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Abstract 


There is no doubt that global water consumption in near future will increase exponentially. To 
 meet  this  upcoming  water  demand,  membrane  technologies  seem  to  be  one  of  the  most 
 promising  ones.  Membranes  have  numerous  advantages  over  other  technologies;  however, 
 membrane fouling, i. e. the clogging of the pores by organic and inorganic materials and/or the 
 growth  of  microorganisms,  makes  these  membranes  difficult  to  operate  and  to  be  energy 
 inefficient.  Fouling  slows  down  the  production,  requires  more  operational  pressure,  cleaning 
 reagents and equipment, and in many cases damages membranes irreversibly. From all fouling 
 types,  biological  fouling  is  probably  the  most  difficult  to  overcome  because  it  involves  self 
 developing process - the microbial growth. 


Recent  discovery  revealed  the  abundance  of  transparent  microscopic  sticky  substances 
 abundant  in  natural  waters,  formed  from  components  excreted  by  microorganisms  (mostly 
 algae).  This  material  has  been  named  transparent  exopolymer  particles  (TEP).  It  has  been 
 observed  that  these  invisible  organic  substances  are  usually  generated  during  algal  bloom 
 seasons and algae are the main excretor  of the  TEP. In membrane  filtration processes, TEP is 
 suspected  to  be  able  to  form  a  sticky  layer  and  facilitate  initial  attachment  of  particles  and 
 microorganisms on otherwise clean membrane surfaces. The transparent exopolymer particles 
 are therefore recently getting more attention in fouling prevention studies. 


This  research  illustrates  how  the  TEP  enhances  particular  and  biological  fouling  in  cross-flow 
 membrane  systems  (RO  and  UF).  For  RO,  the  studies  have  been  accomplished  employing  a 
 recently  developed  tool  –  membrane  fouling  simulator  (MFS).  For  UF  -  a  small-scale  hollow 
 fiber  filtration setup was used. To test the TEP effect on particulate fouling,  1µm polysterene 
 microspheres  have  been  applied.  To  test  the  effect  on  biological  fouling,  a  pure  culture  of 
 Escherichia  coli  (ATCC  25922)  as  well  as  a  mixed  natural  microbial  culture  from  the  water  of 
 North Sea were utilised. In order to attain objective results, the experimental plan has been set 
 up to exclude as many external factors that may interfere with the results as possible, leaving 
 the  only  variance  –  the  presence  and  the  abscence  of  the  TEP.  The  cultured  TEP  used  in  the 
 experiments  was  extracted  from  laboratory-grown  common  strain  of  seawater  diatom 
 Chaetoceros affinis. 


To  illustrate  the  effect  of  TEP  on  biological  fouling,  the  decline  in  membrane  performance 
(membrane permeability) over time was monitored and membrane autopsies (TOC, ATP) have 
been  done.    The  short  term  tests  with  pure  bacterial  culture  and  the  long  term  tests  with 
natural  microbial  community  have  illustrated  that  the  TEP  enhances  bacterial  deposition  and 
growth. 
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 To illustrate the effect of TEP on particulate fouling, the particle concentration that goes in and 
 comes out of the membrane was measured, and deposition of particles on the membranes was 
 evaluated. Surprisingly, it has been shown that the presence of the TEP reduces the deposition 
 of  solid  non-sticky  particles.  The  backtransport  velocity  theory  was  employed  to  explain  this 
 phenomenon. 


It has been verified that during the algal bloom periods, TEP should be removed from the feed 
 water of reverse osmosis membranes. Ultrafiltration is an appropriate pre-treatment approach 
 for  substantial  removal  of  TEP  and  minimisation  of  biofouling  in  downstream  RO  system. 


Moreover,  TEP  demonstrated  flocculant  properties  on  particulate/colloidal  materials  in  the 
water. Further studies should be carried out to investigate its potential application as a natural 
coagulant. 
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1. Introduction 
 1.1.  Background 


The world's water consumption rate is doubling every 20 years [1]. Due to factors like increase 
 in  living  standards  and  consumption,  industrial  growth,  shifting  of  the  population  to  draught 
 and  coastal  regions,  it  is  anticipated  that  by  the  year  2025  water  demand  will  be  exceeding 
 supply  by  56%  [2].  The  water  demand  rate  outpaces  the  population  growth  by  two  times. 


Moreover, human activity endangers fresh surface water and groundwater resources, enhances 
 desertification, and it is believed that the effect of climate change creates unnatural fluctuation 
 of rainfall. The global resources of clean and  fresh water are  decreasing while water demand 
 for agriculture, industry and people is on the rise. Since the demand is of vital importance and 
 has no substitution, it is accelerating the worldwide need to better manage water resources by 
 applying new policies and new technologies. 


Even  though  the  situation  is  alarming,  it  is  not  at  all  hopeless.  Incredibly  abundant  and 
 continuously  available  water  resources  dwell  in  the  oceans  and  in  the  seas.  The  salty  and 
 brackish water makes up even 97% of the earth’s water of all its forms [3]. Desalination systems 
 installed in the coastal areas for this purpose have the potential to purify plenty of water.  It is 
 this source of purified water that is considered to be an important alternative that should cover 
 the future fresh water needs for domestic and industrial uses in many countries [4]. 


A  big  part  of  desalination  technologies  are  the  membrane  technologies.  The  membranes  are 
very  well  suited  for  water  purification.  Depending  on  the  membrane  type  it  can  make  water 
free  from  pollutants,  bacteria,  viruses  and  dissolved  salts.  The  use  of  membrane  filtration 
technology  in  drinking  water  treatment  is  increasing  because  membranes  remove  pathogens 
more effectively than conventional filtration processes and without any chemical pre-treatment 
[5]. Therefore, membranes are also able to make drinking water from the redundant resources 
like  wastewater  and  polluted  water  bodies  as  well  as  from  the  salty  sea  water.  According  to 
publication  Sustainability  science  and  engineering  [6],  nowadays  63%  of  the  desalination 
capacity  of  44.1  million  cubic  meters  per  day  is  produced  from  seawater,  19%  from  brackish 
water, and 5% from waste water sources. 35% of this water is produced by the reverse osmosis 
(SWRO) processes. 
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1.2.  Problem statement 


Even  though  the  sea  water  as well  as  polluted  water  is  normally  free,  the  price  of  the  water 
 from the outlets of the membrane plants is high. The SWRO plants produce water for 0.7 – 1.3 


€/m3  [7].  This  price  is  made  up  of  equipment,  operational  and  energy  costs.  Equipment  is 
 becoming  ever  cheaper,  but  global  energy  prices  do  not  tend  to  decrease.  Membrane 
 treatment is an energy costly process and most of its energy is being wasted due to operational 
 problems. Therefore, water desalination is currently developing in wealthy coastal regions such 
 as  the  Arabian  Gulf,  the  Red  Sea,  and  the  Mediterranean  Sea.  Even  99%  of  the  desalinated 
 Mediterranean Sea water is produced by seawater reverse osmosis technology  [6]. In order to 
 implement these technologies in more countries and for more types of demand, minimization 
 of those problems is needed. 


The major operational problems in membrane-based water purification systems are scaling and 
 fouling.  The  membranes  are  being  backwashed  to  physically  remove  particles  (e.g.  MF/UF) 
 and/or  cleaned  with  chemicals  (e.g.  RO/NF)  on  a  regular  basis.  Nevertheless,  some  residues 
 remain on the membrane surfaces and accumulate during long-term operation. Deposition of 
 inorganic  matter  (scaling),  adsorption  of  organic  substances  (organic  fouling),  attachment  of 
 microorganisms  and  growth  of  the  biofilms  (biofouling)  clog  the  membranes,  reduce  their 
 performance and energy efficiency, and even causes irreversible damages of the membranes. 


The above-mentioned  naturally  occurring problems make the process operation complicated, 
 reduce  machinery  lifetime  and  require  additional  monitoring,  extra  staff  and  equipment. 


Unwelcome  increase  in  energy  demand,  which  is  needed  to  operate  higher  trans-membrane 
 pressures  when  these  are  clogged,  makes  membrane  technologies  hardly  feasible  and 
 environmentally unfriendly.  


Substantial progress has been made in the field of managing the chemical scaling, which can be 
relatively  easily  reduced  with  chemicals  (e.g.  anti-scalants,  acids).  The  closely  related  organic 
fouling  and  biofouling  are  more  difficult  to  control  due  to  their  complex  nature  and  hardly 
predictable  development.  In  membrane  research  a  lot  of  attention  is  being  paid  to  gaining 
more  understanding  about  these  two  problems.  It  already  led  to  operational  guidelines  for 
different  situations,  modification  of  membrane  materials,  alteration  of  hydrodynamic 
conditions,  feed  water  pre-treatment  strategies,  integrated  membrane  systems  and 
optimization  of  membrane  cleaning  methods.  In  many  cases,  the  fouling  is  slightly  or 
considerably mitigated but the reasons for success or failure are however too often the subject 
of a right guesswork. A general understanding of biofouling as a process itself and the methods 
how to deal with it are still lacking [8]. 
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1.3.  Goals and objectives 


Since  membrane  fouling  is  a  very  complex  problem,  this  research  will  narrow  itself  to 
 investigate  one  feed  water  constituent  that  is  suspected  to  enhance  fouling  in  initial  stages 
 more  than  any  other  factors.  The  suspect  of  mentioned  component  comes  from  recent 
 observations in sea water purification plants. It has been observed that membranes foul more 
 severely in spring seasons (March-May) than in any other time of the year [9]. This problematic 
 period matches with the algal bloom period, when algae concentrations in natural waters reach 
 their peaks. Normally  the algae do not enter the membrane systems at all or are  removed in 
 the  pre-treatment  steps.  Nevertheless  some  of  the  products  they  produce  pass  the  pre-
 treatment.  These  substances  (Transparent  Exopolymer  Particles  –  TEP)  are  suspected  to 
 enhance the fouling during the algae bloom in particular and during the rest of the time, while 
 they still remain in the waters.  


Since the hypothesis itself is not very sound, this study does not aim to provide direct solutions. 


The  objective  is  to  investigate  the  mentioned  material  in  laboratory  membrane  units  and 
 support  or  deny  some  of  the  assumptions  about  its  contribution  to  fouling.  Given  that  the 
 nature of various types of the fouling is different, this thesis aims to study the effect that the 
 material contributes to particulate (colloidal) fouling and biofouling separately.  


The goals are the following: 


Separating as much of the side factors as possible 


  to study the effect of TEP contribution to particulate (colloidal) fouling, 


  to study the effect of TEP contribution to initial biofouling, 


  to study the effect of TEP contribution to long-term fouling. 


The proof that the substance enhances the fouling and the figures supporting that proof can be 
 useful for later studies that will aim for solutions. 


1.4.  Research hypothesis 


There are two major properties of the TEP that can make it initiator or enhancer of fouling. The 
 TEP is highly surface active (i.e. sticky) and it has high organic carbon content. Its stickiness is 
 supposed to help particles and bacteria to attach to the membrane. Its natural origin and the 
 carbon  source  are  supposed  to  act  like  a  bacterial  food  source  and  enhance  biofouling. 


Therefore, the main hypothesis is that the TEP enhances both particulate and biological fouling. 
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2. Literature overview 
 2.1. Industrial membranes 


2.1.1. Definition and classification 


A membrane is a thin semi-permeable fabric that can separate a solvent from the components 
 dispersed or dissolved in it. The concept of a membrane is very common in nature. Membranes 
 wrap  around  every  cell,  blocking  harmful  materials  from  entering  but  allowing  nutrients  to 
 come in and the waste to go out. Nowadays industrial membranes are made of polymers and 
 other  materials  [Figure  1].  They  are  broadly  applied  in  medicine  –  blood  treatment;  food 
 technology  –  concentration  of  juice  and  milk;  biotechnology  –  fractionation  of  proteins;  and 
 have numerous more applications. In water technology membranes accomplish the function of 
 a  filter.  They  retain  unwanted  components  from  impure  water,  letting  the  clean  water  pass 
 through.  Industrial  membranes  are  differently  categorized  but  the  main  classification  is  the 
 pore size, due to which most of the parameters  (application range, operational pressure, etc.) 
 depend. 


       


According  to  the  pore  size  categorization  [Figure  2],  there  are  four  types  of  industrial 
 membranes:  microfiltration  -  0.1-10  µm  (MF);  ultrafiltration  -  0.01-0.05  µm  (UF);  and 
 nanofiltration - less than 1 nm (NF). The fourth membrane type – reverse osmosis (RO) – has 
 indeed no pores as such. The pressurized water diffuses into the material of the RO membranes 
 from one side and diffuses back into the other side – leaving virtually all the impurities behind. 


The reason of using a membrane with lower particle removal efficiency (larger pores) is that it 
 requires lower  operational  pressure to pass the water through and therefore less energy and 


Figure 1. A piece of industrial membrane Figure 2. A magnified surface of a clean industrial membrane
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 smaller operational costs.  Different particle removal efficiency with comparison to the size of 
 common objects can be best illustrated by Figure 3. 


Figure 3. Filtration scale [10] 


MF and UF are low pressure or vacuum driven processes (up to few bars). These membranes 
 remove particulate substances and a part of colloidal materials but not the dissolved ones. MF 
 and UF membranes can be manufactured either from polymeric or ceramic materials. NF and 
 RO  are  the  high  pressure  driven  processes  (5  –  80  bars).  They  are  used  to  remove  dissolved 
 solids and can only be polymeric ones [7], [11]. 


2.1.2. Design and operation 


All  of  the  membrane  types  (MF,  UF,  NF,  RO)  can  be  implemented  in  different  hydrodynamic 
designs (modules) which also can have different dimensions. Hydrodynamic design is the factor 
which  determines  the  way  membrane  operates.  The  most  common  designs  are  the  spiral 
wound,  hollow  fibre  and  tubular,  each  of  which  have  its  own  operational  advantages  and 
disadvantages.  
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 When membranes operate, filtered solution is being forced to move towards the surface of a 
 membrane.  The  pushing  allows  water  to  pass  through  and  retains  the  dissolved  components 
 which  are  larger  than  the  pores  behind.  This  results  in  an  accumulation  of  a  higher  solvent 
 concentration near the surface of the membrane. This type of dissimilation of concentration is 
 called  the  concentration  polarization.  Particles  are  also  present  in  the  waters.  In  membrane 
 filtration, when particles are too large to  pass the membrane pores, a kind  of sieving process 
 occurs. The retained particles accumulate on the membrane surface in a growing “cake layer”. 


If  the  solution  is  filtered  in  perpendicular  direction  to  the  membrane  surface  (dead-end 
 filtration), it highly enhances faster building up of  the impurity layer (cake formation) and the 
 effect  of  concentration  polarization.  Consecutively,  it  inhibits  the  filtration  process.  In  cross 
 flow filtration modules, the fluid motion tangential to the membrane surface may detach the 
 growing  cake.  The  high  shear  created  by  the  water  flowing  tangentially  to  the  membrane 
 surface  sweeps  the  particles  and  accumulated  solvents  towards  the  end  of  the  membrane 
 element and longer operation of membrane is possible [12]. 


Tubular, capilary and hollow-fiber membranes are of the shape of a tube. The only difference in 
 the design is in the size of the internal diameter. The diameter of the tubular is 5  – 20 mm; of 
 capillary – 0.5 – 5 mm and of the hollow fiber – less than 0.5 mm. All of these modules can be 
 operated in a cross-flow and in dead-end modes. These membranes have a simple design and 
 are  easy  to  operate.  These  types  of  modules  are  suitable  to  be  exploited  in  smaller  scale 
 applications and in situations where the filtration efficiency is not high.  


The  spiral  wound  design  has  more  complex  process  layout  and  requires  higher  investment 
 costs.  Nevertheless,  it  allows  circular  flow  (tangential  to  the  membrane  surface)  and  reduces 
 concentration polarization and cake formation [Figure 6]. In addition, it has a high surface area 
 to  volume  ratio  and  saves  greatly  the  space  [Figure  7].  Pressure  driven  spiral  wound 
 membranes are therefore the most popular for the large scale production of drinking water.  


Figure 4. A bunch of hollow fiber membranes  Figure 5. The way hollow fiber membranes are arranged for 
big scale operation. The pipe is filled with hollow fibers 
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Figure 7. Spiral-wound membrane water 
 purification plant 


2.2. Membrane fouling  
 2.2.1. Fouling types 


The solute or the particles in the feed water attach to the surface of a membrane in a way that 
 it slows down the membrane's performance. The attachment is virtually unavoidable, but when 
 it increases the  net pressure drop  (NPD) of the  membrane systems by about 15 percent, the 
 unwelcome  phenomenon  is  called  fouling.  In  general  the  fouling  is  so  troublesome  that  it  is 
 considered  to  be  the  most  expensive  problem  for  the  water  industry.  Membrane  fouling 
 reduces the flux and  therefore the amount of the filtered water. When the fouling is not too 
 severe,  the  flux  can  be  recovered  by  increasing  the  pressure.  Consequently,  the  energy 
 consumption  rises  up  and  the  feasibility  of  the  filtration  process  declines.  If  fouling  is  not 
 treated properly, it would eventually stop the filtration process. 


Fouling can be categorized into chemical scaling, particulate (colloidal) fouling, organic fouling 
 and biofouling. When natural water is filtered, it is common for all of the fouling forms to occur 
 simultaneously. Nevertheless, it is useful to categorize fouling in types for better understanding 
 about how to cope with it. The fouling types are described below in an order from probably the 
 least complex to the most problematic one. 


Chemical  scaling  [Figure  9]  is  a  crystallization  of  solid  salts,  oxides  and  hydroxides  on  a 
 membrane  surface  that  come  from  the  water  solutions.  The  most  common  examples  of 
 chemical scaling are accumulation of calcium carbonate or calcium sulphate. Chemical scaling is 
 a  very  common  problem  occurring  when  filtering  hard  and  salty  water.  However,  it  can  be 
 already relatively easily controlled by dosing special acids and anti-scalants. 


Figure 6. Hydrodynamics of spiral-wound membrane
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 Particulate (colloidal) fouling as the name implies is a fouling of particles (>1µm) and colloids 
 (0.001-1µm) that are suspended in the water. These particles can be inorganic (sand, aluminum 
 silicate,  iron  oxides,  magnetite,  hematite)  as  well  as  organic  (large  polysaccharide  molecules, 
 fulvic  compounds,  proteins).  Particulate  fouling  is  supposed  to  be  easily  removed  by  back-
 washing of the membranes [see 2.2.2], but with time the resulting surface deposit may harden 
 through processes known as deposit consolidation or, informally - aging. 


Organic fouling is a serious problem caused by deposition of natural organic matter dissolved in 
 water.  Organic  matter  is  often  the  main  substance  why  the  membranes  are  needed  to  be 
 applied  for  the  water  treatment.  Nevertheless,  controlling  organic  fouling  in  membrane 
 systems  is  not  an  easy  task.  Organic  substances  are  small;  thus,  they  first  block  the  smallest 
 pores.  In  the  meantime  some  of  the  substances  attach  on  the  inner  surface  of  larger  pores, 
 reduce  them  and  finally  clog  those  as  well.  If  no  measures  are  taken  to  deal  with  organic 
 fouling, the layer builds up and stops the filtration. 


Biofilm takes place when microbes deposit  on a  membrane and  begin to grow. When biofilm 
 formation causes problems in the membrane system it is called biofouling or biological fouling 
 [Figure 8]. Not all biofilms can cause biofouling. Biofilm is a very common phenomenon which 
 takes place virtually on any surface that is exposed to water. The term biofouling is operational, 
 referring to membrane performance problems caused by it. 


As organic fouling, biological fouling develops in phases. Microorganisms attach to the surface 
 (the induction phase), the growth rate of attached microorganisms becomes much faster than 
 the  attachment  of  new  ones  (the  logarithmic  growth  phase)  and  finally  biofilm  growth  and 
 physical detachment rates reach the balance (the plateau phase).  This type of form of fouling 
 can be called alive. It can increase even after the feed water becomes free of microorganisms. 


Biofilm  consists  of  microbes  and  of  the  extracellular  substances  they  produce.  These 
 microorganisms can be of all types - bacteria, protozoa, fungi and algae. Most often microbial 
 community consists of many types of microorganisms. 


Figure 9. Severe form of chemical scaling [37]  Figure 8. Severe form of biofouling [37]
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 2.2.2. Fouling treatment 


Occurrence and development of the fouling depends on a lot of aspects. These can be the feed 
 water qualities (foulant type and concentration,  microbial community,  temperature, pH, ionic 
 strength,  specific  ions),  membrane  material  (roughness,  charge,  hydrophobicity,  surface 
 functional groups)  and hydrodynamic conditions  (flux, cross-flow velocity,  membrane module 
 and  spacer  design).  Numerous  studies  have  been  conducted  worldwide  addressing  all  the 
 above-mentioned  factors  and  fouling  treatment  and  elimination  technology  has  been 
 improved.  


The  most  primitive  and  the  most  common  method  to  eliminate  fouling  is  membrane 
 backwashing. The backwashing is reversing filtration direction and discharging this water away. 


This approach is normally applied with a higher than operational pressure (or flux) for a short 
 period of time. In most of the cases it removes only a part of a fouling (back-washable) but does 
 not  handle  the  non-back-washable  one.  The  non-back-washable  part  of  the  fouling  can  be 
 cleaned by introducing the chemicals to membrane systems. The chemical reagents remove a 
 part of the fouling that is called reversible fouling, but cannot achieve the same results with an 
 irreversible one. 


For the  fouling that  is not easy  to control with backwash or with  chemical cleaning, different 
 pretreatment  approaches  can  be  considered.  Feed  water  pretreatment  reduces  certain 
 components  in  feed  water  and  therefore  it  results  in  less  membrane  fouling.  These  methods 
 can  be  cartridge  and  sand  filtration;  membrane  cascades  that  progress  filtration  towards 
 smaller pore sizes; reduction of organic matter concentration by adsorption in processes such 
 as  coagulation  and  flocculation.  For  solely  biological  fouling  -  UV  disinfection,  advanced 
 oxidation and dosing of the chlorine can be applied as pre-treatment. 


Ever  increasing  water  demand  and  prices  of  energy  co-create  the  high  demand  in  fouling 
treatment  technology.  Nevertheless,  fouling  is  a  natural  process  and  cannot  be  totally 
eliminated. Materials that do not pass through the membranes must be retained and therefore 
deposit on membrane surface. However, the room for improvement in fouling prevention and 
treatment technologies is still big. Better technological designs are essential in order to reduce 
negative  fouling  effect  and  improve  water  treatment  technology.  The  main  fouling  causation 
are  the  various  components  in  feed  water.  The  knowledge  about  these  components  and 
fluctuations  in  their  concentrations  in  time  are  valuable  for  applying  specific  pre-treatment 
actions. 
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2.3.  Transparent exopolymer particles (TEP) 
 2.3.1. Description and origin 


In  1993,  an  American  oceanographer,  Alice  Alldredge,  stained  seawater  samples  with  Alcian 
 Blue - a dye used to stain acidic polysaccharides. She then discovered that the samples were full 
 of,  until  then  undetected,  microscopic  transparent  particles  that  stain  with  this  dye.  The 
 discovery of these invisible microscopic materials in oceanic waters has been published in the 
 paper The abundance and significance of a class of large, transparent organic particles in the 
 ocean [13]. The chemical composition of these particles suggested that they were formed from 
 phytoplankton  excretion  products.  The  discovered  substance  has  been  therefore  given  the 
 name of Transparent Exopolymer Particles (TEP). Transparency of the TEP resulted in escaping 
 detection  by  microscopy  before,  but  once  the  method  for  visualization  of  the  TEP  was 
 developed, its high abundances in the oceans, lakes, rivers and reservoirs were shortly revealed 
 [13], [14]. 


The precise composition of TEP is unknown. The TEP are chemically diverse and heterogeneous. 


The TEP is unlike the common particles, because most of the particles  in theory are  settable. 


The better definition of TEP is hydro gels. They compose around 99 percent of water, are not 
 solid and are often not settable. The size of a separate TEP is hard to determine because it can 
 easily deform.  


TEP  are  operationally  defined  as  particles  retained  on  polycarbonate  filters,  which  stain  with 
 the  cationic  dye  Alcian  blue  [15].  These  particles  are  deformable,  gel-like,  suspended  in  the 
 water mass and appear in many forms: amorphous blobs, clouds, sheets, filaments or clumps 
 [16].  As  described  in  the  oceanographic  and  limnological  literature,  TEP  range  in  size  from 
 about 0.4 μm to about 100–200 μm. 


Like  the  extracellular  polymeric  substances  that  form  the  matrix  of  aquatic  biofilms,  TEP  are 
 mostly  composed  of  polysaccharides  (that  take  up  the  Alcian  Blue  dye).  Because  TEP  are 
 surface  active,  many  other  substances,  like  acidic  polysaccharides,  proteins,  nucleic  acids  or 
 trace  elements  may  be  associated  with  these  gelly  particles  [16].  Many  TEP  are  intensely 
 colonised by bacteria that find them both a convenient and a nutritional platform on which to 
 grow [17]. 


The  biggest  part  of  the  TEP  originates  from  polysaccharides,  released  by  microalgae  and 
bacteria.  Most  of  the  TEP  are  initially  released  into  the  water  as  dissolved  polysaccharides, 
which  subsequently  coagulates  to  form  the  TEP  in  later  formation  stages.  The  chemical 
composition  of  phytoplankton  and  bacterioplankton  excretion  products  is  known  to  vary 
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 between species and it results in different TEP properties [13]. Some TEP can also be produced 
 from the gelatinous, mucous envelopes surrounding bacterial cells, diatoms, cyanobacteria  and 
 various  other  algae  [16].  Polysaccharides  are  also  exuded  or  lysed  out  from  macro  algae 
 (seaweed) and some higher marine organisms and can also form TEP [18]. 


In  summary,  TEP  may  be  characterized  as  microscopic  (>0.4  μm)  transparent  particles, 
 ubiquitous in marine and freshwaters, that constitute a subgroup of planktonic EPS. 


2.3.2. TEP formation methods 


TEP can be formed in aquatic systems by either abiotic or biotic mechanisms. In biotic pathway 
 TEP  are  released  by  some  organisms  directly.  TEP  are  mainly  formed  by  the  abiotic  pathway 
 which depends on types and abundance of TEP precursors as well as on environmental factors 
 (turbulence, ion density, concentration and of inorganic colloids) [9].  


The abiotic mechanism starts when aquatic organisms excrete dissolved acidic polysaccharides 
 to  aquatic  system  as  a  reaction  to  a  specific  environmental  stress.  Before  releasing  these 
 polymers,  microorganisms  assemble  them  into  packages  of  colloidal  dimensions  taking  the 
 form of extremely thin ribbons or fibrils called TEP precursors [19]. Moreover, these fibrils can 
 originate from both capsules of active bacteria [20] and intracellular substances from damaged 
 cells [21]. 


The  precursors  form  cationic  bridges  and  hydrogen  bonds  promoted  by  cations  in  the  water 
 (e.g. Ca2+  which  is  in  sea  water   ̴400  mg/l).  Finally,  these  submicron  gels  coagulate  further  to 
 form TEPs. This process is mainly enhanced by two mechanisms: firstly, application laminar or 
 turbulent shear as it brings fibrils into alignment and accelerates formation of larger particles, 
 and,  secondly,  by  adsorption  onto  scavenging  particles.  The  formation  of  particulate  matter 
 (TEP)  by  scavenging  depends  on  size,  dimension,  concentration  and  settling  velocity  of  the 
 scavenging particle as well as TEP precursor concentrations. 


The formation  of TEP as a result of  microbial activity varies with species composition,  growth 
conditions and activity; and the amount of TEP generated by macroalgae (seaweed) depends on 
light, temperature and age of the algae [13]. 
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Figure 47. Abiotic formation of TEP in aquatic systems [9] 


2.3.3. TEP properties 


TEP  exhibit  the  characteristics  of  hydrogels,  and  consist  predominantly  of  acidic 
 polysaccharides. The role of TEP in aquatic systems differs from other forms of EPS, because as 
 individual  particles  not  only  they  can  aggregate  but  they  can  also  be  collected  by  filtration; 


whereas dissolved substances can only mix with the surrounding water [13]. 


There is no general chemical structure of the TEP. The chemical TEP composition is specific to 
the species. In natural waters TEP composition is highly dependent on the microorganism that 
releases them. Although TEP seem likely to consist predominantly of water, all measurements 
of the carbon content of the TEP indicate that it can be very high. Estimates of TEP-C calculated 
from microscopic or colorimetric determinations suggest that the carbon content of TEP lies in 
the same range as that of phytoplankton (on the order of 230 ± 150 µg C/l) [22]. 
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 The physical properties of TEP, such as volume and stability also depend on environmental 


conditions. In contrast to solid particles, TEP exhibit the properties of gels, such as high 
 flexibility and their volume to mass ratios depend on environmental factors [13]. Significant 
 physical characteristic is that TEP are highly surface active - sticky. It was found that the acidity 
 of these particles is mainly due to sulfate ester groups (R-OSO3-) [23]. 


The  interactions  between  TEP  and  other  particles  are  primarily  determined  by  the  high 
 stickiness (probability that two particles remain attached after collision) of TEP. It is extremely 
 difficult to measure stickiness of TEP directly, because it is difficult to isolate them. Because the 
 overall  stickiness  of  natural  particles  of  different  stickiness  is  determined  by  the  few  sticky 
 particles, the stickiness of TEP may be estimated from measurements of a combined stickiness 
 coefficient (α) by evaluating the relative contribution of TEP to overall stickiness [9]. 


The  combined  stickiness  coefficient  of  a  sample  containing  different  particles,  such  as 
 phytoplankton,  bacteria,  detritus  and  TEP,  is  determined  by  measuring  the  aggregation  rate 
 and  the  size  frequency  distribution  of  all  particles  in  an  environment  of  constant  and  known 
 laminar  shear,  e.g.  in  a  Couette  flocculator.  Such  determinations  of  combined  a  indicate  that 
 during  diatom  blooms  the  overall  stickiness  of  particles  is  largely  determined  by  the  high 
 stickiness  of  TEP,  which  exhibit  an  alpha  larger  than  0.1.  The  stickiness  coefficient  of  old, 
 bacteria-covered mucus particles, which were generated by a batch culture of Coscinodiscus sp. 


are also very high (α = 0.7). Stickiness of most solid particles, including detritus, sediment and 
 phytoplankton, has generally been estimated to be low with attachment probabilities 1% (α = 
 10-2 – 10-4) [9]. 


The stickiness, which by definition is a high probability to attach upon collision, indicates that 
 the TEP are likely to play an important role in coating natural surfaces. Once TEP adhere to the 
 surface, they can provide a nutritious substrate for microbial growth and the establishment of 
 biofilm. 


2.3.4. Methods of TEP concentration estimation 


TEP  may  be  quantified  either  microscopically  or  colorimetrically.  Although  data  based  on 
 measurements  using  one  or  the  other  of  these  methods  are  not  directly  comparable,  the 
 results are consistent. Both of these methods are based on staining TEP with Alcian blue. Firstly 
 stained  particles  may  be  enumerated  and  sized  microscopically.  Alternatively,  the  amount  of 
 stain bound to particles is acid-extracted from the filters and measured colorimetrically. 


The first method developed to measure TEP was by microscopic “enumeration”. TEP is filtered 
and stained with Alcian Blue dye. The stained TEP are transferred into a glass slide, immersed 
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 with oil, and covered with cover slip. Finally, TEP particles are counted, either manually or semi-
 automatically. The semi-automatic approach is quantifying by calculating accumulated volume 
 or surface area. However, microscopic enumeration is time consuming and difficult to apply. 


To  overcome  the  disadvantages  of  microscopic  enumeration,  Passow  and  Alldredge  [24] 


developed  semi  quantitative  technique  based  on  spectrophotometry.  In  this  method  water 
 containing TEP is filtered, the TEP is retained on a membrane and the membrane is stained with 
 the alcian  blue dye. The stained filter  is rinsed with distilled water to remove excess dye and 
 then the filter is transferred into a 25-ml beaker. Afterwards, the rinsed filter is soaked H2SO4


and  after  two  hours  the  absorption  is  measured  in  1-cm  cuvette  at  787nm  wavelength.  This 
 total absorption is adjusted for absorption of filter blank, which may vary with filter type and 
 stain  batch,  and  sample  blank.  Finally,  the  TEP  concentration  is  calculated  in  terms  of  gum 
 xanthan equivalent based on calibration experiments with gum xanthan solutions.  


Although the spectrophotometric method is simple to use, it cannot be applied for samples that 
 contain other suspended materials in the water that are hardly destroyed by sulfuric acid which 
 may  interfere  with  TEP  measurement  (sand,  suspended  materials  including  algal  cells,  iron, 
 etc.). To solve this problem, each water sample can be measured in a series of dilution rates. 


Absorption of each dilution rate is corrected for filter blank and for unstained turbidity blank. 


Subsequently,  corrected  absorption  values  are  plotted  against  the  corresponding  amount  of 
 sample  on  the  filter.  That  should  give  a  straight  line  with  a  slope  represent  the  uncalibrated 
 value  in  the  original  sample.  Lastly,  TEP  concentration  readings  are  standardized  using  gum 
 xanthan as mentioned before [9].  


Two new techniques were developed, namely: rapid spectrophotometric method [25] and acid 
 polysaccharide (APS) method [26]. These techniques share a lot of similarities. In both methods, 
 alcian  blue  (AB)  is  added  to  water  samples  to  form  AB-TEP  complexes  that  precipitate. 


Thereafter, these complexes are separated and the retained liquid part is analyzed for excess 
 alcian blue concentration. These values are proportional to TEP concentration by inverse linear 
 relationship. The main difference between the two methods is the separation step where AB-
 TEP are removed by centrifugation in the rapid spectrophotometric method and a filter is used 
 in the APS method.  


All  above  techniques  have  been  developed  by  scientist  from  Limnology  and  Oceanography 
 disciplines  ''due  to  the  central  role  of  APS  in  water  column  biogeo-chemistry''  [26]. 


Nevertheless,  other  authors  (Liberman  and  Berman,  2006;  Kennedy,  2009;  Villacorte,  2009) 
 raised the need for an acceptable analysis to monitor TEP in water treatment systems [27] [28]. 


Villacorte et al. (2009) expanded the spectrophotometric method described above to measure 
TEP in the range (0.05-0.4) µm.  
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 2.3.5. TEP role in aquatic ecosystems 


The  availability  of  simple  methods  to  measure  TEP  provided  researchers  with  a  growing 
 understanding of the role of TEP in aquatic systems. In all waters, whether fresh or marine, TEP 
 has been found to be associated with particles > 5 μm varying in concentration between 1 and 
 8000 ml-1 and particles > 2 μm varying in concentrations between 3000 and 40000 ml-1 [9]. TEP 
 abundances in fresh and marine waters are in the same range as those of phytoplankton, with 
 peak  values  occurring  during  phytoplankton  blooms.  Higher  TEP  concentrations  have  been 
 found in coastal areas compared to an open ocean [29]. In the open Atlantic Ocean values were 
 two orders of magnitude lower compared to the ones in costal areas [9]. 


It is evident that TEP in seawater are  mostly formed by phytoplankton  [9]. Bacteria, which do 
 not  generate  significant  amounts  of  TEP,  may  however  have  an  impact  on  the  production  of 
 TEP  by  phytoplankton.  Bacteria  might  compete  with  phytoplancton  for  the  nutrients.  Some 
 algae (especially diatoms) release the TEP to capture nutrients and to keep the nutrients close 
 to  them.  Interactions  between  bacteria  and  phytoplankton  have  rarely  been  investigated,  so 
 the relative importance of each, and the importance of their interactions for the production of 
 TEP cannot yet be evaluated. 


TEP also play a role in the structuring of food webs of small animals and microorganisms. For 
 example  as  free  exopolymer  material,  TEP  and  their  precursors  can  be  ingested  directly  and 
 utilized  as  food  by  small  protozoan  (filter  feeding  microorganism)  and  Appendicularia  [32]. 


Appendicularia  (a  solitary  free  swimming  filter  feeders  found  thorought  the  world’s  oceans) 
 remove TEP from seawater at rates typical for grazing on colloids. Because new TEP are formed 
 from  colloidal  matter  at  levels  similar  to  their  removal  described  above,  such  grazing  activity 
 does not result in a rapid decrease of TEP concentrations. 


The presence of TEP has been also observed to provide additional food for euphausiids (small 
shrimp-like animals found in all the  oceans of the world).TEP-rich microaggregates, consisting 
of pico- and nano-plankton are readily grazed, thus permit the uptake of particles that would 
otherwise be too small to be grazed directly [9]. Therefore, TEP- microaggregates provide a link 
between  the  microbial  loop  and  the  traditional  food  web  by  enabling  large  zooplankton  to 
ingest bacteria-sized particles. Bacteria  utilize TEP as well, but the  quantitative importance  of 
microbial degradation is still under debate.  
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3. Research methodology 


For the goals and objectives of this thesis (see section 1.3), materials by which the membranes 
 would  be  fouled  have  been  selected  as  follows:  for  the  particulate  (colloidal)  fouling  -  tiny 
 spheres;  for  initial  biofouling  -  a  pure  culture  of  known  bacteria;  for  long-term  fouling  –  the 
 water with known concentrations of particularly important compounds. All fouling experiments 
 have been done using the same membranes from the same provider and trying to exclude as 
 many external factors as possible. 


3.1. Materials 


3.1.1. Artificial sea water 


Artificial  seawater  (ASW)  with  similar  ion  concentrations  to  the  average  world  seawater  was 
 being prepared as the standard matrix of the inflow for the most of the experiments [Table 1] 


[11]. To prepare this ASW, appropriate amount of every other salt was step by step dissolved in 
 a bucket of stirred milli-Q water [see Annex 1].  


Table 1. Ion concentration of artificial seawater used in experiments 


Chemical ion   Concentration  


(g/L)  Percentage 


(%)


Chlorine, Cl-   19.2   55.1  


Sodium, Na+   10.7   30.6  


Sulfate, SO42-  2.7   7.7  


Magnesium, Mg2+  1.3   3.7  


Calcium, Ca2+  0.42   1.2  


Potassium, K+   0.39   1.0  


Hydrogen 
 Carbonate HCO3- 


0.16   0.44  


Carbonate, CO32-  0.001   0.0  


Bromine, Br-  0.05   0.0  


Total   34.3   100  
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 3.1.2. Natural sea water 


The natural sea water for the long term (bio)fouling tests has been collected in Jacobahaven UF-RO see 
 water desalination plant in Zeeland that belongs to Evides water company. The 20 litre buckets of water 
 have  been  taken  in  the  inflow  of  the  plant  (only  after  the  50  µm  strainer)  and  in  the  effluent  of 
 ultrafiltration unit. The water has been collected on purpose when the highest concentrations of algae 
 in the sea have been reccorded (see section 4.3.2.1). 


3.1.3. Cultured TEP 


Diatoms are especially well known for excreting copious quantities of polysaccharides during all 
 phases  of  their  growth  [33].  A  strain  of  common  seawater  diatom  Chaetoceros  affinis  (CCAP 
 1010/27) was cultured in the laboratory to collect TEP for experiments.  


The TEP extraction procedures were performed by Yuli Ekowati (MSc) as follows: 


1.  A  medium  was  prepared  from  artificial  seawater  containing  basic  nutrients  and  trace 
 elements necessary for the strain to grow rapidly and simulate an algal bloom [Annex 2].  


2.  A round bottom flask of 2 L volume used as a  reactor containing the medium which were 
 sterilized by autoclaving for 30 minutes and then left to cool down to room temperature.  


3.  The air outlets of the reactors were covered with cotton to allow air circulation inside the 
 reactor while minimizing contamination from the air. 


4.  Chaetoceros  affinis  (CCAP  1010/27)  was  inoculated  (5  ml/50  ml  of  medium)  in  the  above 
 prepared media at room temperature. 


5.  An artificial light source (by fluorescent lamps) was supplied above the reactor for 12 hours 
 per day. The ideal light intensity range, that was suggested by the supplier of the strain, was 
 used (30 to 50 μmol /m2·s).  


6.  To  keep  cells  in  suspension  and  effectively  utilized  available  nutrients  in  the  medium,  a 
continuous mixing condition was provided to the reactor using a shaker (90 RPM).  
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 7.  After  10-12  days  under  the  above-mentioned  conditions  and  ambient  temperature  of 


20±3°C,  the  liquid  phase  was  extracted  by  allowing  the  diatom  cells  to  settle  for  24  hours 
 and then siphoning the supernatant of the reactor to a clean flask. The collected supernatant 
 solution is the TEP stock solution. 


8.  The cultured TEP stock was filtered with 10 µm filter to further remove diatom particles and 
 then stored in a cooling room at 5°C for later use in membrane filtration experiments.  


9.  Biopolymer  carbon  content  was  measured  using  liquid  chromatography  –  organic  carbon 
 detection (LC-OCD) method for each batch of solutions [Annex 3].  


3.1.4. Microsphere suspensions 


In  total  two  types  of  microscopic  spherical  particles  (acquired  from  Polysciences,  Inc.)  have 
 been used: 


1.  Polybead® Black Dyed 1 µm microspheres as a 2.5% pure water aqueous solution; 


2.  Polybead® Carboxylate 1 µm Red dyed microspheres as a 2.5% aqueous solution. 


The both types of  particles have been chosen because they apparently did not aggregate and 
 did not seem to settle in the artificial sea water. However, it was difficult to distinguish whether 
 these particles in the artificial sea water behaved like colloids or not.  A colloid is a substance 
 microscopically dispersed evenly throughout another substance. According to one of the colloid 
 definitions, the colloids are the particles  in the size rage of approximately 0.001-1µm and the 
 particles bigger than 1µm are not colloids. The particles used for the experiments were  of an 
 intermediate size. 


The selection of 1 µm Polybead® microspheres was based on the following criteria: 


  The  size  of  the  particles  represents  colloids/particles  that  generally  pass  the  pre-
 treatment steps (e.g. dual media filters) and may cause the fouling in the real filtration 
 plants; 


  The particles form a stable solution and within the period of few days apparently do not 
 coagulate nor settle in artificial sea water; 


  The particles dispersed in the water provided sufficient turbidity and any small change 
in particle concentration could be detected with available Dr. Lange® turbidity meter.  
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 Polybead® Carboxylate Red dyed microspheres have been used to test whether the nature of 
 particle surface materials is responsible for the particle deposition factors with and without the 
 TEP. The carboxylic coatings on the microspheres are normally applied in science to imitate the 
 bacterial surfaces. 


The carboxyl groups (COOH-) – functional groups found in all carboxylic acids and amino acids - 
 are negatively charged. Each hydroxyl (OH-) can make hydrogen bonds to three different water 
 molecules.  The  hydrogen  can  bond  to  a  pair  of  valence  electron  on  the  oxygen  of  water  and 
 each of the two pairs  of valence electrons of the hydroxyl can  bond to a hydrogen  of water. 


Therefore carboxyl groups make hydrogen bonds with water and the molecules that dissolve or 
 interact with water are said to be hydrophylic. 


3.1.5. Microbial culture 


For initial biofouling experiments, a pure culture of harmless E.coli strain ATCC 25922 has been 
 used  (cell  size  2-3  µm).  The  E.coli  has  been  chosen  as  a  very  common  species  of 
 microorganisms, which can be found in the sea water as well. Other microbes could have been 
 chosen (like vibrio), but they were absent in the laboratory and the strict safety rules prohibited 
 using  them.  The  advantages  of  using  the  E.coli  strain  were  that  it  was  easy  to  get,  the 
 procedure of working with it in the laboratory was perfected with time and the results of these 
 procedures  (like  concentration  estimation)  were  reliable.  The  procedure  of  working  with  the 
 E.coli culture minimised the chances of contaminating the samples  with other  organisms in a 
 way that would disturb the results. Prior to the test it could have been taken for granted that 
 neither  the  experimantal  water  nor  the  used  equipment  contained  coliform  and  the 
 membranes did not have to be disinfected from  all the microorganisms that  could have been 
 present in it. The E. coli was grown on coliform agar [Annex 4] and it was almost sure that no 
 other  microbes  could  grow  on  the  plates  and  certainly  sure  that  grown  collonies  of  other 
 microorganisms could not have been confused with the experimental E.coli strain. 


The practical reason of bacterial deposition experiments was not the try to simulate biological 
 activity of the bacteria, but rather the physical characteristic of a bacterial surface to stick.  


3.1.6. Membranes (Hollow fiber UF & RO) 


The hollow fiber membranes were produced by Pentair X-Flow®Seaguard. The inner diameter 
of the  fibers was 0.8 mm, the molecular weight  cut-off (MWCO)  7kDa. The membranes  were 
commercially designed for filtering both fresh and sea water. 
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 The  slices  of  reverse  osmosis  membranes  and  the  spacers  for  the  fouling  simulator  were 
 manually  cut  from  a  new  spiral  wound  membrane  (DOW,  BW30).  The  membrane  and  the 
 spacers  needed  to  be  fixed  between  two  plastic  templates  of  MFS  (8.5  x  0.26  x  5.5  cm).  The 
 height  of  the  feed  spacer  (  0.74  mm)  was  measured  using  an  accurate  calliper  (Electronic 
 Micrometer HBM Machines).  


3.1.7. Experimental set-up 


3.1.7.1.  Cross-flow UF system 
   


The main element of the mini UF cross-flow filtration setup was a hollow fibre UF membrane. 


The system for making membranes ready to operate has been made manually: two units of 100 
 cm length fiber membranes were positioned in a plastic tube. Both ends of the tube were glued 
 with sealing resins and cut in a way that the incoming water could only enter into the inner side 
 of  a  fiber.  In  addition,  a  T-connector  was  fixed  in  the  middle  of  the  module  to  collect  a 
 permeate outflow [Figure 10].  


Figure 10. Two identical plastic tubes with the two hollow fiber membranes inside each. The sides are sealed in a way that 
 the inflow, coming from the side, can only enter inside the fiber. The concentrate (outflow) can only escape hollow fiber 


from the other side. The open hole in a T-connector (middle) is the place where filtered (permeate) water collects. 


The  prepared  tubes  were  integrated  into  a  set-up.  The  other  main  parts  of  the  set-up  were 
peristaltic pump, pressure gauge, manometer,  recording scale and computer. Later the liquid 
manometer  was  changed  with  another  pressure  gauge  (one  for  measuring  feed  channel 
pressure  drop;  another  –  pressure  of  a  concentrate  in  the  end  of  the  tube).  The  cross  flow 
velocity  and  permeate  flux  could  be  adjusted  using  control  valve  on  concentrate  stream  that 
regulates concentrate flow. The permeate flow was collected into a beaker that was positioned 
on a scale. The scale, together with the pressure gauges, was connected to a computer through 
a communication box.  Special software translated the signal from the communication box and 
through  Macros  delivered  data  to  Microsoft  Excel.  The  algorithm  in  Excel  was  prepared 
converting the data of weight into the data of flux under the given membrane dimensions. The 
data of pressure gouges could have also been translated into feed channel pressure drop or the 
trans-membrane pressure given the proper algorithm. [Figure 11]. 



(29)28 
 Note:  This  is  the  principal  UF  cross-flow  filtration  setup.  During  experiments  the  set  up  could 
 have changed without changing the principal. Another similar setup was build with time, which 
 measured  the  pressure  in  the  beginning  and  at  the  end  of  the  tube,  instead  of  the  pressure 
 difference and the pressure in the end. 


Figure  11. The scheme  of  laboratory  UF  installation. (A)  and  picture  of  it (B). The feed water  is filtered  through hollow  fiber 
 membrane. The pressure drop over the hollow fiber is measured with a pressure sensor, a digital balance is connected to the 
 computer to register permeate weight. Manometers are used to monitor concentrate and permeate pressure readings; both – 
 the pressure and the permeate weight data are registered through the communication box in the computer. 


3.1.7.2.  Membrane fouling simulator 


Membrane fouling simulator (MFS) is a tool developed for the validation of membrane fouling 
on the spacers of spiral wound membranes. The MFS uses the same membranes and spacers as 
present  in  commercial  spiral-wound  reverse  osmosis  and  nanofiltration  membrane  elements, 
has similar hydrodynamics and is equipped with a sight window [34, page 82]. Using the MFS, 
fouling  can  be  monitored  by  operational  parameters  like  feed  channel  pressure  drop  and 
analysis of  coupons sampled from the membrane. The main reasons for  working with MFS  is 
that  it  requires  small  amounts  of  water  and  other  research  resources,  does  not  require  high 
pressure  and  is  claimed  to    represent  spiral  wound  membranes  well  enough.  Previous 
comparison  studies  of  the  MFS  and  spiral-wound  membrane  elements  showed  the  same 
pressure drop development in time and the same fouling accumulation [34]. 



(30)29 


Figure  12.  Scheme  of  the  MFS  installation. (A)  and  picture  of it (B).  The  feed  water (in)  pressure  is  reduced  using  a  pressure 
 reducer (c). Chemicals can be dosed (d) to the feed water of the MFS. The pressure drop over the MFS (e) is measured with a 
 sensitive  pressure drop  over the  MFS (e)  is  measured  with  a  sensitive  pressure transmiter (Δp). The flow isregulated using  a 
 flow controller (f). [34] 


The disadvantage of MFS is that it does not have permeated flow. The fouling mostly develops 
 along  the  spacer  channel  because  of  the  lateral  flow  of  the  water.  Therefore  no  increase  in 
 trans-membrane  pressure  drop  and  no  decrease  in  membrane  permeability  could  be 
 measured. Nevertheless, feed channel pressure drop rate can be evaluated that occurs due to 
 fouling  in membrane spacer and  on the membrane surface. The pressure drop readings on  a 
 digital display of the pressure transmiter have been recorded manually. 


3.2.  Experimental methods 


3.2.1. Particle deposition experiments 


The aim of the particle deposition experiments is to illustrate how the particles foul or deposit 
on the membranes together with TEP, in comparison to when no TEP are involved. The applied 
setups  were  UF  hollow  fiber  cross  flow  [Figure  11]  and  reverse  osmosis  membrane  fouling 
simulator  (RO  MFS)  [Figure  12].  UF  cross  flow  setup  represents  the  membrane  processes  in 
hollow-fibre  membranes;  membrane  fouling  simulator  –  in  spacers  of  spiral  wound 
membranes.  To  prepare  particles  in  ASW,  107  of  1µm  diameter  microspheres  per  1  ml  were 
dispersed in it [Figure 13]. 
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Figure 13. Particular (colloidal) fouling experimental plan in UF cross-flow filtration setup


Since membrane fouling simulator has no permeate flux, only the feed channel pressure drop 
 has  been  registered.  When  operating  without  permeate  flux,  less  fouling  is  expected  and 
 therefore  the  experiments  were  planned  to  run  for  a  longer  period  of  time  –  56  hours  each 
 [Figure 14]. 


Figure 14. Particular (colloidal) fouling experimental plan in RO MFS 
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 3.2.2. E.Coli deposition experiments 


The aim of the bacterial deposition experiments is to illustrate how E.coli sticks to membranes 
 together with TEP, in comparison to when no TEP are involved. The experiments for bacterial 
 deposition (initial biofouling) have been done according to the following plan: 


Figure 15. Experimental plan of initial biofouling in UF cross-flow filtration setup 


3.2.3. Biofouling experiments 


The  biofouling  experiments  can  be  divided  in  two  major  types:  laboratory  water  with  set 
 concentrations of TEP  [3.2.3.1] and natural  sea water collected during  the algal bloom period 
 [3.2.3.2]. 


3.2.3.1.  Laboratory prepared TEP 


The aims of the biofouling experiments with laboratory prepared TEP were as follows: 


  To  illustrate  how  the  microorganisms  foul  the  membranes  together  with  TEP,  in 
 comparison to when no TEP are involved; 


  To illustrate wether in these conditions nutrients present in water enhance biofouling; 


  To  investigate  wether  the  TEP  can  be  consumed  by  microorganisms  when  no  other 
carbon source is available.  
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 The  experimental  plan  includesincluded  both  setups,  UF  cross  flow  filtration  and  membrane 
 fouling simulator 


Figure 17. Experimental plan of laboratory prepared water biofouling in RO MFS 


3.2.3.2.  TEP from algal bloom impacted waters 


The  aims  of  the  biofouling  experiments  with  the  algal  bloom  impacted  sea  water  were  as 
 follows: 


  To illustrate the extent of biofouling in case raw sea water filtered, 


  To  compare this extent when the same water is pre-treated with  a UF pre treatment 
 step (Jacobahaven UF-RO desalination plant). 


The experiments have been conducted in UF cross-flow filtration setup [Figure 18] as well as in 
 reverse osmosis membrane fouling simulator[Figure 19]. 


Figure 16. Experimental plan of laboratory prepared water biofouling in UF cross-flow filtration setup 
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Figure 19. Experimental plan of sea water biofouling in RO MFS 


3.3. Computational methods 


3.3.1.  Permeate flow 


In all UF cross-flow filtration experiments, the flux has been chosen to be 15 l/(m2·h). When the 
 membranes  foul,  the  flux  naturally  decreases.  When  the  tiny  valve  openings  block  with 
 impurities,  the  pressure  of  the  concentrate  side  increases,  in  turn  increasing  the  flux  as  the 
 driving  pressure for water permeation. During the experiments the  permeate flow needed to 
 be as often as possible adjusted to its original value. 


The orriginal value of the filtered water (permeate) flow has been calcuated with equations 1 
 and 2: 


    (1) 


Where: 


Am – membrane surface area, 


d – the internal diameter of a hollow fiber. d = 0.0008 m, 
 l – the lenght of one fiber. l = 1 m, 


n – the number of fibers. n = 2. 


Figure 18. Experimental plan of sea water biofouling in UF cross-flow filtration setup 
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 (2) 
 Where: 


Qp – permeate flow, 
 J – the flux. J = 15 l/(m2·h). 


3.3.2. Cross flow velocities 


3.3.2.1.  In the Cross-flow UF system 


In  all  UF  cross-flow  filtration  experiments  the  cross-flow  velocity  has  been  chosen  to  be  0.15 
 m/s. In order to maintain this cross-flow velocity, the inflow needed to be maintained constant. 


The feed flow has been calculated with the following equations: 


(3) 


Where: 


Qf – feed flow, 


Qp – permeate flow. Qp = 1.26 ml/min = 2.08 · 10-8 m3/s, 
 Qc – concentrate flow [m3/s]. 


The cross flow velocity in a hollow fiber membrane is not constant. As the amount of the water 
inside the fiber decreases, so does the speed of the flow. When the membrane fouls, the feed 
side normally fouls more than the concentrate side and therefore the amount of water filtered 
throughout  the  membrane  may  equalize.  The  cross  flow  velocity  has  been  referred  to  the 
average water flow in the fiber. 
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Figure 20. The flows in the membrane unit 


(4) 
 Where: 


CFV – cross flow velocity, 


Qaver – average flow in the hollow fiber [m3/s], 


Acs - area of a hollow fiber internal cross section [m2]. 


(5) 
 (6) 
 Where: 


d – internal diameter of a hollow fiber. d = 0.0008 m, 
 n – the number of the fibers. n = 2. 


(4) and (5) gives: 


(7) 
Inserting (3) into (7) and rearrangement gives: 
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 (8) 


Incoming flow can be finally calculated by the equation (3): 


3.3.2.2.  In the MFS 


To find the flow needed to set up certain cross flow velocity in a membrane fouling simulator, 
 effective cross sectional area of the feed channel is needed. Not all cross-sectional area of the 
 channel is effective because the membrane spacer reduces it. Effective area can be defined by 
 the feed channel porosity: 


[34]  (9) 


Where: 


Aeff – effective cross-sectional area, 
 ε – spacer porosity,  


h – spacer channel height [m], 
 w – spacer channel width [m]. 


The needed flow can be calculated: 


                  (10) 


Where: 


Qf – flow of the feed [m3/s], 
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