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Global freshwater demand has significantly increased over the past century and 
continued growth is expected in the coming century. Since more than 97 
percent of the water in the world is seawater, desalination technologies have 
the potential to solve the fresh water crisis. Currently, the most used 
desalination technology is reverse osmosis, where a semipermeable membrane 
is used to separate the salt from the water. The driving force of reverse osmosis 
desalination is hydraulic pressure, which has to be greater than the osmotic 
pressure of the seawater. Due to the high hydraulic pressure reverse osmosis 
has a high energy demand. Lately, hybrid desalination systems, e.g. indirect 
desalination with forward osmosis combined with low pressure reverse osmosis 
are getting more importance. Forward osmosis is also a membrane based 
process that uses the osmotic pressure difference as driving force. One of the 
main advantages of forward osmosis is the limited amount of external energy 
requirement compared to reverse osmosis. The major problem of membrane 
desalination process is fouling, the accumulation of unwanted material on the 
membrane surface, causing performance decline and increase of costs. Several 
types of fouling can occur in membrane processes, biofouling (microbial 
biofilm formation), scaling (mineral salt precipitation), organic fouling 
(deposition of organic macromolecules) and colloidal fouling (deposition of 
particulate matter). In practice biofouling is considered as the major problem in 
membrane systems.  

The objective of this thesis was to better understand how different processes of 
physical, chemical and biological nature affect and lead to biofilm formation in 
spiral wound membrane systems. To achieve this goal, new methods had to be 
developed. Systematic laboratory studies on membrane biofouling require 
experimental conditions that are well-defined and representative for practice. 
However, flow rate variations affect biofilm formation, morphology, 
detachment and the impact of the accumulated biomass on membrane 
performance parameters such as feed channel pressure drop. Therefore, an 
automated system to enable constant flow operation and accurate monitoring of 
operational parameters of small-scale membrane fouling monitors has been 
developed and tested (Chapter 2). The flow in spiral wound membrane systems 
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is determined by the feed spacer geometry. To study hydrodynamics in spiral 
wound membrane systems, the micro-scale flow distribution in spacer-filled 
flow channels was determined with particle image velocimetry (Chapter 3). 
Two-dimensional water velocity fields were measured in a flow cell at several 
planes throughout the flow channel height. Three-dimensional computational 
fluid dynamics simulations were performed using the same geometries and 
flow parameters as in the experiments. The numerical results were in good 
agreement with the experimentally determined flow fields, thus supporting the 
use of model-based studies in the optimization of feed spacer geometries and 
operational conditions. 

The influence of biodegradable organic nutrient load on biofouling was 
investigated at varying crossflow velocity, nutrient concentration, flow shear 
and feed spacer thickness (Chapter 4). Results showed that the organic nutrient 
load determined the amount of accumulated biomass. The same amount of 
accumulated biomass was found at constant nutrient load, irrespective of linear 
flow velocity, shear or feed spacer thickness. Reducing the nutrient load by 
pre-treatment slowed-down the biofilm formation. The impact of accumulated 
biomass on membrane performance can be reduced by applying a lower 
crossflow velocity or a thicker feed spacer.  

Surface coating of membranes and feed spacers was investigated as a way to 
control biofilm development and biofouling impact on membrane performance 
(Chapter 5). Commercial reverse osmosis membranes were coated with 
hydroxyehtyl methacrylate and perfluorodecyl acrylate copolymer films of 
optimized chemistry and thickness. Biofouling studies with coated and 
uncoated membranes and feed spacers were performed. Results showed that the 
amphiphilic coating delayed the biofilm formation and influenced the biofilm 
composition (higher extracellular polymeric substance content). The coating 
showed strong attachment to the membrane and spacer, still being present at 
the end of the biofouling study. However, membrane and spacer coating alone 
was not sufficient to avoid or control biofilm development. 

A three-dimensional mathematical model for biofouling of feed spacer 
channels including hydrodynamics, solute transport and biofilm formation was 
developed in COMSOL Multiphysics and MATLAB software (Chapter 6). 
Results of this study indicate that the feed channel pressure drop increase 
caused by biofilm formation can be reduced by using thicker and modified feed 



515343-L-sub01-bw-Bucs515343-L-sub01-bw-Bucs515343-L-sub01-bw-Bucs515343-L-sub01-bw-Bucs
Processed on: 20-11-2017Processed on: 20-11-2017Processed on: 20-11-2017Processed on: 20-11-2017 PDF page: 9PDF page: 9PDF page: 9PDF page: 9

Summary 
 

9 
 

spacer geometry and a lower flow rate in the feed channel. The increase of feed 
channel pressure drop by biomass accumulation was strongly influenced by the 
biofilm location: biomass on the feed spacer had a higher impact on feed 
channel pressure drop than the biomass accumulated on the membrane surface. 

Forward osmosis (FO) is an emerging membrane technology with a range of 
possible water treatment applications including desalination. Wastewater 
recovery has been identified to be particularly suitable for practical applications 
of forward osmosis. However, biofouling is also a problem in forward osmosis 
membrane processes involving wastewater effluents. The study on the 
influence of feed spacer thickness on performance and biofouling development 
at the feed side of the forward osmosis membrane (Chapter 7) demonstrated 
that the biomass amount alone does not determine the performance decline. 
Importantly, it was shown that the performance decline caused by biomass 
accumulation in forward osmosis can be reduced by using a thicker feed 
spacer, as also reported in other studies for reverse osmosis spiral wound 
systems.  

The experimental and computational evaluation of biofilm formation in 
forward osmosis (Chapter 8) processes revealed that the presence of a biofilm 
on the membrane significantly affects the external concentration polarization 
and can become the limiting factor for water permeation. Unlike in reverse 
osmosis systems, the same amount of biomass leads to stronger water flux 
decline (less water production) when the biofilm develops on the draw side of 
the forward osmosis membrane, compared to the biofilm formed on the feed 
side, due to higher concentration polarization induced by the foulant layer in 
the draw channel. Not only biofilm properties such as hydraulic permeability 
and mean thickness, but also the biofilm porosity and spatial heterogeneity 
must be considered when evaluating biofouling effects on the performance of 
membrane-based separation systems. Since biofilm formed in forward osmosis 
membrane systems tend to grow thicker, and more porous than in reverse 
osmosis, measurements obtained in forward osmosis are needed to reveal how 
the biofilm parameters develop in time and to supply the numerical models 
with realistic parameter values enabling detailed understanding of the 
processes. Knowledge in biofilm processes in forward osmosis may lead to 
more effective biofouling control strategies in both forward and reverse 
osmosis membrane systems. 
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De wereldwijde vraag naar zoetwater is in de afgelopen eeuw aanzienlijk 
toegenomen en in de toekomst wordt een verdere toename verwacht in de 
behoefte naar zoetwater. Aangezien meer dan 97 procent van het water in de 
wereld zoutwater is, kunnen ontziltingstechnologieën de zoetwatercrisis 
oplossen. Momenteel is de meest gebruikte ontziltingstechnologie omgekeerde 
osmose, waar een semipermeabel membraan wordt gebruikt om water van zout 
te scheiden. De drijvende kracht van omgekeerde osmose ontzilting is de 
hydraulische druk die groter moet zijn dan de osmotische druk van het 
zeewater. Door de hoge hydraulische druk heeft omgekeerde osmose een hoge 
energiebehoefte. In de afgelopen tijd zijn hybride ontziltingssystemen steeds 
belangrijker geworden, b.v. indirecte ontzilting met forward osmose 
gecombineerd met lage druk omgekeerde osmose. Forward osmose is ook een 
membraan gebaseerd proces waarbij het osmotische drukverschil dient als 
drijvende kracht voor watertransport over het membraan. Een van de 
voornaamste voordelen van forward osmose is de lagere energiebehoefte ten 
opzichte van omgekeerde osmose. Het belangrijkste probleem van membraan 
gebaseerde ontzilting is vervuiling, accumulatie van ongewenst materiaal op 
het membraanoppervlak, waardoor de membraanprestaties afnemen en 
economische kosten van waterproductie toenemen. Verschillende soorten 
vervuilingen kunnen zich voordoen in membraansystemen, biofouling 
(microbiële biofilmvorming), scaling (minerale zoutafzetting), organische 
verontreiniging (afzetting van organische macromoleculen) en colloïdale 
vervuilingen (afzetting van deeltjes). In de praktijk is biofouling een dominant 
probleem. 

Het doel van dit proefschrift was om beter te begrijpen hoe verschillende 
fysieke, chemische en biologische processen invloed hebben op biofilm-
accumulatie in spiraalgewonden membraan systemen. Om dit doel te bereiken, 
moesten nieuwe methoden ontwikkeld worden. Systematische 
laboratoriumstudies aan membraan biofouling vereisen experimentele condities 
die goed gedefinieerd en representatief zijn voor de praktijk. Variaties in de 
waterstroomsnelheid in membraansystemen beïnvloeden de vorming van 
biofilm, morfologie, sloughing en de impact van de geaccumuleerde biomassa 
op membraanprestatieparameters, zoals de drukval over het feed spacer-kanaal. 
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Daarom is een geautomatiseerd systeem voor constante waterstroom en 
nauwkeurige monitoring van membraan operationele parameters voor kleine 
monitors ontwikkeld en getest (hoofdstuk 2). De waterstroomsnelheid in 
spiraalgewonden membraansystemen wordt bepaald door de geometrie van de 
feed spacer. Om hydrodynamica te bestuderen in spiraalgewonden 
membraansystemen, werd de waterstroomverdeling op microschaal in 
spacerkanalen bepaald met particle image velocimetry (hoofdstuk 3). 
Tweedimensionale watersnelheden werden gemeten in een monitor op 
verschillende vlakken over de hoogte. Driedimensionale computersimulaties 
van fluid dynamics werden uitgevoerd met dezelfde spacer geometrieën en 
waterstroom als in de experimenten. De numerieke resultaten waren in goede 
overeenstemming met de experimenteel bepaalde waterstroomkarakteristieken, 
die het gebruik van modelgebaseerde studies ondersteunen voor de 
optimalisatie van de spacer-geometrie en operationele condities. 

De invloed van biologisch afbreekbare organische nutriëntbelasting - product 
van nutriëntconcentratie en lineare waterstroomsnelheid - op biofouling werd 
onderzocht bij verschillende waterstroomsnelheden, nutriëntconcentraties, 
shear en spacerdikte (hoofdstuk 4). Resultaten toonden aan dat de organische 
nutriëntbelasting de hoeveelheid geaccumuleerde biomassa bepaald. Dezelfde 
hoeveelheid geaccumuleerde biomassa werd gevonden bij constante 
nutriëntbelasting, ongeacht de lineaire waterstroomsnelheid, shear of 
spacerdikte. Het verminderen van de nutriëntbelasting door biologische 
waterzuivering vertraagde de biofilmaccumulatie. De invloed van 
geaccumuleerde biomassa op membraanprestaties kan worden verminderd door 
een lagere waterstroomsnelheid of gebruik van een dikkere spacer.  

Coating van membranen en spacers werd onderzocht als een manier om 
biofouling te beheersen (hoofdstuk 5). Commerciële omgekeerde osmose 
membranen werden gecoat met dunne hydroxyehtyl methacrylaat en 
perfluorodecylacrylaat copolymer films. Biofouling studies werden uitgevoerd 
met gecoate en niet-gecoate membranen en spacers. Resultaten toonden aan dat 
de amphiphilic coating de biofilmvorming vertraagde en de 
biofilmsamenstelling beïnvloedde (hogere extracellular polymeric substance 
gehalte). De coating liet een sterke binding zien aan het membraan en de 
spacer, die nog aan het einde van de biofouling studie aanwezig was. 
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Membraan- en spacercoating alleen was niet voldoende om 
biofilmontwikkeling te voorkomen of beheersen. 

Een driedimensionaal wiskundig model voor biofouling van spacerkanalen 
waaronder hydrodynamica, mass-transport en biofilmvorming was ontwikkeld 
in COMSOL Multiphysics en MATLAB software (hoofdstuk 6). Resultaten 
van deze studie geven aan dat de drukvaltoename veroorzaakt door 
biofilmvorming kan worden verminderd door het gebruik van dikkere en 
aangepaste geometrie spacers en een lagere stroomsnelheid in het spacerkanaal. 
De toename van de spacerkanaal drukval door geaccumuleerde biomassa werd 
sterk beïnvloed door de biofilmlokatie: biomassa op de spacer had een hogere 
invloed op de drukval dan de biomassa geaccumuleerd op het 
membraanoppervlak.  

Forward osmose (FO) is een opkomende membraantechnologie met een scala 
aan mogelijke waterbehandeling toepassingen waaronder ontzilting. 
Waterhergebruik is geïdentificeerd als bijzonder geschikt voor praktische 
toepassingen van forward osmose. Biofouling is echter ook een probleem bij 
forward osmose membraanprocessen gevoed met effluent van 
afvalwaterzuiveringen. De studie van de invloed van spacerdikte op 
membraanperformance en biofouling-accumulatie op de voedingszijde van het 
forward osmose membraan (hoofdstuk 7) toonde aan dat de 
biomassahoeveelheid alleen niet bepalend was voor de afgenomen 
membraanperformance. De afgenomen membraanperformance als gevolg van 
geaccumuleerde biomassa in forward osmose kan worden beperkt door gebruik 
van een dikkere spacer, zoals gerapporteerd in andere studies aan omgekeerde 
osmose membraansystemen.  

Uit de experimentele en numerieke evaluatie van biofilmvorming in forward-
osmose processen (hoofdstuk 8) bleek dat de aanwezigheid van een biofilm op 
het membraan de externe concentratiepolarisatie significant beïnvloedt en de 
beperkende factor kan zijn voor water productie. In tegenstelling tot 
omgekeerde osmosesystemen, leidt dezelfde hoeveelheid biomassa in forward 
osmose tot een sterkere waterfluxafname (minder waterproductie) wanneer de 
biofilm zich ontwikkelt aan de concentraatzijde van het membraan. Dit verschil 
wordt veroorzaakt door de hogere concentratie polarisatie in de biofilm aan de 
concentraatzijde van het forward osmose membraan. In aanvulling op 
biofilmeigenschappen zoals hydraulische permeability en dikte, dienen ook de 
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biofilmporositeit en ruimtelijke heterogeniteit in overweging te worden 
genomen bij het evalueren van biofouling-effecten op de performance van 
membraan-gebaseerde scheidingssystemen. Aangezien de biofilm gevormd in 
forward osmose membraansystemen dikker en meer poreus zijn dan in 
omgekeerde osmose, zijn metingen verkregen in forward osmose nodig om te 
begrijpen hoe de biofilmparameters in tijd ontwikkelen en om de numerieke 
modellen te leveren met realistische parameterwaarden waardoor gedetailleerd 
inzicht kan worden verkregen in biofilmprocessen. Kennis in biofilm processen 
in forward osmose kan leiden tot effectievere biofouling controle strategieën in 
zowel forward osmose en omgekeerde osmose membraan systemen. 
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FRESH WATER AVAILABILITY  

Global freshwater use has grown over the past century from an estimated 
annual 580 km3 in 1900 to 3829 km3 in 2000, and continued increase is 
expected in the coming century (World Water Assessment Programme, 2012). 
Currently, more than two billion people live in highly water-stressed areas 
(Figure 1.1) (UNDP, 2006; Vörösmarty et al., 2000). Because of the uneven 
distribution of fresh water in time and space, the situation is likely to worsen in 
the future as regions expected to experience more extreme climate conditions 
and rapidly growing demands in water-use sectors: agriculture (crop 
production, livestock), domestic (municipal), and industry (energy, 
manufacturing) (Vörösmarty et al., 2000).  

A sufficient, secure water supply is essential for meeting basic human needs 
and for the functioning of many sectors of the economy, making an 
understanding of future water demands crucial for policy makers to address the 
water scarcity challenge for the current and the generations to come (UNDP, 
2006; WHO, 2015). The consequences of imbalances between water supply 
and demand are already known, and are occurring in many countries around the 
globe (WHO, 2015). 

Since more than 97 percent of the water in the world is seawater, desalination 
technologies have the potential to solve the fresh water crisis. Seawater 
desalination is already used in many countries mainly in water scares regions 
such as the Middle East, but also in some countries with adequate freshwater 
resources (Figure 1-2). 
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Figure 1-1: Water scarcity map (image adapted from International Water Management Institute).  

 

Figure 1-2: The ten largest desalination capacity by countries. The numbers represents the 
desalination capacity in million m3 per day.  

Desalination technologies can be separated in two major groups: thermal 
desalination and membrane desalination. Thermal desalination separates salt 
from water by evaporation and condensation, whereas in membrane 
desalination water diffuses through a membrane, while salts are almost 
completely retained. 
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While thermal desalination was the main desalination technology in the past, 
membrane based desalination technologies gained importance in the last 
decade, reaching 60 percent of the global desalination capacity in 2015 with a 
continuously increasing trend (Pankratz, 2012). This is explained by the 
improvement in efficiency and lower energy demand of the membrane based 
desalination processes. Reverse osmosis (RO) and nanofiltration (NF) currently 
holds the largest desalination capacity globally (Lattemann et al., 2010). Beside 
RO and NF there are also alternative membrane based desalination processes 
include electro-dialysis (ED), membrane distillation (MD) and forward osmosis 
(FO).  

MEMBRANE BASED DESALINATION PROCESSES 

Forward osmosis 

Osmosis is the naturally occurring process in which water from solution passes 
through a semipermeable membrane to dilute a more concentrated solution. 
The driving force of osmotic processes is the difference in chemical potential 
between the solutions separated by the membrane. Practically, the difference in 
chemical potential is represented by a difference in concentrations. 

T�K�H�� �R�V�P�R�W�L�F�� �S�U�H�V�V�X�U�H�� �Œ��depends on the mole fraction of water xW in the 
solution: 

ln( )W

b

R×T
x

V
�S�  � �       1-1 

with molar volume of water Vb, ideal gas constant R and temperature T. In the 
direct osmosis, the flux of water JW through the semipermeable membrane is 
proportional with the local osmotic pressure difference, �û�Œ, but altered by the 
difference in hydraulic pressure, �ûp, that may exist on the two sides of the 
membrane. The proportionality factor is called membrane permeability, A: 

( )WJ A p�S�  � ' � � � '      1-2 

Osmosis can be used for water treatment in a process called forward osmosis 
(FO). There are two main approaches for water desalination with FO, namely 
direct and indirect desalination (Valladares Linares et al., 2014b). The direct 
FO desalination concept is similar to other conventional membrane based 
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desalination processes (e.g. reverse osmosis, nanofiltration) in which fresh 
water is directly extracted from a saline water (seawater or brackish water). 
Direct FO desalination uses saline water as the feed solution (FS) and an 
osmotic reagent such as a non-volatile salt like NaCl, or a volatile salt such as 
ammonia�±carbon dioxide solution, among others (Chekli et al., 2012), as the 
draw solution (DS). In this process, an additional step, a draw solution recovery 
process, is needed to separate the DS from the solution in the diluted DS to 
recover fresh water (McCutcheon et al., 2005). 

In indirect desalination, typically, an impaired water source is used as �³�I�H�H�G�´ 
solution and treated by extracting water with high �V�D�O�L�Q�L�W�\���Z�D�W�H�U���D�V���W�K�H���³�G�U�D�Z�´��
solution. Seawater and brackish water are potential DSs for indirect 
desalination. The attractiveness of this process is to extract clean water from 
the feed using free osmotic energy, leading to partially desalinated water 
(diluted DS) which can be further desalinated by a subsequent low-pressure 
reverse osmosis (LPRO) step as part of an FO�±LPRO hybrid process (Yangali-
Quintanilla et al., 2011), and thus reduce the cost of the entire desalination 
process. 

Reverse osmosis 

Reverse osmosis (RO) uses the same principle of water passage through a 
membrane separating solutions of different concentrations, but it applies 
hydraulic pressure on the concentrated solution as driving force for the process. 
Thus, the direction of the water passing through the membrane is reversed: 

 ( )WJ A p �S�  � ' � � � '      1-3 

In equation 1-3 the driving force is the applied pressure �ûp which now has to 
overcome the osmotic pressure difference �û�Œ.  Based on this principle, fresh 
water can be separated from saline water and this leads to fresh water 
production through desalination. 

Reverse osmosis is currently the most frequently used desalination process with 
the aid of membranes. Reverse osmosis membranes are made of certain 
polymers that present semi-permeability. These membranes are able to reject 
nearly all colloidal or dissolved matter from aqueous solutions, resulting a 
more concentrate�G���V�R�O�X�W�L�R�Q�� �F�D�O�O�H�G�� �³brine�  ́and fresh water, usually referred as 
�³�S�H�U�P�H�D�W�H�´. The most important criterion for the RO membranes is the 
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rejection factor, Rm, which gives their permeability for dissolved substances. 
The rejection factor is defined from the ratio of concentrations in permeate, Cp, 
and brine, Cb: 

  1 p
m

b

C
R

C
�  � �        1-4 

Typical salt rejection coefficients for RO must be greater than 0.98 (DOW, 
2014).  

Besides its application in the production of drinking water, RO is also applied 
for the effluent treatment and separation of diverse chemical compounds from 
aqueous solutions in industrial applications. 

Pre-treatment processes 

Forward and reverse osmosis processes are used to separate solutes from water. 
However, raw water contains also particulate components, which must be 
removed before applying RO and FO, otherwise strong fouling could occur in 
the membrane modules. Pre-treatment of the raw water is commonly done by 
microfiltration (MF) or ultrafiltration (UF) membranes, in order to remove fine 
colloidal particles, bacteria, viruses and larger organic molecules (e.g., 
proteins, humic acids). Besides MF and UF, nanofiltration (NF) membranes 
reject molecules with a molecular weight greater than 200 g/mole, while RO 
and FO remove all dissolved compounds from water. Pressures applied in 
industrial RO plants vary between 15 bar (in brackish water desalination) and 
up to 80 bar in seawater desalination, while there is no hydraulic pressure 
applied in FO (Greenlee et al., 2009).   

Membrane modules 

Commercially available membrane modules include spiral wound, hollow 
fibre, tubular and plate-and-frame modules (Mulder, 1996). Amongst these, the 
hollow fibre modules and spiral wound modules are the most common, due to 
their high membrane area to volume ratio. The hollow fibre modules require 
more comprehensive pre-treatment than the spiral-wound membranes and they 
also tend to foul more rapidly (Butt et al., 1997). Spiral wound membrane 
modules ranging from RO to UF are widely used for commercial applications. 
The applications include desalination, water treatment, water reclamation, 
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treatment of industrial waste water, product treatment in the dairy industry and 
recovery of valuable products in the pharmaceutical industry (Mulder, 1996). 

A schematic diagram of a spiral wound membrane module is shown in Figure 
1-3. The major components of an spiral wound module are the membrane, the 
feed and permeate channels, spacers which keep the membrane leaves apart, 
the permeate tube and the membrane housing (Dickson et al., 1994). The feed 
channel spacer also enhances mass transfer near the membrane but inevitably 
increases pressure loss along the membrane leaf (Da Costa et al., 1994; Radu et 
al., 2010). Membrane sheets with the spacers in between are glued together on 
three sides to form a leaf and multiple leaves are rolled up around the permeate 
tube to create the feed and permeate channels.  

 

Figure 1-3: Schematic representation of a spiral wound membrane module (figure adapted from Conwed 
Plastics Inc.). 

A pressurised module housing holds the membrane leaves in place to prevent 
unwinding. Usually three or more modules are connected in series in the 
pressure vessels (Schwinge et al., 2004a). 

The geometry of a spiral wound membrane module is described by the number 
of membrane leaves, the length and width of each membrane leaf, and the feed 
and permeate channels height. The channel heights are defined by the feed and 
permeate spacer heights. The spacers themselves are characterised by the mesh 
length (distance between spacer filaments), filament diameter and orientation 

FEED SPACER
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of the filaments (Picioreanu et al., 2009). The feed solution flows in an axial 
direction parallel to the permeate tube through the feed channel. The solvent 
(produced fresh water) passes through the membrane and flows as permeate 
spirally along the curved permeate channel until it is collected in the permeate 
tube.  

The major problems for the performance of spiral wound membrane modules 
are concentration polarization, organic and biofouling and high feed channel 
pressure loss (Schwinge et al., 2004a). The performance of the modules is 
affected by many factors: 

�x spacers geometry, which greatly affect local mixing, mass transfer and 
pressure loss, 

�x fouling propensity and cleaning ability, 
�x plant design and operating conditions, such as feed pre-treatment, feed 

concentration, feed pressure and permeate recovery. 

Membrane fouling 

Four major types of fouling can occurs in spiral wound membrane systems: 
colloidal (suspended particles such as silica), inorganic (salt precipitations such 
as metal hydroxides and carbonates), organic (natural organic matters such as 
humic acid), and biological (such as bacteria and fungi). Because the reverse 
osmosis and forward osmosis membranes are nonporous, the formation of a 
fouling layer on the membrane surface is referred to as the dominant fouling 
mechanism (Kang and Cao, 2012). RO membrane fouling is closely related to 
the interaction between the membrane surface and the foulant. Previous studies 
indicated that the physicochemical properties of RO membrane surface, such as 
hydrophilicity, roughness and electrostatic charge, and the feed spacer 
geometry are major factors influencing membrane fouling (Louie et al., 2011; 
Vrouwenvelder et al., 2009a). 

Particles in colloidal size range (1 nm �± 10 �Pm) can be present in the feed water 
and will deposit on the membrane surface. Colloidal particles reported to cause 
problems in spiral wound membrane systems include aluminium silicate clays, 
silica, iron and manganese oxides (Tang et al., 2011). Inorganic fouling or 
scaling is the formation of mineral deposits on the membrane surface. As the 
feed water becomes more concentrated in salt towards the end of the membrane 
module some salt may reach their solubility limit and form precipitate. The 
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most commonly reported precipitates in spiral wound membrane systems are 
calcium carbonate, calcium sulphate, calcium phosphate, barium sulphate and 
silica (Antony et al., 2011). 

Several organic macromolecules like polysaccharides, humic acids and proteins 
may deposit at the membrane surface. In wastewater effluent used as NF/RO 
feed as well as in natural waters, dissolved organic matter is very likely to be 
present. In seawater, algal organic matter may be found as transparent 
exopolymer particles (Villacorte et al., 2009).   

�%�L�R�I�R�X�O�L�Q�J�� �U�H�S�U�H�V�H�Q�W�V�� �W�K�H�� �³�$�F�K�L�O�O�H�V�� �K�H�H�O�´�� �R�I�� �W�K�H�� �P�H�P�E�U�D�Q�H�� �S�U�R�F�H�V�V�� �E�H�F�D�X�V�H��
microorganisms can multiply over time; even if 99.9 percent of them are 
removed with pre-treatment of the feed water, there are still enough microbial 
cells remaining which can continue to grow at the expense of biodegradable 
substances in the feed water (Flemming, 1997). Biofouling can be considered 
as a biotic form of organic fouling, while fouling caused by organic matter 
derived from microbial cellular debris can be considered as an abiotic form of 
biofouling (Flemming, 2002). Biofouling has been known as a contributing 
factor to more than 45 percent of all membrane fouling (Nguyen et al., 2012) 
and has been reported as a major problem in nanofiltration (NF) and reverse 
osmosis (RO) membrane filtration (Flemming, 1997; Nguyen et al., 2012). The 
greatest effect of biofilms on membrane systems may be attributed to the 
physical properties of the extracellular polymeric substance (EPS) matrix 
generated by the embedded microorganisms. Relevant characteristics of the 
EPS matrix are: 

�x gel-like structure with reduced efficiency of convection processes and 
greater importance of diffusional processes 

�x porosity of the gel, which controls the permeation rate of water through 
a biofilm 

�x fluid friction resistance, caused by the rough, viscoelastic properties of 
biofilms 

Several fouling control strategies have been developed and tested in full-scale 
installations. Colloidal, inorganic and organic fouling can generally be 
controlled by pre-treatment or by dosage of chemicals (antiscalants). However, 
biofouling can only be delayed by pre-treatment but not eliminated. Dosage of 
oxidising biocides such as free chlorine is not possible due to damage of the 
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membrane structure. Several non-oxidising biocides were proven to be used as 
nutrient by the microorganism enhancing biofilm growth (Creber et al., 2010b; 
Vrouwenvelder et al., 2000). Current research focus on membrane surface 
modification, non-oxidizing biocides development and modification of the feed 
channel geometry and operating condition in order to eliminate or reduce the 
biofouling in the spiral wound membrane systems (Araújo et al., 2012b; 
Bertheas et al., 2009; Geraldes et al., 2003; Louie et al., 2011; Tang et al., 
2009; Wang et al., 2012). 

Despite the efforts on controlling fouling in spiral wound membrane systems, 
biofouling is still the major problem in membrane filtration processes, causing 
increased energy demand and unstable operation. Fundamental understanding 
of the biofilm formation in spiral wound membrane systems is crucial in order 
to develop strategies to control and keep biofouling at an acceptable level. 

SCOPE AND OUTLINE OF THE THESIS 

The objective of this thesis was to better understand the biofouling mechanisms 
in spiral wound reverse osmosis and forward osmosis membrane systems using 
experimental and mathematical approaches. 

The thesis is structured in three themes: (i) method development, (ii) impact of 
nutrients, materials and operating conditions on biofilm developments in 
reverse osmosis spiral wound membrane systems and (iii) biofouling in 
forward osmosis membrane systems. 

Systematic laboratory studies on membrane biofouling require experimental 
conditions that are well defined and representative for practice. Hydrodynamics 
and flow rate variations affect biofilm formation, morphology, and detachment 
and impacts on membrane performance parameters such as feed channel 
pressure drop. The objective of this study was to develop a system to provide 
an accurately measured, stable water flow through the MFSs, enabling to study 
biofouling in spiral wound membrane systems systematically, under well-
controlled and defined conditions (Chapter 2). The impact of different spacer 
geometries on the water flow pattern is not easily measurable experimentally 
due to the inherently small length-scales involved. Alternatively, advances in 
numerical performance have led to computational fluid dynamics (CFD) 
techniques being the primary means to understand the fluid flow in spacer-
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filled channels. Therefore, the micro-scale flow patterns in a feed spacer-filled 
channel under conditions representative for current practical applications (i.e., 
similar linear flow velocity and channel dimensions) using particle image 
velocimetry (PIV) was experimentally evaluated, and compared with three-
dimensional numerical simulations (Chapter 3). 

The second theme of the thesis is focusing on the biofilm development in spiral 
wound membrane systems under various conditions. The influence of 
biodegradable organic nutrient load on biofouling, addressing the feed channel 
pressure drop increase (operational parameter) and biofilm development was 
determined in Chapter 4. Chapter 5 evaluated the impact of the membrane and 
feed spacer surface modification on biofilm formation and biofouling control in 
membrane systems. The study presented in Chapter 6 evaluated the biofilm 
development under various operational conditions and the impact of biomass 
location by numerical simulations.  

High energy demand for current pressure drive desalination technologies has 
limited its use in several regions. One of the main advantages of forward 
osmosis (FO) is the limited amount of external energy requirement. For 
desalination applications of FO, there are two possible approaches, direct and 
indirect desalination. In direct FO desalination processes fresh water is directly 
extracted from seawater or brackish water by using the high salinity water as 
feed solution and an osmotic reagent as draw solution. In indirect FO 
desalination, the high salinity water is used as draw solution and an impaired 
water such as secondary wastewater effluent is used as of feed solution. The 
attractiveness of indirect FO desalination beside the low-cost draw solution 
(seawater or brackish water) relies on the diluted draw solution (diluted 
seawater) which can be used as feed water in a subsequent desalination process 
like reverse osmosis, thus reducing the cost of the entire desalination process. 
The last theme (Chapter 7 and 8) focuses on biofouling and its effect on 
forward osmosis membrane systems. The influence of feed spacer, biofilm 
properties, location and surface coverage was analysed experimentally and by 
numerical simulations.  

The thesis is structured as a paper dissertation, i.e. it consists of a number of 
scientific articles, except for the introduction chapter. Some repetitions are 
consequently unavoidable in individual chapters. Small adaptations have been 
made to improve the chapters. 
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Abstract 

Systematic laboratory studies on membrane biofouling require experimental 
conditions that are well defined and representative for practice. Hydrodynamics 
and flow rate variations affect biofilm formation, morphology, and detachment 
and impacts on membrane performance parameters such as feed channel 
pressure drop. There is a suite of available monitors to study biofouling, but 
systems to operate monitors have not been well designed to achieve an 
accurate, constant water flow required for a reliable determination of biomass 
accumulation and feed channel pressure drop increase. Studies were done with 
membrane fouling simulators operated in parallel with manual and automated 
flow control, with and without dosage of a biodegradable substrate to the feed 
water to enhance biofouling rate. High flow rate variations were observed for 
�W�K�H�� �P�D�Q�X�D�O�� �Z�D�W�H�U�� �I�O�R�Z�� �V�\�V�W�H�P�� ���X�S�� �W�R�� �§�������� �F�R�P�S�D�U�H�G�� �W�R�� �W�K�H�� �D�X�W�R�P�D�W�L�F�� �I�O�R�Z��
control system (<1%). The flow rate variation in the manual system was 
strongly increased by biofilm accumulation, while the automatic system 
maintained an accurate and constant water flow in the monitor. The flow rate 
influences the biofilm accumulation and the impact of accumulated biofilm on 
membrane performance. The effect of the same amount of accumulated 
biomass on the pressure drop increase was related to the linear flow velocity. 
Stable and accurate feed water flow rates are essential for biofouling studies in 
well-defined conditions in membrane systems. 
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INTRODUCTION 

Biofouling, the unwanted deposition and growth of biofilms (Flemming, 2002), 
is a problem encountered in most membrane installations in the water industry 
(Peña et al., 2012). Extensive pre-treatment and/or chemical dosage to feed 
water can prevent particulate fouling or scaling, however, biofouling remains a 
major problem, especially in spiral wound membrane systems (Baker and 
Dudley, 1998; Flemming et al., 1997; Schneider et al., 2005; Shannon et al., 
2008; Tasaka et al., 1994; van Loosdrecht et al., 2012; Vrouwenvelder et al., 
2008b). Biofilm growth in membrane systems and the impact on membrane 
performance is affected by several interrelated factors, such as the availability 
of biodegradable nutrients, hydrodynamics (Bucs et al., 2014b; Radu et al., 
2012; Vrouwenvelder et al., 2009b; Ying et al., 2013), feed spacer design, and 
surface material (Kang and Cao, 2012), and it is not directly related to 
parameters measured in the feed water such as total organic carbon (TOC) 
concentration and bacterial cell number (Vrouwenvelder et al., 2008b). 
Therefore, there is a need for systematic, controlled laboratory studies with a 
well-designed membrane biofouling monitor system, representative for full-
scale applications. Many monitors have been developed to study biofilm 
growth (Bakke et al., 2001; Blanco et al., 2011; Boorsma et al., 2011; Cloete 
and Maluleke, 2005; Donlan et al., 2004). Most monitors were designed to 
simulate biofouling in heat exchangers, cooling towers, and water distribution 
networks (Zhang et al., 2011; Zinn et al., 1999), and were not representative for 
biofouling in membrane systems. Although the mentioned applications share 
the same problem, biofilm development and the impact on performance might 
be entirely different. For example, a biofilm monitor developed to study the 
biofouling growth in a water distribution network will not be representative for 
biofouling development in membrane filtration installations. Fouling in 
membrane-based water treatment installations causes an increase in normalized 
pressure drop over the feed channel and/or reduction in normalized flux and/or 
increase in salt passage (Ridgeway and Foundation, 2003). In order to enable 
improved plant performance, monitor studies should be carried out to get a 
better understanding of the biofilm development process, in order to formulate 
more suitable control strategies. A membrane biofouling monitor system is 
defined as a device, where water-containing nutrients passes through a flow 
cell, containing a membrane and a feed spacer to which micro-organisms attach 
and grow to form a biofilm. Operational data can be obtained from the monitor 
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like pressure drop increase, water flux, and feed water flow rate, and allows 
visual observation of fouling development. For a representative application, the 
monitor should resemble the spiral wound membrane element, in terms of 
materials and hydrodynamic conditions: the flow distribution should be 
uniform, and the pressure drop should be similar to spiral wound elements and 
should have the same feed water composition. The relationship between linear 
flow velocity and pressure drop for the monitor should be representative of the 
spiral wound membrane element. Currently, monitors containing membranes 
and feed spacers, differing in terms of size and operation mode are available to 
study the biofilm development in spiral wound membrane systems 
(Vrouwenvelder et al., 2007a, 2007b, 2006). Many of these monitors have 
shown to be suitable for biofouling studies in membrane filtration systems, but 
require close attention during operation (Dreszer et al., 2014a; Nguyen et al., 
2012). The driving force in applied membrane fouling simulator (MFS) setups 
to generate flow through the MFS is the drinking water distribution network 
pressure. The flow rate is controlled manually by a valve installed at the 
outflow side of the flow cell. During the experiments, the flow rate is measured 
manually, and the valve is adjusted to keep a constant flow rate. When fouling 
occurs, flow adjustments have to be more frequently done, making these 
monitor setups difficult to operate. Therefore, there is a need for a system to 
enable constant flow operation and accurate monitoring of operational 
parameters of small-scale membrane monitors. Such a system should provide a 
constant feed flow under biofilm accumulation conditions in the monitor and 
accurate measure of the pressure drop across the flow channel (Table 2.1).  

Table 2.1: Inventory of the required features, current status and the developed system for 
operation of membrane fouling simulators. 
 required features of the system current status developed system 
1. stable, constant water flow manual reading and frequent 

manual adjustments 
automated system with flow 
sensor and continuous 
automatic adjustments 

2. adjustable feed pressure for 
permeate production 

depending on the feed water 
pressure (1 �± 4 bar) 

the system can be operated 
between 0 �± 17 bar 

3. accurate measurements and 
readings of operation 
parameters 

manual reading with high time 
frames 

automated adjustable  reading 
frequency from 1 second up to 
24 hours 

4. easy and flexible operation need for feed pressure and 
operation parameter readings 

operates without feed pressure 
and can be manipulated 
remotely  

5. compatibility with current flow 
cells to study fouling in spiral 
wound systems 

compatible only with low 
pressure cell, without permeate 
production 

compatible with current flow 
cells  

 



515343-L-sub01-bw-Bucs515343-L-sub01-bw-Bucs515343-L-sub01-bw-Bucs515343-L-sub01-bw-Bucs
Processed on: 20-11-2017Processed on: 20-11-2017Processed on: 20-11-2017Processed on: 20-11-2017 PDF page: 31PDF page: 31PDF page: 31PDF page: 31

Experimental Setup for Stable Flow Conditions in Biofouling Studies 
 

31 
 

The objective of this study was to develop a system to provide an accurately 
measured, stable water flow through the MFSs, enabling to study biofouling in 
spiral wound membrane systems systematically, under well-controlled and 
defined conditions. 

MATERIALS AND METHODS 

Description of the developed biofilm monitor setup 

The biofilm monitor setup was equipped with a water pump, pressure 
dampener, thermometer, flow meter, flow cell, differential pressure transmitter, 
and a back-pressure valve to enable unit pressurization (Figure 2-1). All 
sensors and the feed water pump were connected to a central computer (TAC 
Vista Server). The server logged all data received from the sensors and also 
regulated the feed water transport pump. The water flow through the flow cell 
was provided by a pump (metering diaphragm pump, Hydra-Cell G20, Wanner 
Engineering, USA). To eliminate pulsation in the water flow, a pressure 
dampener was installed right at the outlet of the pump. The pump can be 
connected directly to a water distribution network or a break (equalization) 
�W�D�Q�N�����$�F�F�R�U�G�L�Q�J���W�R���W�K�H���P�D�Q�X�I�D�F�W�X�U�H�U�¶�V���V�S�H�F�L�I�L�F�D�W�L�R�Q�V�����W�K�H���P�D�[�L�P�X�P���Z�D�W�H�U���I�O�R�Z��
rate of the pump is 230 L�Âh�í1 at a pressure of 17 bar. 

A paddle wheel flow sensor (Flow X3, Italy) was installed on the outlet tube of 
the pump after the pressure dampener. The flow sensor was connected to the 
server, and the flow was monitored continuously. A pre-set flow rate was 
maintained by increasing or slowing down the rotation speed of the water pump 
according to the flow sensor signal by the server. Thus, a constant flow rate can 
be maintained automatically, even when fouling causes a pressure drop 
increase in the flow cell. 

Dosage of chemicals was provided by a diaphragm metering pump (Stepdos 
08, KNF Lab, Germany) which can operate at low flow rates (0.08�±80 
mL�Âmin�í1). A ceramic differential pressure sensor (Endress + Hauser PMD70, 
Germany) was connected to the flow cell inlet and outlet. The pressure drop 
over the flow cell was measured hourly and logged on the server. The unit can 
be operated with different flow cells up to a pressure of 17 bar, allowing the 
study of biofilm formation in filtration systems at different pressures, flow 
rates, and with or  
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Figure 2-1: Schematic representation of the system for membrane fouling simulator operation, 
(a) with manual flow control and the (b) developed setup with automatic flow control and data 
logging system. 

without permeate production. On the flow cell outlet, a back pressure valve was 
installed to control the working pressure of the MFS unit. 

System validation 

The MFS (Vrouwenvelder et al., 2007b) was used in this developed setup to 
validate the system. Commercially available reverse osmosis (RO) membrane 
sheets and 31 mil (787 �—m) thick feed spacers were used. To create 
representative hydrodynamics in the flow cell, the flow rate was set at 16 L�Âh�í1, 
resulting in a linear flow velocity of 0.163 m�Âs�í1. Tap water was used as the 
feed for the units. A solution of sodium acetate, sodium nitrate, and sodium  
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Table 2.2: Experimental conditions for the studies to evaluate the suitability of the developed 
system for biofouling studies with constant water flow. 
Description Aspect studied Nutrient dosage Results 
manual flow control 
reference system 

flow accuracy, stability 
and pressure drop with and without Figure 2-2 

automatic flow control 
system (developed) 

flow-rate accuracy without Figure 2-3 
flow accuracy, stability 
and pressure drop 

with and without Figure 2-4 

comparison manual and 
automatic flow control 
in biofilm formation 
studies 

pressure drop and 
biofilm accumulation with and without 

Figure 2-5 

dihydrogen orthophosphate in a mass ratio C:N:P of 100:20:10, respectively, 
was employed with a C concentration in the feed water of 400 �—g�ÂL-1. 

Evaluation of the fouling material 

After eight days of operation and a significant pressure drop increase over the 
unit with substrate dosage, the flow cells were opened, and the membrane and 
feed spacer were analysed. Adenosine triphosphate (ATP) and TOC were 
measured to quantify the accumulated biomass. Energy-dispersive X-ray 
(EDX) measurements were carried out to determine inorganic deposition and 
screen for biofilm accumulation on the membrane surface. 

RESULTS 

A system was developed to provide an accurate and stable water flow to MFSs. 
Comparison studies were performed with the manual flow control system (used 
in earlier MFS studies) and the developed automatic flow control system to 
assess (i) feed water flow rate stability, (ii) feed channel pressure drop, and (iii) 
biofilm accumulation. Studies were done with and without dosage of 
biodegradable organic nutrients to the MFS feed water to enhance biofilm 
formation. A summary of the studies is shown in Table 2.2. 

Evaluation of manually controlled reference system 

Earlier investigations with the manually controlled flow system have shown 
varying water flow rates in time passing through the monitors, especially, when 
significant biofilm accumulation on the feed spacer and membrane sheets in the 
monitor occurred. Delayed correction of the flow rate affected the pressure 
drop over the monitor. To quantify the variation of flow rate and its impact on 
pressure drop development, parallel studies were done using (i) a monitor 
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without nutrient dosage and (ii) a monitor with nutrient dosage. The water flow 
rate and pressure drop were monitored in time. The flow rate for the monitor 
without nutrient dosage showed variations up to ±3 percent of the set feed flow 
rate (16 L�Âh�í1 and 0.16 m�Âs�í1) during the research period (Figure 2-2a), while 
the pressure drop over the monitor was relatively constant with time (Figure 
2-2b). For the MFS with nutrient dosage, during the first four days of the study, 
the flow rate showed variations up to ±3 percent and a relative constant 
pressure drop. After four days, higher flow rate variations up to ±9 percent 
(Figure 2-2a) were found corresponding to stronger pressure drop variations 
(Figure 2-2b). In other words, the manual flow control system was influenced 
by the impact of biofilm formation, resulting in significant variations in terms 
of flow rate and corresponding pressure drop (up to ± 9 percent). Systematic 
biofouling studies under well-controlled conditions require a more accurate and 
stable water flow. Therefore, an automatic flow control system was developed. 

Evaluation of the automatic flow control system 

The developed automatic system for feed water flow control was evaluated on 
the (i) accuracy of the flow rate, (ii) flow stability, and (iii) pressure drop 
development with and without nutrient dosage. 

 
Figure 2-2: Feed water flow-rate (a) and pressure drop in time (b) over the MFS systems with 
manual flow control and fed with water without (MS-) and with supplemented (MS) 
biodegradable nutrient.  
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Figure 2-3: Correlation between pre-set and measured flow-rate of the developed automated 
system for the range 10 to 20 L·h-1. 

Flow rate accuracy 
The accuracy of the automatic water flow control system was determined by 
comparison of set point and gravimetrically measured flow rates for the range 
10 �± 20 L�Âh�í1 (equal to a linear velocity of 0.10 �± 0.20 m�Âs�í1). Gravimetric flow 
measurements were carried out to validate the accuracy of the automatic 
system. 

The set point and gravimetrically measured flow rates showed a linear 
relationship for the range of 10 �± �������/�Â�K�í1 (Figure 2-3). Less than one percent 
flow deviation was observed. A good correlation was found between the 
automatic system set flow and the gravimetrically measured flow rates. The 
automatic system was shown to be suitable to provide and maintain an accurate 
flow rate without biofilm accumulation. 

Flow stability during biofilm development 
The automatic system for MFS operation was evaluated by operating monitors 
in parallel (i) without and (ii) with nutrient dosage to the monitor feed water. 
The flow rate and pressure drop were monitored in time. Irrespective of 
nutrient dosage to the automatic system, flow rate variations smaller than one 
percent were observed during the whole research period (Figure 2-4a). In time, 
(i) without nutrient dosage the pressure drop over the monitor was constant 
(Figure 2-4b), while (ii) with nutrient dosage the pressure drop increased 
sharply. During the research period, the automatic system enabled an accurate, 
stable water flow with variations smaller than one percent of the set flow rate. 
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Figure 2-4: Feed water flow-rate (a) and pressure drop in time (b) over the MFS systems with 
automatic flow control fed with water without (AS-) and with dosed (AS) biodegradable nutrient.  

Manual and automatic flow control in biofilm formation studies 

To determine the influence of both manual and automatic flow regulation on 
pressure drop development and biofilm accumulation, monitor studies were 
performed. Two manually regulated monitors, and two automatically regulated 
monitors were run in parallel with and without nutrient dosage.  

With nutrient dosage, the pressure drop increased for both the manual and 
automatic system (Figure 2-5a). At the end of the eight-day research period, the 
pressure drop increase was lower for the manual system compared to the 
automatic system (Figure 2-5b), while the same amount of accumulated 
biomass (ATP and TOC) was found for both the systems (Figure 2-5c,d). 
SEM�±EDX measurements of the feed spacer and membrane surface from the 
monitors showed the (i) absence of inorganic deposition in all systems and (ii) 
presence of biofouling in the systems fed with nutrient dosage. The flow rate 
variations of the manual system caused a significantly lower pressure drop than 
the automatic system with the more accurate flow control. The automatic flow 
control system provided an accurate and constant feed flow rate to the flow cell 
irrespective of fouling accumulation. 

DISCUSSION 

The main objective of this study was to develop a system which can provide a 
constant water flow to the MFSs, enabling biofouling studies in MFS units 
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