometry has on the biofouling process? 

How does feed water temperature, cross-flow velocity, substrate concentration, etc. affect 

biofouling development? Therefore the thesis’s main objective was to address such 

questions using an in-situ, non-destructive imaging method.  

Chapter 2 introduces the oxygen sensing planar optode imaging as an in-situ, non-

destructive method to detect biofouling development and evaluates whether biofouling 

could be detected and quantified with the optode at an early stage before a significant 

pressure drop increase is observed.  

Chapter 3 investigates the effect of different cross-flow velocities but equal nutrient 

concentration on the spatial development of biofilm at two different locations in a 

membrane fouling simulator (MFS), the inlet and the outlet.  

Chapter 4 describes biofilm spatial heterogeneity using a new image analysis method. 

The local variation in biofilm patterning over individual spacer areas is shown and 

comparison in the developed biofilm spatial patterns between the inlet and outlet of the 

MFS is made.  
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Chapter 5 examines the effect of water temperature on biofouling development, 

quantity, structure, and how this correlates with the pressure drop increase in reverse 

osmosis membrane systems.  

Conclusions and outlook summarizes the key findings of this work and gives 

suggestions for further research on biofouling in reverse osmosis membrane systems. 

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. 
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CHAPTER 2 

Early Biofouling Detection Using Oxygen Sensing Optodes 
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Abstract 

Biofouling is a serious problem in reverse osmosis/ nanofiltration (RO/NF) 

applications, reducing membrane performance. Early detection of biofouling plays an 

essential role in an adequate anti-biofouling strategy. Presently, fouling of membrane 

filtration systems is mainly determined by measuring changes in pressure drop, which is 

not exclusively linked to biofouling. Non-destructive imaging of oxygen concentrations 

(i) is specific for biological activity of biofilms and (ii) may enable earlier detection of 

biofilm accumulation than pressure drop. 

The objective of this study was to test whether transparent luminescent planar O2 

optodes, in combination with a simple imaging system, can be used for early non-

destructive biofouling detection.  

This biofouling detection is done by mapping the two-dimensional distribution of O2 

concentrations and O2 decrease rates inside a membrane fouling simulator (MFS).  

Results show that at an early stage, biofouling development was detected by the 

oxygen sensing optodes while no significant increase in pressure drop was yet observed. 

Additionally, optodes could detect spatial heterogeneities in biofouling distribution at a 

micro scale. Biofilm development started mainly at the feed spacer crossings. 

The spatial and quantitative information on biological activity will lead to better 

understanding of the biofouling processes, contributing to the development of more 

effective biofouling control strategies. 
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Nomenclature  

Acronyms 

RO: Reverse osmosis  

NF: Nanofiltration 

MFS: Membrane fouling simulator  

PD: Pressure drop 

LED: Light emitting diode  

PtTPTBPF:  platinum (II) meso-tetra (4-fluorophenyl) tetrabenzoporphyrins 

AOD   : Average oxygen concentration decrease  

: Average oxygen concentration on day 0-Average oxygen concentration on day x  

(x= 1, 2, 3, 4, 5) 

Stop-flow OCR:  Stop-flow oxygen consumption rate  

Main equation  

𝑂2 =
(1 − 𝐼

𝐼0
)

(( 𝐼𝐼0
− 𝛼) ∗ 𝐾𝑠𝑠)

 

𝛼 : Non-quenchable fraction of the dye  

Ksv: quenching efficiency coefficient of the dye 

I0: luminescence intensity in the absence of O2 

I: luminescence intensity in the presence of O2 
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2.1. Introduction 

2.1.1. Biofouling in NF/RO membranes 

Many areas in the world are experiencing water shortage problems as a result of the 

increase in human population and water demand (Viljoen 2010). Reverse osmosis (RO) 

and nanofiltration (NF) systems are pressure driven, passing water through a 

semipermeable membrane while retaining particles, ions, and microorganisms (Fritzmann 

et al. 2007).  Production of high quality drinking water depends increasingly on NF and 

RO membrane processes (Shaban 1990). A potential drawback of NF and RO is that 

membranes foul with time, resulting in an increase in pressure drop (PD) and/or a 

decrease of permeate flux and/or increase in salt passage (Vrouwenvelder et al. 2009a). 

Major fouling types are scaling, particulate and organic fouling, and biofouling. These 

different types of fouling may occur simultaneously and can influence each other 

(Flemming 2003). Scaling and particulate fouling can be relatively easy to control by 

physical and chemical pretreatment, but biofouling and organic fouling seem to be less 

controllable (Vrouwenvelder et al. 2008).  

Biofouling is referred to as the unwanted accumulation of biofilm by attachment and 

growth (Flemming 2002). Biofouling can be operationally defined as the formation of 

biofilm that results in an unacceptable degree of system performance loss in industrial 

systems (Roe et al. 1994).  Biofilm formation, which is considered a prerequisite for the 

occurrence of biofouling, may not always be detected by the present techniques. 

Detection of fouling is typically done indirectly through measurements of membrane 

performance decline (Vrouwenvelder et al. 2011a). Existing methods to detect biofouling 

are mostly based on autopsy and require the destructive opening of a membrane module 
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from the system (Tamachkiarow and Flemming 2003, Vrouwenvelder et al. 2003, 

Vrouwenvelder and Van der Kooij 2003). The ideal method for biofilm detection should 

be able to quantify biofouling, and spatial variability in-situ, in real time, non-

destructively and at an early stage. Determination of the relevant spatial parameters will 

result in the formulation of effective biofouling control strategies (Flemming 2003, 

Vrouwenvelder et al. 2006, 2007a).  

Earlier detection of biofouling enables corrective actions at an earlier stage which 

may be more effective than cleaning measures at a later stage (Vrouwenvelder et al. 

2008, 2011a, Creber et al. 2010a). In this study, transparent luminescent planar O2 

optodes, in combination with an imaging system, were used to map the two-dimensional 

distribution of O2 concentrations and O2 decrease rates inside a membrane fouling 

simulator (MFS)(Vrouwenvelder et al. 2006, 2007a, 2007b). Planar optode measurements 

offer a unique opportunity to resolve both spatial and temporal variations on a sub-

millimeter scale for a range of analytes (Larsen et al. 2011). So far, the majority of planar 

optode studies have been focused on O2 dynamics in marine sediments (Glud et al. 1998, 

Glud et al. 1999, Behrens et al. 2007, Jensen et al. 2005). This new quantitative and non-

destructive method allows direct quantitative assessment of biological activity of fouling 

in membrane filtration systems, thereby quantifying biofouling.  

The primary objective of this study was to evaluate whether biofouling could be 

detected and quantified with the optode at an early stage, before a significant pressure 

drop increase is observed (Vrouwenvelder et al. 2009b), providing non-destructive early 

biofouling detection and diagnosis. This study gives insight into the behavior of biofilms 

in membrane systems during their initial developmental phase.  
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2.1.2. Planar optodes 

Oxygen plays a vital role in microbial ecology, and flux of O2 has been used to 

quantify primary biomass production, total bacterial community respiration, and 

mineralization rates (Fenchel and Finlay 2008). Oxygen concentrations can vary sharply 

at µm to mm scale, and precise quantification of the O2 distribution and dynamics is a 

crucial requirement in understanding spatial and temporal biofilm processes. Planar 

optodes are a tool that can map spatial distribution of O2 (Glud et al. 1996). Planar 

optodes use luminescent O2 indicators (dyes) immobilized in an oxygen permeable 

polymeric matrix and can be fixed on foils or glass surfaces. The measuring principle is 

based on the dynamic collisional quenching of the indicator luminescence by O2 (De 

Graff and Demas 2005). The dye is excited by an excitation light where after the excited 

dye can release absorbed energy either by luminescence or collisional quenching by 

molecular oxygen. The ideal response of optical O2 sensors is described by Stern–

Volmer relation (Bacon and Demas 1987).  

𝐼
𝐼0

= 1
1+𝐾𝑠𝑠[𝑂2]

↔ 𝐼0
𝐼

= 1 + 𝐾𝑠𝑠[𝑂2]  (1) 

I0: luminescence intensity in the absence of O2 

I: luminescence intensity in the presence of O2 

Ksv: constant expressing the quenching efficiency of the fluorophore 

[O2]: oxygen concentration 

In planar optodes, only a certain fraction of the O2 indicator dye remains quenchable 

upon immobilization thus exhibiting a non-ideal Stern-Volmer response (Carraway et al. 

1991). The oxygen dependent quenching can be quantified by a modified Stern-Volmer 

equation. The relationship can be described by the equation:  



32 
 

𝐼
𝐼0

= 1−𝛼
1+𝐾𝑠𝑠[𝑂2]

+ 𝛼             (2) 

Where α is the non-quenchable fraction 

For many applications, the most common and simplest form of oxygen sensing involves 

excitation of a supported dye using an intensity modulated light emitting diode (LED). 

The excitation light is turned on until the luminescence level of the dye reaches a steady 

state (Prest et al. 2012). The luminescence intensity is dependent on the O2 concentration 

with maximal luminescence intensity reached under anoxic conditions. Recently 

ratiometric approaches have been published that allow spatial oxygen measurements with 

low cost, commercially available cameras. The ratiometric method is based on 

simultaneous measurement of luminescence intensities of the oxygen indicator dye and of 

the reference (oxygen-insensitive) dye. If the two emissions are spectrally separable, a 

color camera can be used for imaging (Larsen et al. 2011). The ratiometric approach 

allows compensation for the variation in the intensity of the excitation light, sensitivity of 

the detector and dye density.  However, if these parameters are kept constant, reliable 

measurements are also possible by simply measuring luminescence intensity at anoxic 

conditions and under different oxygen concentrations (Staal et al. 2011a). Due to its 

simplicity, this approach was used in our study. Using this method, a calibration curve 

can be determined by correlating known oxygen concentrations with the ratio of the 

intensity under anoxic condition to that under different O2 concentrations. From the 

calibration curve, any luminescence intensity image can be converted to an O2 

concentration image. 
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2.2. Materials and methods 

2.2.1. Experimental setup description 

Biofilm was grown in a membrane fouling simulator (MFS) containing a 20 cm × 4 

cm coupon of a membrane and a spacer and a transparent window for visual observations 

(Vrouwenvelder et al. 2006, 2007b). The MFS flow cell was operated without permeate 

production (Vrouwenvelder et al. 2009c) at a pressure < 4bar. Hydrodynamic conditions 

(e.g. flow field distribution and the relationship between cross flow and feed channel 

pressure drop) in the monitor are similar to spiral wound membrane modules as applied 

in practice for water treatment. The spacer and membrane coupons were taken from 

virgin spiral wound membrane elements (4040-TS80-TSF, Trisep Corporation, USA). 

The feed spacer consisted of a sheet of 31 mil (787 µm) thick diamond-shaped 

polypropylene spacer (porosity 0.85). The feed spacer was placed in the MFS with the 

same orientation as in spiral membrane elements (45◦ contact angle with feed flow). The 

system was run as a continuous flow reactor and the setup consisted of a large buffer tank 

(200 L capacity), diaphragm pump, temperature and differential pressure transmitter 

(Delta bars, Endress+Hauser, PMD75), pressure-reducing valve, nutrient dosing 

diaphragm metering pump, MFS and a flow sensor (Ultra flow sensor ULF01.H.0, 

POM/FPM) (Figure 2.1). Feed water is filtered by a carbon and cartridge filter (4 µm 

pore size). 
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Figure 2.1–Schematic description of the membrane fouling simulator (MFS) including a water mixing 
system, differential pressure transmitter, flow meter and the imaging setup for O2 detection. The arrows 
indicate the water flow direction. The filter wheel gives the possibility to shift between different filters. 

2.2.2. Operating condition 

Filtered (carbon and cartridge filter, filter housing model: UPS BB3 [AWF-UPS-3H-

20B] Cartridges model: sediment-carbon [AC-SC-10-NL]) tap water (16 L·h-1) 

continuously refreshed the water in a buffer tank. The tap water is produced from 

chlorinated RO effluent so in order to have biofilm growth carbon filters were used to 

remove residual chlorine. Water from the buffer  tank was pumped through the MFS at a 

flow rate of 12 L·h-1 equivalent to a linear flow velocity of 0.12 m·s-1, which is 

representative for practice (Vrouwenvelder et al. 2009d). The outflow from the MFS was 

recirculated into the tank. Water recirculation was required to increase bacterial cell 

numbers in the feed water of the monitor. The buffer tank water was aerated to ensure 

saturated oxygen conditions in the MFS. Water temperature was maintained at 24◦C 

during the whole experiment. A nutrient stock solution containing sodium acetate, 

sodium nitrate, and sodium phosphate in a mass ratio C: N: P of 100:20:10 was added to 

the feed water up to 1 mg-C·L-1 to enhance biofilm formation in the MFS. The stock 
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solution was dosed by a diaphragm metering pump (STEPDOS 03S, Knf NEUBERGER) 

at a flow rate of 0.05 L·h-1. To restrict bacterial growth in the nutrient dosage vessel, the 

pH was set at 11 by adding sodium hydroxide at a concentration of 1 mol·L-1. The 

nutrient dosage flow rate (0.05 L·h-1) was low compared to the feed water flow rate (12 

L·h-1). Thus, the effect of the nutrient dosage on the pH of the feed water was 

insignificant.  

Pressure drop was measured over the MFS as an indicator of fouling development 

(Vrouwenvelder et al. 2009b, 2009d). The development of pressure drop (PD) with time 

over the monitor length was measured and recorded by a differential pressure transmitter 

(Delta bars, Endress+Hauser, PMD75). The pressure drop development was normalized 

by subtracting the pressure drop value at time 0. 

2.2.3. Dye and optode description  

The planar optode was coated on a Mylar (thin polyethylene terephthalate, thickness 

equals 0.13 mm) sheet, which was placed into the flow cell under the transparent cover 

window. The optode sheet was in direct contact with the feed spacer and the water. 

Biofilm formation occurs on the membrane, the spacer and the optode sheet. The planar 

optode used in this study was based on the dye PtTPTBPF (excitation 595 nm, emission 

775 nm) immobilized in a polystyrene matrix (4% w/w PE/chloroform) (Borisov et al. 

2008). Coating the dye directly on the transparent window of the flow cell was not 

possible since the solvent of the dye also dissolves the MFS window material, making the 

sight window turbid.  

2.2.4. Imaging system  

Oxygen imaging was done with an Apogee Imaging Systems Ascent A285 CCD 
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Camera equipped with a monochrome Sony ICX-285 Interline CCD Sensor (1392×1040 

pixels). A filter wheel (APOGEE CFW31-8R FILTER WHEEL 1.25, 8 POS) was 

mounted on the camera. A filter (690-850 nm, Astrodon photometrics, sloan photometric 

filters i’2) was used to take the oxygen images. On top of the filter wheel a Nikon F-

mount lens adapter was mounted and a Nikon Nikkor 35mm f/1.4 lens was used with 

Nikon macro extension tube Kit resulting in a focal distance of 15 cm, depth of field 1.9 

‒ 2.2 mm, and a pixel size of 45 µm × 45 µm. Micro-manager 1.4, a freeware 

microscope-controlling software program based on ImageJ, was used to control the 

camera and filter wheel settings. The oxygen sensing dye was excited by eight amber 

LEDs (lumiled type, 595 nm) placed around the lens. The power supply for the LEDs 

was an AIM-TTI instruments, PL303 power supply, 1CH, 30V, 3A, providing a stable 

LED output. The MFS and the camera system were mounted in a light-tight box to 

minimize the effect of external light on the luminescence images.  

2.2.4.1.Image calculation and analysis 

Oxygen distribution was calculated with a luminescence intensity imaging approach 

(Staal et al. 2011a). In this approach, the spatial O2 distribution was calculated directly 

from the ratio of a luminescence image obtained under anoxic conditions (I0) and a 

luminescence image (I) at the actual O2 concentration. A schematic description of the 

calculation of O2 concentration from aerobic and anaerobic luminescence intensity 

images is shown in figure 2.2. For the conversion from ratio to O2 concentration a Stern-

Volmer equation determined from the calibration of the optode was used. 

𝑂2 =
(1− 𝐼

𝐼0
)

(( 𝐼𝐼0
−𝛼)∗𝐾𝑠𝑠)

                                       (3) 
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α is the non-quenchable fraction of the dye and Ksv is the quenching efficiency 

coefficient of the dye.  

Calibration of the planar optode was done by circulating water with different O2 

concentrations through the MFS at 24˚C. Different O2 concentrations were generated 

using a gas mixing system based on electronic mass flow controllers (Sensor Sense, 

Nijmegen). Intensity images were taken for each defined O2 concentration, where after a 

calibration curve was obtained. Ksv and α were determined by fitting the adapted Stern-

Volmer equation (eq. 2) through the calibration curve.  

All post-acquisition image processing was done using the freeware ImageJ version 

1.49g (http://rsbweb.nih.gov/ij/). After the import to ImageJ, all 16 bit images were 

converted to a 32 bit floating point format. I/I0 ratio intensity images were then 

calculated using the “process > image calculator” option in ImageJ. Conversion of ratio 

I/I0 intensity images to O2 concentration distribution images was done in the process > 

math > macro menu based on calibration equation linking the intensity ratio values to 

defined O2 concentrations. False coloring was applied to visualize the differences in O2 

concentration. 

2.2.4.2.Analysis of spatial indicators 

Analysis of spatial indicators of images taken under both cross-flow and stop-flow 

operation of the MFS was done using the ISA software (Beyenal et al. 2004a). 

Quantitative parameters describing biofilm physical structure such as homogeneity and 

contrast to monitor biofilm development were analyzed (Yang et al. 2000). Biofilm 

homogeneity is a textural parameter that measures the similarity of the spatially close 

image structures: a higher homogeneity indicates a more homogeneous image structure, 
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the homogeneity decreases with increasing numbers of biofilm clusters (Beyenal et al. 

2004b). Contrast is determined by the difference in the color and brightness of an object 

and other objects within the same field of view. 

2.2.5. Cross-flow versus stop-flow imaging 

Two different types of oxygen measuring protocols (cross-flow and stop-flow) were 

tested for their potential to measure biofouling in an MFS. The cross-flow imaging 

protocol consisted of sequential imaging of luminescence intensity images under (i) dark, 

(ii) aerobic and (iii) anaerobic conditions for the inlet of the MFS. The dark intensity 

image was subtracted from all intensity images to eliminate the background effect. The 

aerobic intensity image was determined under standard cross-flow operation, while the 

anaerobic luminescence intensity image was made after dosing a concentrated solution of 

sodium hydrosulfite (20 g·L-1) into the feed water at a rate of 0.125 mL·h-1. The 

anaerobic luminescence intensity image was taken once a day and sodium hydrosulfite 

consumed all oxygen present in the monitor. The water flow through the MFS was 

directly diverted to the drain when sodium hydrosulfite was pumped to prevent 

contamination of the buffer tank water. 

In the stop-flow imaging protocol, a series of 100 intensity images was taken during a 

ten minute flow interruption at an interval of six seconds. The stop-flow intensity image 

series was divided by the anaerobic intensity image where after the stack of ratio images 

is converted into a stack of O2 concentration image. The stop-flow series gave spatially 

resolved information about O2 concentration decrease rates and biofilm development.  
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Figure 2.2–Schematic description of the calculation of the spatial oxygen concentration derived from 
aerobic and anaerobic luminescence intensity images. (A) Scale bar represents intensity values; (B) scale 
bar represents oxygen concentration (mg·L-1). 

2.3. Results 

In this study, three methods were compared to evaluate their potential for early 

biofouling detection and diagnosis; (i) pressure drop development with time, (ii) O2 

decrease under MFS cross-flow conditions, and (iii) O2 decrease under MFS stop-flow 

conditions. No pressure drop increase was observed during the first 1.5 days of the 

experiment (Figure 2.3). Both O2 measuring techniques already showed a decrease in O2 

concentration at day one.  Spatially resolved information about oxygen depletion 

locations was identified from images taken during cross-flow operation (Figure 2.4). 

These areas indicate local biofilm development. In addition to average O2 concentration 

decrease with time, spatial indicators such as image homogeneity and contrast were used 

as an indicator of biofilm presence (Figure 2.5). Earliest biofilm development detection 
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was based on stop-flow O2 decrease rates (Figures 2.6 – 2.8). Furthermore, figures 2.6-

2.8 confirm the oxygen depletion locations identified during cross-flow operation (Figure 

2.4) as these locations have highest depletion rate during stop-flow. Comparison between 

different indicators for biofouling presence with time is given in figure 2.9. 

2.3.1. Pressure drop  

No increase in pressure drop (PD) over the MFS was observed during the first 1.5 

days of the experiments (Figure 2.3). After 1.5 days of MFS operation, an exponential 

increase in PD started as a result of biofilm accumulation in the flow cell. A small effect 

of flow disruption (stop-flow) on PD can be seen at day three and five (Figure 2.3). 

Nonetheless, the increasing PD trend recovered within one hour after the original flow 

(0.12 m·s-1) was restored. The PD increased to 250 mbar within the five day experiment. 

 
Figure 2.3–Pressure drop increase (PD) with time over the MFS. The MFS feed water was supplemented 
with 1 mg-C·L-1 biodegradable nutrient to increase the rate of biofilm accumulation. Arrows indicate the 
time of O2 imaging during a short flow interruption (stop-flow) in the MFS. 
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2.3.2. Oxygen concentration during cross-flow MFS operation  

The spatial distribution of oxygen concentrations (mg·L-1) were measured daily under 

cross-flow conditions for a period of five days at the inlet of the MFS (first 2.5 cm) 

(Figure 2.4A). Regions with lower oxygen concentrations appeared at the feed spacer 

crossing on day one, indicating that these were the areas where respiratory activity started 

and showing initial biofilm development. The regions of lower oxygen concentration 

become more pronounced with time (Figure 2.4A). In the supplementary material 

information (Figure S2.4), the contrast of the O2 concentration images was increased to 

emphasize the heterogeneity of oxygen distribution. The differential image day 0 – day 5 

(Figure 2.4B) shows the variability in change in oxygen concentration within the imaged 

area. Almost every pixel shows a decrease in oxygen concentration during the 

experiment. Compared to day 0, approximately 73% of the area had an O2 decrease of 

~1-1.5 mg·L-1 while nearly 16% showed an O2 decrease of 1.5-2.5 mg·L-1. Some small 

areas (≈1% of the total area) showed even a stronger decrease in oxygen concentration 

(4-5 mg·L-1), occurring predominantly at feed spacer crossings. 
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Figure 2.4–(A) Spatial distribution of oxygen concentration (mg·L-1) assessed during cross-flow operation 
at the inlet side of the MFS (first 2.5 cm) with time (Day 0 to Day 5) at constant cross-flow velocity. (B) 
Differential image showing oxygen image Day 0 – oxygen image Day 5, indicating the locations where the 
biofilm is present. The arrow indicates the water flow direction. Scale bar represents oxygen concentration 
(mg·L-1).  

The average O2 concentrations were determined from the images. The highest 

decrease in average O2 concentration was found on the first day of the experiment: A 

reduction of 6% was observed. The O2 concentration decreased further during the rest of 

the experiment but at lower daily rates (Figure 2.5A). A suite of parameters were 

evaluated using ISA software (Beyenal et al. 2004a). Here only image homogeneity and 

contrast are shown (Figure 2.5B and 2.5C). Both homogeneity and contrast decreased 

with time. The largest decline in image homogeneity was found at day three (≈ 13%); 

(day one ≈ 2% decline and day two ≈ 11% decline).  

(A) (B)

Day 0- Day 5
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It was also tested whether the size of the sampled area within the O2 image affected 

the results. The O2 concentration plotted in figure 2.5A is an average value of the whole 

inlet area of the MFS (2.5 cm × 4.0 cm). The smallest sampling area giving the same 

average oxygen concentration values was found to be as small as 0.30 cm × 0.30 cm. 

This area is almost as small as one feed spacer frame. Table 1 summarizes the minimum 

surface area needed for representative detection of change in oxygen concentration, 

where an area as small as 0.30 cm × 0.30 cm can be used to detect O2 concentration 

decrease representatively. Table 1 shows an increase in the standard deviation of the 

oxygen values obtained from the different sampled areas as these areas become smaller. 

The O2 concentration determined from a smaller area deviated more from the value 

obtained over a larger area as biofilm spatial distribution becomes more heterogeneous 

with time.  

 
Figure 2.5–(A) Biofilm average oxygen concentration (mg·L-1), and image spatial indicators: (B) 
homogeneity and (C) contrast change with time determined from images taken at constant cross-flow 
velocity. 
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Table 2.2 – Minimum surface area needed for representative detection of change in oxygen concentration. 
Biofilm development at an initial stage (Day 1) 
Number of Pixels  Area (cm × cm) Average oxygen concentration (mg L-1) ± SD  
247,390  2.5 × 4.0 6.354  
32,900 * 1.2 × 1.2 6.246 ± 0.069 
10,800 **  0.60 × 0.60 6.236 ± 0.086 
1,080 ** 0.30 × 0.30 6.230 ± 0.144 
Biofilm development at a late stage (Day 5) 
Number of Pixels Area (cm × cm) Average oxygen concentration (mg L-1) ± SD 
247,390  2.5 × 4.0 5.695  
32,900 * 1.2 × 1.2 5.575 ± 0.057 
10,800 **  0.60 × 0.60 5.556 ± 0.062 
1,080 ** 0.30 × 0.30 5.555 ± 0.091 
SD: Standard deviation of the values from the different sampled areas. 
(*): Measurements were done at six different locations of the same surface area.  
(**): Measurements were done at twelve different locations of the same surface area.  

2.3.3. Oxygen concentration during stop-flow MFS operation  

During a stop-flow event, the flow was interrupted for a period of ten minutes. During 

this period, a series of 100 intensity images was taken at six seconds intervals. In addition 

to biofilm development locations, average oxygen decrease with time (ten minutes) can 

be determined from the stop-flow image series. Figure 2.6 shows the spatial distribution 

of oxygen concentration (mg·L-1) assessed after the water flow interruption (0 and 2 

minutes) and a difference image (t0-t2) derived by subtracting the image at t2 from the 

image at t0 to show locations with the highest oxygen concentration decrease. Figure 2.7 

shows the same differential images, but the scale in every individual image is changed so 

that O2 decrease values and locations become more pronounced. Figures 2.6 and 2.7 

show that the highest oxygen concentration decrease, and thus largest quantity of 

biofouling present can be seen on and near the feed spacer crossing as early as day two.   

On day one only a minor decrease in O2 concentration was found two minutes after 

stopping the water-flow through the MFS. The O2 concentration at t2 compared to t0 had 

an average O2 decrease of 0.005 mg·L-1 and a maximum decrease of 3 mg·L-1. The 

decrease in O2 concentration between t0 and t2 on day one was relatively homogenous 
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distributed. On day two the O2 decrease (t0-t2) became more evident and more 

heterogeneous with an average of 0.56 mg·L-1 and a maximum of 4 mg·L-1. The first 1 cm 

of the flow cell inlet had an O2 decrease average of 0.65 mg·L-1; the remaining 1.5 cm of 

the inlet of the flow cell had an O2 decrease average of 0.50 mg·L-1. More biofilm is 

present at the first 1 cm (inlet side) of the flow cell. On day three a higher average O2 

decrease (1.25 mg·L-1) over the whole inlet area was seen compared to day two. The 

largest O2 decrease was still seen at the first 1 cm of the inlet on day three with a 

maximum O2 decrease (t0-t2) of 5 mg·L-1. On day four, the first 1 cm of the inlet with the 

most biofilm growth had a lower O2 concentration decrease. Overall the biofilm 

continued to grow with time; the O2 consumption rate (OCR) during stop-flow increased 

rapidly until the MFS became completely anoxic within five minutes of stop-flow on day 

four and within three minutes of stop-flow on day five (Figure 2.6).  

Figure 2.8 shows the average oxygen decrease with time after stopping the water flow 

on days one to five. On day one the OCR was 0.2 µg·L-1·s-1 while on day two it increased 

to 7.65 µg·L-1·s-1; illustrating that respiration increased in the flow cell. Stop-flow images 

clearly showed regions with lower oxygen concentrations mainly at the feed spacer 

crossing indicating the initial location of biofilm development and activity (Figure 2.7, 

Day 1(t2), Day 2 (t2)).  
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Figure 2.6–Spatial distribution of oxygen concentration (mg·L-1) assessed during water flow interruption (0 
and 2 minutes) at the MFS inlet (first 2.5 cm) on day 1–5. The locations with the highest oxygen 
concentration decrease (t0-t2) were derived by subtracting the image after 2 minutes (t2) from the initial 
image (t0). The arrow indicates the water flow direction. Color scale bar in first and second column 
represents oxygen concentration (mg·L-1), Color scale bar in third column represents change in oxygen 
concentration (mg·L-1). 
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Figure 2.7–Spatial distribution of difference (t0-t2) in oxygen concentration (mg·L-1) assessed after water 
flow interruption (0 and 2 minutes) at the MFS inlet (first 2.5 cm) on day 1–5. Range of O2 concentration 
decrease is narrowed to emphasize the oxygen decrease values and locations.  
 
 

Figure 2.8–Stop-flow plot: Average oxygen concentration (mg·L-1) decrease with time on day 1 to 5 due to 
a 10 minute water flow interruption of the MFS. 

2.3.4. Comparison of the three methods 

Three methods were compared in terms of their early biofouling detection potential: 

pressure drop development with time, O2 decrease under cross-flow conditions, and O2 

decrease under stop-flow conditions. Figure 2.9 (A) shows the normalized feed channel 

pressure drop (mbar) development in time, (B) the average oxygen concentration 

decrease (AOD) (mg·L-1) in time under cross-flow conditions; AOD is calculated by 

subtracting the average oxygen concentration on any day from the average oxygen 
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concentration on day 0, and (C) the stop-flow OCR (mg·L-1·s-1) with time. Normalized 

pressure drop development, AOD, and stop-flow OCR all showed an increase with time. 

The normalized feed channel pressure drop showed an exponential increasing trend. 

Compared to feed channel pressure drop development, the AOD showed a different trend. 

The first two days had the highest decrease in O2 concentration. This was attributed to 

large clusters of bacterial cells attaching in the MFS and resulting in hotspots of low O2 

concentration. These clusters will already experience diffusion limitation, reducing their 

O2 consumption (OCR) locally. Another factor that explains uncoupling of oxygen 

concentration distribution from OCR is the fact that the oxygen concentration at the base 

of a biofilm depends on a combination of oxygen consumption and the diffusive 

boundary layer (DBL) thickness. The DBL thickness is dependent on flow rate and 

surface roughness. Biofilm development will increase surface roughness and reduce 

water flow. Both will increase the DBL and therefore biofilms can reduce oxygen 

concentrations with relative low respiration rates.  The stop-flow OCR exhibited an 

exponentially increasing trend similar to the PD development trend. A decrease in O2 

concentration and an increase in stop-flow OCR were observed within one day after the 

start of the experiment.  

Control experiments conducted with no biodegradable nutrient dosing and no biofilm 

development showed that pressure drop measurements can fluctuate up to ± 5 mbar. 

Thus, the 3 mbar increase observed on day one is still within the sensitivity error of the 

differential pressure drop transmitter and cannot be used to indicate biofilm development. 

As for the oxygen concentration, a variation up to ± 0.184 mg∙L-1 was observed when no 

biodegradable nutrient was dosed. The average oxygen concentration was 7.488 mg∙L-1; 



49 
 

resulting in an error of 2.8% of the measured value. A decrease in average oxygen 

concentration of 0.184 mg∙L-1 was considered as the sensitivity error of the imaging 

methods and any decrease higher than 0.184 mg∙L-1 was attributed to biofilm growth. 

Table 2 summarizes average time (days) required to detect and quantify the biofouling 

accumulation inside the MFS. Earliest biofilm development detection was based on 

average O2 decrease and stop-flow OCR as these methods showed a higher signal when 

compared to pressure drop. 

 
Figure 2.9–(A) pressure drop increase (NPD), (B) average oxygen concentration decrease (AOD), and (C) 
stop-flow oxygen consumption rate (OCR) with time at constant cross-flow operation of the MFS. 

 

Table 2.2 – Average time (days) required to detect biofouling accumulation inside the MFS 
Method  Detection period (Days) 
Normalized pressure drop (NPD) 1.5-2 
Cross flow   
 Oxygen concentration 1 
 Spatial indicators (Homogeneity, Contrast) 1 
Stop flow ≤ 1 
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2.4. Discussion  

2.4.1. Early detection of biofouling development  

The recent recognition that membrane biofouling during nanofiltration (NF) and 

reverse osmosis (RO) processes is inevitable, has led to a paradigm shift in which 

biofouling management rather than prevention is now becoming a practice being 

considered (Bucs et al. 2014a, Habimana et al. 2014). Earlier, the key focus of biofouling 

studies was on developing control strategies that mainly relied on the reduction in the 

feed water of biodegradable nutrients, and the reduction of microorganism’s numbers 

(Vrouwenvelder and van der Kooij 2001, Kim et al. 2009, Rand et al. 2007) to control 

biofouling. This approach was not successful in controlling biofouling in all cases. Early 

detection plays an essential role in an adequate biofouling management strategy 

(Vrouwenvelder et al. 2011a, Creber et al. 2010a). In this study, a sensitive differential 

pressure drop transmitter was used to monitor the feed channel pressure drop over the 

MFS length. No increase in feed channel pressure drop was observed during the first 1.5 

days of the experiment (Figure 2.3). 

Monitoring O2 concentration changes in time during MFS cross-flow operation was 

possible using planar optodes. Average O2 concentration in the MFS decreased with time 

as a result of biofilm development. This O2 decrease was seen already one day after 

starting the study while no feed channel pressure drop increase was recorded. Observing 

this O2 concentration decrease under cross-flow operation conditions is considered 

crucial emphasizing the imaging setup’s capability of being an in-situ, non-destructive 

tool to detect biofouling. Stop-flow oxygen imaging was used to acquire more 

information on oxygen decrease rates (OCR) and biofouling locations. Usually, stop-flow 



51 
 

oxygen imaging can detect biofouling earlier than imaging during cross-flow operation. 

An oxygen concentration decrease during this ten-minute flow interruption, no matter 

how small it is, was detected even when no significant decline in O2 concentration under 

cross-flow operation was observed (data not shown). In this study, the decrease in O2 

concentration during stop-flow between t0 and t2 on day one was relatively homogenous 

signaling already the start of formation of a thin layer of biofilm (Figures 2.6 – 2.8). The 

first 1 cm of the flow cell inlet had the most biofilm development with highest O2 

decrease range .The OCR at the first 1 cm of the flow cell inlet was higher than the 

remaining 1.5 cm up until day four. On day four, the first 1 cm of the inlet that had the 

most biofilm growth had a lower OCR and a lower O2 difference (t0-t2) (Table S3, 

supplementary material). One reason for the reduction in the OCR can be that O2 

respiration rates can become carbon limited in the thicker biofilm due to a lower diffusive 

transport of carbon into the biofilm compared to O2 diffusive transport.  

Cross-flow and stop-flow imaging of oxygen concentration, as methods to detect 

biofouling, require imaging skills and are more labor intensive compared to pressure drop 

measurements. Nevertheless, the superiority of these two O2 imaging methods is in the 

detailed information received on biofouling development.  

2.4.2. Spatially resolved biofouling development information  

In full-scale installations, membrane performance assessment is done according to 

three operational parameters: feed channel pressure drop, permeate flux, and salt 

retention. An increase in feed channel pressure drop, decline in flux or increase in salt 

retention would indicate the existence of fouling. The membrane performance sensors 

employed are pressure transmitter, flow meter, and conductivity meter. These measured 
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parameters are general and not specific to biofouling (Vrouwenvelder and Van der Kooij 

2003), they only signal the existence of a problem. Increase in feed channel pressure drop 

is considered an indirect method to detect biofouling as it can occur due to the 

accumulation of any fouling type on the membrane and feed spacer. Feed channel 

pressure drop measurements are based on the resistance that water experiences when 

passing through the membrane module during operation. Under constant cross flow 

velocity, feed channel pressure drop increases with an increasing biomass amount, but the 

location where the biofilm forms will determine the resistance per biofilm volume. The 

primary roles of feed spacers are to promote water mixing and to provide an open flow 

channel with little resistance (Araujo et al. 2012a, Bucs et al. 2014a, Tran et al. 2007); 

however the largest pressure drop along the feed channel occurs in the spacer region, 

with the narrowest open flow area  (Radu et al. 2010). Therefore, biomass present on the 

spacer will have higher effect on feed channel pressure drop signal than biomass present 

on the membrane area inside a spacer frame. Measuring the increase in feed channel 

pressure drop does not provide information about fouling location and distribution. 

Planar optode imaging specifically detects biofouling through assessment of oxygen 

concentration as a direct correlation to biofilm activity (Debeer et al. 1994, Staal et al. 

2011b). Monitoring the change in O2 concentration under cross-flow operation 

conditions is considered very important, emphasizing the imaging setup’s capability of 

being an in-situ, non-destructive tool to detect biofouling. Spatial distribution of oxygen 

concentration over the imaged area is the most appealing feature of such a system, 

enabling identification of the regions where the biofilm starts to grow and how it 

develops with time. In contrast with differential pressure drop measurements, biomass 
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present on the membrane area inside the feed spacer frame has a higher impact on oxygen 

consumption signal than biomass present on the spacer since the optode material is 

directly present under the transparent MFS window. This information about biomass 

location is mentioned to compare the sensitivity of the measuring methods (pressure drop 

versus optodes) to show that each method has a different measuring principle, thus 

illustrating the difference in response with time.  

In terms of membrane performance, biomass accumulation on the feed spacer affects 

the water flow distribution in membrane modules. This flow channeling has a substantial 

impact on feed channel pressure drop, but also on the permeate flux and salt passage. 

Flow channeling results in a reduction of the (i) residence time of water in the membrane 

system and the (ii) effective membrane area. Areas with reduced fresh water flux 

(stagnant water) experience increased concentration polarization, reducing locally the 

permeate flux and increasing salt passage. Therefore, the direct consequence of biofilm 

presence on the membrane and the indirect consequence of biofilm presence on the 

spacer have a huge effect on membrane performance. 

Both cross-flow and stop-flow imaging methods were able to provide spatially 

resolved information about oxygen depletion locations. The cross-flow method showed 

local depletion of oxygen concentration mainly starting near the feed spacer crossings. 

Stop-flow imaging revealed that these same locations (near the feed spacer crossing) had 

the highest OCR thus confirming the observations seen using cross-flow. Direct biofilm 

imaging using rhodamine dye (data not shown) substantiated that the locations with 

highest O2 depletion had the highest quantity of biofilm, confirmed also by results seen 

in (Staal et al. 2011b).  
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Analysis of the images in terms of spatial parameters such as homogeneity and 

contrast was also used to determine how the present biofilm is distributed. Thus 

regardless of the actual pixel values of the image in terms of oxygen, the change in the 

distribution of these pixels was used to describe biofilm development. Image 

homogeneity and contrast decreased over time as a result of biofilm development.  

 Spatially resolved oxygen concentration can be used to determine the minimum 

surface area required to detect a representative measurement of the change in O2 

concentration. Information on the minimum sample area to get a representative sample of 

the monitor can be used to implement less labor-intensive non-spatial resolved lifetime 

oxygen sensing with photodiodes. This minimum sample area information is relevant 

when spatial distribution is not as important as measuring a decrease in O2 for biofouling 

detection. It is essential however for the biofilm bacteria to actively respire O2; otherwise 

this method cannot be used.  

2.4.3. Effect of stop-flow imaging on biofouling development 

Stop-flow imaging of oxygen consumption rate enabled a more evident and earlier 

decrease in average oxygen concentration, as well as indicating the (the locations of) 

initialization of biofouling development. Stop-flow images clearly showed regions with 

lower oxygen concentrations mainly at the feed spacer crossings, showing the initial 

location of biofilm development and activity at these spots. This observation on the start 

of biofouling at the spacer is consistent with results obtained by others (Creber et al. 

2010a, Baker et al. 1995, Van Paassen et al. 1998) 

However, stop-flow imaging, although superior to cross-flow imaging in terms of 

earlier biofouling detection, resulted in local biofilm detachment. This biofilm 
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detachment drawback was more evident at higher cross-flow velocities (data not shown 

here) where more biofilm detachment occurred resulting in a reduced biomass amount 

and lower pressure drop development with time.  

2.4.4. Practical applications and future studies 

A unique feature of O2 sensing optode imaging is the quantitative and detailed 

information this method generates, especially in terms of the spatial distribution of the 

biofilm. Therefore, the optode method can be used to study the fundamentals of 

development of biofilms under different conditions such as the effect of different spacer 

geometries, configurations, materials, and operational aspects on biofouling development. 

Various cleaning chemicals and protocols can also be evaluated as long as the chemicals 

do not affect the performance of the optode. O2 sensing optodes are only relevant for 

biologically active biofilms that consume O2. For biofilms under anaerobic conditions, 

for example, other types of detection dyes can be used such as ones that detect changes in 

pH or CO2. In practice, most biofilms in spiral-wound NF and RO membrane systems 

consume oxygen. 

2.5. Conclusions  

Biofilm development with time was studied using O2 optode luminescence imaging 

and compared with normalized feed channel pressure drop. Surface O2 imaging was done 

during cross-flow and during stop-flow operation of membrane fouling simulators. The 

main objective of these experiments was to evaluate whether O2 optode imaging can 

detect biofouling presence at an early stage providing a non-destructive early biofouling 

diagnosis. Based on the results it can be concluded that:  
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1. An increase in normalized feed channel pressure drop started to occur after 1.5-

2.0 days from the beginning of the experiment signalling the fouling 

development.  

2. A decrease in the average oxygen concentration during cross-flow operation, and 

an increase in the stop-flow OCR were observed as early as day one from the 

experimental start indicating earlier detection of fouling and diagnosis of biofilm 

activity. 

3. O2 optode imaging, in addition to earlier biofouling detection, provided 

quantitatively the spatial distribution of oxygen concentration over the imaged 

surface area, identifying with high resolution the regions where the biofilm starts 

to grow and how it develops with time. 

4. O2 optode imaging provided detailed quantitative information on biofouling 

development therefore it can be successfully implemented in evaluating control 

strategies or/and practical applications. 
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Supplementary material  

 
Figure S1.4– Spatial distribution of oxygen concentration (mg·L-1) assessed during cross-flow operation at 
the inlet side of the MFS (first 2.5 cm) with time (Day 0 to Day 5) at constant cross-flow velocity. The 
arrow indicates the water flow direction. Scale bar represents oxygen concentration (mg·L-1).  
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Table S1.3 – Comparison between the first 1 cm and the remaining 1.5 cm of position 1.  

Day 

Average O2 
concentration 

(mg·L-1) first 1 
cm during cross-

flow 

Average O2 
concentration 

(mg·L-1) 
remaining 1.5 cm 

of position 1 
during cross-

flow 

Average O2 
concentration 

difference t0-t2 
(mg·L-1) first 1 

cm 

Average O2 
concentration 

difference t0-t2 
(mg·L-1) 

remaining 1.5 cm 
of position 1 

1 6.3 6.4 0.018 -0.007 
2 6.0 6.1 0.643 0.503 
3 5.9 6.1 1.408 1.188 
4 5.9 6.0 3.276 3.652 
5 5.5 5.8 4.932 5.134 
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CHAPTER 3 

Effect of Feed Cross-flow Velocity 
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Abstract 

The spatially heterogeneous distribution of biofouling in spiral wound membrane 

systems restricts (i) the water distribution over the membrane surface and therefore (ii) 

the membrane-based water treatment. The objective of the study was to assess the spatial 

heterogeneity of biofilm development over the membrane fouling simulator (MFS) length 

(inlet and outlet part) at three different cross-flow velocities (0.08, 0.12 and 0.16 m/s). 

The MFS contained sheets of membrane and feed spacer and simulated the first 0.20 m of 

spiral-wound membrane modules where biofouling accumulates the most in practice. In-

situ, non-destructive oxygen imaging using planar optodes was applied to determine the 

biofilm spatially resolved activity and heterogeneity.  

Comparison of the inlet and outlet position of the MFS showed a more (i) 

heterogeneous biofilm distribution and a (ii) higher biological activity at the inlet side 

(first 2.5 cm) for all cross-flow velocities. The lowest cross-flow velocity had the highest 

biomass activity particularly at the inlet side. A better characterization of biofilm 

development, including the factors that influence the biofilm spatial heterogeneity in 

membrane systems with time, may help to develop effective strategies for biofouling 

control in membrane systems. 
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3.1. Introduction 

Fouling is the primary concern for managing membrane filtration systems. Fouling 

results in reduced membrane performance and increased costs. The reduction in 

performance is characterized by an increase in pressure loss along the feed channel of a 

membrane module, and/or decrease in permeate flux, and/or decrease in salt rejection, 

(Flemming 2003, Vrouwenvelder et al. 2008). Major consequences of fouling are (i) 

deterioration of permeate quality and quantity, (ii) higher energy consumption, (iii) 

higher chemical use for cleaning, (iv) and shorter membrane lifetime. Four different 

fouling types in spiral wound reverse osmosis (RO) and nanofiltration (NF) membrane 

systems can be distinguished i.e. scaling, particulate, organic and biological fouling 

(Fritzmann et al. 2007).  

Biofouling, the unacceptable accumulation of a biofilm, seems to be an unavoidable 

problem in membrane systems (Shannon et al. 2008, Vrouwenvelder et al. 2008, Baker 

and Dudley 1998, Flemming et al. 1997, Ridgway et al. 1984). Understanding the factors 

that determine the biofilm formation and morphology is a key to formulating the most 

effective biofouling control strategies. Surface biofilm coverage, biofilm thickness and 

internal structure (Creber et al. 2010b, Von der Schulenburg et al. 2008, Dreszer et al. 

2014, Staal et al. 2011a) have been identified as the main factors to study the impact of 

the biofouling layer on membrane performance. Biofilm thickness and internal structure 

are unevenly distributed over the membrane area (Martin et al. 2014, Derlon et al. 2012, 

Valladares Linares et al. 2016). Biofilms do not homogenously develop as a result of e.g. 

variable hydrodynamic conditions and mass transfer rates, particularly present in spiral 

wound membrane filtration systems (Suwarno et al. 2014, Radu et al. 2012). 
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Biofilm spatial heterogeneity is dynamic and biofilm morphology changes over time. 

Different phases of biofilm development can be distinguished: attachment phase with 

reversible followed by irreversible adsorption of bacteria on a surface, exponential 

growth and division phase followed by production of extracellular polymeric substances 

(EPS) and detachment phase (Kostakioti et al. 2013, Characklis 1981). Before the 

attachment phase a conditioning layer comprised of organics present in the feed water 

starts to form on the pristine surface allowing attachment of bacterial cells. The biomass 

present at the last stage when the biofilm becomes mature is characterized by a balance 

between bacterial growth, cell degradation and detachment.  

In spiral wound membrane systems, several membrane elements are placed in series 

inside a pressure vessel resulting in a gradient of feed cross-flow velocities over the 

elements in series ranging from e.g. 0.20 m∙s-1 at the inlet side to 0.07 m∙s-1 at the outlet 

side (concentrate) (Vrouwenvelder et al. 2009b, 2009d). Also, lead membrane elements’ 

feed cross-flow velocities can range from 0.20 to 0.07 m∙s-1 for different plants depending 

on the plant design and feed water composition (Vrouwenvelder et al. 2009b, 2009d, Van 

der Meer et al. 2003, Van Paassen et al. 2005). Feed cross-flow velocities determine the 

(1) shear forces applied to the membrane and spacer as well as (2) nutrient mass transfer 

(Radu et al. 2012) impacting pressure drop development and biomass accumulation 

(Vrouwenvelder et al. 2009d) in the membrane system. Biofilms growing under high 

shear conditions are more smooth and compact while low shear conditions result in a 

thick fluffy biofilm (Wasche et al. 2002, Peyton 1996, Van Loosdrecht et al. 1995). 

Nutrient loading rate is the result of nutrient concentration × cross-flow velocity. A study 

done by Bucs et al. (2014b) showed that varying both the nutrient concentration and the 
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cross-flow velocity maintaining the same nutrient loading rate resulted in the same 

amount of accumulated biomass. Cross-flow velocity also has an impact on concentration 

polarization, consequently, resulting in a strong impact on membrane performance (trans-

membrane pressure and permeate flux) (Herzberg and Elimelech 2007, 2008). Studying 

and quantifying the spatial influence of cross-flow velocity at equal feed water nutrient 

concentrations on the biofilm structure in a membrane system is important for better 

understanding of the biofilm development process. 

The need for in-situ, non-destructive biofouling detection arises from the fact that 

current detection methods are either (i) not specific to biofouling detection and are not 

sensitive enough to detect biofouling at an early stage, such as detection of feed channel 

pressure drop increase or permeate flux decrease (ii) or are destructive such as membrane 

autopsies where biofilm samples can be damaged, contaminated, and even result in 

biofilm structural changes (Pembrey et al. 1999). Several in-situ, non-destructive 

techniques are used for biofouling studies such as nuclear magnetic resonance (NMR): 

(Creber et al. 2010a, Creber et al. 2010b, Manz et al. 2003, Seymour et al. 2004, Von der 

Schulenburg et al. 2008), optical coherence tomography (OCT): (Derlon et al. 2013, 

Dreszer et al. 2014, Fercher et al. 2003), and oxygen sensing optodes (Farhat et al. 2015, 

Staal et al. 2011a, Prest et al. 2012).  

Oxygen sensing optodes have been suggested as an excellent tool for the spatial and 

quantitative study of biofouling in membrane systems (Staal et al. 2011a, Prest et al. 

2012, Glud et al. 1998, Debeer et al. 1994). Planar optodes are a tool that can map spatial 

distribution of O2 (Glud et al. 1996). Planar optodes use luminescent O2 indicators (dyes) 

immobilized in an oxygen permeable transparent polymeric matrix and can be coated on 
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foils or surfaces. The measuring principle is based on the dynamic collisional quenching 

of the luminescent indicator by O2 (DeGraff and Demas 2005). Planar optode imaging 

specifically detects biofouling through assessment of oxygen concentration as a direct 

correlation to biofilm activity (Debeer et al. 1994, Staal et al. 2011b). Spatial distribution 

of oxygen concentration assessed in-situ, non-destructively over the imaged area is the 

most appealing feature of oxygen sensing optode systems, enabling identification of the 

regions where the biofilm starts to grow and how it develops with time (Farhat et al. 

2015). 

In this study, oxygen imaging was used for the spatially resolved characterization of 

biofilm development at two different locations in a membrane fouling simulator (MFS), 

the inlet and the outlet. In an earlier study, the suitability of oxygen sensing optode 

imaging method for early detection of biofouling was investigated (Farhat et al. 2015). 

The novelty of this study is the evaluation of the impact of cross-flow velocity on the 

development of biofilm heterogeneity over the MFS length. The biofilm layer was 

developed under different cross-flow velocities but equal nutrient concentrations; 

therefore resulting in different nutrient loading rates. Spatially resolved oxygen 

concentrations and oxygen decrease rates were used to measure variations in biomass 

distribution and activity in the MFS. Two dimensional spatial oxygen decrease at the inlet 

and outlet of the MFS was determined. This study gives insight on the effect of cross-

flow velocity on biofouling development based on the spatial distribution of the formed 

biofilm and its biological activity. These finding are important to better understand the 

biofouling formation and the development of directed biofouling control strategies. The 

differences between the biofilm developed at the inlet and outlet may explain why the 
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lead membrane module of a membrane plant is typically the most problematic module 

concerning biofouling. Spatially heterogeneous biofilm development in lead membrane 

modules distorts the hydrodynamic flow field in the whole module and strongly reduces 

the effective membrane area, limiting water production. 

3.2. Material and Methods 

3.2.1. Experimental setup description 

Filtered tap water was pumped to a membrane fouling simulator (MFS) to grow the 

biofilm. The MFS has a transparent window for visual observations and imaging. The 

MFS contains a 20 cm × 4 cm sized coupon of a membrane and a feed spacer 

(Vrouwenvelder et al. 2006, 2007b). The inlet is defined as the first 2.5 cm of the MFS 

and the outlet is defined as the last 2.5 cm of the MFS. The MFS was operated without 

permeate production at a pressure of one bar. Earlier studies done with membrane 

elements in the same parallel position in an NF installation, with and without permeate 

production, showed the same feed channel pressure drop increase and biofilm formation 

(Vrouwenvelder et al. 2008, 2007a, 2007b, 2009d) Mass transfer calculations supported 

the observations that the permeate flux is not playing a significant role in the nutrient 

supply to the fouling layer. Hydrodynamic conditions in the MFS were similar to spiral 

wound membrane modules as applied in practice for water treatment (Vrouwenvelder et 

al. 2007b). The spacer and membrane sheets were taken from a virgin spiral wound 

membrane elements (4040-TS80-TSF, Trisep Corporation, USA). The feed spacer 

consisted of a sheet of 31 mil (787 µm) thick diamond-shaped polypropylene spacer 

(porosity 0.85). The feed spacer was placed in the MFS with the same orientation as in 

spiral wound membrane elements (45◦ contact angle with feed flow).  
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The system was run as a continuous flow reactor and the setup consisted of a buffer 

tank (200 L capacity), diaphragm pump, temperature and differential pressure transmitter 

(Delta bars, Endress+Hauser, PMD75), pressure-reducing valve, nutrient dosing 

diaphragm metering pump, MFS and a flow sensor (Ultra flow sensor ULF01.H.0, 

POM/FPM) (Figure 3.1)(Bucs et al. 2016) . Feed tap water was filtered by a 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. 

Filtered tap water (16 L·h-1) continuously refreshed the water in a buffer tank. Carbon 

filters were used to remove residual chlorine from tap water. Water from the buffer tank 

was pumped through the MFS at three different flow rates of 16 L·h-1,12 L·h-1 and 8 L·h-1 

equivalent to linear flow velocities of 0.16, 0.12, 0.08 m·s-1 respectively, which is 

representative for practice (Vrouwenvelder et al. 2009d). The outflow from the MFS was 

recirculated into the buffer tank.  

 
Figure 3.1–Schematic description of the membrane fouling simulator (MFS) including a water mixing 
system, differential pressure transmitter, flow meter and the imaging setup for O2 detection. The arrows 
indicate the water flow direction. Figure taken from Farhat et al. (2015)  
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The buffer tank water was aerated to ensure saturated oxygen conditions in the MFS to 

ensure oxygen decrease detected is due to biofilm formation. Water temperature was 

maintained at 24◦C during the whole experiment. A nutrient stock solution containing 

sodium acetate, sodium nitrate, and sodium phosphate in a mass ratio C:N:P of 100:20:10 

was added to the feed water increasing the feed water nutrient concentration by 1 mg-

C·L-1 to enhance biofilm formation in the MFS. The stock solution was dosed by a 

diaphragm metering pump (STEPDOS 03S, Knf NEUBERGER). All experiments were 

run in duplicates. 

3.2.2. Imaging system description 

Oxygen imaging was done with an Apogee Imaging Systems Ascent A285 CCD 

Camera equipped with a monochrome Sony ICX-285 Interline CCD Sensor (1392×1040 

pixels). A filter wheel (APOGEE CFW31-8R FILTER WHEEL 1.25, 8 POS) was 

mounted on the camera. A filter (690-850 nm, Astrodon photometrics, sloan photometric 

filters i’2) was used to take the oxygen images. On top of the filter wheel a Nikon F-

mount lens adapter was mounted and a Nikon Nikkor 35mm f/1.4 lens was used with 

Nikon macro extension tube kit resulting in a focal distance of 15 cm, depth of field 1.9 ‒ 

2.2 mm, and a pixel size of 60 µm × 60 µm. Micro-manager 1.4, a freeware microscope-

controlling software program based on ImageJ, was used to control the camera and filter 

wheel settings.  

3.2.3. Optode description 

The oxygen sensing dye used in the planar optode was based on the dye PtTPTBPF 

(excitation 595 nm, emission 775 nm) immobilized in a polystyrene matrix (4% w/w 

PE/chloroform) (Borisov et al. 2008). The oxygen sensing dye was excited by eight 
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amber light emitting diodes (1 Watt LEDs, lumiled type, 595 nm) placed around the 

camera lens. The power supply for the LEDs was an AIM-TTI instruments, PL303 power 

supply, 1CH, 30V, 3A, providing a stable LED output. There is no loss in intensity of 

emission of the optode due to bacterial growth. The spatial configuration is biofilm, 

optode, transparent MFS window and then imaging. The MFS and the camera system 

were mounted in a light-tight box to minimize the effect of external light on the 

luminescence images. 

3.2.3.1. Oxygen decrease rate (ODR)  

Oxygen distribution was calculated with a luminescence intensity imaging approach 

(Staal et al. 2011a). In this approach, the spatial O2 distribution was calculated directly 

from the ratio of a luminescence image obtained under anoxic conditions and a 

luminescence image at the actual O2 concentration. The ratio method compensates for 

any variation in emission intensity that might exist due to the development of the biofilm. 

Details regarding the method and oxygen distribution determination can be found (Farhat 

et al. 2015). The oxygen decrease rate (ODR) was determined using a stop-flow imaging 

protocol. The stop-flow imaging protocol consisted of the following sequential steps (i) a 

dark intensity image, (ii) the stop-flow image series, (iii) and the anaerobic intensity 

image (Farhat et al. 2015). A dark intensity image was taken and subtracted from all 

intensity images to eliminate the background effect. Afterwards, a series of 100 intensity 

images was taken during a ten-minute MFS flow interruption at an interval of 6 seconds. 

The saturating oxygen concentration is 8.3 mg.L-1 at 24◦C; imaging at an interval of 6 

seconds is not a problem in these experiments as long as ODRs are below 0.1 mg.L-1. 

Therefore, an interval of 6 seconds was selected as a compromise between very slow 
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initial oxygen decrease with low accumulated biomass during the early days, and faster 

oxygen decrease with more accumulated biomass at a later stage of biofilm development. 

The anaerobic luminescence intensity image was made after pumping a concentrated 

solution of sodium hydrosulfite (20 g·L-1) into the MFS feed water at a rate of 0.125 

mL·h-1. The anaerobic luminescence intensity image was taken on a daily basis, and 

sodium hydrosulfite consumed all oxygen present in the monitor in less than one minute. 

The water flow through the MFS was diverted to the drain when sodium hydrosulfite was 

pumped to prevent contamination of the water in the buffer tank. The stop-flow intensity 

image series was divided by the anaerobic intensity image where after the stack of ratio 

images is converted into a stack of O2 concentration images using Stern-Volmer equation 

(Farhat et al. 2015). 

3.2.3.2. Biofilm spatial heterogeneity  

Oxygen heterogeneity is used as an indication of biofilm spatial heterogeneity since 

bacterial respiration is the sole consumer of oxygen in this system. Oxygen heterogeneity 

refers to how spatially spread out the oxygen concentration is. To quantify spatial 

heterogeneity (Li and Reynolds 1995), the standard deviation of the oxygen concentration 

was used (Carr et al. 1996). The standard deviation of the oxygen concentration was 

chosen as an indicator of biofilm heterogeneity as the oxygen concentration in each 

image had an approximately normal distribution. The standard deviation of oxygen 

concentration was calculated from a membrane surface area of 3.8 cm × 2.5 cm at both 

the inlet and outlet sides of the MFS.  
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In addition to the standard deviation, oxygen concentration profiles of a length equal 

to 2.5 cm were taken at ten locations (Figure S3.4, supplementary material) at both the 

inlet and outlet to investigate biofilm heterogeneity. 

3.3. Results 

The development and distribution of the spatial heterogeneity of biofilms was studied 

over the length of the MFS (inlet and outlet part) at three different cross-flow velocities.  

3.3.1. Biofouling development over the membrane length 

Stop-flow oxygen decrease rate (ODR) was used to indicate the activity and extent of 

biofilm presence. Stop-flow ODR (mg∙L-1∙s-1) is a parameter that measures how fast 

oxygen decreases at the biofilm attachment surface in the MFS when the water flow is 

shortly stopped. The stop-flow ODR measures the net effect of oxygen consumption and 

diffusion at the biofilm surface. The average stop-flow ODR increased exponentially in 

time for all the cross-flow velocities. For the cross-flow velocity of 0.08 m∙s-1, the 

exponential increase of stop-flow ODR lasted up to day five while for the higher cross-

flow velocities the exponential increase in stop-flow ODR lasted until day four. After day 

four the stop-flow ODR increase continued, but the increase over a day period (after four 

days) was at a lower rate than the previous four days. The inlet of the MFS showed a 

higher average stop-flow ODR for all cross-flow velocities compared to outlet (Figure 

3.2).  
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Figure 3.2–Stop-flow oxygen decrease rate (ODR) (mg·L-1·s-1) at two positions (inlet and outlet of the flow 
cell) monitored in time (days 1-5) at three cross-flow velocities (0.16, 0.12, 0.08 m·s-1).   

Figure 3.2 shows that the stop-flow ODRs at the MFS outlet were quite similar for all 

cross-flow velocities on day five while the stop-flow ODRs at the inlet position differed 

extensively. Figure S3.1 in supplementary material section shows the average ODR 

values along with the standard deviation for the duplicate experiments and figure S3.2 

shows the stop-flow ODR per unit area (g.m-2.d-1).  The difference in ODR between the 

inlet and outlet position became larger with decreasing cross-flow velocities. The feed 

side developed a higher biofilm biological activity than the outlet side. 

3.3.2. Spatial heterogeneity of biofilm 

Oxygen distribution images taken one minute after the flow was stopped on day three 

are shown in figure 3.3. Average oxygen concentrations taken one minute after stopping 

the flow on all the days are shown in figure 3.4-A. The average oxygen concentration one 

minute after stopping the flow was lower at the inlet compared to the outlet. The oxygen 

distribution images in figure 3.3 clearly show that the oxygen concentration at the inlet 
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varied stronger over small distances than the oxygen concentration at the outlet. The 

spatial distribution of biofilm and comparison of biofilm between MFS inlet and outlet 

showed great similarities for days 3-5. Only day 3 is shown in figure 3.3, the results of 

day 5 can be found in the supplementary material (Figure S3.3). 

One approach to quantify the heterogeneity within an oxygen distribution image is by 

calculating the standard deviation. A higher standard deviation indicates higher 

deviations of the minimum and maximum stop-flow ODRs thereby a higher biofilm 

heterogeneity. 

 
Figure 3.3–Oxygen concentration images (mg·L-1) on day three taken one minute after stopping the flow at 
the inlet and outlet positions of the flow cell for three cross-flow velocities (0.16, 0.12, 0.08 m·s-1).  The 
range of O2 concentration was modified for different cross-flow velocities to emphasize the spatial 
distribution. Flow direction is from left to right. Imaged area is 3.8 cm × 2.5 cm. The net-like structure of 
the feed spacer, located on the membrane, is visible. 
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Significantly higher standard deviations (t-test P<0.05) were found for the MFS inlet 

compared to the outlet. This was the case for all three cross-flow velocities (Figure 3.4-

B). 

 

 
Figure 3.4–(A) Average oxygen concentration (mg∙L-1) taken one minute after stopping the flow and (B) 
standard deviation (SD) of the oxygen concentration (O2) at the inlet and outlet position of the flow cell for 
the different water cross-flow velocities. Oxygen concentration is inversely proportional to biomass 
concentration. Days: 1, 2, 3, 4, and 5. 
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The standard deviation of ≈ 260,000 pixels (1 pixel = 60 µm x 60 µm) was obtained 

from an area of 3.8 cm × 2.5 cm at both the inlet and outlet side of the MFS. To look 

closer at the oxygen distribution over the inlet and outlet area, ten cross-sections along 

the length of the inlet and outlet zones were taken (Figure S3.4). Figure 3.5 shows an 

average oxygen concentration profile of the ten cross-sections with a length of 2.5 cm at 

the inlet and outlet of the MFS on day three, one minute after stopping the flow. Figure 

S3.5 in supplementary material shows the oxygen concentration profile at the inlet and 

outlet of only one cross-section on day 3 to highlight greater heterogeneity in individual 

cross-sections. The biofilm is most heterogeneous in the first ≈ 0.75 cm of the MFS at the 

cross-flow velocity of 0.16 m∙s-1. The oxygen concentration profiles show that at the 

lower cross-flow velocity the region that was most heterogeneous became larger. The 

whole area of 3.8 cm × 2.5 cm at the inlet is heterogeneous with more biomass present 

for the lowest cross-flow velocity of 0.08 m∙s-1; while the high heterogeneity area was 

only half  (≈ 1.2 cm × 3.8 cm) for the cross-flow velocity of 0.12 m∙s-1.  The oxygen 

concentration at the outlet varied less over the length of the cross-section compared to the 

inlet (Figure 3.5). The higher fluctuations in oxygen concentration at cross-flow velocity 

of 0.08 m∙s-1 are mainly due to more biomass presence at both inlet and outlet.  

In summary, spatial heterogeneity calculations based on standard deviation of oxygen 

concentration and oxygen concentration profiles along the length of the MFS using 

oxygen sensing optode imaging showed a more spatially heterogeneous biomass at the 

MFS inlet side compared to the outlet side. 
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Figure 3.5– Average oxygen concentration (mg∙L-1) profile and standard deviation along the length (cm) of 
the inlet and outlet for the different cross-flow velocities on day three taken one minute after stop-flow. The 
average is based on 10 cross-section locations across the width of the MFS shown in Figure S3.4 in 
supplementary material. 

3.4. Discussion 

This study focused on examining the spatially resolved biofilm development and 

distribution at the inlet and outlet positions of the MFS for varying cross-flow velocities. 
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For all cross-flow velocities the MFS inlet side (i) showed a more heterogeneous biofilm 

distribution (Figures 3.3, 3.4B, 3.5) and (ii) a higher biological activity (stop-flow ODR, 

Figures 3.2, 3.4A). Biomass activity was highest with the lowest cross-flow velocity 

mainly at the inlet of the MFS.  

3.4.1. Biomass accumulation over the MFS length 

In full-scale spiral-wound membrane installations, the lead membrane module has 

shown to be the most problematic in terms of biofouling presence in both seawater 

desalination and water reuse applications (Vrouwenvelder et al. 2009b, 2011b, Khan et 

al. 2014). Faster surface conditioning of the lead membrane element by organics and 

colloids may result in faster bacterial attachment to the surface.  Moreover, the lead 

membrane module is more exposed to the fraction of bacterial cells in the feed water that 

can form a biofilm, hence readily attaching and getting effectively retained in the inlet 

area of membrane systems. The penetration depth of bacterial cells that form the biofilm 

into the spacer filled flow channels will depend on hydrodynamic conditions in the 

membrane unit, bacterial cell concentration in the feed water and the attachment potential 

of the cells. Other important factors that affect the attachment potential of cells are the 

feed water chemistry (pH, ionic strength, multivalent cations, and organics) and 

concentration polarization; therefore the change of these factors over the modules in a 

pressure vessel will have an effect on the amount of accumulated biomass.  

In this study we found a difference in biofouling development over the length of the 

MFS, simulating the first 0.2 m of spiral-wound membrane modules. The inlet of the 

MFS showed a higher stop-flow oxygen decrease rate (ODR) indicating a higher biomass 

activity at the inlet compared to the outlet for the five day experiments. It should be 
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mentioned that stop-flow ODR measurement includes both biomass respiration of O2 and 

diffusion of O2 with mainly three factors affecting it (i) biofilm thickness, (ii) packing 

density of active bacterial cells (simplified as the ratio of bacterial cells to Extracellular 

Polymeric Substances (EPS)), and (iii) biodegradable nutrient limitation. The stop-flow 

ODR measurement does not include any activity of anaerobic bacteria. Anaerobic 

bacteria might be present in the biofilm (Al Ashhab et al. 2014) at later stages of biofilm 

development when anoxic and low oxygen concentration regions develop (Prest et al. 

2012). In this study, no anoxic zones were found during cross-flow operation of the MFS, 

suggesting little to no contribution of anaerobic bacteria to the formed biofilm. 

The observed difference in stop-flow ODR between inlet and outlet positions of the 

MFS resembles what happens in membrane filtration elements placed in series in a 

pressure vessel. In a pressure vessel it is found that most biofouling takes place in the 

lead module (Vrouwenvelder et al. 2008). Even in the lead module, spatial differences in 

biomass quantities are found over a module length of one-meter (Von der Schulenburg et 

al. 2008, Siebdrath et al. 2013, 2012). Irrespective of the cross-flow velocity, more 

biomass was present at the inlet zone compared to the outlet zone in agreement with 

reported studies on membrane modules from practice. 

3.4.2. Impact of cross-flow velocity on biofilm location and activity 

Cross-flow velocity plays an important role in membrane performance affecting the 

shear stress on the membrane surface as well as mass transfer of nutrients. The cross-flow 

velocity will determine the compactness of a biofilm. Lower cross-flow velocities create 

lower shear stresses resulting in a fluffier biofilm. Higher cross-flow velocities will result 

in a higher shear stress and a more compact biofilm. The compactness of the biofilm will 
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have an effect on the stop-flow ODR measurement since biofilm thickness and 

concentration of active bacterial cells are factors that affect the ODR measurement. 

Results from this study showed that the lowest cross-flow velocity lead to the highest 

stop-flow ODR indicating the presence of a more active biomass. The activity of the 

biofilm as determined in our study is not necessary related to the volume of biofilm, as 

for example, a biofilm consisting of more bacterial cells and less EPS will result in 

different ODR (activity value) than a biofilm with fewer bacterial cells even if the two 

biofilms are of equal quantity. Results reported by (Suwarno et al. 2014, Radu et al. 2012, 

Margalit et al. 2013, Vrouwenvelder et al. 2010b, Subramani and Hoek 2008) showed 

that biofilm development increased at the lower cross-flow velocities as a result of a 

higher biomass accumulation rate (balance between attachment, growth and detachment) 

at lower cross-flow velocities.  

Biomass accumulation depends on the balance between biomass attachment, growth 

and biomass detachment. The effect of cross-flow velocity on cell attachment and growth 

can be twofold. A higher velocity will result in a higher mass transfer of nutrient which 

results in a higher growth of biofilm cells by conversion of nutrients into biomass. The 

attachment rate is influenced in a similar way. A higher velocity will result in more 

bacterial cells being transported towards the membrane and spacer and more surface 

contact moments for these bacterial cells thus increasing the attachment rate (Radu et al. 

2014). However, it is expected that higher cross-flow velocities, results in a higher shear 

force leading to higher cell detachment thereby reducing the net quantity of biomass 

present similar to how inertial lift plays an important role in particle detachment reducing 
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the amount of deposit in microfiltration membranes (Zydney and Colton 1986, Belfort et 

al. 1994).  

In this study, the overall balance between bacterial cell attachment rate, growth rate 

and detachment resulted in a higher ODR for the lower velocities compared to the higher 

velocities. During these five day experiments, ODR was highest for the lowest cross-flow 

velocity at both inlet and outlet positions of the MFS consistent with highest pressure 

drop development data for the lowest cross-flow velocity (data not shown). ODR at the 

inlet of the MFS varied significantly more than ODR at the outlet of the MFS for the 

different cross-flow velocities. 

3.4.3. Heterogeneity of biofilm development 

Standard deviation of oxygen distribution images was used as an indication of biofilm 

spatial heterogeneity. Biofilm at the inlet of the MFS was more spatially heterogeneous 

than at the outlet of the MFS for all cross-flow velocities. The standard deviation was 

measured over the inlet-outlet region over an area of 3.8 cm × 2.8 cm. However, 

observing the oxygen concentration images (such as Figure 3.3) showed that even the 

distribution of oxygen concentration at the inlet of the MFS varied over the length of the 

image in the direction of the water flow. Oxygen concentration profiles (Figure 3.5 B) 

showed that the first ≈ 0.5 cm of the inlet was the most heterogeneous at 0.16 m∙s-1 cross-

flow velocity, while the depth of the heterogeneous biofilm zone increased to ≈ 1.2 cm at 

0.12 m∙s-1. Heterogeneity at the inlet can be attributed to the fact that larger-sized 

bacterial cells or cell clusters in the MFS feed water have a higher chance to attach 

(Margalit et al. 2013, Subramani and Hoek 2008) causing predominant attachment at the 

inlet side. The penetration depth of bacterial cell clusters seems related to the cross-flow 
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velocity. As a result, observing a larger area with high heterogeneity at the lowest cross-

flow velocity indicates a higher total attachment and a further penetration of bigger cells 

into the system. The average cross-flow oxygen concentration decrease during the five 

days was less than 1.6 mg∙L-1; indicating that oxygen is not limiting. Moreover, for the 

oxygen to become depleted during the ten minute stop-flow period at the outlet (Figure 

S3.6, supplementary material), carbon is not limiting as well. Therefore, the observed 

spatial heterogeneity was mainly attributed to different attachment rates due to the effect 

of different cross-flow velocities and not to oxygen or carbon limitations. 

3.4.4. Relevance for practice / practical implications 

Biofouling studies on membrane modules from practice have shown that the lead 

membrane module in the pressure vessel has more biofilm than the later modules 

(Vrouwenvelder et al. 2009b, 2011b, Khan et al. 2014). In full-scale installations the lead 

module in the pressure vessel experiences the highest cross-flow velocity and the velocity 

declines with increasing distance from the feed side as a result of permeate production. 

Therefore, the lead membrane module contains the highest amount of biomass 

(Vrouwenvelder et al. 2009b, 2011b, Khan et al. 2014) despite the fact that the cross-flow 

velocity is highest. Results found in our study, simulating lead membrane modules, 

showed that more biomass developed at the lowest cross-flow velocity. In practice, 

factors other than cross-flow velocity play as well an important role in the formation of 

biofouling in the lead module: the lead module having higher exposure to bacterial cells 

and a higher nutrient concentration may explain the higher biomass activity observed. In 

this study, the effect of varying cross-flow velocity was observed only at what can be 

considered as the first 0.2 m of a lead module.  
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To examine the effect of having several modules in series a study placing flow cells 

in series with a decrease in flow velocity per flow-cell is proposed as a future study. 

Investigating spatial biofilm development at the entrance of the membrane module is very 

important as earlier studies have shown that fouling near the membrane module entrance 

significantly distorted the flow field through the whole membrane module (Fridjonsson et 

al. 2015). Heterogeneous spatial biofilm development causes that large part of the 

membrane surface is not provided with water resulting in less permeate production.  

Clearly, in practice, early detection of biofouling is considered essential as early 

cleaning has shown to be more effective to control biofilm formation compared to 

cleaning at a later stage (Creber et al. 2010a). It is anticipated that cleaning is best 

performed during the initial cell attachment phase of biofouling before exponential cell 

growth and detachment start to occur as the lead membrane modules can seed the later 

modules with elevated cell numbers (sessile and clustered cells originating from the 

biofilm). Cleaning is best performed opposite to the water production flow direction to 

restrict seeding the downstream membrane modules with detached biomass from the lead 

module. 

3.5. Conclusions  

Two-dimensional oxygen sensing optode imaging was used to monitor the spatially-

resolved biofilm development at the membrane fouling simulator (MFS) inlet and outlet 

position at three cross-flow velocities (0.16, 0.12, 0.08 m∙s-1). In this study: 

1. A more spatially heterogeneous biofilm at the MFS inlet was developed compared 

to the outlet side for all three cross-flow velocities.  
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2. Biofilms developed heterogeneously in the x-y direction (across the MFS length) 

as well as in the z direction (thickness).  

3. The MFS inlet side showed higher biofilm biological activity, based on the 

determined O2 consumption rates at the MFS inlet and outlet side.  

4. For the lowest cross-flow velocity highest O2 consumption rates were found in 

the MFS indicating higher biofilm activity suggesting a higher amount of biomass 

present. 
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Supplementary material  

 
Figure S3.1– Average stop-flow oxygen decrease rate (ODR) (mg·L-1·s-1) at two positions (inlet and outlet 
of the flow cell) monitored in time (days 1-5) at three cross-flow velocities (A, B: 0.16 m·s-1; C, D: 0.12 
m·s-1; E, F: 0.08 m·s-1). 
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Figure S3.2– Average stop-flow oxygen decrease rate (ODR) per unit area (g·m-2·d-1) at two positions (inlet 
and outlet of the flow cell) monitored in time (days 1-5) at three cross-flow velocities (0.16, 0.12, and 0.08 
m·s-1). 

Converting the flux as measured in mg.L-1.s-1 (Figure 3.2 in chapter 3) to a flux per 

surface area of membrane requires a known water volume. Since we only know the initial 

water volume, this value has been used for the calculations. Water volume decreases with 

time as biofilm develops in the MFS, therefore, the calculated ODRs per unit area will be 

slightly more underestimated with increasing time. The actual oxygen flux should ideally 

be expressed per biofilm surface area instead of the membrane surface area. 
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Figure S3.3–Oxygen concentration images (mg·L-1) on day five taken one minute after stopping the flow at 
the inlet and outlet positions of the flow cell for three cross-flow velocities (0.16, 0.12, 0.08 m·s-1).  Flow 
direction is from left to right. Imaged area is 3.8 cm × 2.5 cm. 

Cross-flow velocity 
0.16 m.s-1

Cross-flow velocity 
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Cross-flow velocity 
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Inlet
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Flow direction



86 
 

 
Figure S3.4– Cross-section locations along the length of the MFS inlet and outlet side for the oxygen 
concentration profiles. Area 3.8 cm × 2.5 cm. 

Flow direction
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Figure S3.5– Oxygen concentration (mg∙L-1) profile along the length (cm) of the inlet and outlet for the 
different cross-flow velocities.  
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Figure S3.6: Stop-flow plot: Average oxygen concentration (mg∙L-1) decrease with time on day 1-5 due to a 
10 minute water flow interruption of the MFS. Figure taken from Farhat et al. (2015). 
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CHAPTER 4 

Spatial Biofouling Patterns in Single Feed Spacer Frames 

 

 

 

Image taken from Picioreanu et al. (2009) 

 

 

 
This chapter has been submitted for peer review as: 
Staal, M., Farhat, N.M., Van Loosdrecht, M.C.M., and Vrouwenvelder, J.S. (2016) 
Biofouling patterns in spiral wound membrane systems: High resolution imaging for 
characterization of heterogeneous biofilms.  
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Abstract 

Biofilms develop heterogeneous patterns at a µm scale up to a cm scale, and biofilm 

spatial heterogeneity becomes more pronounced when biofilms develop under complex 

hydrodynamic flow regimes. Spatially heterogeneous biofilms are especially known in 

spiral wound reverse osmosis (RO), nanofiltration (NF) membrane filtration systems used 

for desalination and wastewater reuse to produce high quality (drinking) water. These 

spiral wound membrane modules contain mesh-like spacer structures used to create an 

intermembrane space and improve water mixing. Spacers create inhomogeneous water 

flow patterns resulting in zones favouring biofilm growth, possibly leading to biofouling 

thus hampering water production.  

In this study, oxygen sensing planar optodes were used to visualize variations in 

oxygen decrease rates (ODR), considered an indication of biofilm activity, over 40 

individual feed spacer areas at the inlet and outlet side of the membrane fouling simulator 

(MFS). Imaging of multiple repetitive spacer areas allowed averaging these spatially 

similar areas, overcoming inter-spacer area variability, and producing high resolution, 

low noise ODR images. Averaging 40 individual spacer areas improved the ODR 

distribution image significantly and allowed comparison of biofilm patterning over a 

single spacer structure between the inlet and outlet side of the MFS. This averaging 

method was used to calculate the deviation of each spacer area from the average biofilm 

pattern, determined from the 40 individual spacer areas, proposing a new approach to 

determine biofilm spatial heterogeneity. This method clearly showed that most active 

biofilm accumulated on and in direct vicinity of the spacer. 
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This study showed that oxygen sensing planar optodes can be applied as an analytical, 

in-situ, non-destructive method to assess and quantify the effect of membrane installation 

operational parameters or different spacer geometries on biofilm development in spiral 

wound membrane systems characterized by complex hydrodynamic conditions. 

4.1. Introduction  

Biofilms, defined as a community of bacterial cells adhered to surfaces in a matrix of 

extracellular polymeric substances (EPS), are considered as the prevalent bacterial mode 

of existence in nature (Costerton et al. 1995, Branda et al. 2005). Biofilms develop in 

heterogeneous distribution patterns, and the attachment and subsequent growth of 

bacteria on a surface is influenced by several factors including mainly hydrodynamics, 

biochemical gradients, and surface physical properties. Spatial variations in 

hydrodynamic conditions affect the distribution of biofilm at a mesoscale (mm-cm) 

(Radu et al. 2012). The initial deposition of bacterial cells on a surface is not only 

affected by the bacterial cell properties (e.g. size, charge, hydrophobicity)(Branda et al. 

2005, Petrova and Sauer 2012) but also by local hydrodynamic conditions like shear 

stress and hydraulic retention, influencing bacterial cell adherence to the surface and 

detachment (Radu et al. 2014). After an initial attachment phase, bacterial cells start to 

divide, and cell division will contribute increasingly with time to biofilm development. 

At a certain point growth by cell division (converting nutrients into biomass) will become 

the dominant biomass accumulation process and this will result in an exponential increase 

in biomass amount until biodegradable nutrient transport processes become limiting. The 

local nutrient flow through the biofilm, mainly by diffusion, determines then the nutrient 

supply to the biofilm and thereby the growth of the biofilm.  
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Drinking water production increasingly depends on membrane treatment processes 

such as reverse osmosis (RO) and nanofiltration (NF) (Greenlee et al. 2009). Biofouling 

occurrence remains the primary concern that hinders the application of these membrane 

filtration processes (Vrouwenvelder et al. 1998, Baker and Dudley 1998). Flow cells with 

flat surfaces and laminar flow conditions are commonly used to study submerged 

biofilms under water flow (Christensen et al. 1999). However, RO/NF membrane 

treatment systems include feed spacer structures which affect the hydrodynamic 

conditions inside the filtration modules. Only a few studies have been performed 

addressing biofilm spatial distribution patterns in systems that include physical obstacles 

to the water flow such as the feed spacers; thereby generating variable hydrodynamic 

conditions (Dreszer et al. 2014, Farhat et al. 2015, Prest et al. 2012, Radu et al. 2014, 

West et al. 2016). Feed spacers create intermembrane space in the spiral wound 

membrane elements required for water transport. The spacers improve water mixing thus 

reducing the overall diffusive boundary layer thickness as well as reducing concentration 

polarization (Herzberg and Elimelech 2007) improving the treatment efficiency. Feed 

spacers can have different designs (e.g. geometries), but generally, have a mesh-like 

structure with mesh sizes of 2-3 mm (Siddiqui et al. 2016, Araujo et al. 2012a). One main 

problem is the feed spacer’s sensitivity to undesired biofilm growth (biofouling), 

reducing the water production efficiency of membrane systems significantly (Tran et al. 

2007, Flemming 2002, Vrouwenvelder et al. 2009a, Baker et al. 1995, Van Paassen et al. 

1998). The morphology and spatial orientation of the feed spacer affect the bacterial 

deposition patterns (Radu et al. 2014) and thereby partly determine the biofilm 

distribution in later growth phases.  
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Light and confocal microscopes significantly improved our understanding of biofilm 

structure and population dynamics at a µm to mm scale and provided us with the familiar 

biofilm image consisting of pillars and mushroom-like structures separated by voids or 

water-filled channels (Van Loosdrecht et al. 2002, Picioreanu et al. 1998). However, 

microscopic techniques give limited information on spatial variability at mm to cm scale 

and knowledge on the required representative sample area size is lacking, especially in 

membrane systems containing spacers with mesh sizes of 2-3 mm and complex 

hydrodynamics such as in RO/NF spiral wound membrane systems. Two and three-

dimensional modelling can describe the interaction of flow, biodegradable nutrient 

transport and microbial growth at mm scale (Picioreanu et al. 2009), but modelling has 

computational limitations when the studied areas require modelling of several centimetres 

at high resolution.  

With the development of planar optodes measuring the spatial distribution of oxygen 

at mm to cm scale in-situ, non-destructively became possible. Planar optodes consist of 

an oxygen sensitive luminescent dye fixed in a polymeric matrix (Klimant et al. 1997, 

Holst et al. 1998). The luminescence intensity or lifetime optode images are indicative of 

the oxygen concentration and can be measured with a CCD camera. Most studies with 

oxygen sensing optodes focused on the description of vertical oxygen gradients in sandy 

sediments by placing the optodes in contact with existing equilibrated sediments (Glud et 

al. 1999, Kuhl and Polerecky 2008). Only a few studies described the development of 

biofilm structures by growing the biofilm on top of the optode (Staal et al. 2011a, Debeer 

et al. 1994). Steady state oxygen distribution depends on several parameters such as 

diffusive boundary layer thickness, volumetric oxygen respiration, and biomass 



94 
 

thickness. Since no vertical gradients are measured, it is a challenge to estimate these 

parameters. Therefore, Farhat et al. (2015, 2016a), Prest et al. (2012) applied the oxygen 

sensing planar optodes to visualize variations in oxygen decrease rates (ODR) which are 

considered to be indicative of biofilm activity. Oxygen decrease rates are more 

informative for the description of bacterial activity than oxygen distribution under steady 

state conditions (Farhat et al. 2015). With the ODR technique, it was observed that 

repetitive biofilm development patterns were visible in spacer frames in addition to 

highly variable biofilm distribution over the whole membrane fouling simulator (MFS). 

The highly variable biofilm distribution patterns between spacer frames mask general 

biofilm structuring mechanisms. Recently, a new sectioning tool was developed to 

analyse distribution patterns of groups of bacteria in highly heterogeneous biofilms based 

on one-dimensional sectioning to determine an average noise threshold based on 

repetitive spatial structures on a mm scale (Daims and Wagner 2011, Almstrand et al. 

2013). This new sectioning tool improved quantifying the vertical distribution and the co-

aggregation patterns of defined biofilm populations (Daims and Wagner 2011, Almstrand 

et al. 2013). However, for imaging ODR patterning in a fouling flow cell, containing a 

spacer, this system cannot be used since the patterns are two-dimensional and not one-

dimensional like the data in the Daims and Wagner studies (2011). Therefore a two-

dimensional sectioning is required to determine an average biofilm distribution pattern 

per spacer area.  

In this study, oxygen sensing planar optodes were used to image two areas of the 

MFS (inlet side, first 4 cm; outlet side, last 4 cm) to visualize the variation in biofilm 

activity measured in-situ, non-destructively through the oxygen decrease rate (ODR). The 
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imaged areas contained repetitive spacer frame structures, and 40 spacer frame structures 

were averaged to reconstruct a high-resolution ODR image with relatively low noise 

levels. The average ODR image was used to show the local variation in biofilm 

patterning over individual spacer areas by comparing the ODR of each spacer area with 

the calculated average ODR. Comparison of ODR pattern in individual spacer areas with 

the average ODR pattern allows precise analysis of overall spatial changes in ODR 

distribution patterns (biofilm patterning) over a period of time. This new method 

provided high resolution information on biofilm spatial heterogeneity. 

4.2. Material and methods 

A detailed description of the experimental setup, imaging method and oxygen 

distribution determination can be found in (Farhat et al. 2015). In short, biofilms were 

grown in a membrane fouling simulator (MFS) with a transparent window. The MFS 

contains a 20 cm × 4 cm coupon of a membrane and a feed spacer (Vrouwenvelder et al. 

2006, 2007b). The feed spacer was a 31 mil (787 µm) thick diamond-shaped 

polypropylene spacer (porosity 0.85). Feed spacers have been found relevant for 

biofouling of RO membranes (Vrouwenvelder et al. 2009a) and biofouled spacer filled 

channels are difficult to clean (Creber et al. 2010a). Figure 4.1 shows the feed spacer 

orientation used in this experiment (45◦ contact angle with feed flow, as commonly used 

in spiral wound membrane elements). Hydrodynamic conditions in the MFS were similar 

to spiral wound membrane modules as applied in practice for water treatment 

(Vrouwenvelder et al. 2007b). The MFS was operated without permeate production at a 

pressure of one bar. Earlier studies done with membrane elements in the same position in 

NF and RO installations, with and without permeate production, showed the same 
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development of pressure drop increase and biofilm formation (Vrouwenvelder et al. 

2008, 2007a, 2007b, 2009d). Mass transfer calculations supported the observations that 

the permeate flux is not playing a significant role in the nutrient supply to the fouling 

layer.  

The system was run as a continuous flow reactor. Water (24◦C) was pumped through 

the MFS at 16 L·h-1, which equals a standard flow velocity of 0.16 m·s-1, representative 

for practice (Vrouwenvelder et al. 2009d). A nutrient stock solution containing sodium 

acetate, sodium nitrate, and sodium phosphate in a mass ratio C:N:P of 100:20:10 was 

added to the feed water increasing the feed water nutrient concentration by 1 mg-C·L-1 to 

enhance biofilm formation in the MFS.  

 

 
Figure 4.1 – Left: Schematic drawing of the feed spacer. The light grey area indicates the spacer strands 
that are touching the optode (\-orientation). The dark grey area indicates the spacer strands that are under 
the light grey strands touching the membrane. The dark grey spacer strands are situated further away from 
the optode (/-orientation). The larger distance between the spacer and the optode allows a higher water 
passage. The thin areas of the spacer strand allow more water passage than the thick areas. The white arrow 
indicates the average flow direction. The spacer configuration is equal to configuration D2 in (Radu et al. 
2014). The right image shows an area of the spacer at a smaller magnification.  
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Oxygen distribution at the first 4 cm (inlet side) and the last 4 cm (outlet side) of the 

20 cm long MFS was measured daily for 4 days with oxygen sensitive luminescent 

optodes. An Apogee imaging systems (Ascent A285 CCD Camera, 1392×1040 pixels, 16 

bit) with a Nikon Nikkor 35mm f/1.4 lens and a bandpass filter (690-850 nm, Astrodon 

photometrics, sloan photometric filters i’2) was used to take luminescence images from 

the optode. A Nikon macro extension ring shortened the focal distance to 15 cm, depth of 

field 1.9 ‒ 2.2 mm, and a pixel size of 45 µm × 45 µm. The oxygen sensing dye used in 

the planar optode was based on the dye PtTPTBPF (excitation 595 nm, emission 775 nm) 

immobilized in a polystyrene matrix (4% w/w PE/chloroform) (Borisov et al. 2008). The 

dye was excited by amber LEDs (1W lumiled, 595 nm) placed around the camera lens. 

The power supply for the LEDs was a laboratory power supply (AIM-TTI instruments, 

PL303), providing a stable output. The MFS and the camera system were placed in a 

light-tight box to minimize the effect of external light on the luminescence images.  

Spatial oxygen distribution was calculated with a luminescence intensity imaging 

approach (Staal et al. 2011a). Image processing was performed in ImageJ (version 

1.49m). The oxygen decrease rate (ODR) was determined using a stop-flow imaging 

protocol. The stop-flow imaging protocol consisted of (i) a dark intensity image, (ii) the 

stop flow image series, (iii) and the anaerobic intensity image (Farhat et al. 2015). The 

dark intensity image was subtracted from all intensity images to eliminate the background 

effect. The stop flow image series consisted of a sequence of 100 intensity images taken 

at six second intervals. The anaerobic luminescence intensity image was made after the 

stop flow images by pumping of a concentrated solution of sodium hydrosulfite (20 g·L-1) 

into the MFS feed water at a rate of 0.125 mL·h-1. The stack of the stop-flow intensity 
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image series was divided by the anaerobic intensity image where after the ratio images 

were converted into a stack of O2 concentration images using Stern-Volmer equation 

(Farhat et al. 2015). 

An area of 4 cm × 4 cm was imaged per oxygen image. One image included 

approximately 110-130 individual spacer frames. The first step was to make a stack (S1) 

containing three images: one anoxic intensity image, and two aerobic intensity images 

from a stop-flow series (one aerobic intensity image at t=0 and one at t=30 seconds after 

stopping the water flow). The three images in stack S1 were all positioned at exact the 

same position. Positioning the three images on top of each other before cropping 

guaranteed that the same areas were selected for calculation of both oxygen images. 40 

separate areas where manually selected and cropped from stack S1. For these 40 areas the 

oxygen images where calculated using the aerobic intensity images and anoxic image 

based on the Stern-Volmer equation determined from calibration.  As a result two oxygen 

image stacks (S2, S3) were determined, S2 at t=0 and S3 at t=30 seconds each oxygen 

image stack containing n=40 images resembling the 40 cropped areas. From stacks S2 

and S3 oxygen decrease rate (ODR) stack was determined (S4). Average ODR images 

were calculated from these stacks. For clarity image size was increased (500 × 500 

pixels) using the linear interpolation option in imageJ and false colouring was applied. A 

contour of the feed spacer was added to the images to indicate where the feed spacer 

strands were situated. 



99 
 

 

Figure 4.2 – Flow chart scheme describing the image processing steps to obtain an average ODR image 
over a spacer frame area. 
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4.3. Results 

Biofilm formation was monitored over a period of four days. During these four days 

Oxygen Decrease Rate (ODR) images were taken daily to visualize changes in spatial 

ODR patterns at the inlet (Figure 4.3) and outlet (Figure 4.4) region of the MFS. An 

average ODR of about zero mg O2∙L-1∙s-1 was observed at the start of the experiment on 

day 0. The colour scale of the ODR images was optimized per day to increase the 

contrast in the individual images allowing comparison of the ODR patterns for the 

consecutive days. On day one, spatial ODR patterns were already visible. A region with 

an increased ODR was found under the spacer strand with the \- orientation (Figures 4.3 

and 4.4). On day two, the ODR under the other spacer strand (/-orientation) increased but 

did not reach ODR values as high as under the \-spacer strand yet. Differences in 

maximum ODR between the spacer strands of different orientation were almost absent at 

day three, though the /- spacers had a wider region with an elevated ODR. At day three, a 

channel with a lower ODR became clearly visible under the /-spacer. This channel was 

also visible at day four. Day four was also the day at which the ODR under the /- spacer 

strand became higher than ODR under the \- spacer strands. The regions where the spacer 

strand physically touched the optode (the thicker part of the \-spacer strand) did not 

develop a high ODR over the whole experimental period. 

In conclusion, the regions of the spacer where the biofilm on the initial days started to 

develop and showed the highest ODR changed in time. Spacer regions touching the 

membrane had lowest ODR on the initial days however showed the highest ODR on day 

4. 
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Figure 4.3 – Average Oxygen Decrease Rates (ODR in mg O2∙L-1∙s-1) (n=40) at the inlet side (0-4 cm) of 
the Membrane Fouling Simulator (MFS) in 4 consecutive days (day 1-4). The drawn structure indicates the 
position of the feed spacer. Feed water at a velocity of 0.16 m s-1 flows from bottom to top. The color scales 
are different for all days to improve contrast in the image to allow comparison of the oxygen structures 
between the different days of the biofilm study. 

At first sight, little difference in the average ODR patterns was observed between the 

inlet and outlet region (Figures 4.3 and 4.4) and the overall ODR values of the whole 

image (Figure 4.6) did not differ. However, one visible difference is the wider water flow 

channel under the /-orientated spacer strand at the outlet. Also the area with the higher 

ODR under the /-oriented spacer seems wider especially at the downstream side of the 

spacer strand.  
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Figure 4.4 – Average Oxygen Decrease Rates (ODR in mg O2∙L-1∙s-1) (n=40) at the outlet side (16 cm – 20 
cm) of the MFS in 4 consecutive days (Day 1-4). The drawn structure indicates the position of the spacer. 
Feed water at a velocity of 0.16 m s-1 flows from bottom to top. The color scales are different for all days to 
improve contrast in the image to allow comparison of the oxygen structures between the different days of 
the biofilm study. 

The ratio of the ODR images from the MFS inlet and outlet was determined to better 

visualize the differences between the inlet and outlet regions of the MFS (0-4 cm and 16-

20 cm) (Figure 4.5). Values below zero (black and dark blue) indicate the areas with a 

higher ODR in the outlet and values above zero indicate (green, yellow and red) indicate 

the areas where the inlet showed a higher ODR. The highest differences between inlet 

and outlet were observed at day two and the differences decreased at day three and day 

four. Figure 4.5 shows the regions where the biofilm patterning at the inlet differed from 

the outlet. The center of a spacer compartment had a higher ODR in the outlet, while the 

\-spacers showed a higher ODR at the inlet at day four.  
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Figure 4.5 – The log transformed ratio images calculated by division of the average inlet ODR image by the 
average outlet ODR image (n=40). Values below zero represent a higher activity at the outlet while values 
above zero represent a higher biofilm activity in the inlet. 

Using ODR images, it is also possible to quantitatively average the ODR in selected 

regions of interest (ROI). The ODR was zero at the start of the study when no biofilm 

was present (day 0) and increased with time during the four day experiment (Figure 4.6). 

The highest ODR values were found in the regions situated under the spacer. Initially 

(day 1 - 3) the ODR was highest under the spacer strands that are in direct contact with 

the optode (\- orientation, red areas). At day four the highest ODR is found under the 

spacer strand located further away from the optode (/ -orientation, blue areas). The 

maximum ODR values were ~0.11 mg O2∙l-1∙s-1. The ODR in central region (green area) 

was almost half of the values found under the spacer regions. In summary, biofilm mainly 

developed on or in the direct vicinity of the feed spacer. 
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Figure 4.6 – Average Oxygen Decrease Rates (ODR in mg O2∙L-1∙s-1) (n=40) at the inlet and outlet side of 
the MFS in four consecutive days. The colored structure indicates the region of interest (ROI) positions 
relative to the spacer. Feed water at a velocity of 0.16 m s-1 flows from bottom to the top. The ODR values 
of ROI’s of equal colors are averaged over the 40 single spacer frames. Average ODR values of the total 
imaged area (4 cm × 4 cm, black lines) are also calculated. 

4.4. Discussion 

The main objectives of this biofilm study in spacer-filled flow channels were to 

evaluate whether oxygen planar optodes are suitable for in-situ, non-destructive high 

resolution spatial biofilm imaging for heterogeneous biofilm characterization. The 

oxygen planar optodes provided spatially-resolved oxygen decrease rates (ODR, measure 

for biofilm activity) showing that most active biofilm accumulation occurred on and in 

direct vicinity of the spacer over the membrane fouling simulator length (Figures 4.3-

4.5), with most biomass under the feed spacer strands (Figure 4.6). High resolution, low 

noise ODR images were obtained by averaging individual spacer areas (Figure 4.3-4.7), 

enabling the quantification of spatial biofilm heterogeneity (Table 1). 
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4.4.1. Biofilm spatial pattern 

Hydrodynamic conditions affect biofilm spatial patterning. Biofilms grown under 

laminar conditions form patchy and roughly circular bacterial cell clusters separated by 

interstitial voids while biofilms grown under turbulent conditions form patches of ripples 

and elongated ‘streamers' during the initial and exponential growth phase (Debeer et al. 

1994, Wasche et al. 2002, Van Loosdrecht et al. 1995, Stoodley et al. 1994). These 

biofilm structures are mainly the result of existing hydrodynamic conditions controlling 

two interlinked parameters; nutrient mass transfer and shear force (Vrouwenvelder et al. 

2010b, Stoodley et al. 1998). Most membrane biofouling research has been done under 

conditions with relatively little variation in hydrodynamic conditions. The introduction of 

physical structures such as feed spacers in a flow field results in variability in the flow 

pattern. The presence of spacer structures in the flow field affects the rate and distribution 

of bacterial attachment/detachment (Radu et al. 2014) as well as microbial cell growth. 

Growth will vary due to variations in nutrient fluxes and shear stress as a result of 

variable hydrodynamic conditions.  

In this study, the total ODR showed an exponential increase with time. Little 

variation was observed in the average ODR values between the MFS inlet and outlet side; 

and the corresponding ODR distribution patterns are found in these regions (Farhat et al., 

2016b). However, the variation in ODR spatial distribution patterns between single feed 

spacer frames is high. Therefore, it is not possible to compare individual spacer frames 

from inlet and outlet side of the MFS directly. Averaging spacer frames can overcome the 

high variability observed between single spacer frames and will result in an average ODR 

image with high resolution. The variation in biofilm distribution within the total single 
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spacer frame will determine the number of images to be averaged for the generation of a 

high-resolution average image. In this study, it was found that averaging of 40 individual 

spacer frames resulted in the highest resolution average ODR image. From the initial 

imaged area (4 cm × 4 cm) containing approximately 110-130 individual spacer frames, a 

maximum of 40 single spacer frame images without overlapping areas could be cropped. 

A lower number of averaged single spacer frame areas (n) already gave a good indication 

of the contours of the biofilm structure (Figure 4.7) but at n≤10 the resulting average 

image is still too pixelated for a good comparison of different regions within the MFS. At 

n=10, the resulting average image appears less pixelated however the spatial distribution 

in the average image changes when any random 10 single spacer frame images are taken 

for averaging. Therefore, the resulting average ODR spatial pattern at n=10 differed from 

n=20 and n=40. This difference is due to high variability in biofilm development between 

the single feed spacer frames. Minor difference in spatial distribution of the ODR pattern 

was observed when averaging 20 or 40 cropped spacer frame areas. Hence, with 

heterogeneity in biofilm distribution as found in this study a minimum of 20 single spacer 

frame images is required to generate a representative average image.  For the comparison 

of the inlet and outlet, 40 single spacer frame images were used to construct the averaged 

image (Figure 4.7). Recently, biofilm development studies done with similar MFS 

systems, but using optical coherence tomography (OCT) or nuclear magnetic resonance 

(NMR) imaging has been published (Dreszer et al. 2014, Valladares Linares et al. 2016, 

Vrouwenvelder et al. 2010b). Since the same variability in biofilm distribution is 

expected in these biofilm monitor systems, it can be anticipated that also for these types 
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of studies a minimum of 10-20 spacer frames (without overlap) needs to be studied to get 

a representative general biofilm distribution pattern for the specific spacer geometry. 

 
Figure 4.7 – Effect of spacer frame number averaging on the ODR distribution image in the MFS inlet. The 
number of spacer frame images averaged is indicated above the images. 

Surprisingly, the \-spacer developed a higher ODR than the /-spacer at the initial 

stages. The \-spacer is the spacer situated closest to the oxygen sensing optode, and the 

opening between that spacer strand and the optode reduced water passage between the 

optode and the spacer. Thus, the local lower water flow conditions resulted in a higher 

initial net attachment rate and a higher initial growth, despite an expected lower nutrient 

mass transfer. The increase in ODR under the \-spacer was exponential for the first three 

days but started to level off at day four. The stabilization in ODR development at day 

four indicates that the biofilm in between the \-spacer and the optode began to become 

limited in growth at day four, probably due to limitation in the transfer of biodegradable 

nutrients. The ODR under the /-spacer had a slower initial development when compared 

to the ODR under the \-spacer. Figures 4.3 and 4.6 showed that the area with the highest 

ODR was in the middle of that spacer strand. Similar deposition patterns on the 

membrane were found in particle attachment studies done by (Radu et al. 2014). Radu et 

al. (2014) found that particles similar in size as bacterial cells flowing through spacer 

frames resulted in regions with relatively higher particle attachment rates; however, only 

the attachment rate by abiotic particles was simulated and did not include biological 
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growth.  In this study, biofilm development by attachment and biological growth of 

bacterial cells is simulated, and it can be anticipated that a developing biofilm at an early 

stage would start to influence hydrodynamics and thereby start to engineer its 

surroundings. An example of this bioengineering is the flow channel formation found in 

the area where the spacer strands cross, e.g. on the left side of the image (Figures 4.4 and 

4.5). The water has to pass through the spacer filled channel somewhere, and it may be 

the channel where most water passes as a result of the biofilm growth elsewhere. 

Picioreanu et al. (1998) showed that biofilms can form mushroom-like structures with 

voids in between at a µm scale mainly under nutrient-limited conditions. Later on, the 

presence of voids may improve overall nutrient mass transport into the biofilm by 

creating convection flow into the biofilm (Stoodley et al. 1994). In this study, it was 

found that biofilms can also form specific spatial structures at the mm scale. The biofilm 

structures formed in the tested spacer configuration will influence flow patterns in the 

spacer frames but also in between frames since differences in biomass and flow pattern 

between frames will create preferential water flow channels. Eventually, biofilm 

formation in some spacer frames will locally block water passage completely or cause a 

localized increase in hydraulic residence time resulting in flow channel formation at mm-

cm scale in the membrane system (Staal et al. 2011a). Flow channel formation will lead 

to severe nutrient limitations within the blocked spacer frames resulting in biofilm lysis 

or detachment, possibly opening the spacer frame at a later phase. Dynamic changes in 

flow channel patterns over time caused by this process has been reported (Prest et al. 

2012). It is tempting to speculate that biofilms may actively engineer their surroundings 

through local interactions and guided by self-organizing principles. Spatial patterns can 
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emerge that affect ecological interactions (Costerton et al. 1995, Tolker-Nielsen and 

Molin 2000, Van Gestel et al. 2014) to optimize biofilm development, though it may be 

just a consequence of simple physical and biological principles. 

4.4.2. Heterogeneity in biomass distribution 

Heterogeneity in biomass distribution can be described by determining the standard 

deviation of the image (Beyenal et al. 2004b) or with roughness (a normalized standard 

deviation) (Picioreanu et al. 2000). However, the standard deviation as a heterogeneity 

indicator assumes a random distribution and does not take into account the occurrence of 

hydraulic flow patterns as an important environmental factor affecting the spatial biofilm 

development. In membrane filtration systems that include a feed spacer, it can be 

assumed that part of the spatial biofilm heterogeneity is caused by the presence of the 

feed spacer and the other part is a result of the position where the measurements are 

performed e.g. the inlet vs outlet side. Averaging the images of the single feed spacer 

frames allows discriminating the effect of the presence of the spacer on spatial biofilm 

heterogeneity from the effect of spatial location on heterogeneity (inlet, outlet) when 

comparing biofilm development at two locations (e.g. inlet, outlet side). The deviation of 

individual images from the average image (of e.g. 40 images) can be calculated (Figure 

S4.1, in supplementary material). The individual spacer frames at the inlet side deviated 

more from the average image (table 1) in comparison to the outlet. This deviation may be 

used as a measure for inter-spacer frame variability.  
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Table 4.1– Standard deviation calculated from the total ODR image from the inlet and outlet (600 pixels × 
500 pixels) after smoothing using a mean filter (radius 1 pixel) in imageJ. The deviation from the average 
image is calculated from the batch of 40 images (85 pixels × 85 pixels, see supplementary material). 
 Standard deviation  Deviation from average image 

day inlet Outlet Inlet Outlet 
0 0.0156 0.0159 0.254 0.259 
1 0.0161 0.0159 0.256 0.243 
2 0.0160 0.0167 0.259 0.255 
3 0.0203 0.0186 0.361 0.278 
4 0.0213 0.0186 0.410 0.295 

At the outlet, there was almost no increase in the standard deviation of spatial biofilm 

distribution over time. The difference in deviation from the average image between the 

inlet and the outlet side is most probably caused by trapping larger-sized bacterial cell 

aggregates at the inlet region compared to the outlet. Trapping bigger cell aggregates will 

result in a more rapid and stronger spatial heterogeneity in biofilm distribution 

(Bereschenko et al. 2011).  

4.5. Conclusions  

Spatially-resolved oxygen decrease rates, a measure for biofilm activity made during 

in-situ, non-destructive biofilm imaging studies of spacer-filled flow channels, were used 

to analyse the locations of biofilm development, to evaluate a new method for 

heterogeneous biofilm characterization. Based on the results of membrane fouling 

simulator studies presented in this article, it can be concluded that: 

• High resolution, low noise oxygen decrease rates images were obtained by 

averaging individual spacer areas, enabling the quantification of spatial biofilm 

heterogeneity. This novel method to visualize in-situ, non-destructively the spatial 

development of biofilm patterns shows that repetitive feed spacer frame structures 

can serve to improve oxygen decrease rates images by averaging the regions that 

have the same physical spacer structure. Averaging can overcome inter-
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compartmental variability between spacer frames and thus can be used for 

analysing the effect of physical structures on biofilm formation in general and 

specifically the effect of spacer geometry on local fouling patterns. The resulting 

average images enabled the (i) comparison of biofilm patterning between two 

locations in the membrane fouling simulator and the (ii) characterization of 

biofilm spatial heterogeneity.  

• Feed spacers play a key role in biofouling of membrane systems: Most active 

biofilm accumulation occurred on and in direct vicinity of the spacer over the 

membrane fouling simulator length. 
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Supplementary material  

Additional description image handling:  

The 40 stacks were stacked into one hyperstack containing 160 images.  

 
Figure S4.1. Indication of the variation of single spacer frame images from the average ODR image at the 
outlet at a flow of 0.16 m s-1. The image in the center is the average image of 40 spacer frames. The images 
around are the individual images after filtering with mean filter (1 pixels). 

Calculation of the standard deviation of the image: ImageJ can generate a standard 

deviation projection of the stack of 40 images, giving the standard deviation per pixel for 

the whole image.  It can also calculate the standard deviation of all pixels in one image or 
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even for the whole stack.  The latter does not take into account that there is repetitive 

structuring within the images. Alternatively, the standard deviation can be calculated over 

the stack of the images as is described in (eq. 1) or it can be calculated for the variation of 

every single image compared to the average image. In the latter case an image in the 

stack is subtracted by the average image. The result image is than converted into an 

absolute value image. The average value of this image than can be used as the deviation 

of that image from the average value.  

Equation 1: 

𝜎 = �
1
𝑁
�(𝐼𝑖

𝑁

𝑖=1

− 𝐼)̅2 

𝜎: standard deviation 

N: total number of samples 

𝐼𝑖: value of sample number i  

𝐼:̅ average of all samples  
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CHAPTER 5 

Effect of Feed Water Temperature  

 

 

 

 

 

 

 

 

This chapter has been published as: 
Farhat, N.M., Vrouwenvelder, J.S., Van Loosdrecht, M.C.M., Bucs, S.S. and Staal, M. 
(2016) Effect of water temperature on biofouling development in reverse osmosis 
membrane systems. Water Research 103, 149-159. 
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Abstract  

Understanding the factors that determine the spatial and temporal biofilm 

development is a key to formulate effective control strategies in reverse osmosis 

membrane systems for desalination and wastewater reuse. In this study, biofilm 

development was investigated at different water temperatures (10, 20, and 30 ºC) inside a 

membrane fouling simulator (MFS) flow cell. The MFS studies were done at the same 

crossflow velocity with the same type of membrane and spacer materials, and the same 

feed water type and nutrient concentration, differing only in water temperature. Spatially 

resolved biofilm parameters such as oxygen decrease rate, biovolume, biofilm spatial 

distribution, thickness and composition were measured using in-situ, imaging techniques. 

Pressure drop (PD) increase in time was used as a benchmark as to when to stop the 

experiments. Biofilm measurements were performed daily, and experiments were stopped 

once the average PD increased to 40 mbar/cm. The results of the biofouling study showed 

that with increasing feed water temperature (i) the biofilm activity developed faster, (ii) 

the pressure drop increased faster, while (iii) the biofilm thickness decreased. At an 

average pressure drop increase of 40 mbar/cm over the MFS for the different feed water 

temperatures, different biofilm activities, structures, and quantities were found, indicating 

that diagnosis of biofouling of membranes operated at different or varying (seasonal) feed 

water temperatures may be challenging. Membrane installations with a high temperature 

feed water are more susceptible to biofouling than installations fed with low temperature 

feed water.  
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5.1. Introduction 

Reverse osmosis (RO) and nanofiltration (NF) membranes are used to produce high-

quality drinking water from abundantly available brackish and seawater sources 

(Elimelech and Phillip 2011). The increase in potable water scarcity in many regions 

around the world resulted in investments for improvement of this technology, and the 

share of membrane-based desalination has grown to 80 percent of the total global 

desalination in the past 40 years (Greenlee et al. 2009). However, biofouling occurrence 

and its proper control strategies persist as a major concern for the application of 

membrane desalination processes (Vrouwenvelder et al. 1998, Baker and Dudley 1998). 

A better understanding of the biofouling process is the key to develop effective control 

strategies.  

Biofouling becomes a problem when biofilm growth in membrane systems results in 

a performance decline that exceeds a certain threshold. In practice, this threshold is in 

most cases defined as 15 percent increase in feed channel pressure drop or reduction in 

permeate flux (Vrouwenvelder et al. 2008, Bucs et al. 2014a, Al-Ahmad et al. 2000, 

Hydranautics 2001, GE 2009, DOW 2016a). Two types of pressure drop can be 

distinguished in spiral-wound membrane modules: the feed channel pressure drop (PD), 

differential pressure between feed and concentrate, and the trans-membrane pressure drop 

(TMP), differential pressure between feed and permeate. Biofouling occurrence results in 

an increase in PD and flux decline requiring the increase in TMP to maintain the 

necessary permeate quantity (Bucs et al. 2014a). In systems suffering from biofouling 

cleaning cycles are governed by the pressure drop over the feed channel. The feed 

channel contains both the feed spacer and membrane on which biofilms develop. Feed 
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spacer presence and biofilm development on this feed spacer results in a much higher PD 

increase compared to biofouling on membrane surface only; therefore, in both spiral-

wound NF and RO systems biofouling is predominantly a feed spacer problem 

(Vrouwenvelder et al. 2009a, 2009c). 

Biofouling development occurs due to the gradual accumulation of biological matter. 

Planktonic cell attachment is the initial step in the colonization of abiotic and biotic 

surfaces (Palmer et al. 2007). Cell attachment is a complex process regulated by diverse 

characteristics of the growth medium, substratum, cell surface and hydrodynamics 

(Donlan 2002). Following attachment, bacterial growth using available nutrients from the 

feed water becomes the prevalent process toward the development of the biofilm. As with 

bacterial cell attachment, bacterial cell growth is affected by the chemical and physical 

nature of the surrounding. Factors such as water temperature, pH, and nutrient 

availability have a significant effect on bacterial growth rate.  

Water temperature can be conceived as a key controlling factor regulating bacterial 

growth (Madigan 2005) playing a direct and indirect role in affecting the factors that 

govern bacterial growth (Ratkowsky et al. 1982). Water temperature regulates several 

environmental genes, sometimes resulting in bacterial cell surface changes that could 

affect bacterial cell attachment (Giaouris et al. 2005). Van Loosdrecht et al. (1990) have 

shown that water temperature modifies hydrophobicity and microbial cell surface charge 

thus playing an important role in initial cell attachment. Pompermayer and Gaylarde 

(2000) showed that some bacteria adhere better at lower temperatures while others adhere 

better at higher temperatures. Water temperature also has a significant effect on the 

extracellular polymeric substances (EPS) matrix produced by the bacteria (Lewis et al. 
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1989) and high temperatures result in a decrease in the EPS matrix viscosity (Morimatsu 

et al. 2012). Temperature might further determine changes in the composition of bacterial 

populations (Lindstrom et al. 2005). Water temperature also has an effect on water 

viscosity and nutrient diffusion coefficients.  On a larger scale, water temperature 

influences treatment plant efficiency, disinfection effectiveness, dissipation of residual 

disinfectant, corrosion rates, and distribution system hydraulics.  

The impact of water temperature on bacterial growth and metabolism is well 

documented (Brown et al. 2004, Gillooly et al. 2001, Davidson et al. 2006), and the 

enzymatic respiratory activities of bacterial cells almost double at a temperature increase 

of 10 °C (Amthor 1984, Collier and Cummins 1990, Perkins et al. 2012, Villanueva et al. 

2011). An increase in bacterial biofilm biomass and activity might be expected under 

high-temperature conditions. However, this is valid in the exponential bacterial growth 

phase when there is maximum bacterial growth. At the end of the exponential bacterial 

growth phase, the growth of biofilms becomes nutrient limited, and the balance between 

change in nutrient transport and maintenance energy determines the rate of biofilm 

development in this phase. Biofilm growth rates are expected to increase with 

temperatures (Ratkowsky et al. 1982), but bacterial growth efficiency (del Giorgio and 

Cole 1998), the amount of new bacterial biomass produced per unit of organic carbon 

nutrient assimilated, may decline which may result in less biomass (Sand-Jensen et al. 

2007).   

The effect of water temperature specifically on biofouling development in RO 

membrane installations is poorly reported in literature. In this study, transparent 

luminescent planar O2 optodes, in combination with an imaging system, were used to 
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map the two-dimensional distribution of O2 decrease rates inside a membrane fouling 

simulator (MFS) representative for spiral-wound RO and NF membrane modules 

(Vrouwenvelder et al. 2006, 2007a, 2007b). The imaging system was used together with 

rhodamine (tracer dye) for a qualitative spatial imaging of flow channels and biofilm. 

Pressure drop development was recorded throughout the experiments and confocal laser 

scanning microscopy (CLSM) was done on the membrane sheets at the end of the 

experiments to distinguish biofilm composition and thickness. The main objective of this 

study was to evaluate the effect of water temperature on biofilm development, quantity, 

structure, and how this correlates with pressure drop increase. 

5.2. Materials and methods 

5.2.1. Experimental setup  

Biofilms were grown in a membrane fouling simulator (MFS) with a transparent 

window for visual observations and imaging. The MFS contains a 20 cm × 4 cm coupon 

of a membrane and a feed spacer (Vrouwenvelder et al. 2006, 2007b). The inlet is defined 

as the first 2.5 cm of the MFS. The MFS was operated without permeate production at a 

pressure of one bar. Earlier studies done with membrane elements in the same position in 

an NF installation, with and without permeate production, showed the same development 

of PD increase and biofilm formation (Vrouwenvelder et al. 2008, 2007a, 2007b, 2009d). 

Mass transfer calculations supported the observations that the permeate flux is not 

playing a significant role in the nutrient supply to the fouling layer. Hydrodynamic 

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

practice for water treatment (Vrouwenvelder et al. 2007b). The spacer and membrane 

sheets were taken from virgin spiral wound membrane elements (4040-TS80-TSF, Trisep 
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Corporation, USA). The feed spacer consisted of a sheet of 31 mil (787 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 feed 

flow).  

The system was run as a continuous flow reactor and the setup consisted of a buffer tank 

(200 L capacity), diaphragm pump, temperature and differential pressure transmitter 

(Delta bars, Endress+Hauser, PMD75) (Vrouwenvelder et al. 2009b), pressure-reducing 

valve, nutrient dosing diaphragm metering pump, MFS and a flow sensor (Ultra flow 

sensor ULF01.H.0, POM/FPM) (Bucs et al. 2016). Feed water was filtered by a 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 (Figure 5.1). 

 
Figure 5.1 – Schematic description of the experimental set-up consisting of the membrane fouling simulator 
(MFS), a water mixing system, differential pressure transmitter, flow meter and the imaging setup for O2 
detection. The arrows indicate the water flow direction. A refrigerating / heating water bath was used to 
adjust the water temperature at 10, 20, and 30 ºC. 
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Filtered tap water (16 L·h-1) continuously refreshed the water in the buffer tank. 

Carbon filters were used to remove residual chlorine from tap water. Water from the 

buffer tank was pumped through the MFS at a flow rate of 16 L·h-1 equivalent to a linear 

flow velocity of 0.16 m·s-1 which is representative for practice (Vrouwenvelder et al. 

2009d, Bucs et al. 2015). The outflow from the MFS was recirculated into the tank. The 

buffer tank water was aerated to ensure saturated oxygen conditions in the MFS to ensure 

oxygen decrease detected is due to biofilm formation. A circulating water bath with 

temperature control (VWR MX07R-20 refrigerating / heating water bath) was used to 

heat and cool the feed water temperature to 10, 20, and 30 ºC. The water temperature was 

kept constant during the whole experiment. A nutrient stock solution containing sodium 

acetate, sodium nitrate, and sodium phosphate in a mass ratio C:N:P of 100:20:10 was 

added to the feed water increasing the feed water nutrient concentration by 1 mg-C·L-1 to 

enhance biofilm formation in the MFS. Acetate and this mass ratio is commonly used 

(Araujo et al. 2012a, Creber et al. 2010a, Vrouwenvelder et al. 2009a). All chemicals 

were purchased in analytical grade from Sigma aldrich. The stock solution was dosed by 

a diaphragm metering pump (STEPDOS 03S, Knf NEUBERGER). All experiments were 

run in duplicates.  

5.2.2. Imaging system description 

Oxygen imaging was done with an Apogee Imaging Systems Ascent A285 CCD 

Camera equipped with a monochrome Sony ICX-285 Interline CCD Sensor (1392 × 1040 

pixels). A filter wheel (APOGEE CFW31-8R FILTER WHEEL 1.25, 8 POS) was 

mounted on the camera. A 690-850 nm filter (Astrodon photometrics, sloan photometric 

filters i’2) was used to take the oxygen images. For the rhodamine images a 560-690 nm 
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filter (Astrodon photometrics, sloan photometric filters r’2) was used. On top of the filter 

wheel a Nikon F-mount lens adapter was mounted and a Nikon Nikkor 35mm f/1.4 lens 

was used with Nikon macro extension tube Kit resulting in a focal distance of 15 cm, 

depth of field 1.9 ‒ 2.2 mm, and a pixel size of 45 µm × 45 µm. Micro-manager 1.4, a 

freeware microscope-controlling software program based on ImageJ, was used to control 

the camera and filter wheel settings.  

5.2.3. Optode description 

The oxygen sensing dye used in the planar optode was based on the dye PtTPTBPF 

(excitation 595 nm, emission 775 nm) immobilized in a polystyrene matrix (4% w/w) 

(Borisov et al. 2008). The oxygen sensing dye was excited by eight amber light emitting 

diodes (1 Watt LEDs, lumiled type, 595 nm) placed around the camera lens. The power 

supply for the LEDs was an AIM-TTI instruments, PL303 power supply, 1CH, 30V, 3A, 

providing a stable LED output. The MFS and the camera system were mounted in a light-

tight box to minimize the effect of external light on the luminescence images.  

The PtTPTBPF oxygen sensing was calibrated at the three water temperatures used in 

the experiments 10, 20, and 30 ºC. A calibration curve can be determined by correlating 

known oxygen concentrations with the ratio of the intensity under anoxic condition to 

that under different O2 concentrations according to the modified stern-volmer equation 

(Eq.1).  

1
1 [ ]

−
= +

+O SV 2

I α α
I K O

 (1) 

I0: luminescence intensity in the absence of O2 

I: luminescence intensity in the presence of O2 
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Ksv: constant expressing the quenching efficiency of the fluorophore 

[O2]: oxygen concentration 

α: non-quenchable fraction of the dye 

The three calibration curves are shown in figure S5.1 in supplementary material.  

5.2.4. Oxygen decrease rate  

Oxygen distribution was calculated with a luminescence intensity imaging approach 

(Staal et al. 2011a). Details regarding the method and oxygen distribution determination 

can be found (Farhat et al. 2015). The oxygen decrease rate (ODR) was determined using 

a stop-flow imaging protocol. The stop-flow imaging protocol consisted of the following 

sequential steps (i) a dark intensity image, (ii) the stop-flow image series, (iii) and the 

anaerobic intensity image (Farhat et al. 2015). A dark intensity image was taken and 

subtracted from all intensity images to eliminate the background effect. Afterwards, a 

series of 100 intensity images was taken during a ten-minute MFS flow interruption at an 

interval of six seconds. The anaerobic luminescence intensity image was made after 

pumping of a concentrated solution of sodium hydrosulfite (20 g·L-1) into the MFS feed 

water at a rate of 0.125 mL·h-1. The anaerobic luminescence intensity image was taken on 

a daily basis, and sodium hydrosulfite consumed all oxygen present in the monitor in less 

than one minute. The water flow through the MFS was diverted to the drain when sodium 

hydrosulfite was pumped to prevent contamination of the water in the buffer tank. The 

stop-flow intensity image series was divided by the anaerobic intensity image where after 

the stack of ratio images is converted into a stack of O2 concentration image using Stern-

Volmer equation (Farhat et al. 2015). 
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5.2.5. Rhodamine imaging  

Free flowing water was visualized by injecting 20 mL∙min-1 of a diluted (0.5%) 

rhodamine WT solution (Model # 00298-16, Cole-Parmer, USA) to the MFS feed water 

using a T-connector placed in the feed water tube before the MFS. Rhodamine WT is an 

inert, non-adsorbing and stable tracer for flow visualization. Rhodamine imaging is able 

to differentiate between biofilm filled regions and flow channels when the measurement 

was carried out immediately after injection of the rhodamine solution. The use of 

rhodamine dye enables visualization of the spatial distribution of accumulated biomass 

and biomass quantification by comparing the decrease in intensity signal of rhodamine at 

the start of the experiment to that at any day as biofilm develops. Rhodamine WT was 

excited with eight blue light emitting diodes (1 Watt LEDs, lumiled type, 460 nm) and 

emission was measured at a filter wavelength range of 560-690 nm, which includes 

rhodamine’s emission peak at 585nm.  

The intensity of fluorescence of rhodamine WT showed an inverse relationship with 

temperature. Calibration of the rhodamine WT intensity signal was done at the different 

temperatures.  

5.2.6. Confocal laser scanning microscopy (CLSM)  

Confocal Laser Scanning Microscopy (CLSM) (LSM710 upright confocal 

microscope, Zeiss, Germany, equipped with a diode laser (405 nm)) was used to identify 

and characterize biofouling on the membrane surface after the experiments. Biofilm 

images were observed with a water immersion lens (60× object and numerical aperture of 

1.4) and a series of z-axis images were generated through optical sectioning at a sliced 

thickness of 1 μm. Membrane samples from the MFS inlet were taken at the end of all the 
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experiments. The samples were stained with the following dyes based on methods 

described in the literature (Chen et al. 2006, Lee et al. 2010, Valladares Linares et al. 

2014): i) 4’,6-Diamidino-2-Phenylindole (DAPI) dye (emission wavelength of 461 nm; 

excitation wavelength of 358 nm) was used to stain DNA to identify total bacterial cells 

(incubation in dark room for 20 min), ii) Fluorescein Isothiocyanate (FITC) (emission 

wavelength of 500-540 nm; excitation wavelength of 488 nm) was applied to stain the 

amine-reactive compound-like proteins and amino sugars (incubation time of 60 min); a 

0.1 M sodium bicarbonate buffer was used to retain the amine groups so the dying was 

effective, and iii) Calcofluor White (emission wavelength of 410-480 nm; excitation 

wavelength of 400 nm) was used to stain β-D-glucopyranose polysaccharides (incubation 

time of 1 min). After each of these three staining stages, the sample was washed twice by 

phosphate-buffered saline (PBS) pH 7 to remove excess stain.  

Comstat software was used to analyze the image stacks of the biofilms determined 

using CLSM (Heydorn et al. 2000). CLSM was done at five locations from the MFS inlet 

samples; an average and standard deviation value of all parameters analyzed, was 

calculated based on the results from these five locations and were presented in the results. 

5.3. Results 

In this study, several parameters were used to describe the effect of water temperature 

on biofouling development in RO membrane systems. All experiments were stopped once 

an 800 mbar increase in overall pressure drop (40 mbar/cm) was observed (Figure 5.2). 

Oxygen sensing optode imaging was used to evaluate biofilm activity and show the 

spatial distribution of the developed biofilm (Figures 5.3, 5.4 and 5.5). Direct imaging 

using rhodamine enabled distinguishing areas with biofilm and allowed a qualitative 
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distinction of the level of biofilm present through variations in intensity (Figure 5.6). 

Confocal laser scanning microscopy (CLSM) was used for biofilm thickness 

determination and imaging of biofilm composition (Figure 5.7). 

5.3.1. Pressure drop  

The pressure drop (PD) development was recorded for all the MFS experiments at the 

different temperatures. The increase in PD was used as the main criterion for stopping the 

experiments. All experiments were stopped once an overall PD increase of 800 mbar was 

observed. The exponential increase in PD was indicative of biofouling formation. A 

higher water temperature (30 ̊C) resulted in faster development of biofouling. The PD 

increase reached 800 mbar in approximately two days for 30 ̊C, five days for 20 ̊C, and 

18 days for 10 ̊C.  This indicates that a higher water temperature (30 ̊C) resulted in faster 

development of biofouling. 

 
Figure 5.2 – Pressure drop increase (PD increase) [mbar] with time over the MFS for the three different 
water temperatures (10, 20, and 30 ̊C). The MFS feed water was supplemented with 1 mg-C∙L-1 
biodegradable nutrient to increase the rate of biofilm accumulation. All experiments were stopped once a 
pressure drop increase of 800 mbar was reached. Pressure drop graphs are the average of duplicate 
experiments. 
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5.3.2. Biofilm activity 

Oxygen decrease rate (ODR) was used to indicate the activity and extent of biofilm 

presence. ODR (mg∙L-1∙s-1) is a parameter that measures how fast oxygen decreases at the 

biofilm attachment surface in the MFS when the water flow is stopped. The ODR 

measures the net effect of oxygen consumption and diffusion at the biofilm attachment 

surface. The average ODR increased in time for all the water temperatures (Figure 5.3A). 

The ODR increase exhibited a similar trend with time as the exponential increase in PD 

confirming biofouling development, but the ODR increase started one day earlier than the 

pressure drop increase highlighting the imaging system’s sensitivity.  

At the end of the experiment at an overall PD increase of 800 mbar (40 mbar/cm), 

highest biofilm activity (ODR) was observed at the lowest temperature (10 ̊C) (Figure 

5.3B). The lowest biofilm activity was found at 20 ̊C. Biofilm activity at 30 ̊C was 

slightly lower when compared to the highest biofilm activity seen at 10 ̊C. The difference 

in biofilm activity at an equal PD for all the temperature experiments agree with 

differences found in biofilm structure (Figures 5.4, 5.6, and 5.7). 
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Figure 5.3 – (A) Oxygen decrease rate (ODR) as a function of time for three different water temperatures 
(10, 20, and 30 ̊C). (B) ODR at the end of the experiments when a PD increase of 800 mbar was reached. 
Error bar represents the variation between the duplicate experiments. 

Oxygen sensing optode imaging allowed the observation of the spatial distribution 

of biofilm activity at the different temperatures. The structure of the developed biofilm, 

its spatial distribution, and biofilm activity as represented in the ODR are shown in figure 

5.4. Figure 5.4A shows the ODR at 10 ̊C where most of the biofilm activity (highest 
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ODR) occurred at the feed spacer strand. Lower biofilm activity was observed between 

the two feed spacer strands. The average biofilm activity at 20 ̊C was not only lower 

compared to other temperatures but also had different structure (Figure 5.4B). 

Development of more rounded biofilm structures, as well as formation of preferential 

flow areas, was clearly visible at 20 ̊C. The growth rate of the biofilm was highest at 

30 ̊C, the biofilm showed a moderate average activity that appeared to be more 

homogenous over the imaged area (Figure 5.4C) compared to the other temperatures. No 

clear oxygen limitation was observed during or at the end of the experiment.  

Figure S5.2 in supplementary material shows a detailed spatial distribution of the 

ODR separated into four ranges of low, medium and high ODR. This detailed segregation 

was made to differentiate low, medium and high oxygen decrease locations. 

 
Figure 5.4 – Oxygen decrease rate [mg·L-1∙s-1] images on the last day of the experiments at pressure drop 
increase of 800 mbar (A, B and C for 10, 20, and 30 ̊C respectively). The images were taken at the inlet 
position of the flow cell (first 2.5 cm), ODR calculated based on the decrease rate one minute after stopping 
the flow. Flow direction is from left to right. Imaged area is 3.8 cm × 2.5 cm. The net-like structure of the 
feed spacer, located on the membrane, is visible. 
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The increase of ODR during biofilm development is shown in figure 5.5 for the 

moment when the pressure drop reached 200 and 800 mbar in the 20 ̊C experiment. At 

the early stage biofilm (Figure 5.5A) areas with high and areas with low ODR had 

developed in a spatially heterogeneous way. The higher biofilm activity areas observed in 

figures 5.5A and 5.5B contain more biofilm volume and will force water to flow through 

the areas with lower biofilm activity due to a lower water resistance resulting in 

preferential flow channel formation. Biofilm activity seemed to be governed by the 

biofilm’s structure and composition with highest biofilm activity observed at 10 ̊C. 

 
Figure 5.5 – Oxygen decrease rate [mg·L-1∙s-1] images (A) on day four at a pressure drop increase of 200 
mbar and (B) on the last day of the experiments at pressure drop increase of 800 mbar for the 20 ̊C 
experiment. The images were taken at the inlet position of the flow cell (first 2.5 cm), ODR calculated 
based on the decrease rate two minutes after stopping the flow. Flow direction is from left to right. Imaged 
area is 3.8 cm × 2.5 cm. The net-like structure of the feed spacer, located on the membrane, is visible. 
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5.3.3. Qualitative biofilm imaging 

Rhodamine was used to differentiate between biofilm filled regions and water flow 

channels. Direct imaging using rhodamine enabled distinguishing areas with biofilm from 

areas with water and allowed a qualitative spatial estimation of the level of biofilm 

present through variations in rhodamine fluorescence intensity (Figure 5.6 A, B, and C).  

 
Figure 5.6 – Biomass quantification using Rhodamine imaging; (A,B,C) spatial distribution of accumulated 
biomass measured as an increase in [%] of the total volume at 10, 20, and 30 ̊C respectively; (D) Average 
relative biomass increase [%] in the MFS for the three different water temperatures (10, 20, and 30 ̊C). All 
images were taken at the end of the experiments once a pressure drop increase of 800 mbar was observed 
over the MFS. The arrow indicates the water flow direction.   
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After injection of rhodamine, the regions with no biomass had the highest intensity 

signal, and the more biomass present, the lower intensity signal was detected. Figure 5.6 

(A, B, and C) shows biofilm distribution based on intensity variation from the rhodamine 

signal on the last day of the experiments. On average, the areas with high biomass as 

measured with rhodamine (Figure 5.6) coincide with high activity areas (Figure 5.4). The 

amount of biofilm present was highest at 10 ̊C (Figure 5.6D), followed by 20 ̊C and was 

the least at 30 ̊C as confirmed by visual observations after opening the MFS flow cell. 

5.3.4. Confocal laser scanning microscopy (CLSM) 

 CLSM was used for biofilm thickness determination and imaging of biofilm 

composition (Figure 5.7) on the membrane surface. Average biofilm thickness was 

determined by analyzing the image stacks using Comstat software. CLSM imaging was 

done at five locations from the MFS inlet samples; the average and standard deviation 

value of biofilm thickness, bacterial cell coverage, and EPS coverage were calculated 

based on the measurements from these five locations. Figure 5.7A shows that the thickest 

biofilm developed at 10 ̊C followed by that at 20 ̊C with the thinnest biofilm developing 

at 30 ̊C all having same impact on PD. As for biofilm composition the use of comstat 

software enabled quantification of the coverage of total bacterial cells stained with DAPI, 

polysaccharides (stained with Calcofluor White) and proteins (stained with FITC).  

Figure 5.7B shows the ratio of bacterial cell coverage to the total EPS matrix 

(polysaccharides and proteins). The ratio of bacterial cells to total EPS coverage was 

highest at 30 ̊C followed by 10 ̊C and was lowest at 20 ̊C.  The higher the ratio between 

bacterial cell coverage to total EPS coverage the greater the presence of bacterial cells 

that can contribute to biofilm activity. Figure 5.7C shows the bacterial cell coverage per 
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unit area which was determined by multiplying the biofilm thickness with the cell 

coverage divided by the volume. The bacterial cell coverage per unit area showed a 

similar trend as the ODR at PD of 800 mbar. In summary, the biofilm became thinner 

with increasing feed water temperature. 



134 
 

 
Figure 5.7 – (A) Average biofilm thickness (µm) using CLSM, (B) ratio of bacterial cell coverage to the 
total EPS coverage using CLSM, (C) relative coverage per unit area by bacterial cells. 
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5.4. Discussion 

The objective of the study was to assess the effect of water temperature on the 

development of biofilm and pressure drop. The results showed that with increasing feed 

water temperature (i) the pressure drop increased faster (Figure 5.2), (ii) the biofilm 

activity developed faster (Figure 5.3), while (iii) the biofilm thickness decreased (Figure 

5.7). At an average pressure drop increase of 40 mbar/cm over the MFS, for the different 

feed water temperatures different biofilm activities (Figures 5.3B and 5.4), structures 

(Figure 5.4) and quantities (Figure 5.5) were found. 

5.4.1. Different biofilm quantities, activities, and structure resulting in equal 

pressure drop (PD) increase 

Feed channel PD measurements are based on the resistance that water experiences 

when passing through the feed-concentrate channel of the membrane module during 

operation. At constant cross flow velocity, feed channel PD increases with an increasing 

biomass amount, but the location where the biofilm forms will determine the hydraulic 

resistance per biofilm volume. At an average pressure drop increase of 40 mbar/cm over 

the MFS for the different feed water temperatures, different biofilm activities, structures, 

and quantities were found, indicating that diagnosis of biofouling of membranes operated 

at different or varying (seasonal) feed water temperatures based on PD measurements 

may be challenging (Vrouwenvelder et al. 2010b). It should be mentioned that the MFS 

studies were performed at a pressure of 1 bar. A study from Xie et al. (2015) on organic 

fouling in forward osmosis (FO) and RO showed differences in fouling layer related to 

the difference in applied pressure related to process differences. Biofouling studies using 

NF and RO membranes done with MFS units, single element test rigs, and a full scale 
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installation showed the same performance decline and biofilm development irrespective 

of the difference in applied feed pressure (Vrouwenvelder et al. 2007a). 

The oxygen decrease rate (ODR) was used as an indication of biofilm activity. At the 

end of the experiments, highest ODR was observed for the 10◦C experiment. At 10◦C, 

oxygen solubility in water is highest; however, diffusion of nutrients is lowest. Although 

the biofilm developed much slower with time at 10◦C compared to the other 

temperatures, no nutrient limitation was evident. In other words, both biodegradable 

carbon (“food for bacteria”) and oxygen were not limiting the biofilm growth at 10◦C. 

Biofilm development at 10◦C appeared to be growth rate limited only. Biofilm activity 

was highest at the spacer strand indicating favored attachment and start of biofilm 

formation at the spacer in agreement with observations in literature (Vrouwenvelder et al. 

2009a, Radu et al. 2014). Biofilm activity (ODR) at 30◦C was slightly lower than that at 

10◦C, however, biofilm quantity was the lowest and biofilm thickness was the thinnest. 

Higher bacterial cell to EPS ratio at 30◦C (either higher cell attachment or lower EPS 

production) might have resulted in the high ODR value as temperature has a significant 

effect on bacterial cell attachment and the EPS matrix produced by the bacteria. Most of 

the studies conducted to evaluate the effect of water temperature specifically on bacterial 

attachment were performed with single strain bacteria or mixed cultures of two or three 

bacterial species (Pompermayer and Gaylarde 2000, Abdallah et al. 2015); where some 

strains adhered less at a higher temperature while others adhered better at a higher 

temperature (Abdallah et al. 2014, Nguyen et al. 2014). This study uses feed water with a 

mixed bacterial population, where each temperature may lead to variation in population 

composition optimized for the prevalent conditions, resulting in this net observed biofilm 
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development. Lewis et al. (1989) showed that some water soluble fractions of the EPS are 

released at high temperatures. High temperature results in a decrease in the EPS matrix 

viscosity leading to higher detachment rates (Morimatsu et al. 2012). Van Loosdrecht et 

al. (1995) reported that faster growing biofilms developing at higher temperatures are 

more spatially heterogeneous (rough) with a less cohesive structure (weak). The fact that 

the thinnest biofilm at 30 ̊C resulted in a similar PD increase as the biofilms that 

developed at the other temperatures indicates indeed a more spatially heterogeneous 

(flow distorting) biofilm. Even without biofilm growth, at higher temperatures, the 

diffusion coefficient of nutrients increases while the oxygen solubility in water decreases 

later affecting the ODR value when biofilm develops. An increase in diffusion of 

nutrients as the temperature increases, as well as a thinner biofilm as seen at 30◦C; all 

contribute to a more active biofilm. The activity of the biofilm grown at 20◦C was the 

lowest. This low activity observed is probably the result of the low bacterial cell to EPS 

ratio calculated from the CLSM images, in agreement with the findings of Ma et al. 

(2013), indicating a fluffier biofilm, with a relatively low volumetric respiratory 

potential. Moreover, the contact between a fluffy biofilm and the optode is less tight, 

resulting in a lower measured activity. The development of preferential flow areas was 

visible at 20◦C, and these heterogonous high and low activity regions were a clearly 

evident difference between the biofilm that developed at 20◦C and the other temperatures. 

Preferential flow areas are considered to be the result of nutrient starvation (i.e. the 

nutrient does not reach all bacteria in the biofilm) (Bottero et al. 2013, Hunt et al. 2004); 

in our study it is most likely that carbon is the limiting nutrient at 20◦C. As these 

preferential flow areas develop and later clear flow channels form, diffusion of the 
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nutrient from the bulk becomes limited, as well as diffusion of metabolic products out of 

the biofilm (Stewart 2012). As a result, the biofilm’s ability to consume oxygen and 

nutrients after the exponential growth phase will further decrease.  

The use of oxygen sensing planar optode imaging enabled gaining spatial biofilm 

development information, in-situ, non-destructively (Farhat et al. 2015, Staal et al. 2011a, 

Prest et al. 2012). Spatial oxygen distribution and oxygen decrease rates were able to give 

an idea about the complexity of the biofilm structure. The activity of a heterogeneous 

biofilm depends strongly on characteristics of the bulk liquid-biofilm interface (Debeer et 

al. 1994), thus ODR measurements are highly affected by biofilm thickness, composition, 

and nutrient limitations. The integration of oxygen sensing optode imaging method with 

PD measurements and CLSM imaging allowed gaining broader information about 

biofilm development inside the MFS. 

5.4.2. Practical implications of the effect of temperature on biofouling 

It is well established that the membrane efficiency (permeate flux and salt retention) 

is very sensitive to changes in feed water temperature. Water fluxes over the membrane 

increases almost linearly with increasing temperature (DOW 2016b, Pressdee et al. 

2006); primarily due to the higher diffusion rate of water. Increased feed water 

temperatures also results in lower salt rejection or higher salt passage. Again, this is due 

to a higher diffusion rate for salt through the membrane (DOW 2016b, Pressdee et al. 

2006). The effect of water temperature variations on biofilm formation and thereby 

biofouling of membrane systems has had very limited attention in literature. This study 

presents the effect of water temperature on biofilm development however further research 

has to elucidate the interdependences of e.g. oxygen solubility, transfer of nutrient to the 
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biofilm, conversion of nutrient by biomass, yield of biomass on nutrient, EPS production, 

and biomass community composition. 

This study showed that feed water temperature had a strong impact on structure, 

quantity and thickness of the biofouling layer in RO membrane systems. The presented 

results can have practical value for diagnosis of biofouling since it shows that at higher 

water temperatures e.g. a thinner biofilm can cause similar performance decline as a 

thicker biofilm developed at a low water temperature. This is especially relevant when 

comparing the extent of fouling of membrane module autopsy studies at a full-scale/pilot 

plant with other plants, emphasizing the need to look at plants with similar feed water 

temperatures. Seasonal feed water temperature variations can result in changes in 

bacterial cell attachment, EPS production, and the whole structure of the developed 

biofilm, resulting in different effects of accumulated biofilm on membrane performance. 

Slow growing biofilms, at the lower temperatures, are smooth and strong (Picioreanu et 

al. 1998). Therefore, the membrane system’s cleanability is affected by the influence of 

temperature on the developed biofilm’s structure and composition. Cleanability studies 

should be done on biofilms developing at different temperatures to test the hypothesis 

that faster growing, less attached biofilms developing at higher water temperatures can be 

easier to clean than slow growing, stronger attached biofilms that develop at lower 

temperatures. 

An important effect of the growth of a biofilm on the membrane is the formation of 

an extra diffusion resistance layer limiting the water flux and decreasing the salt rejection 

(Herzberg and Elimelech 2007). At higher temperatures the biofilm layer formed more 

rapidly as indicated by the pressure drop. When biofilm layer thicknesses are compared at 
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equal pressure drop increase, results showed that the biofilms developing at lower 

temperatures were thicker compared to those developing at higher temperatures. 

Diffusion of oxygen into the biofilm was more retarded at the lower temperatures. This 

might indicate that despite a lower rate of formation, biofouling at lower temperatures 

might have a relatively stronger negative impact on the permeate flux and salt retention. 

Slower mass transfer at the lower temperature means that ions accumulating at the 

membrane surface (concentration polarization effect) will diffuse slower to the bulk 

liquid further increasing the concentration polarization effect at low temperatures. Future 

studies should study the impact of temperature on biofouling development in a system 

with permeate production to verify the hypothesis “that biofilms developing at a higher 

water temperature, although causing faster increase in feed channel pressure drop, have a 

lower impact on the permeate flux and have a lower concentration polarization effect in 

the biofilm”. 

5.5. Conclusions  

Biofilm development in time was studied in-situ, using (i) O2 sensing optode 

imaging, (ii) direct imaging using rhodamine dye, and (iii) feed channel pressure drop in 

an MFS. CLSM was used for biofilm thickness determination and imaging of biofilm 

composition. The main objective was to investigate the effect of water temperature on the 

development of pressure drop and biofilm quantity, structure, composition, and spatial 

distribution. Based on the results it can be concluded that: 

• Biofilm accumulation was faster at higher water temperatures.  

• At the same pressure drop increase, biofilm thickness decreased with higher feed 

water temperature.  
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• Total biomass accumulation decreased with higher feed water temperatures. 

Biofilm activity was affected by the biofilm structure, and bacterial cell to 

extracellular polymeric substances ratio, where the lowest biofilm activity was 

seen at 20 ̊C with the lowest bacterial cell to extracellular polymeric substances 

ratio. 

• Feed channel pressure drop results from a complex interaction between biofilm 

structure, composition, and quantity.  
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Supplementary material  

  
Figure S5.1– Stern-Volmer calibration curves for the PtTPTBPF oxygen optode at 10, 20, and 30 °C. 
Graphs indicate a fit according to modified stern-volmer equation: 𝐼
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Figure S5.2– Oxygen decrease rate (ODR) (mg·L-1∙s-1) images on the last day of the experiments at 
pressure drop increase of 800 mbar for 10, 20, and 30◦C respectively. The ODR is separated into four 
ranges showing the locations with highest, medium and lowest decrease. The images were taken at the 
inlet position of the flow cell (first 2.5 cm) one minutes after stopping the flow. Flow direction is from 
left to right. Imaged area is 3.8 cm × 2.5 cm. The net-like structure of the feed spacer, located on the 
membrane, is visible. 
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CONCLUSIONS AND OUTLOOK 

Spatial biofouling development assessment using oxygen sensing optode imaging  

This thesis investigated biofouling development and important factors affecting it 

using in-situ, non-destructive oxygen sensing optodes. A recent recognition that 

membrane biofouling developing in reverse osmosis (RO) processes is unavoidable has 

led to a paradigm shift in which biofouling management rather than avoidance is now 

becoming a practice being considered (Bucs et al. 2014a, Habimana et al. 2014). Early 

detection plays a vital role in an adequate biofouling management strategy 

(Vrouwenvelder et al. 2011a, Creber et al. 2010a). Chemical cleaning of biofouling 

performed at an early stage of the biofilm development showed to be more efficient in 

removing biomass than cleaning at a later stage (Creber et al. 2010a). Therefore, an early 

detecting biofouling sensor system is required which would enable taking corrective 

actions at an early stage resulting in a better removal of the accumulated biomass 

(Vrouwenvelder et al. 2011a, Strathmann et al. 2013, Boorsma et al. 2011). An oxygen 

sensing optode imaging system was tested in chapter 2 to check its suitability for early 

non-destructive biofouling detection. 

Biofouling and all other types of fouling accumulating in RO membrane modules 

result in a decline in the membrane system performance. In full-scale installations, 

membrane performance assessment is done according to three operational parameters: 

feed channel pressure drop, permeate flux, and salt retention. An increase in feed channel 

pressure drop, decline in flux or increase in salt retention would indicate the existence of 

fouling. The membrane performance sensors employed are pressure transmitters, flow 

meters, and conductivity meters. These measured parameters are general and not specific 
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to biofouling (Vrouwenvelder and Van der Kooij 2003), they only signal the existence of 

a problem. The increase in feed channel pressure drop is considered an indirect method to 

detect biofouling as it can occur due to the accumulation of any fouling type on the 

membrane and feed spacer. Feed channel pressure drop measurements are based on the 

resistance that water experiences when passing through the spacer-filled channel of the 

membrane module (feed-concentrate flow) during operation. Measuring the increase in 

feed channel pressure drop does not provide information about fouling location and 

distribution. 

Oxygen sensing optode imaging was used in this thesis as an in-situ, non-destructive 

method to detect, quantify, and characterize biofouling. Oxygen plays a vital role in 

microbial ecology, and the flux of O2 has been used to quantify primary biomass 

production, total bacterial community respiration, and mineralization rates (Fenchel and 

Finlay 2008). The planar optodes method was chosen for oxygen sensing as this method 

offers a unique opportunity to resolve both spatial and temporal variations of O2 on a 

sub-millimeter scale. O2 sensing planar optode imaging specifically detects biofouling 

through assessment of oxygen concentration as a direct correlation to biofilm activity 

(Debeer et al. 1994, Staal et al. 2011b). The performed studies (chapter 2) showed the 

ability of planar optodes to monitor O2 concentration changes in time as biofilm develops 

on the membrane and feed spacer during cross-flow membrane fouling simulator (MFS) 

operations. Monitoring the change in O2 concentration under cross-flow operation 

conditions is considered very important, emphasizing the imaging setup's capability of 

being an in-situ, non-destructive tool to detect biofouling. Oxygen decrease rate (ODR) 

during short water flow interruptions (stop-flow) was also used as a measure of biofilm 
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activity (chapters 2-5). The water flow was stopped shortly, and images were taken 

during a ten minute period to monitor how oxygen decreases in the MFS. Biofilm 

thickness, packing density of active bacterial cells, and nutrient availability have an effect 

on the ODR measurement since the ODR measurement includes both biomass respiration 

of O2 and diffusion of O2. Stop-flow ODR showed the ability to detect biofilm 

development before any cross-flow O2 decrease was observed and before any feed 

channel pressure drop increase was detected. Oxygen concentration images during cross-

flow and ODR images determined during stop-flow provided high resolution spatial 

biofilm distribution enabling identification of the regions where the biofilm starts to grow 

and how it develops with time (chapters 2-5).  

In reverse osmosis membrane systems used for drinking water production, the feed 

water is aerobic, highly saturated in oxygen. Aerobic bacteria mainly grow in such 

systems, and therefore O2 sensing optodes proved as an excellent tool to detect 

biofouling. In all the performed studies (chapters 2-5), the O2 sensing planar optode was 

placed under the transparent window of the MFS which is the furthest distance away 

from the surface of the biofilm and therefore it is the region with the lowest oxygen 

concentration in the biofilm. In our studies, no anoxic zones were visible with the O2 

sensing optode under cross-flow conditions suggesting that it is unlikely that anaerobes 

are abundant at this stage of biofilm development. Anaerobic bacteria might be present in 

the biofilm (Al Ashhab et al. 2014) at later stages of biofilm development when anoxic 

and low oxygen concentration regions develop (Prest et al. 2012) and will start to 

contribute to the degradation of organic nutrients. Since O2 sensing optodes are only 

relevant for biologically active biofilms that consume O2, the activity of anaerobes 
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cannot be detected using this method and consequently the developed biofilm may be 

slightly underestimated. For biofilms under anaerobic conditions, for example, other 

types of dyes can be used such as ones that detect changes in pH or CO2. 

Feed Spacers 

Feed spacers are used to create intermembrane space in the spiral wound membrane 

elements required for water transport through the module. The spacers also improve 

water mixing thus reducing the overall diffusive boundary layer thickness as well as 

reducing concentration polarization (Herzberg and Elimelech 2007) improving the water 

production efficiency. Feed spacers can have different designs (e.g. geometries), but 

generally, have a mesh-like structure with mesh sizes of 2-3 mm (Siddiqui et al. 2016, 

Araujo et al. 2012a). One main problem is the feed spacer’s susceptibility to undesired 

biofilm growth (biofouling), reducing the water production efficiency of membrane 

systems significantly (Tran et al. 2007, Flemming 2002, Vrouwenvelder et al. 2009a, 

Baker et al. 1995, Van Paassen et al. 1998). Vrouwenvelder et al. (2009a) showed that the 

effect of biofilm development on feed channel pressure drop in the presence of a feed 

spacer was much higher compared to biofilm developing on the membrane in the absence 

of a feed spacer. Baker et al. (1995), while studying fouling in spiral wound NF systems, 

reported that the foulant material developed initially in the vicinity of the feed spacer 

strands and later expanded to the remaining free membrane area, therefore indicating that 

feed spacers provided a surface for initial deposition of foulants. Spatial biofouling 

development images reported in this thesis (chapters 2-5) (Farhat et al. 2015, 2016a, 

2016b) using in-situ, non-destructive oxygen sensing planar optodes are in agreement 

with the observations that biofilm mainly started to grow near the feed spacer crossings 
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and on the feed spacer filaments. Highest biofilm activity was observed in the vicinity of 

the feed spacer (chapters 2-5). Feed spacers create inhomogeneous water flow patterns in 

the feed channel resulting in zones favoring bacterial attachment and biofilm growth. The 

morphology and spatial orientation of the feed spacer affect the hydrodynamics in the 

feed channel resulting in regions of high and low shear stress changing the bacterial 

deposition patterns (Radu et al. 2014) and thereby partly determining the biofilm 

distribution in later growth phases.  

The recent recognition of the important role feed spacers play in the process of 

biofouling development has shifted the key focus from membrane modification to control 

biofouling, a field that recently gained attention, to spacer modifications to control 

biofouling. Surface modification of feed spacers by applying different types of coatings 

was tested (Araujo et al. 2012a, 2012b) however these studies concluded that regardless 

of the coating material, surface modification showed not to be promising for biofouling 

control. Siddiqui et al. (2016) on the other hand, has shown that modifying the geometry 

of the spacers reduced the impact of biofilm formation on feed channel pressure drop 

suggesting that modifying the spacer geometry might be a suitable approach to lessen the 

biofouling effect on performance.  

In-situ, non-destructive imaging methods, such as the oxygen sensing planar optodes, 

provide better evaluation tools for the effectiveness of modified spacer geometries (Cao 

et al. 2001, Li et al. 2002) in reducing the effect of biofouling development on 

performance. Changes in the biofouling spatial development patterns can be better 

visualized using oxygen sensing optodes providing further understanding of how a 
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specific spacer geometry affects initial bacterial deposition and later on the growth of the 

biofilm and the relationship with membrane module performance decline.  

Cross-flow velocity 

Feed cross-flow velocities determine the (1) shear forces applied to the membrane 

and spacer as well as (2) biodegradable nutrient mass transfer (Radu et al. 2012) 

impacting pressure drop development and biomass accumulation (Vrouwenvelder et al. 

2009d) in the membrane system. The internal structure of the developed biofilm is 

affected by the cross-flow velocity: studies have shown that a smooth and compact 

biofilm develops under high shear condition a result of high cross-flow velocities while 

low shear condition occurring under low cross-flow velocities produce a thick fluffy 

biofilm (Wasche et al. 2002, Peyton 1996, Van Loosdrecht et al. 1995). Cross-flow 

velocity also has an impact on concentration polarization, consequently, resulting in a 

strong impact on membrane performance (trans-membrane pressure and permeate flux) 

(Herzberg and Elimelech 2007, 2008).  

O2 sensing optode imaging was used to study the effect of cross-flow velocity at 

equal feed water nutrient concentrations (chapter 3) on the biofilm development structure 

in the MFS. The lowest cross-flow velocity resulted in the highest biofilm ODR (activity) 

indicating in agreement with results reported by (Suwarno et al. 2014, Radu et al. 2012, 

Margalit et al. 2013, Vrouwenvelder et al. 2010b, Subramani and Hoek 2008) which 

showed that biofilm development increased at the lower cross-flow velocities as a result 

of a higher biomass accumulation rate (balance between attachment, growth and 

detachment) at lower cross-flow velocities. The study reported in this thesis (chapter 3) 

examined the effect of only changing the cross-flow velocity keeping equal nutrient 
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concentrations, therefore, resulting in varying nutrient loading rates between the different 

experiments. Bucs et al. (2014a) studied the effect of varying both the cross-flow velocity 

and nutrient concentration, maintaining equal nutrient loading rates, on biofilm 

development, therefore, resulting in equal biomass amounts. In all cases, biofilm internal 

structural differences are expected at different cross-flow velocities unavoidably affecting 

permeate production, an aspect that needs to be studied further.  

Water temperature 

Effect of water temperature on biofilm development was studied in chapter 5. 

Surprisingly little research is reported in in this area, and this study underlines that the 

effect of temperature on biofouling in RO membrane systems has been lacking as 

research theme and therefore requires further attention. Results reported in chapter 5 

show that temperature had an effect on the developed biofilm structure, composition and 

quantity. The main finding was that these biofilms developing under different water 

temperatures, although having different structures, compositions, and quantities, resulted 

in equal pressure drop increase; raising the concern whether pressure drop increase can 

be used as a sole parameter in describing the impact of biofilm development on 

performance. Oxygen solubility, transfer of nutrient to the biofilm, conversion of nutrient 

by biomass, yield of biomass on nutrient, EPS production, and biomass community 

composition, which are all factors that can vary with a change in temperature, can be 

used to better understand why temperature has this observed effect on the developed 

biofilm. Biofilm developed fastest and had the highest activity at the higher water 

temperature however it was thinnest and least in quantity raising the hypothesis that 

“biofilms developing at a higher water temperature, although causing faster increase in 
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feed channel pressure drop, have a lower impact on the permeate flux and have a lower 

concentration polarization effect in the biofilm”. Seasonal feed water temperature 

variations can result in changes in bacterial cell attachment, EPS production, and the 

whole structure of the developed biofilm, resulting in different effects of accumulated 

biofilm on membrane performance. Slow growing biofilms, at lower temperatures, are 

smooth and strong (Picioreanu et al. 1998). Therefore, the membrane system's 

cleanability is affected by the influence of temperature on the developed biofilm structure 

and composition. Cleanability studies should be done on biofilms developing at different 

temperatures to test the hypothesis that faster growing, less attached biofilms developing 

at higher water temperatures can be easier to clean than slow growing, stronger attached 

biofilms that develop at lower temperatures. 

Proposed follow up studies recommend the use of flow cells with permeate 

production addressing cleanability of the formed biofilm at different temperatures and 

water permeation through the biofilm. 

Practical implications  

Oxygen sensing optodes can detect biofouling development in membrane systems at 

an early stage before any significant increase in feed channel pressure drop is observed. 

Therefore, oxygen sensing optodes is a suitable tool for early warning of biofouling 

(chapter 2). Oxygen sensing optodes can also be suitable for monitoring of biofilm 

development in other water treatment and transport systems e.g. biological processes in 

drinking water distribution systems. The implications of this study is that biofouling 

diagnosis based on accumulated biomass amounts and biofilm thicknesses from 

membrane autopsies is not directly related to the operational problem. The water 
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temperature plays a big role in the biofilm characteristics. The same amount of biomass 

can have different impact on membrane performance and water temperature has shown to 

be an influential parameter (chapter 5). Biofouling diagnosis cannot be based on biomass 

amount only during autopsy. 

Future studies 

A unique feature of oxygen sensing optode imaging is the quantitative and detailed 

information this method generates, especially in terms of the spatial distribution of the 

biofilm. Therefore, the optode method can be used to study the fundamentals of 

development of biofilms under different conditions such as the effect of different spacer 

geometries, configurations, materials, and operational aspects on biofouling development. 

Various cleaning chemicals and protocols can also be evaluated as long as the chemicals 

do not affect the performance of the optode. A consumer grade camera system would be 

suitable for oxygen sensing optode studies, illustrating the relatively low economic cost 

of such system. 

The effect of pretreatment such as sand filtration and ultrafiltration membranes as 

well as chemical dosages (e.g. antiscalant, biocide) on biofilm development can be 

evaluated using oxygen sensing optode imaging system placed at an RO plant.  

Oxygen sensing optode imaging provides two-dimensional spatial biofilm 

distribution information at a µm to mm scale. Coupling this imaging method with optical 

coherence tomography (OCT) can provide additional information about the biofilm 

thickness and internal structure (Dreszer et al. 2014, Valladares Linares et al. 2016, West 

et al. 2016). OCT provides high-resolution three-dimensional biofilm development 
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information which can complement O2 sensing optode imaging for a better understanding 

of biofilm development.  

Permeate production, in addition to feed channel pressure drop, should be used as a 

membrane performance indicator. The difference in structure and composition of the 

developed biofilm under varying conditions will affect membrane performance 

parameters differently.  Effect of biofilm development on pressure drop as well as on 

permeate production should be assessed.  

In this thesis, oxygen sensing optode imaging was done using a ratiometric 

luminescence intensity imaging approach that requires acquiring, after every aerobic 

image, an anaerobic image by injecting sodium dithionite which is laborious. Recently, 

cameras that can perform life-time imaging became commercially available. Life-time 

imaging can be less arduous since it does not require taking anaerobic images, therefore, 

making the image acquiring process easier and quicker. The commercialization of life-

time imaging cameras demonstrates the increasing interest in these non-destructive 

detection techniques.  
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