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Preface

High quality drinking water from water sources including seawater and sewage
can be produced with membrane filtration processes like reverse osmosis and
nanofiltration. Because the global demand for clean freshwater is increasing,
these membrane technologies are increasing in importance. One of the most
serious problems in reverse osmosis and nanofiltration filtration applications is
biofouling — excessive growth of biomass — affecting the performance of these
membrane systems, influencing the (i) amount/quality of the produced fresh
water and/or (ii) reliability of water production and (iii) costs.

The study of membrane biofouling has increased strongly in the past four
years, compared to the previous twenty two years, indicated by the more than
doubling of the number of scientific papers. However, no single source gives an
updated overview of biofouling.

This book gives a complete and comprehensive overview of all aspects of
biofouling, bridging the gap between microbiology, hydraulics and membrane
technology.

The book provides (i) an introduction, (ii) a problem analysis, (iii) an
overview of new tools to monitor and characterize biofouling: fouling
simulator development, sensitive pressure drop measurements, MRI imaging
and three-dimensional numerical modeling to simulate biofouling, (iv) studies
characterizing parameters of major importance for biofouling control such
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as process conditions and phosphate limitation, and (v) a perspective of an
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Summary

Biofouling of spiral wound membrane systems

High quality drinking water can be produced with membrane filtration processes
like reverse osmosis (RO) and nanofiltration (NF). Because the global demand
for fresh clean water is increasing, these membrane technologies will increase
in importance in the coming decades. One of the most serious problems in
RO/NF applications is biofouling — excessive growth of biomass — affecting
the performance of the RO/NF systems due to e.g. (i) increase in pressure
drop across membrane elements (feed-concentrate channel), (ii) decrease in
membrane permeability, (iii) increase in salt passage. These phenomena result
in the need to increase the feed pressure to maintain constant production and to
clean the membrane elements chemically. In practice, the first phenomenon is
most dominant.

The objective of this study was to relate biomass accumulation in spiral
wound RO and NF membrane elements with membrane performance and
hydrodynamics and to determine parameters influencing biofouling. The focus
of this research was on the development of biomass in the feed-concentrate
(feed-spacer) channel and its effect on pressure drop and flow distribution. These
detailed studies can be used to develop an integral strategy to control biofouling
in spiral wound membrane systems.

© 2011 IWA Publishing. Biofouling of Spiral Wound Membrane Systems. By Johannes Simon
Vrouwenvelder, Joop Kruithof, and Mark van Loosdrecht. ISBN: 9781843393634. Published by IWA
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xviii Biofouling of Spiral Wound Membrane Systems

Problem analysis

Studies to diagnose biofouling in 15 full-scale RO and NF membrane
installations with varying feed water types showed that (i) highest biomass
concentrations were found at the installation feed side, (ii) the biomass related
parameter adenosine-tri-phosphate was suitable for biofouling diagnosis in
membrane element autopsies, (iii) measurements of biological parameters in the
water were not appropriate in quantifying biofouling, and (iv) there is a need for
a representative monitor and sensitive accurate pressure data to enable a reliable
evaluation of the development of biofouling (Chapter 2).

Based on the practical observations it was decided to develop a set of tools to
study biofouling at controlled conditions.

Method development

A monitor was developed (Chapter 3) in combination with testing of a sensitive
differential pressure drop transmitter (Chapter 4). This small monitor named
Membrane Fouling Simulator (MFS) uses the same membranes and spacers as
present in commercial membrane elements, has similar hydrodynamics and is
equipped with a sight window. The MFS is an effective scaled-down version of a
full-scale system and allows to study the biofouling process occurring in the first
0.20m of RO/NF elements.

Magnetic Resonance Imaging (MRI) provided in-situ, non-invasive, and
spatially-resolved measurements of biofouling and its impact on hydrodynamics
and mass transport in spiral wound membrane elements as well as in the MFS
(Chapter 5).

A three-dimensional computational model was developed to simulate
biofouling in membrane elements, with feed spacer geometry as used in practice
(Chapter 6). The model combines fluid dynamics, solute transport and biofouling.

The methods described in the first part of the book have been used to increase
the understanding of fundamental aspects of biofouling.

Basic studies

The development of biomass and related increase in pressure drop was not
influenced by the permeate production in the elements (Chapter 7). Irrespective
whether a flux was applied or not, the feed-concentrate channel pressure drop
and biofilm amount increased in RO and NF membranes in monitor, test-rig,
pilot and full-scale installation. Mass transport calculations supported that
permeate production plays a minor role in the development of biofouling. Since
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Summary Xix

fouling occurred irrespective of permeate production, the critical flux concept
stating that ‘below a critical flux no fouling occurs’ is not applicable to control
RO/NF biofouling in extensively pretreated water.

In essence, biofouling is a feed spacer channel problem (Chapter 8). This
observation is based on (i) practical data and supported by (ii) in-situ visual
observations of fouling accumulation using the MFS sight window, (iii) in-situ
non-destructive observations of fouling accumulation and velocity distribution
profiles using MRI, and (iv) differences in pressure drop and biomass development
in monitors with and without feed spacer. MRI studies showed that already a
restricted biofilm accumulation on the feed channel spacer influenced the velocity
distribution profile strongly, leading to a strong decrease of the effective surface
area in the membrane module and probably increasing the salt concentration in the
dead-zones of the element leading to increased salt passage.

Three-dimensional numerical simulations of biofilm formation and fluid
flow were executed and compared with MRI and MFS studies (Chapter 9). The
simulations showed similar (i) pressure drop development and (ii) patterns in
flow distribution and channeling as observed in MRI and MFS studies. Feed
spacers showed to have an essential role in biofouling, and are considered a
prime target for improving the membrane elements.

Based on the gained insights several potential methodologies to minimize
the impact of biofouling have been studied and described in the last chapters of
the book.

Control studies

The effect of substrate concentration, linear flow velocity, substrate load and
flow direction on pressure drop development and biofilm accumulation was
investigated in MFSs (Chapter 10). The pressure drop increase was related to the
amount of accumulated biomass and linear flow velocity. Biomass accumulation
was related to the substrate load. A flow direction change in the pressure vessels
instantaneously reduced the pressure drop, accentuating that hydrodynamics,
spacers and pressure vessel configuration offer possibilities to restrict the
pressure drop increase caused by accumulated biomass.

The impact of flow regime on pressure drop, biomass accumulation and
morphology was studied (Chapter 11). In RO and NF membrane elements, at
linear flow velocities as applied in practice voluminous and filamentous biofilm
structures developed in the feed spacer channel, causing a significant increase
in feed channel pressure drop. The amount of accumulated biomass was
independent of the applied shear, depending on the substrate load. A high shear
force resulted in more compact and less filamentous biofilm structure compared
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XX Biofouling of Spiral Wound Membrane Systems

to a low shear force, causing a lower pressure drop increase. A biofilm grown
at low shear was easier to remove during water flushing compared to a biofilm
grown at high shear. Flow regimes manipulated biofilm morphology affecting
membrane performance, enabling new approaches to control biofouling.

Phosphate limitation as a method to control biofouling was investigated
at a full-scale RO installation, characterized by low phosphate and substrate
concentrations in the feed water and low biomass amounts in lead membrane
modules. MFS studies showed that phosphate limitation restricted the pressure
drop increase and biomass accumulation, even in the presence of high substrate
concentrations (Chapter 12).

Outlook

Most past and present methods to control biofouling have not been very
successful. Based on insights obtained by the studies described in this book,
an overview is given of several potential complementary approaches to solve
biofouling (Chapter 13). An integrated approach for biofouling control is
proposed, based on three corner stones: (i) equipment design and operation,
(i1) biomass growth conditions, and (iii) cleaning agents. Although in this stage
chemical cleaning and biofouling inhibitor dosing seem inevitable to control
biofouling, it is expected that in future — also because of sustainability and costs
reasons — membrane systems will be operated without or with minimal chemical
cleaning and dosing.
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Chapter 1

Introduction

INCREASING DEMAND FOR CLEAN FRESHWATER

One of the most pervasive problems afflicting people throughout the world is
inadequate access to clean freshwater and sanitation (Montgomery and Elimelech,
2007 and Shannon ef al., 2008). More than 1.2 billion people lack reliable access to
safe drinking water, 2.6 billion have little or no sanitation, while millions of people
die annually from diseases transmitted through unsafe water. Waterborne pathogens
have a devastating effect on public health especially in the developing countries.
Problems are expected to grow worse in the coming decades. In 2025, the number of
people affected by severe water shortages is expected to increase fourfold to sixfold
(Cosgrove and Rijsberman, 2000; Miller, 2003 and United Nations Environmental
Programme, 2008; Figure 1.1). Among the countries likely to run short of water
in the next 25 years are Ethiopia, India, Kenya, Nigeria and Peru. Parts of other
large countries like China already face chronic water problems (Hinrichsen et al.,
1998 and Tibbetts, 2000). Bahrain, Kuwait, Saudi Arabia and the United Arab
Emirates have resorted to the desalination of seawater from the Gulf. Bahrain has
virtually no freshwater (Riviere, 1989), while three-quarters of Saudi Arabia’s
freshwater comes from fossil groundwater, which is reportedly being depleted at
an average rate of 5.2km> per year (Postel, 1997). Also industrialized nations as
Australia and Spain have observed severe water shortages recently (Martin-Rosales
et al., 2007 and Ummenhofer et al., 2009). Besides a shortage of fresh water there
is also an increasing need for extensive treatment of the existing fresh water
resources. In both developing and industrialized nations, a growing number of
(micro)pollutants are discharged into water supplies: heavy metals, agricultural
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2 Biofouling of Spiral Wound Membrane Systems

chemicals like pesticides, pharmaceutical derivatives, disinfection by-products,
endocrine disruptors, and so on. Two key problems are that the amount of suspected
harmful contaminants is growing rapidly, and that many of these compounds are
toxic in trace quantities (Shannon et al., 2008 and World Health Organization).
Regulations on drinking water quality become stricter. The United Nations
Millennium Development Declaration (2000) called for the world to halve the
proportion of people without access to safe drinking water as well as the proportion
of people who do not have access to basic sanitation by 2015. It called upon the
international community to develop integrated water resources management and
water efficiency plans by 2005; and to support countries in their efforts to monitor
and assess the quantity and quality of water resources.

Projected Water Searcity in 2029
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Figure 1.1 Projected global water scarcity in 2025 (International Water Management
Institute)

Freshwater is not evenly distributed over the world. The availability varies
with geographical region and time (e.g. precipitation over the seasons). Only
a small part of the freshwater is a naturally renewable source of freshwater
(Miller, 2003). About 97% of the global water resource is salt water (Figure 1.2).
Desalination technology can help to quench the world’s thirst (Mallevialle et al.,
1996 and Stikker, 2002). The global desalination capacity is increasing rapidly
in time (Wangnick, 2005; Figure 1.3). The oldest desalination methods are based
on evaporating water and collecting the condensate. The newest commercial
technology for desalination is based on membrane treatment (Frenkel, 2004).
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Figure 1.2 Total global saltwater and freshwater estimates (UNESCO, 1999)
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Figure 1.3 Global increase of cumulative installed desalination capacity,
1945-2004 (Wangnick, 2005)
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4 Biofouling of Spiral Wound Membrane Systems

Membrane filtration processes can produce high quality drinking water, free
of pathogenic microorganisms and (in)organic contaminants. A broad range of
water types can be purified with membrane based treatment: from industrial and
municipal waste waters to brackish water and seawater. Reverse osmosis is the
global leading technology to desalinate water (Pankratz, 2000). Reverse osmosis
is the fastest growing desalination technique with the greatest number of
installations around the globe (Frenkel, 2004). The cost of seawater desalination
by membrane treatment has shown a decreasing trend in time, whereby the cost
of 1m? in 1997 had decreased to 5% of its cost in the 1960s (ESCWA, 1997),
reaching a cost of ~€0.5/m? in 2000 (El-Fadel and Alameddine, 2005).

A drawback in membrane filtration applications like reverse osmosis is
membrane fouling (Amjad, 1993; Mallevialle et al., 1996 and Shannon et al.,
2008) Excessive membrane fouling increases operational costs substantially and
may be prohibitive for the application of RO/NF in water treatment. One of the
major types of fouling in reverse osmosis membrane elements is biofouling,
caused by biofilm formation in membrane elements (Ridgway and Flemming,
1996; Patching and Fleming, 2003 and Shannon ef al., 2008).

MEMBRANE FILTRATION

Membrane filtration is a process in which a membrane is used as selective
physical barrier to separate compounds by applying a driving force across
the membrane. In a membrane system a feed water stream is separated in two
streams, the product or permeate, containing solutes that passed the membrane
and the concentrate containing solutes and particles rejected by the membrane
(Figure 1.4A, Amjad, 1993 and Mallevialle ef al., 1996).

The early history of membrane filtration started over 250 year ago with
the French cleric Abbé Nollet when he observed water transport across a pig
bladder covering the mouth of a jar containing wine (Nollet, 1748, 1779 and
Lonsdale, 1982). One hundred years later in 1867, Moritz Traube prepared the
first artificially membrane (Traube, 1867). In 1950, Hassler introduced the first
concept of membrane desalination describing ‘salt repelling osmotic membranes’
and ‘permselective films’ (Hassler, 1950 and Glater, 1998). In the late 1950s
the basis for modern-day reverse osmosis was laid by research with cellulose
acetate membranes by Reid and Breton (1959) and Loeb and Sourirajan (1960,
1963). Reid and Breton were the first to demonstrate that cellulose acetate films
could produce potable water from saline solutions. Loeb and Sourirajan (1963)
are credited for the invention of asymmetrical cellulose acetate membranes with
improved salt rejection and water flux, making membrane desalination practical.
The first spiral-wound element was developed by General Atomics in 1963.
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Introduction 5

The oldest patents for reverse osmosis are dated 1964 (Hassler, 1964 and Loeb
and Sourirajan, 1964) and 1965 (University of California, 1965). In the 1970s
thin film composite membranes were introduced and in time improvements were
made to improve water flux and rejection properties and reduce the feed pressure.
The history of membrane science is described in several reviews (Lonsdale,
1982; Glater, 1987; Brandt et al., 1993; Boddeker, 1995 and Baker, 2004).

feed concentrate

semi-permeable membrane

permeate

feed channel pressure drop

solute
passage

Figure 1.4 Scheme of pressure driven membrane unit (A) and membrane
performance indicators (B): feed channel pressure drop, normalized flux and solute
passage

Membrane operations can be classified considering the parameters driving
force, separation mechanism and rejection properties. In case of pressure
driven membrane processes, the driving force is a pressure difference across
the membrane. Four pressure driven membrane filtration processes can be
discriminated based on differences in feed pressures and membrane rejection
capacities: microfiltration, ultrafiltration, nanofiltration and reverse osmosis,
ranked by increasing pressure (Figure 1.5). A classification generally made is
low pressure membranes for microfiltration and ultrafiltration and high pressure
membranes for nanofiltration and reverse osmosis. Microfiltration screens
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6 Biofouling of Spiral Wound Membrane Systems

particles from 0.1 to 0.5 microns and ultrafiltration screens particles from 0.005
to 0.05 microns. Nanofiltration is applied for removal of divalent ions e.g. sulfate
and hardness, natural colour (humic acids) and partial removal of monovalent
ions e.g. sodium and chloride. Reverse osmosis membranes are able to remove
mono- and divalent ions for more than 99%. The pores in NF and RO membranes
are smaller than 1 nm.

water monovalent multivalent virusus bacteria suspended
ions ions solids
Microfiltration

Ultrafiltration

Nanofiltration
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Reverse osmosis

water monovalent multivalent virusus bacteria suspended
ions ions solids

Figure 1.5 Scheme of different pressure-driven membrane filtration processes
and rejection capacities

High pressure reverse osmosis (RO) and nanofiltration (NF) membranes are
the research focus of this book, since these membrane systems are suitable for
rejection of salt (desalination), pathogens and (in)organic micropollutants and
numerous reports indicate that biofouling is one of the most serious problems in
these membrane systems.

RO and NF are pressure driven membrane separation processes in which a dense
membrane allows diffusion of the solvent and solutes. Diffusion of solutes like
salts, (low) molecular weight compounds and particles is low compared to water,
resulting in a rejection for those substances. RO is the membrane process used for
desalination of brackish and seawater. The concept of the process can be described
by a system of communicating vessels where a membrane separates high and low
salt solutes (Figure 1.6). Water from the low saline solute diffuses through the semi-
permeable membrane to the more concentrated saline solute. This diffusion of water
through a semi-permeable membrane is called osmosis. The volume of the high
saline solute increases and the saline concentration is reduced, while the volume of
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Introduction 7

the low saline solute decreases and the saline concentration increases on the other
side of the membrane, until ‘osmotic equilibrium’ is reached. The difference in
height between the concentrated and diluted salt concentration reflects the osmotic
pressure difference between both solutions. When pressure is applied to the saline
solution, larger than the osmotic pressure, the water flow is reversed and water flows
from the concentrated saline solute through the membrane to the diluted solution
while dissolved salts and impurities are withheld by the membrane. This process
is called reverse osmosis (Table 1.1). NF membranes are more open compared to
reverse osmosis membranes, resulting in a poor rejection of monovalent ions and
much lower operating pressures. NF and RO membranes can be used for removal
of bacteria, viruses, pesticides and multivalent ions such as calcium and magnesium
(softening) and organics control (colour), but allow water to pass through the
membrane. Membrane performance indicators are the feed channel pressure drop,
normalized flux also named permeability, and membrane solute passage (rejection
properties, see Figure 1.4B, Amjad, 1993 and Mallevialle ef al., 1996).

Osmosis Reverse Osmosis

pressure

@
=
S
@2
&
L
=Y

concentrated

solution

water flow water flow

Tsemi—permeable membrane

Figure 1.6 Principle of osmosis and reverse osmosis

Two membrane materials make up the bulk of commercial RO membranes,
cellulose acetate and aromatic polyamide. Cellulose acetate membranes
were broadly used in the past. Cellulose acetate membranes were the first
commercialized RO membranes developed in the late 1960s. Some of the reasons
that cellulose acetate membranes lost favour to the new polyamide membranes
were the lower salt rejection capacities, and the lower thermal, pH, and chemical
stability (cellulose acetate tend to hydrolyse in time), susceptibility to biological
attack, and higher net drive pressure requirements due to the lower membrane
permeability (Mallevialle et al., 1996). The RO and NF membrane presently of
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8 Biofouling of Spiral Wound Membrane Systems

choice worldwide is the polyamide thin film composite membrane (TFC). TFC
membranes, composed of a strong asymmetric support membrane and a thin
dense polyamide toplayer, have a higher permeability and can be used at higher
temperatures at a broader pH range. Cellulose acetate membranes are chlorine
resistant while TFC membranes have low resistance to chlorine.

Table 1.1 List of definitions for RO membrane filtration

Membrane element

A membrane element is the operational unit containing membranes. Several
element configurations have been developed: plate and frame, hollow fibre and
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spiral wound. Nowadays, the most widely used reverse osmosis and nanofiltration
elements in practice have a spiral wound configuration. Spiral wound membrane
elements have a surface to volume ratio of 300-1,000m*m? enabling small
footprint systems and relative low prices per m*> membrane area (Amjad, 1993 and
Mallevialle et al., 1996). Spiral wound membrane elements are produced from
membrane sheets which are wound along a central perforated permeate collection
tube (Figure 1.7). Two flat-sheet membranes are glued together on the inside of
three of its edges, making an envelope. The remaining open edge is connected
to the central collection tube. In the envelope, the membranes are separated by
a porous mesh named product spacer, facilitating the transport of product water
to the central product collection tube. A membrane element contains a number
of these envelopes, which are separated from each other on the feed side of the
membrane envelopes by a feed spacer. The feed spacer separates the membranes
and generates turbulence and mixing, improving mass transport near the membrane
surface. Figure 1.8 shows a feed spacer and a membrane element feed side with
narrow flow channels containing feed spacers. The wound membranes and spacers
with an end cap at each end of the element are cast in a glass fibre casing.

prmests B i

leed e i mHThrane

piimeale  permeate Spacer

Figure 1.7 Spiral wound membrane element configuration: current (A) and one
of the ‘first’ elements (B) dated ~1963

The outer dimensions of spiral wound membrane elements are standardized.
Nowadays most common is the 8 inch outer diameter element, but, 4 inch outer
diameter and more recently 16 inch outer diameter membrane elements are also
used in practice. In a spiral wound membrane element, the feed water flows
through the feed spacer channels in the membrane element to the concentrate
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10 Biofouling of Spiral Wound Membrane Systems

side. The product passes the membrane, flows through the product spacer
channel to the perforated product collection tube. The amount of water passing
the membrane in an element varies between approximately 7 and 15% of the
feed flow, indicating that most water flows along the membrane feed side without
passing the membrane.

flow
channel
height
~0.8 mm

spacer in flow channel

Figure 1.8 Feed spacer geometry (A) and spiral wound membrane element
without end cap (B), showing the feed flow channels containing the feed spacer
(C). A part of (B) is shown enlarged in (C). The tube on the left is the central
permeate collection tube

Membrane filtration system

A membrane system basically consists of a high pressure pump and a large number
of pressure vessels, containing up to 8 membrane elements (Figure 1.9). Permeate
production by the membrane elements placed in series results in a decline of the
feed water flow velocity along the membranes over the pressure vessel. A tapered
configuration of pressure vessels is applied to maintain proper flow velocities along
the membrane, preventing fouling and minimizing concentration polarization
(Mallevialle ef al., 1996). The concentrate flow of first stage pressure vessels is fed
into a second stage consisting of a lower number of pressure vessels, resulting in
proper flow velocities over the second stage. A full-scale seawater RO installation
with a permeate production capacity of 54,000m’/day is shown in Figure 1.10.
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Nowadays, also larger installations are in operation and being build/designed. An
example is the RO installation in Ashkelon (Isracl) with a permeate production
capacity of 330,000m>/day achieved by the plant 40,000 membrane elements. The
Ashkelon plant produces around 13% of the country’s domestic consumer demand.

feed
concentrate
—>

| -
»
:membrane element product

Figure 1.9 Scheme of membrane filtration installation consisting of three
pressure vessels, each containing 6 spiral wound membrane elements. The
installation has a tapered configuration, the concentrate of the two first stages
are fed to one second stage, resulting in a desired velocity profile

Figure 1.10 Seawater reverse osmosis membrane filtration installation in
Larnaka, Cyprus. The permeate production capacity is 54,000m3/day. The total
amount of eight-inch diameter membrane elements is 5,800. The plant size can
be estimated from the person shown on the left of the figure

Membrane fouling

A drawback in membrane filtration applications is membrane fouling, resulting
in an increase of feed channel pressure drop and/or decline of flux and/or
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12 Biofouling of Spiral Wound Membrane Systems

increase of salt passage. The consequences of fouling can be: (i) increase of
required feed pressure and consequently higher energy consumption, (ii) frequent
chemical cleaning of the membranes, (iii) shortening lifetime of the membranes
(Figure 1.11). Membrane autopsy, a destructive membrane element study, is
commonly used to study and diagnose membrane fouling (Figure 1.12), which
involves among others the analysis of accumulated material. The major fouling
mechanisms of NF and RO membrane elements are scaling (inorganic deposits),
particulate (colloidal matter) and organic fouling and biofouling. Different types
of fouling may occur simultaneously and can influence each other (Flemming,
1993). Scaling by inorganic compounds is usually controlled by an anti-scalant
and/or acid. Particulate fouling can be controlled by pretreatment, such as
ultrafiltration. Therefore, all types of fouling except biofouling and organic
fouling — related types of fouling — are controllable.

Figure 1.11 Spiral wound reverse osmosis elements and cartridge filters used
for polishing RO feed water

Numerous authors have described biofouling problems in membrane installations
(Kissinger, 1970; McDonough and Hargrove, 1972; Winters and Isquith, 1979;
Paul, 1991, 1996; Flemming, 1993; Tasaka ef al., 1994; Ridgway and Flemming,
1996; Baker and Dudley, 1998; Huisman and Feng Kong, 2004; Schneider ef al.,
2005 and Karime et al., 2008). From 70 surveyed U.S. reverse osmosis membrane
installations, 58 reported fouling problems, with biofouling as the predominant
operational problem (Paul, 1991). Gamal Khedr reported (2000, 2002) that in the
Middle East, about 70% of the seawater RO membrane installations suffered from
biofouling problems, indicating that biofouling — excessive growth of biomass,
i.e. biofilms — is a major type of fouling in spiral wound RO membrane systems.
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Figure 1.12 Autopsy of spiral wound membrane element for fouling diagnosis

BIOFILMS AND BIOFOULING

Biofilm formation is the accumulation of microorganisms, including
extracellular compounds, on a surface due to either deposition or growth or both
(Hamilton, 1985; Costerton et al., 1987 and Characklis and Marshall, 1990).
Biofouling is the extent of biofilm formation causing unacceptable (operational)
problems (Characklis and Marshall, 1990). In this context ‘unacceptable’ means
that operational guidelines are exceeded for e.g. pressure drop increase, flux
reduction, salt passage increase. Initially, biomass accumulation on surfaces
was called microbial slime and films, bacterial adhesion, attached growth,
microfouling and (micro)biological fouling (ZoBell and Anderson, 1936; Lloyd,
1937; Heukelekian and Heller, 1940; Zobell, 1943; Characklis, 1973a,b; DiSalvo
and Cobet, 1974; Marszalek et al., 1979 and Winters and Isquith, 1979).
Formation of a biofilm usually involves three subsequent phases: (i) adhesion
and attachment of microorganisms to a surface, (ii) followed by growth and
(iii) a stationary phase. Especially in the stationary phase in laboratory biofilm
systems, biomass detachment is observed by erosion and sloughing. The biofilm
is held together by excreted organic polymer matrix of microbial origin called
extracellular polymeric substances (EPS, Geesey, 1982; Allison and Sutherland,
1984 and Wingender et al, 1999). Biofilms can contain many different types
of microorganisms, e.g. bacteria, protozoa, fungi and algae. Bacteria living in a

Downloaded from https://iwaponline.com/ebooks/book-pdf/523709/wio9781780400990.pdf
by IWA Publishing user

on 04 March 2019



14 Biofouling of Spiral Wound Membrane Systems

biofilm can have significantly different properties from free-floating bacteria of the
same species. Biofilms are ubiquitous in nature. Biofilms can be found on rocks and
pebbles at the bottom of most streams or rivers and on the teeth of most animals as
dental plaque. Biofilms grow in hot acidic pools and on glaciers in Antarctica.

Benificial biofilms serve in the water and waste water industry, in bioremediation
applications and industrial biotechnology (Bryers, 2000). For example, many
sewage treatment plants include a treatment stage in which waste water passes over
biofilms grown on filters, which extract and convert organic compounds. In such
biofilms, removal occurs of organic matter, suspended solids, pathogens and other
microorganisms. Slow sand filters rely on biofilm development in the same way to
filter surface water from lake, spring or river sources for drinking purposes.

Biofouling is the undesirable accumulation of microbial biofilm on a surface
that significantly degrades equipment performance and/or the useful equipment
lifetime (Characklis and Marshall, 1999). Detrimental effects of biofilms can be
(1) corrosion of pipelines (Geesey et al., 1994), energy losses by (ii) increased heat
transfer resistance (e.g. process heat exchangers) and (iii) increased fluid frictional
resistance like in pipelines, on ship hulls, in porous media such as water wells and
filters, and in membrane systems (Characklis and Marshall, 1990).

Note that the definition of biofilms is in general term the accumulation of
bacteria on a surface. Biofouling is defined as a biofilm leading to problems.
Biofouling has therefore always an application context.

Biofouling in membrane systems

Microorganisms are present on all surfaces in contact with water and their
presence is not indicative for biofouling (Figure 1.13). Many studies showed that
microorganisms are commonly observed on water-exposed surfaces, even in pure
water systems (Mittelman, 1991). The presence of microorganisms was already
observed on membranes after a short contact time, in the order of minutes (Ridgway
and Flemming, 1996 and Schaule, 1992). Ridgway was the first to use the term
‘biofouling’ in relation to ‘membrane’ in publications (Scopus database: July 2009)
and is one of the pioneers in studying RO membrane biofouling (1983, 1984, 1985).
Before 1983, limited information was found because other terminology was used
(Winters and Isquith, 1979) or data was reported as conference proceeding (Argo
and Ridgway, 1982) or report (Ridgway et al., 1981). The 27 years since the first peer
reviewed paper on membrane biofouling show a steadily increasing annual number
of papers (Figure 1.14), with 491 papers appearing in 2009.

Controlling biofouling may be achieved by chemical dosage to the feed water.
Currently applied thin film composite NF and RO membranes are sensitive for
free chlorine. Free chlorine damages the membrane structure causing decrease
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of membrane rejection. A limited number of plants apply monochloramines
in controlling biofouling successfully. A much better membrane resistance
to monochloramines compared to chlorine has been reported (DOW, 2009a):
300,000 ppm-hours for chloramine and up to ~1,000ppm-hours for free
chlorine. Since monochloramine is formed by adding ammonia to chlorine, it
is possible that free chlorine will be present (for e.g. the ammonia dosing is not
correct or fails). Moreover, iron and manganese catalyzes membrane oxidation
by monochloramines (Gabelich et al., 2005 and Da Silva et al., 2006). Another
reason to avoid chloramination is the formation of N-nitrosodimethylamine
(NDMA), a probable human carcinogen. The RO rejection capacities for
NMDA are 10 to 50%. Recently, an alternative for chloramines, 2,2-Dibromo-3-
Nitrilopropionamide (DBNPA. DOW, 2005, 2009b) is applied successfully in a
limited number of plants.

Figure 1.13 Scanning electron microscope image of biofilm on the membrane of
a membrane element taken from a full-scale installation

Biofilm accumulation is affecting negatively the performance of NF and RO
installations and in several plants, operators struggle with this problem since
simple and effective solutions are lacking. Reported studies commonly involved
trial and error approaches in (full-scale) installations, of which the obtained
data did not allow always good conclusions. Current tools and measurements
were not sufficient (Flemming, 1998, 2003 and Greenlee et al., 2009). Most
laboratory systems used where not representative in geometry or fluid flow
conditions compared to spiral wound membrane systems. This situation in 2006
was the starting point of studies described in this report. One of the objectives
was to develop a monitor to simulate biofouling in spiral wound RO elements.

Downloaded from https://iwaponline.com/ebooks/book-pdf/523709/wio9781780400990.pdf
by IWA Publishing user

on 04 March 2019



16 Biofouling of Spiral Wound Membrane Systems

3000

2000 +

1000

cumulative number of papers
1

O —
1980 1985 1990 1995 2000 2005 2010
publication year

Figure 1.14 Cumulative number of peer reviewed publications on membrane
biofouling in the period 1982—2009. The total number of papers is 2941 until 2010
(Scopus database: March 2010)

SCOPE AND OUTLINE

The main goal of this study was to (i) relate biomass accumulation in spiral
wound NF and RO membrane elements with hydrodynamics and membrane
performance and to (ii) determine key parameters that influence biofouling,
aiming at excluding chemical use. The book structure is shown in Figure 1.15.

Quantitative relationships between membrane performance and biomass
accumulation were lacking at the time of initiating the studies described in
this book. A better understanding of biofouling and membrane performance
in practice was needed. Studies at 15 full-scale and pilot plant NF and RO
membrane installations were performed to diagnose biofouling. To quantify
biofouling, several biomass parameters in membrane elements were investigated
during membrane autopsies and compared with the pressure drop increase in
membrane installations with different types of feed water. Several biological
parameters of the feed water were included in the study to evaluate whether
water quality parameters are an appropriate alternative for the laborious
destructive membrane studies to quantify biofouling (Chapter 2).

A need for a monitor and sensitive pressure drop measurements to study and
monitor biofouling became apparent from the fact that data from practice where to
scattered and didn’t allow a good analysis of the problem. Most laboratory systems
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used where not representative in geometry or fluid flow conditions compared
to spiral wound membrane systems. A small membrane fouling simulator was
developed and tested on suitability to study and monitor membrane biofouling.
A comparison study of the monitor and spiral wound membrane elements in
test rigs and a full-scale installation was performed to determine whether the
monitor showed the same development of biofouling (Chapter 3). An accurate
and sensitive differential pressure drop transmitter was introduced and tested.
Optimization of pressure drop measurements for early biofouling detection was
part of the study (Chapter 4).

Chapter 2 | biofouling studies in NF and RO installations

Chapter 3 | membrane fouling simulator development

method
development

Chapter 4 | sensitive pressure drop measurement

Chapter 5 | nuclear magnetic resonance measurement

Chapter 6 | three-dimensional numerical model development

Chapter 7 | effect of flux

baslc studles Chapter 8 | effect of feed spacer

Chapter 9 | three-dimensional numerical model based evaluation of experimental data

Chapter 10 | effect of substrate load and linear flow velocity
control studies ) ) .
Chapter 11 | effect of flow regime on biomass accumulation a| hol

Chapter 12 | effect of phosphate limitation

outlook

o
=
el
o
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Chapter 13 | integrated approach for biofouling control

Figure 1.15 Structure of book

For in-situ assessment of biomass localization and hydrodynamics in membrane
systems, a Magnetic Resonance Imaging (MRI) method and a flow cell for
MRI studies have been developed. To evaluate the applicability of MRI for
biofouling studies, the evolution of biofilm development and velocity distribution
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18 Biofouling of Spiral Wound Membrane Systems

have been studied in spiral wound membrane elements and a representative plastic
small monitor (Chapter 5).

To provide mechanistic insight in membrane biofouling and membrane
performance a three-dimensional computational model of biofouling and fluid
dynamics was developed (Chapter 6). The developed methods described in Chapters
3 to 5 were used in the biofouling studies while a close link with practice was
maintained by including comparison studies with spiral wound membrane elements.

The relation between biofouling and membrane flux — water volume flowing
through the membrane per unit area and time — was studied in spiral wound
NF and RO membranes with extensive pretreatment and biofouling monitors.
One of the study goals was to evaluate whether the critical flux concept stating
that ‘below a critical flux no fouling occurs’ is a suitable approach to control
biofouling (Chapter 7).

The effect of biomass accumulation on membrane performance was studied at
different scales, from full-scale to miniature flow cells by conventional methods
as well as MRI and the monitor sight window. In time, non-destructive in-situ
observations on fouling accumulation and velocity profiles were made and pressure
drop was monitored. The influence of feed spacer on biomass and pressure drop
development was studied in monitors with and without feed spacer (Chapter 8).

The developed three-dimensional numerical model was used to evaluate the
obtained experimental data. The evaluation included the feed channel pressure
drop, biomass accumulation and velocity distribution profile, with and without
feed spacer. The feed spacer geometry used in practice was applied in the
mathematical model (Chapter 9).

Despite an extensive biofilm literature, systematic studies on the influence
of factors such as substrate load and linear flow velocity on the development
of biofouling in spiral wound membrane systems are lacking. Therefore, the
influence of substrate concentration, linear flow velocity, substrate load and flow
direction on pressure drop development and biofilm accumulation was studied
with biofouling monitors (Chapter 10).

Increased shear has been proposed as a method to control biofouling. The effect
of flow regime on biofilm accumulation and morphology in monitors was studied
with single phase flow (water) and two phase flow (water with air sparging: bubble
flow) to determine potential biofouling control measures (Chapter 11).

Observations at a full-scale installation without biofouling problems and
with stable performance led to the study of the influence of phosphate limitation
to control biofouling. Monitors were used for a proof of principle experiment,
evaluation of phosphonate-based and phosphonate-free antiscalants, and several
treatment stages (Chapter 12).

Based on new insights derived from this book, an overview is given of several
potential complimentary perspectives to solve or control biofouling (Chapter 13).
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Chapter 2

Biofouling studies in NF and RO
installations™

INTRODUCTION

Membrane processes like reverse osmosis (RO) and nanofiltration (NF) can
produce (drinking) water of high quality, free of pathogenic microorganisms and
(in)organic pollutants. The demand for drinking water in the world is increasing
and regulations on drinking water quality become stricter (Shannon et al., 2008).
The effect of these developments and decreasing costs of membrane processes
are illustrated by the role of membrane filtration processes in advanced water
treatment practice (Mallevialle et al., 1996; Patching and Fleming, 2003 and
Shannon et al., 2008).

A potential drawback of NF and RO is membrane fouling, resulting in an
increase of normalized pressure drop over the feed-concentrate channel (NPD)
and/or a decrease of normalized flux (MTC) and/or increase in salt passage. Such
problems may increase the costs of plant operation strongly, and may be prohibitive
for the application of membrane filtration in (drinking) water treatment. The major
fouling mechanisms of NF and RO membranes are scaling, particulate and organic
fouling and biofouling. Different types of fouling may occur simultaneously and
can influence each other (Flemming, 1993). Scaling by inorganic compounds is
usually controlled using a scale inhibitor, such as a polymer or an acid. Particulate
fouling can be controlled by pretreatment, such as ultrafiltration. Thus, all types of
fouling except biofouling and organic fouling — likely related types of fouling — are

*This chapter is based, with permission from the copyright holder, on a paper previously
published in Water Research Vol. 42 No. 19 pp. 48564868 doi: 10.1016/j.watres.2008.09.002

© 2011 IWA Publishing. Biofouling of Spiral Wound Membrane Systems. By Johannes Simon
Vrouwenvelder, Joop Kruithof, and Mark van Loosdrecht. ISBN: 9781843393634. Published by IWA
Publishing, London, UK.
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22 Biofouling of Spiral Wound Membrane Systems

controllable. Numerous authors describe biofouling problems in membrane
installations (Paul, 1991, 1996; Flemming, 1993; Tasaka et al., 1994; Ridgway
and Flemming, 1996; Baker and Dudley, 1998; Huisman and Feng Kong, 2004;
Schneider ef al., 2005 and Karime ef al., 2008). From 70 surveyed U.S. reverse
osmosis membrane installations, 58 reported fouling problems, with biofouling
as the most common operational problem (Paul, 1991). In the Middle East, about
70% of the seawater RO membrane installations suffers from biofouling problems
(Gamal Khedr, 2000, 2002).

Microbiological studies on membranes showed no univocal data on the
concentration of microorganisms. Some authors diagnosed biofouling by the
presence of specific microorganisms on the membrane, without quantification
(Gamal Khedr, 1998) of the methods (Baker and Dudley, 1998 and Van Hoof et al.,
2002) or without specifying the biological parameters (Hamida and Moch, 1996). In
many studies it was considered that appearance of microorganisms was an indication
of (advent) biofouling on the membrane surfaces. However, microorganisms are
present on all surfaces in contact with water and their presence is not indicative for
biofouling. Other studies showed that microorganisms are commonly observed on
water-exposed surfaces, even in pure water systems (Mittelman, 1991). The presence
of microorganisms was already observed on membranes after a short contact time, in
the order of minutes (Ridgway and Flemming, 1996 and Schaule, 1992).

Biofouling is difficult to quantify because no univocal quantification methods
linking biofouling and operational problems are described. Pressure drop is generally
used as a good parameter for evaluating biofouling. An increase of pressure drop is
however not conclusively linked to biofouling, since other factors may influence
the pressure drop as well. Additionally, the pressure drop measurement may not
be sensitive enough for (early) detection of biofouling. It is essential to have
unambiguous definitions for biofilm formation, biofouling and operational problems
in order to quantify the problem. The following definitions are proposed:

e Biofilm formation: the accumulation of microorganisms, including extra-
cellular compounds, on a surface due to either deposition or growth (or both)
(Hamilton, 1985; Costerton et al., 1987 and Characklis and Marshall, 1990);

* Biofouling: biofilm formation causing unacceptable (operational)
problems. (Characklis and Marshall, 1990);

e Operational problem: an operational problem of a membrane installation
is at hand when the NPD increase and/or the MTC decrease exceed 15%
of the start-up values. At variations larger than 15%, corrective actions
are recommended and guarantees are restricted by the manufacturers of
membrane elements.

The diagnosis ‘biofouling’ is only justified when a correlation exists between

the encountered operational problem(s) and biomass accumulation as determined
by ade-quate parameters. A range of biomass parameters and analytical tools
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are available (Ridgway and Flemming, 1996 and Speth et al., 2000). However,
studies on quantitative relationships between the NPD increase over a membrane
installation and biomass accumulation are lacking. In this study, a suitable
biomass parameter to quantify biofouling is proposed.

The main objectives of this study were:

1. To select a sensitive process parameter to characterize biofouling for
process control;

2. To determine relationships between concentrations of selected biomass
parameters in membrane elements and the NPD increase over membrane
installations. The biomass parameters applied were adenosinetriphosphate
(ATP), total direct cell counts (TDC) and heterotrophic plate counts (HPC);

3. To evaluate feed and concentrate water quality parameters ATP, TDC,
Assimilable Organic Carbon (AOC) and the Biofilm Formation Rate in a
glass-ring biofilm monitor (BFR) as indicators for biofouling.

MATERIALS AND METHODS

Test rig experiments

Pressure drop increase and biomass parameters were monitored in time in two
parallel test rigs, with and without dosage of 10ug C L™! of acetate, an easily
biodegradable compound. The operation of the rigs was identical with exception
of the acetate dosage (Vrouwenvelder ef al., 2000). Each test rig was loaded with
one 4” RO membrane element and operated at a recovery of 10%. Ground water
treated by aeration, rapid sand filtration followed by cartridge filtration was used
as feed water. The water had a constant temperature of 13°C. Three days after
starting up the test rigs, acetate (10pug C L™ ") was added to the feed water (DOC
concentration of 1,900 g C L™!) of one test rig. Depending on the development
of the pressure drop, the membrane clement was taken from the test rig to
determine biomass parameters by a destructive membrane study (autopsy).

Full-scale experiments

The 15 membrane filtration installations, different in staging of pressure vessels
and number of membrane elements per pressure vessel, loaded with spiral wound
4” or 8” NF or RO membrane elements, were investigated. This study included
polyamide and polysulfone thin film composite membranes from different
suppliers. No disinfectant residual was present in the feed water. The types
of water source and pretreatment prior to membrane filtration are shown in
Table 2.1. Membrane elements were taken from different plants varying in
ANPD to determine biomass parameters by autopsy.
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Normalized pressure drop

The plants were operated at a constant flux by increasing the feed pressure. The
term ‘biofouling’ in this paper is related to a feed channel NPD increase =15%,
supported by a biomass parameter. The feed channel pressure drop is also named
feed-brine pressure drop. To compare the effect of membrane fouling the pressure
drop data were normalized for temperature (10°C) and flow (reference capacity
related to membrane element type and element number in pressure vessel)
according to Huiting et al. (1999). To compare data of the individual membrane
installations, the increase of the NPD at the time of autopsy is expressed as a
percentage of the starting value of the installation with new membranes, i.e. a
ANPD value of 300% indicates that the NPD has increased by 300% since the
start-up of the plant (equation 2.1). The average NPD value of five consecutive
days after the start up of the plant (NPD,, in equation 2.1) and five consecutive
days prior to the membrane sampling (NPD,;) was used for determining the
ANPD.

NPD,, — NPD,,

ANPD (%) = T
t0

x 100% 2.1

Sampling and study of membranes

Lead elements from the feed side were taken from test rigs and membrane
installations. No cleaning was applied in the NF or RO installations for at least
10 days prior to membrane sampling. The membrane elements were packed in
plastic bags and stored at 2°C until the destructive study, which was performed
within 24 hours after removal of the membrane elements from the installation.
Membrane elements were opened lengthwise by cutting the glass fiber casing.
Subsequently, the membrane material was unrolled and 10 small sections
(7cm?) over the length of the membrane element were cut and placed in 10mL
of autoclaved tap water in a capped tube (diameter of 2.0cm, height of 25cm).
The samples included the feed spacer, the membrane and the product spacer.
Additionally, in the middle of the element the three membrane layers were sampled
separately to determine the distribution of biomass over the individual layers. The
tubes with membrane sections were stored at 2°C until analysis. The tubes with the
membrane sections were placed in an ultrasonic cleaning bath (Bransonic, model
5510E-DTH, output 135 Watts, 42kHz). The low energy ultrasonic treatment
(2 minutes) followed by mixing on a Vortex (few seconds) was repeated three
times. Next, volumes of water were collected from the tubes to determine biomass
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26 Biofouling of Spiral Wound Membrane Systems

parameters (ATP, TDC and HPC). Additionally, samples of membrane and spacer
of 15 by 15cm were taken about 20 cm before the effluent side of the membrane
for analysis of the concentration of accumulated metals by quantitative Inductively
Coupled Plasma Mass Spectrometry (samples were destructed by pretreatment
with aqua regia in a microwave oven). Also, material scrapings of the feed side
of the membranes were collected after removal from the feed spacer. The volume
and weight of the collected material and scraped surface area were registered. The
biofilm thickness was derived from the volume of material collected and surface
area sampled. The scraped material was analysed for the concentrations of total
organic carbon (TOC; non-purgeable organic carbon by infra-red gas analysis),
dry weight (gravimetrical method, residue after 105°C), ashes (gravimetrical
method, residue after incineration at 550°C), proteins (Lowry et al., 1951) and
carbohydrates (Dubois et al., 1956).

Biomass in membrane elements

Active biomass was determined in duplicate by measuring the adenosinetriphosphate
(ATP) concentration from 100pL samples (Holm-Hansen and Booth, 1966).
The luminometer (Celcis, model Advance) added 100pL of LuminEX-B reagent
(Celcis) to a sample to release ATP from the bacterial cells. Subsequently, 100pL of
LumATE-PM (Celcis) was added for light production. The amount of light produced
was measured with the luminometer (relative light units). The concentration of ATP
was derived from the relative light units value using the conversion factors of the linear
relationship between relative light units values and reference ATP concentrations.
The ATP concentrations of autoclaved drinking water (<lng ATP L")
and two control solutions (2 and 100ng ATP L~') were determined as quality
control.

Total Direct Cell counts (TDC values, cells cm™2) were performed with
epifluorescence microscopy using acridine orange as fluorochrome by applying
a slightly adapted method to eliminate fading (Hobbie ef al., 1977). The slides
were examined with a Leica DM RXA microscope equipped with a 100W
power supply and phase and filter sets (I12/3) appropriate for acridine orange.
Microorganisms were enumerated through a 100x/1.30 PL Fluotar oil immersion
objective. Non-fluorescence immersion oil (Olympus, code 35505) was used
because of low background fluorescence. A total of 10 random fields were
counted.

Heterotrophic Plate Counts (HPC values, CFU cm™?) were assessed by
spreading 0.05 mL volumes of water, either directly or from decimal dilutions, in
triplicate on plates with R,A medium (Reasoner and Geldreich, 1985). Colonies
were enumerated after 10 days of incubation at 25°C.
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Biological parameters of feed water

Parameters to determine the concentration of microorganisms in water (ATP and
TDC) were measured during the membrane study as well. Assimilable Organic
Carbon (AOC) and the Biofilm Formation Rate (BFR) were used to assess the
concentration of growth promoting substances in water. The AOC test is a bioassay
with two well-defined pure cultures. From the maximum growth level of the two
individual strains, the AOC concentration was calculated and expressed as pg of
acetate-C equivalents L™! (ug C L™!; Van der Kooij, 1992). The BFR value was
determined with an on-line operated biofilm monitor at a continuous linear flow
rate of 0.2m s~ !. The accumulation of active biomass (ATP) on the surface of
glass rings in this monitor was determined as a function of time and the BFR value
is expressed as pg ATP cm ™2 day ! (Van der Kooij et al., 1995).

Effect of cleaning

Biomass parameters were determined in a membrane element taken from a
membrane installation directly prior to and after applying a set of successive
cleanings with industrial chemicals according to supplier prescriptions. The
cleanings were applied for biofouling control. Both autopsied membranes were
lead elements with the same operation time from pressure tubes installed in
parallel. The time between the two membrane studies was about 24 hours.

Statistical evaluation

Statistical analysis of log transformed (logl0) data was performed with SPSS,
software version 11 for Windows.

RESULTS

For biofouling quantification, biomass parameters in membrane elements were
investigated during membrane autopsies and compared with the increase of
normalized feed channel pressure drop and feed water qualities in test rigs and
15 full-scale investigations (Figure 2.1, Table 2.1).

Biomass in membrane elements

The concentration of active biomass usually decreased during passage of the
pressure tubes (unpublished data). Thus, the highest concentrations of active
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biomass were generally found in lead elements. The distribution of biomass over
the length of lead elements differed. Severely fouled membranes showed high
biomass concentrations that decreased over the element length, but less fouled
membranes had lower biomass concentrations that were equally distributed over
the element (Figure 2.2).
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: plant + substrate b - ° ]
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biomass concentration (pg ATP cm?) TDC (cells cm?) and HPC (CFU cm?)

Figure 2.1 Relationships between the ANPD over membrane installations and
ATP concentrations (A) and TDC and HPC values on R,A media (B) in lead
elements from membrane installations. (A) shows the data from full-scale and
test rig studies, with and without dosage of a substrate to the feed water. (B)
shows data from plant studies. The lines represent the calculated relationships;
dotted lines represent the ANPD threshold. Details of case studies a, b and c are
presented in the text

Most of the biomass was found on the feed side of the membrane and the
feed spacer (Table 2.2). Some biomass was observed on the product side of the
membrane and on the product spacer. Microscopic observations showed that cells
on the product side were smaller than cells on the feed side of the membrane. In
general, on the feed side of the membrane, the TDC analysis showed large clusters
of up to thousands of bacterial cells. These clusters of cells are responsible for the
relative large standard deviation of the TDC value.

The highest concentrations of biomass have the strongest effect on the feed
channel pressure drop and ANPD, since the space for feed water flow is most
limited at the location with a high biomass concentration. The maximum values
for biomass parameters in lead membrane elements were used in subsequent
discussions.
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Figure 2.2 Distribution of ATP amount over the length of lead membrane
elements taken from membrane installations with differences in pressure drop
increase (A = 300%; © = 100%; ®, ¥, © = =10%). Each marker type represents
a lead membrane element from one of the tested membrane installations.
Severely fouled lead membranes showed high biomass concentrations that
decreased over the element length and less fouled lead membranes had lower
biomass concentrations that were equally distributed over the membrane element

Table 2.2 Distribution of biomass (minimum and maximum percentage of total
for ATP, TDC and HPC) over the individual membrane layers of all membranes
investigated

Membrane layer ATP % TDC % HPC %
feed spacer 5-62 <1-95 <1-53
membrane 38-90 5-100 40-100
product spacer <1-6 <14 <1-8

Dose-effect studies

In the membrane element (in test rig) without acetate dosage, no increase of
ANPD was observed during the first 29 days, while the concentration of active
biomass increased strongly (Figure 2.3). Dosage of 10pug C L™! as acetate
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(0.5% of the feed water TOC concentration) to the feed water resulted in a rapid
increase of ANPD and active biomass concentration in a parallel installed test rig
operated under identical conditions (Table 2.3 and Figure 2.3). The dosage of this
low amount of acetate to a test rig resulted in an at least four times higher ANPD
value and a six times higher active biomass concentration than in the parallel test
rig without dosage, with the same running time (29 days). In the test rig studies,
all biomass parameters (ATP, TDC and HPC) increased in time with and without
dosage of a substrate (Table 2.3). The gradual increase in time of active biomass
and ANPD in the test rig studies without substrate dosage showed that the feed
water (tap water) contains substrate.

70
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- |
504 & 10000 -
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o 40 - § §
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< =
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Figure 2.3 Development of ANPD and ATP in a RO membrane element in a
test rig in time with and without dosage of 10ug acetate-C L~'. The dotted line
represents the ANPD threshold

One full-scale membrane study was performed before and during an increase
of ANPD and can therefore be interpreted as a dose-effect experiment (Table
2.3). This plant showed excellent performance for 2.5 years, i.e. a low and stable
ANPD (=10%) without cleanings and concentrations of active biomass of
1,000pg ATP cm 2. However, a sudden increase of ANPD (90%) was observed
and autopsy showed an active biomass concentration of 31,000pg ATP cm 2.

The only difference in time was the type of scale inhibitor dosed. Therefore, the
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bacterial growth potential of the scale inhibitors was determined. AOC analysis
of the feed water with the new and original scale inhibitor demonstrated that the
AOC of the feed water with the new scale inhibitor was 90pug C L™!, whereas
the feed water AOC with the original scale inhibitor was <10pg C L™!. The
AOC of the feed water without scale inhibitor was <10pg C L™

Table 2.3 Development of pressure drop (ANPD) and biomass parameters (ATP,
TDC and HPC) in time and during dosage experiments of a biodegradable compound
to the feed water of a test rig or pilot plant loaded with RO membrane elements

n.d. not determined.

All dose-effect studies showed that biodegradable compounds in the feed
water lead to accumulation of biomass in the membrane element, causing an
increase of ANPD. The biomass parameters (viz. ATP) seem to be more sensitive
than ANPD. The concentration of biodegradable compounds in the water
supplied to the membrane installation is of importance in controlling biofouling.

Fouling of membrane plants: use of biomass parameters

Characteristics of water source and pretreatment of the membrane installations are
summarized in Table 2.1. The ranking of membrane installations in Table 2.1 is
based on the ANPD value, i.e. a higher position in the table means a higher ANPD.
In general, the Modified Fouling Index (MFI 0.45 pum) values and turbidity values of
the feed water of the individual membrane installations were <1s L~ and <1NTU.
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The temperature of the feed water varied between 1 and 30°C; one plant operated at
60°C. The running time of the plants before sampling of a membrane element for
autopsy varied between approximately 90 and 1,000 days. The ANPD values ranged
from =10% to 450%. The accuracy of the ANPD value was about 10%.

The relationship between ANPD over the membrane filtration installation
and the concentration of ATP, TDC and HPC in membrane elements is shown in
Figure 2.1. At low level of ATP no ANPD is observed (Figure 2.1). The ATP values
ranged from 4 to 102,000pg ATP cm 2. The ATP data from the test rig studies fit well
within the data of the plant studies (Figure 2.1A). The TDC values ranged between
3 X 10° and 1 X 10° cells cm ™2 The standard deviation of the TDC value is
relatively large (up to 100% of the TDC value) due to the presence of large cell
clusters. The HPC values varied between 1.1 X 10 and 2.0 X 10 CFU cm™?
(0.04% and 20% of the total number of cells). In general, the HPC values are a small
fraction of the total number of cells present (Figure 2.1B).
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Figure 2.4 Relationships between ATP and TDC (A) and HPC values on R,A media
(B). The lines represent the calculated relationships.Weak but significant correlations
between the ANPD and TDC (p = 0.003, r> = 0.42) and HPC (p = 0.015, r> = 0.29)
were found (Figure 2.1B). More significant relationships were found between ATP
and TDC (p = 0.0001, r2 = 0.51) and HPC (p = 7 X 1075, r2 = 0.62), respectively
(Figure 2.4). The higher significance of the correlations between ATP and the other
biomass parameters, TDC and HPC, when compared to the correlations observed
between TDC and HPC with ANPD illustrate the relative low sensitivity of ANPD
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A highly significant relationship was found between ATP and ANPD (p =
7 X 107!, 12 = 0.95), without taking into account the corresponding data with
ATP concentrations below 1,000pg ATP cm™2, since in that range ANPD values
were not representative for the corresponding ATP data (Figure 2.1A). Also, data
from the case studies a and b were excluded (see discussion).

Parameters of material scraped from the feed side of the membrane such as
biofilm thickness, TOC, dry weight, ashes, proteins and carbohydrates from 6
locations showed differences (Table 2.4). However, the data of the individual
parameters were limited and showed no relationship with ANPD (data not shown).

Table 2.4 Range of parameters in membranes taken from 6 plants

Parameter Unit Minimum Maximum
thickness pm ) 91
TOC g cm—2 0.7 13
dry weight pg cm—2 5 73
ashes pg cm—2 <1 10
proteins pg cm 2 0.8 47
carbohydrates g cm—2 0.5 26

Use of biological parameters of water to predict fouling

The dose-effect studies demonstrated that the feed water quality plays a role in
the ANPD. This suggests the use of a biological parameter of the feed water
as a relative simple and direct method to assess the biofouling potential of the
feed water of a membrane filtration installation. Table 2.1 shows feed water
characteristics like the concentration of organic carbon (TOC), active biomass
(ATP) and the growth potential (AOC). TOC concentrations ranged from
1 to 13mg C L™, whereas the plant with the highest ANPD had a relative low
TOC-concentration (1.3 to 1.6mg C L™"). In the test rig study, 0.010mg C L™!
as acetate increased the ANPD indicating that TOC concentrations as low
as 1mg C L™! may cause biofouling. ATP concentrations ranged from <1 to
400ng ATP L™!. ATP concentrations higher than 10ng L™! were periodically
observed only at plants with ANPD values exceeding 15%. However, lower ATP
values were observed as well at elevated ANPD values, illustrating that the ATP
concentration does not consistently correlate with ANPD. Note that ATP is a
parameter describing the concentration of active biomass and not the substrate
concentration present in the water. High concentrations of substrate can result in
higher growth of biomass in the water.
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The growth potential of water was assessed with a biofilm monitor (Table 2.5,
BFR) and AOC analysis (Table 2.1). BFR values of feed water ranged from =1
to 1,400pg ATP cm 2 day '. Low BFR values, =Ipg ATP cm 2 day ' were
observed at locations with extensive pretreatment and long running times at ANPD
=10% without cleanings. Higher BFR values, ranging from 120 to 1,400pg ATP
cm™2 day ™!, were found at locations dosing a chemical containing biodegradable
compounds or with restricted pretreatment resulting in reduced running times. At
locations with BFR temporarily =290pg ATP cm™2 day !, autopsies showed high
active biomass concentrations indicating biofouling (Table 2.5). Biomass data from
autopsies for BFR values in the range from 1 to 120pg ATP cm™2 day ! were not
available. The concentrations of AOC of the feed water ranged from a few pg to
750pg C L1, AOC concentrations =10pug C L™ ! were observed at locations with
ANPD >15%.

Table 2.5 Biofilm formation rate in the biofilm monitor and running time to meet
cleaning criteria

aAbbreviations used are explained in Table 2.1; MF, microfiltration; n.d., not determined.

For high ATP and AOC values, biofouling may be expected but low values do
not guarantee absence of biofouling. ATP and AOC analysis can be useful for rapid
screening of factors influencing ANPD, as described under dose-effect studies.
This rapid screening makes it possible to take directed actions. The ATP, AOC
and BFR values are applicable for spotting of biofouling but are not suitable for
process control, since low values do not guarantee absence of biofouling.

Pretreatment and cleaning

Membrane filtration installations with extended and robust pretreatment involving
biological activity, such as granular activated carbon filtration and slow sand
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filtration experienced stable performance at low ANPD (Table 2.1). Membrane
filtration installations with restricted pretreatment and high concentrations of
biodegradable compounds (high BFR value) in the feed water experienced
biofouling as determined with a destructive membrane study (Table 2.5) and
high ANPD values. Exploratory studies on membrane cleanings showed that
biomass could be (partly) inactivated, but that biomass was not removed from the
membrane elements (Figure 2.5). Removal of biomass is essential for biofouling
control, since the remaining inactivated biomass serves as food for microrganisms
surviving the cleaning and supplied by the feed water, leading to rapid regrowth.
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Figure 2.5 Effect of cleaning on the biomass parameters ATP (A), TDC (B) and
HPC on R,A media (C) in a membrane element. One lead element was taken
from the plant directly prior to cleaning and another lead element from a parallel
pressure tube was taken directly after the cleaning. Adapted from Vrouwenvelder
et al., 2001

DISCUSSION

Selection of a suitable parameter for biofouling

It is important to have an appropriate process parameter to characterize (bio)fouling
in membrane installations. ANPD is the most logical process parameter. Usually,
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in practice applied pressure meter sensors do not allow sensitive accurate detection
of ANPD and can therefore not be used as an (early) warning system enabling
control actions such as preventive cleanings. The accumulation of biomass in the
membrane elements was not detected with the ANPD measurement while the
ATP concentration showed a clear increase during the first 30 days of the test rig
study without substrate dosage (Table 2.3, Figure 2.3). Also in practice, the ANPD
measurement was not able to discriminate plants containing membrane elements
with clearly different active biomass concentrations ranging from about 3 to
3,000pg ATP cm ™2 (Figure 2.1A). Therefore, biomass parameters were evaluated
as an alternative for ANPD.

The ATP concentration in a membrane element is a suitable parameter, since
the highly significant relationship with ANPD (p = 7 X 107!}, r* = 0.95).
The high sensitivity and accuracy makes ATP more distinctive than ANPD
(Figure 2.1A). ATP can be used for accurate determination of the development
of biofouling in a membrane filtration installation and may therefore be used
as an (early) warning system for control actions like preventive cleanings
(Figure 2.1A). The relationship between ATP and ANPD has predictive value
for diagnosis of biofouling. The estimated value for ATP at ANPD of 15% was
3,100 pg ATP cm 2.

The ANPD during plant studies was determined over the total installation,
consisting of several staged pressure vessels with each pressure vessel containing
multiple membrane elements, while during dose-effect studies ANPD was
determined over one membrane element. Nevertheless, a good similarity between
the plant studies and the dose-effect experiments was found with respect to the
relationship between ANPD and ATP, measured in the lead element of the first
stage during plants studies (Figure 2.1A).

TDC seems to be a suitable parameter to evaluate the effectiveness of
cleanings. ATP can be affected by cleaning chemicals while TDC values are not
(Figure 2.5). By TDC measurement the total number of cells, including active,
inactive and dead cells is determined. So, TDC values can be used for evaluation
of cleaning strategies on the removal efficiency of biomass from the membrane
element. The large scattering of the TDC counts (Figure 2.1B), caused by the
presence of clusters of cells, makes the parameter less appropriate than ATP for
use as parameter for biofouling.

HPC is not an appropriate parameter to evaluate biofilm concentrations and
biofouling. Comparison of TDC and HPC counts on R,A media of biofilms in
membrane elements (Figure 2.1B) clearly show that HPC values are relatively
low in comparison with the TDC values. The 50-percentile value of HPC values
was <2.5% of the TDC values. The relative substrate poor media and the long
incubation time used for HPC values on R,A media explains the relative high
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yield of colony counts compared to other media for colony counts. In addition,
the standard deviation of the HPC values is wide spread (Figure 2.1B).

Extrapolation of the trend of the relationship between ANPD and ATP
(Figure 2.6) shows that low ANPD values cannot be detected and discriminated
on basis of current ANPD measurements but can be detected and discriminated
on basis of ATP analysis, with an accuracy of 0.5pg ATP cm™2. The ANPD data
and HPC and TDC counts show a similar trend, however, with a larger standard
deviation (Figure 2.1B).
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Figure 2.6 Hypothetical correlation between ANPD and ATP concentrations
in full-scale installations and test rigs. The line represents the calculated
relationship including the extrapolation to low ANPD and ATP values; the dotted
line represents the ANPD threshold. The correlation suggests that fouling
accumulation can be detected earlier and more accurately with proper pressure
drop measurements

Comparison of the results of our study with literature data shows, that the
ATP concentrations in this study on thin film composite membranes (4 to
102,000 pg ATP cm™2) were lower than the values reported by Ridgway et al.
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(1983) on cellulose based membranes (880,000 and 3,340,000 pg ATP cm2).
Possibly, the cellulose acetate based membranes, which are susceptible for
biological degradation, and the water quality may explain the relative high biomass
concentrations found over the whole membrane installation by Ridgway. Griebe
and Flemming (1998) reported TDC values of 6 X 10% and 1 X 108 cells cm ™2
which covered approximately the range of our observations. In addition,
concentrations of proteins, carbohydrates and the thickness reported in that study
were in the same range as observed during our study (Table 2.4). Geesey and
Bryers (2000) reported biofilms thicknesses varying between 10-100pum on RO
membranes, similar to the findings of our study (Table 2.4). The average ATP
concentration per cell, which is a measure for metabolic activity, ranged from
9 X 1077 to 7 X 107% ng ATP cell”! for the membranes from the plant studies
(Table 2.1). These values were similar as observed during studies on biomass on
granular activated carbon used in water treatment (Magic-Knezev and Van der
Kooij, 2004) and ground water bacteria (Metge et al., 1993).

The combination of ATP and TDC values in a membrane element gives
valuable information in diagnosing biofouling and can be useful as process
parameter for control actions. The results from this study on biomass parameters
agreed well with data found in literature.

Use of feed water parameters as process parameters

The use of ultrafiltration, which is efficient for biomass removal from the water,
is not sufficient to guarantee absence of biofouling in the subsequent NF or
RO treatment (Table 2.1). Pretreatment with ultraviolet (UV) light to inactivate
biomass in feed water most likely will not prevent biofouling as well. The TDC
values in feed water, ranging from about <10? to 10° cells mL ™!, showed no
relationship with biofouling. ATP concentrations periodically higher than 10ng L™
were observed only at plants with ANPD values exceeding 15% (Table 2.1).
Possibly, the concentration of biomass in the feed water is of minor influence on
the occurrence of biofouling. Biodegradable compounds in feed water seem to be
stronger related to biofouling.

Monitoring the biodegradable compounds in feed water can be performed by
assessment of the BFR determined with the biofilm monitor, combined with AOC
analysis. The BFR varied between <1 and 1,400pg ATP cm ™2 day ™ !. High BFR
values (=290pg ATP cm 2 day ') were observed at plants with biofouling and
relative low BFR values (=1pg ATP cm 2 day ') were observed at plants without
biofouling (Table 2.5). A significant linear relationship between the concentration
of acetate and the BFR has been reported for low concentrations of acetate added
to water in a biofilm monitor, with a BFR of 35pg ATP cm ™2 day ™! for 1pg L™!
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AOC (Van der Kooij ef al., 1997). Relatively low concentrations of substrate can
lead to serious biofouling (Figure 2.3), which illustrate that the consequence of
low AOC values on biofouling is not clear. However, the BFR values in the
biofilm monitor determined of the feed water were a factor 5 to 100 lower than
the estimated accumulation rates of biofilm formation in membrane elements from
plants. This difference in BFR between the biofilm monitor and the membrane
element was also found during the test rig studies with tap water. The BFR in the
biofilm monitor was <2pg ATP cm ™2 day ! but the BFR values in three elements,
with a running time varying from 16 to 55 days were <30pg ATP cm ™2 day~!. The
maximum values for biomass concentration were clearly higher in the membrane
elements than in the biofilm monitor. Possible causes for the disparity in BFR
values and biomass concentrations between the biofilm monitor and the membrane
elements can be differences in hydrodynamics (less efficient mass transfer in
biofilm monitor), material type and roughness (the biofilm monitor contained glass
rings with a smooth surface) and influence of filtration of water in the membrane
elements or combinations thereof. A drawback of the biofilm monitor is that the
development of the biofilm in time is assessed by periodic sampling and analysis
by skilled personnel. The sampling frequency determines the availability of data.
Despite these drawbacks, the biofilm monitor proved to be valuable in diagnosis of
biofouling (Table 2.5).

High BFR and AOC values are indicative for biofouling. However, low
values for these parameters may be sometimes difficult to relate to membrane
performance, since biofouling has been observed with feed water that had low
BFR and low AOC values. Thus, the parameters BFR and AOC are applicable
for spotting of biofouling but are not suitable for process control.

Practical implications

General trends

Membrane filtration installations with extended and robust pretreatment involving
biological activity experienced stable performance (relative low ANPD values)
for running times up to 1,000 consecutive days without cleanings. Pretreatment
steps with biological activity are rapid sand filtration, dual media filtration,
granular activated carbon filtration and slow sand filtration (Table 2.1). Griebe
and Flemming (1998) reported that the use of biofiltration as pretreatment
resulted in a reduction of the concentration of biomass in membrane elements
and an improvement of membrane performance, supporting the findings of this
study. However, use of biological pretreatment before membrane processes is no
guarantee for absence of biofouling. Even when biological pretreatment is used,
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chemicals dosed (such as scale inhibitors) and seasonal variations of the water
quality need attention (Van der Hoek et al., 2000; Vrouwenvelder et al., 1998
and Carnahan et al., 1995). Testing of 14 commercially available scale inhibitors
based on polymers and dose-effect studies with test rigs demonstrated that
chemicals used to prevent scaling differ greatly in their ability to promote growth
of microorganisms and confirmed experiences in practice (Vrouwenvelder ef al.,
2000).

Balancing of prevention (pretreatment and preventive cleanings) and control
actions (cleanings) may be the most cost effective way to operate membrane
installations. However, exploratory studies on membrane cleaning showed
that biomass can be (partly) inactivated, but not removed out of the membrane
elements (Figure 2.5). Schaule ef al. (1993) reported that the fouling deposit
in membranes, from a plant with an elevated feed channel pressure, before
and after cleaning contained identical TDC values (1 X 10% — 2 X 108 cells
cm~?), supporting findings of our study. Kappelhof e al. (2003) showed that
cleaning reduced the microbial activity of the biomass in the membrane element
but within three weeks the original microbial activity was fully restored. This
suggests that inactivated biomass is rapidly utilized by cryptic growth of biomass
surviving the cleaning and biomass supplied with the feed water. Therefore, it is
essential that cleanings remove biomass from the membranes.

Membrane suppliers have developed membranes that are supposed to be less
susceptible for fouling, which may be another approach to control biofouling.
However, the use of these low fouling membranes is no guarantee for stable
plant performance. In our study, the plant characterized by the highest ANPD
and highest biomass parameters was operated with low fouling membranes.

Membranes properties such as material charge, roughness, molecular weight
cut off and hydrophilicity and variation in properties during operation may
affect membrane process performance and fouling. However, irrespective of
the (variety in) membrane properties used in the study, a significant correlation
was found between ATP and ANPD (Figure 2.1A), suggesting that a variety of
membrane properties is of minor importance for biofouling control.

Our studies at plants with ANPD = 50% demonstrated that curative
cleanings were not effective in restoring the original ANPD and membrane
elements had to be replaced prematurely in all cases. Prevention of fouling by
proper pretreatment is preferred over curative actions like cleanings. Probably,
future systematic studies on membrane cleaning using appropriate parameters
enable the evaluation and selection of chemical cleanings (procedures and
chemicals). Limited systematic studies on cleanings were found (Whittaker
et al., 1984 and Ebrahim, 1994). Al-Amoudi and Lovitt (2007) reported that very
few papers on cleaning of membrane to regenerate membrane performance have
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been published and there is an urgent need for extensive research. A combination
of pretreatment and cleaning may be the way to restrict biofouling at minimum
cost.

A 15% ANPD increase may be too high for corrective actions. Apparently,
the definition for operational problem is arbitrary. Preferred is to take corrective
actions at a lower ANPD increase, which is difficult to determine with the
pressure drop measurements as applied in practice.

The relationship between ATP and ANPD is only correct in case of extensive
pretreatment (i.e. ultrafiltration) removing other constituents, such as particles,
that can cause a ANPD as well.

Special case studies

Low concentrations of inorganic elements in membrane elements were
generally measured at plants with low ANPD values (ashes =100mg m™ 2,
Tables 2.1 and 2.4).

For case studies a and b (Figure 2.1A), the ATP values cannot fully explain
the observed ANPD increase. In case study a, besides high concentrations of
biomass also relatively high concentrations of the inorganic elements calcium
(100,000 mgm™2) and iron (8,000mgm2) have been found on the feed side of
the membrane (Table 2.1). Calcium was present as CaCOj;. The sum of inorganic
compounds corresponded well with the weight increase of the 8 inch element by
13kg. Cleanings with a subsequent series of different chemicals about a month
prior to the autopsy of the membranes showed no clear effect on the ANPD and
the applied scale-inhibitor (dosage) was apparently not effective. In case study
b, high concentrations of inorganic compounds have been found as well. Major
inorganic compounds found were silica, aluminum, calcium, manganese and iron
salts (Table 2.1). In conclusion, the high concentrations of inorganic compounds
contributed to the ANPD increase and most likely explain the deviation of the
results of case studies a and b from the general trend between ANPD and ATP
as observed in Figure 2.1A.

Case study c also deviates from the relationship between ANPD and ATP.
At case ¢ both the concentrations of ATP and metals were low. Microscopic
observations of material collected from the feed side from the membrane showed
similar shaped and sized wire-like structures. The membrane installation in case
study ¢ was used in an industrial laundry and the pretreatment was not effective
in removing all fibre pieces from the fabrics washed. Chemicals to control
biofouling were not effective. Our membrane study showed that biofouling
was not responsible for the operational problem and the recommended relative
inexpensive adaptation of pretreatment solved the problem.
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Case studies a, b and ¢ show that it is important to study fouling in an integral
way. Therefore, the concentration of inorganic compounds accumulated on the
membrane must be determined and the scrapings of the membranes have to be
examined microscopically.

Recommendations

For diagnosis of the type of fouling hampering the membrane installation or for
determining the risk of biofouling, a destructive study is proposed of the lead
element from the first stage. It is essential that the elements are processed as
described and that no cleanings are applied for at least 10 days prior to membrane
sampling. The diagnosis can be obtained within 8 hours (Vrouwenvelder et al.,
2003Db).

Destructive membrane studies are expensive and laborious; therefore, a tool
is needed for monitoring the development of fouling and evaluation of control
actions. The ideal tool for monitoring of fouling has to meet a large number of
requirements (Flemming ez al., 1998, 2003 and Patching and Fleming, 2003).
However, no available monitor was fulfilling the combination of described
requirements. Therefore, a tool was developed for the validation of membrane
fouling: the Membrane Fouling Simulator (MFS, Vrouwenvelder et al., 2006b,
2007a). The major advantages of the MFS are representativeness of spiral wound
membranes and the small size requiring small amounts of water and chemicals.
Using the MFS, fouling can be monitored by (1) operational parameters like
pressure drop, (2) non-destructive (visual, microscopic) observations using the
sight glass and (3) analysis of coupons sampled from the membrane and spacer
sheet in the MFS.

Systematic research is needed, requiring a practical tool and a sensitive
pressure analyser. A sensitive and robust pressure analyzer will provide proper
pressure drop data enabling early detection of fouling (Figure 2.6).

SUMMARY

Biofilm accumulation in nanofiltration and reverse osmosis membrane elements
results in a relative increase of normalized pressure drop (ANPD). However, an
increase in ANPD is not exclusively linked to biofouling. In order to quantify
biofouling, the biomass parameters adenosinetriphosphate (ATP), total cell count
and heterotrophic plate count in membrane elements were investigated during
membrane autopsies and compared with ANPD in test rigs and 15 full-scale
investigations with different types of feed water. The combination of biomass
related parameters ATP and total cell count in membrane elements seem to be
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suitable parameters for diagnosis of biofouling, whereas plate counts were not
appropriate to assess biofouling. The applied ANPD measurement was too
insensitive for early detection of fouling. Measurements of biological parameters
in the water were shown to be not appropriate in quantifying biofouling. Evidently,
there is a need for a practical tool, sensitive pressure drop data and systematic
research.
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Chapter 3

Membrane fouling simulator
development*®

INTRODUCTION

High pressure membrane filtration processes, reverse osmosis (RO) and
nanofiltration (NF), produce drinking water of high quality, virtually free of
pathogenic micro-organisms and (in)organic compounds. The global drinking water
demand is increasing and also regulations on drinking water quality become stricter.
Because of the decreasing costs of RO applications, an increasingly important role
is predicted for this membrane technology in the future (Mallevialle ef al., 1996).

A serious problem in RO/NF is membrane fouling, resulting in an increase of the
normalized feed channel pressure drop and/or reduction of normalized flux and/or
increase of salt passage. Such problems cause a significant increase of operational
costs — up to 50% of the total costs (Ridgway, 2003) — and may endanger the
continuity of (drinking) water supply. Moreover, fouling will increase the use of
cleaning chemicals and consequently introduce a waste problem. The major fouling
mechanisms of RO and NF membranes are scaling, particulate and organic fouling
and biofouling. Scaling by inorganic compounds is predictable and is usually
controlled using an anti-scalant and/or an acid. Particulate fouling can be controlled
by pretreatment, e.g. ultrafiltration. Thus, all types of fouling except biofouling and
organic fouling — possibly related types of fouling — are controllable. Biofouling
is considered as a major problem in RO and NF at the moment (Flemming, 1997a

*This chapter is based, with permission from the copyright holders, on two papers previously
published in Journal of Membrane Science Vol. 281 No. 1-2 pp. 316-324 doi: 10.1016/
j-memsci.2006.03.046 and Water Science & Technology Vol. 55 No. 8-9 pp. 197-205
doi: 10.2166/wst.2007.259

© 2011 IWA Publishing. Biofouling of Spiral Wound Membrane Systems. By Johannes Simon
Vrouwenvelder, Joop Kruithof, and Mark van Loosdrecht. ISBN: 9781843393634. Published by IWA
Publishing, London, UK.
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and Paul, 1991, 1996). In practice, the fouling problem may be even more complex
because of possible interactions of different fouling types.

Prevention of membrane fouling requires in many situations intensive
pretreatment, increasing the costs of water treatment. Consequently, research
into the membrane fouling potential of raw water can be cost-effective. But also
membrane selection, use of chemicals and cleaning strategies can help to control
fouling problems.

Fouling studies are predominantly based on a trial and error approach
with pilot and industrial installations. Fouling is diagnosed on the basis of
parameters such as pressure drop and on membrane autopsy studies afterwards.
Evidently, there is a need for better tools and measurements in which visual
and microscopic observations of the membrane and spacer surface are possible,
in-situ, real-time and non destructively (Flemming ef al., 1998, 2003).

Table 3.1 Requirements for a membrane fouling monitor and summarized results
of testing of the prototype monitor and the Membrane Fouling Simulator (MFS)

Results of testing were considered (+) = satisfactory; (—) = not satisfactory; () = not
tested or evaluated.
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Vitens formulated the requirements for a (bio)fouling monitor (Table 3.1).
First of all, the tool must be representative for spiral-wound membrane elements
used in practice, e.g. the materials used (membranes and spacers), spatial
dimensions (height of feed and product spacer channels) and hydraulics (pressure
drop and linear flow velocity and flow distribution) must be identical. Secondly,
the obtained data must be accurate and reproducible, enabling the management
of a database facilitating the interpretation of data collected at different locations
and/or under different conditions. Thirdly, the monitor must be able to monitor
fouling quantitatively by (1) operational parameters like the pressure drop and
by (2) in-situ, real-time and non destructive observations (visual, microscopic
and other methods) and by (3) analysis of coupons taken from the monitor
(see Table 3.1).

A first prototype for such a monitor, named the Flat Sheet Monitor (FSM),
was developed by Vitens in collaboration with Kiwa. The FSM is made of
stainless steel and Perspex (cover lid), the external dimensions are 0.32m X
1.03m X 0.07m (Figure 3.1). The FSM has an effective membrane length
slightly shorter (0.90m) than the membrane length in a membrane element,
enabling the use of coupons taken from spiral-wound membrane elements. The
pressure drop can be monitored over the total FSM membrane length (0.90 m)
and over the first and second half of the FSM (Figure 3.1).

Comparison of the specifications of the prototype monitor with spiral-wound
membrane elements showed the same spacer channel height (Table 3.1). The
monitor also contains the same materials as membrane elements (membrane
and feed spacer) and can be operated with the same linear flow velocity. Dosage
of a KMnO, solution (purple colour) to the feed side of the monitor showed
that the flow was equally distributed over the monitor width (Vrouwenvelder
et al., 2007a). The relationship between linear flow velocity and pressure drop
was determined over a spiral-wound membrane element in a single element
test rig and over the prototype monitor. The relationship was also calculated
using the friction coefficient described by Schock and Miquel (1987). For the
spiral-wound membrane element, measured data fitted very well with calculated
data (Figure 3.2A). However, the prototype monitor showed a distinct difference
between measured and calculated data (Figure 3.2B), indicating that the monitor
is not representative for spiral-wound membrane elements. The relationship
between linear flow velocity and pressure drop was determined with a series of
measurements with increasing and decreasing flow rates, which provided the
same data. Possible explanations for the differences between the measured and
calculated data may be a short circuiting and/or variations of the spacer channel
height in the prototype monitor at different linear flow velocities. Dosage of a
biodegradable compound to the feed water of the prototype monitor resulted in
a pressure drop increase over the monitor (Figure 3.3A). Measurements over
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the first and second half of the monitor (Figure 3.3B) showed that the pressure
drop increased predominantly over the first half of the monitor (0 to 0.45m).
Analysis of membrane coupons from the monitor showed that most biomass was
present in the first half of the monitor. A suitable monitor must be representative
for spiral-wound membranes, requiring an identical relationship between linear
velocity and pressure drop. Hydrodynamics influence the biofilm structure and
behaviour (Purevdorj-Gage and Stoodley, 2004). Therefore, instead of the size
(length), the hydrodynamics of the monitor must be identical to spiral-wound
membrane elements. In practice, biofouling is usually observed on the feed side
of the membrane installation. Because of the hydrodynamics and the localization
of biofouling, a smaller monitor was developed.

Figure 3.1 Side view of Flat Sheet Monitor (FSM, external dimensions of 0.32m X
1.03m X 0.07m) with a transparent cover lid. The pressure drop can be
measured over the length of the FSM (arrows) using quick connectors. Water was
transported to and from the FSM by black tubes

The objective of this study was to develop a small all-round applicable tool
for (bio)fouling prediction and control, the Membrane Fouling Simulator (MFS).
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Figure 3.2 Relation between linear velocity (m s~) and pressure drop (kPa) in a
spiral wound membrane element in a test rig (A), the FSM (B), and the MFS (C).
The markers represent measured data and the dotted line represent calculated
data using the function described by Schock and Miquel (1987)
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Figure 3.3 Development of pressure drop in time over the length of the Flat
Sheet Monitor (A) and of the first and last half of the FSM (B)

MATERIALS AND METHODS

Membrane Fouling Simulator

Based on the experience obtained from the FSM, an adapted, smaller and cheaper
monitor, the Membrane Fouling Simulator (MFS), was developed (Figure
3.4A). The external dimensions of the MFS are 0.07m X 0.30m X 0.04m.
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The MFS has an effective membrane length of 0.20m, and a width of 0.04m.
So the MFS is simulating the fouling phenomena occurring in the first 0.20m
of membrane elements. Consequently, the water flow needed for testing
(1525Lh™ ") and chemical use is low. The MFS is constructed of two linked
stainless steel templates containing coupons of membrane, feed and product
spacer (Figure 3.4B). The height of the feed spacer channel and the product
spacer channel is 0.80mm and 0.25mm, respectively. These dimensions are
based on reported data (Schock and Miquel, 1987 and Van der Meer, 2003a) and
analysis of spacers taken from membrane elements. The MFS is equipped with
connectors for separate feed, concentrate and product flow. Also, connectors are
present for measuring the feed pressure and differential pressure (pressure drop)
over the length of the MFS on both the feed and product side of the membrane.
A transparent window enables the performance of (microscopic) observations of
the spacer and membrane during operation. The thickness of the window enables
the use of a microscope for fouling thickness detection in the micrometer range.
During operation, the glass window was covered with a light tight lid to prevent
growth of phototrophic organisms.

A B

Figure 3.4 (A) Side view of the developed Membrane Fouling Simulator (MFS,
external dimensions of 0.07 X 0.30 X 0.04m) with a transparent window.
(B) Scheme of the MFS components (patent NL 1028474)

Membranes and spacers

New and unused spiral-wound nanofiltration membrane elements (Trisep
TS80, 4 inch diameter) were used for the test rig studies and for preparation of
membrane and spacer coupons for the MFS. The full-scale installation contained
RO membrane elements (DOW Filmtec BWROLE-440, 8 inch diameter).
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Experimental set-up for operation/monitoring of MFS
and test rig

The MFS installation was fed with drinking water and subsequently consisted
of two cartridge filters (10 and 1pm pore size), two pressure reducing valves,
manometer, dosage point (for biodegradable compound), MFS and flow controller.
The feed flow in the MFSs was maintained at 16Lh™! (linear flow velocity of
0.16ms™!) during the experiments with and without dosage of biodegradable
compounds. Note: In practice, in lead membrane elements linear flow velocities
are applied in the range of 0.07 to 0.20ms ™! (Vrouwenvelder et al., 2009a). The
MEFS was operated at a pressure of ~120kPa to avoid degassing. The MFS was
operated in cross flow, without permeate production. Drinking water prepared
from ground water (treated by aeration, rapid sand filtration) was used as feed
water of the MFS installation and the single element test rig. The water had a DOC
concentration of 1.9mgL ™! and a constant temperature of 13°C.

Chemicals were dosed to the MFS feed water to enhance biomass growth. From a
sterile vessel, containing a 5L solution of concentrated substrate, substrate was dosed
into the feed water prior to the MFS by a peristaltic pump (Masterflex) at a flow
of 0.03Lh™!. The dosage of substrate was checked periodically by measuring the
weight of the dosing bottle. The chemicals NaCH;COO, NaNO; and NaH,PO, were
dosed with a ratio C:N:P of 100:20:10. C was the growth limiting compound. N and
P were dosed to eliminate growth limiting conditions caused by potentially low N
and P concentrations in the feed water. The substrates were dissolved in ultrapure
water. To restrict bacterial growth in the substrate dosage bottle, pH was set to 10.5
by dosing NaOH. Dosage bottles were replaced every 5 days. The substrate dosage
(0.03Lh~") was low compared to the feed water flow rate (16 Lh™!). Thus, the pH
of the feed water was not measurably influenced by substrate dosage.

During assessment of the relationship between linear flow velocity and pressure
drop, the membrane element in the test rig was operated without permeate
production.

A full-scale installation with persistent fouling problems (elevated pressure
drop) was selected for a comparison study. In parallel to the full-scale
installation, the MFS and a test rig were fed with surface water after pretreatment
with ultrafiltration and dosage of a scale-inhibitor (3 mgL~'). No biodegradable
compounds were dosed to the water. During these comparison studies, the
membrane elements in the test rig and the full-scale installation were operated
with production of permeate (recovery of 8%). The MFS and the test rig were
operated with the same linear flow velocity.

A differential pressure transmitter (Labom) was used to determine the
pressure difference over the feed spacer channel of the MFS and the membrane
element in the test rig. The differential pressure transmitter was connected to the
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MES and test rig with quick connectors. Using the transparent window of
the MFS, the development of the fouling in time was observed with a microscope
(Leica Wild M10) equipped with a digital camera (Canon S70).

Sampling and analysis of membrane coupons

To determine the accumulated fouling, sections of membrane, feed and product
spacers were taken from the MFS and membrane elements. The sections (4 cm?)
were placed in 10mL of autoclaved tap water in a capped tube. To determine
the amount of biomass, the tubes with the membrane sections were placed in
an ultrasonic cleaning bath (Bransonic, model 5510E-DTH, output 135 Watts,
42kHz). The low energy sonic treatment (2 minutes) followed by mixing on a
Vortex (few seconds) was repeated four times. Next, volumes of water collected
from the tubes were used to determine biomass parameters (ATP and TDC).

Active biomass was determined in duplicate by measuring the
adenosinetriphosphate (ATP) concentration from 100puL samples (Holm-Hanson
and Booth, 1966). The luminometer (Celcis, model Advance) added 100pL of
LuminEX-B reagent (Celcis) to a sample to release ATP from the bacterial cells.
Subsequently, 100 L of LumATE-PM (Celcis) was added for light production.
The amount of light produced was measured with the luminometer (relative
light units, RLU). The concentration of ATP was derived from the RLU values
using the conversion factors of the linear relationship between RLU values and
reference ATP concentrations. The ATP concentrations of autoclaved drinking
water (<1pg ATP mL™!) and two control solutions (2 and 100pg ATP mL ")
were determined as quality control.

Total Direct Cell counts (TDC values, cells cm™2) were performed with epi-
fluorescence microscopy using acridine orange as fluorochrome by applying a
slightly adapted method to eliminate fading (Hobbie et al., 1977). The slides were
examined with a Leica DM RXA microscope equipped with a 100 W power supply
and phase and filter sets (I12/3) appropriate for acridine orange. Microorganisms
were enumerated through a 100x/1.30PL Fluotar oil immersion objective.
Non-fluorescence immersion oil (Olympus, code 35505) was used because of low
background fluorescence. A total of 10 random fields were counted.

RESULTS

Relationship between linear velocity and pressure drop

The relationship between linear flow velocity and pressure drop over a single
element test rig containing a spiral-wound membrane element and a MFS
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containing coupons of membrane and spacers taken from the same type of
membrane element was calculated, using the methods described by Schock and
Miquel (1987). Mathematically, the pressure drop is expressed as

2
pv L 3.1)
2 d,

Ap=\-

where X is the friction coefficient, p the specific liquid density, v the linear
velocity, L the length of the membrane or MFS and d, the hydraulic diameter.
The length is only difference between the membrane element and the MFS
with respect to equation 3.1. The friction coefficient as given by the correlation
function by Schock and Miquel (1987):

-03

A=06.23-Re (3.2)
Where Re is the Reynolds number.

The measured linear flow velocity and pressure drop for both the membrane
element and the MFS fitted very well with the calculated data (Figure 3.2AC). The
sudden small jump in pressure drop in the MFS near a flow velocity of 0.22ms™!
is caused by the use of another — less accurate — type of flow meter at flow
velocities exceeding 0.20ms™'. Evidently, the MFS and the membrane element
had similar spatial dimensions (height of the feed spacer channel), resulting in an
identical relation between linear flow velocity and pressure drop.

Flow distribution

The flow distribution in the MFS was determined by dosage of a solution
containing KMnQ, to the feed water and observations using the sight glass of the
MFS. The front of the purple coloured KMnO,-solution was equally distributed
over the width of the MFS during transport of water trough the MFS, illustrating
a plug flow regime. A plug flow regime was also observed in spacer filled feed
channels of spiral-wound membrane elements by residence time distribution
measurements using a step change in saline concentration (Van Gauwbergen and
Bayens, 1997).

Sensitivity for fouling detection

In practice, biodegradable compounds in feed water of membrane installations
have caused biofouling (Griebe and Flemming, 1998 and Vrouwenvelder et al.,
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2000). Therefore, a biodegradable compound (acetate) was dosed to the feed
water of the MFS to enhance biofouling. A concentration of 0.100 mg acetate-
C L7 ! in the feed water of a MFS resulted in a strong increase of the pressure
drop over the MFS within 6 days, whilst the pressure drop over two MFSs without
dosage remained constant (Figure 3.5A). In-situ visual observations made during
operation of the MFS showed clear differences in accumulation of fouling in the
MFSs with and without dosage of acetate (Figure 3.6). At the end of the research
period the MFS units were opened for analyses of the accumulated material.
On the membrane and feed spacer taken from the MFS with substrate dosage,
higher concentrations of active biomass (ATP) and numbers of cells (TDC) were
found when compared to the biomass concentrations on samples from the MFSs
without dosage (Figure 3.5B, ATP data).

A B
600 - -
m: dosage of biodegradable compound i
. 500 e, ®: blanks —
s £ 60000
£ 40 - £
S 20 b
g ¥ £ 40000 -
° start dosage S
S 200 3 |
2 100 / 2 20000 -
s u E
e 0 s—"2=0 — - S——% | 2 _
-100 — 77— 0 -
0 1 2 3 4 5 6 blank  blank dosage
time (days)

Figure 3.5 Pressure drop in time (A) over the MFS with and without dosage of a
biodegradable compound (0.100 mg acetate-C L™") to the feed water of the MFS.
Biomass concentration (B) on the membrane and spacer in the MFS after 6 days
of MFS operation

This experiment illustrates that the MFS visualized fouling very well, in a
distinctive way. In the MFS with dosage of a substrate, the pressure drop, the visual
observations and the biomass concentration during analysis of the accumulated
material univocally indicated a higher degree of fouling when compared to the
MFSs without dosage.
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Figure 3.6 Visual on-line observations of the membrane and feed spacer in the
MFS — using the transparent window during operation — with (A) and without
(B) substrate dosage (after run time of 6 days). The flow direction is from top
to bottom. The original scale is 6.2 X 10.7mm. In the MFS with dosage, darker
coloured material and the presence of clusters material in the feed spacer
crossings (arrows) were observed when compared to the MFS without substrate
dosage

Reproducibility of MFS experiments

In a parallel study with three MFSs, a biodegradable compound (0.200mg
acetate-C L™!) was dosed to the feed water of each MFS. The pressure drop
over the three MFSs increased within 4 days (Figure 3.7A). Comparison of the
three MFSs showed a similar pressure drop at the start of the experiment and a
similar development of the pressure drop in time. The biomass concentrations
determined in the MFSs at the end of the research period were not significantly
different (Figure 3.7B). A similar pressure drop at start-up of the experiment
illustrates that the pressure drop was not affected by the individual coupons
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of the membrane and spacer in the MFSs. A parallel study without dosage of
a biodegradable compound also showed a similar development of the pressure
drop in time (Figure 3.5A, blanks) and similar biomass concentrations at the end
of the research period (Figure 3.5B) in the MFSs. The biomass concentrations
were equally distributed over the width of the MFS.
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Figure 3.7 Pressure drop in time (A) over three MFSs operated in parallel with
dosage of a biodegradable compound (0.200 mg acetate-C L~ ") to the feed water
of each MFS. Biomass concentration (B) on the membrane and spacer in the
MFSs determined after 4 days of MFS operation

It can be concluded that the MFS can provide reproducible data concerning
pressure drop and biomass concentration.

Comparison of fouling in MFS and membrane elements

The biomass concentrations found during the analysis of the membranes from the
MEFS (Figures 3.5B and 3.7B) are within the range as observed with destructive
studies on membrane elements taken from pilot and full-scale installations with
and without operational problems (Ridgway et al., 1983 and Vrouwenvelder and
Van der Kooij, 2003a). However for evaluation of the representativeness of the
MEFS for fouling development in membrane elements, comparative studies are
needed.

An MFS and a test rig were operated in parallel with a full-scale installation. The
feed channel pressure drop over the MFS was lower than the pressure drop over the
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membrane element at the start of the study (Figure 3.8A). The pressure drop over the
MEFS increased more rapidly in time than over the element (Figure 3.8A). In order to
compare the pressure drop over the MFS and the membrane element in the test rig,
the pressure drop over the membrane element was corrected for the MFS length,
using a factor 4.8 for the difference in length (length of element = 0.96m/length
of MFS = 0.20m). The pressure drop over the MFS and the membrane element
in the test rig corresponded closely for 17 days (Figure 3.8B). Thereafter, a more
rapid increase of the pressure drop was observed over the MFS when compared
to the membrane element. At the end of the research period, the concentration of
active biomass was determined in the MFS and membrane element. Over the
length of the MFS and membrane element, a decline was observed of the active
biomass concentration (Figure 3.9). The difference in development of the pressure
drop between the MFS and the membrane element from the test rig is most likely
caused by the relative low biomass concentration in the membrane element after the
first 0.20m (Figure 3.9) resulting in a relative low pressure drop increase over the
membrane in the test rig when compared to the MFS.
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Figure 3.8 Pressure drop in time (A) over the MFS and membrane element (test
rig) that were operated in parallel. The normalized pressure drop in time (B) over
the membrane element corrected for the MFS length

A lead membrane element taken from a full-scale installation — supplied with
the same water as the MFS and test rig — contained about the same concentration
and distribution of active biomass over the length of the element as the MFS and
the element from the test rig (Figure 3.9). Since the pressure vessel of the full-scale
installation contained six membranes in series, no data were available on the pressure
drop over the lead membrane element. The full-scale installation suffered from
fouling, which was detected with the MFS within 30 days (Figure 3.8).
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Figure 3.9 Biomass concentration (pg ATP cm~2) over the length of the MFS
and membrane modules from test rig and full-scale installation

Evidently, the MFS showed the same development of pressure drop in
time and the same concentration of biomass as in spiral-wound membrane
elements. The MFS enables to detect biofouling at an early stage, since biomass
predominantly accumulated on the first 0.20m of the lead membrane elements
(Figure 3.9).

DISCUSSION

Evaluation of the Membrane Fouling Simulator

The MFS, a new tool for fouling prediction and control, is presented. The
MEFS is representative for spiral-wound membrane elements used in practice
with regard to the materials used (membranes and spacers), spatial dimensions
(height of feed and product spacer channels) and the hydraulics (pressure drop
and flow distribution). As clearly demonstrated using the MFS, fouling can be
quantified and characterized by (1) the pressure drop, (2) in-situ, real-time and
non-destructive (visual, microscopic) observations using a transparent window
and (3) analysis of membrane coupons sampled from the MFS. A comparison
study of the MFS and membrane elements showed the same development of
pressure drop in time and the same biomass accumulation. The small scale of the
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MEFS makes it easy to handle and minimizes the costs of investment, operation
and use of chemicals and water. Comparison of the characteristics of the
developed MFS with the requirements for an ideal monitor (Table 3.1) indicates
that the MFS fulfils most requirements, illustrating the potential to be a suitable
tool for fouling prediction and control. The characteristics of the MFS clearly
discriminate the MFS from other available tools (Flemming, 2003).

The biomass concentrations found during the analysis of the membranes and
spacers from the MFS (Figures 3.5B, 3.7B and 3.9) are within the range observed
by destructive studies on membrane elements taken from pilot and full-scale
installations with and without operational problems. The comparative study of the
MES and membrane elements in a test rig and a full-scale installation showed the
same fouling (Figure 3.9), but a more rapid development of the pressure drop in
the MFS (Figure 3.8A), explained by the distribution of biomass over the length of
the membrane elements (Figure 3.9). The MFS was able to detect fouling earlier
when compared to the pressure drop development over the membrane elements/
installation. All data collected during the studies with the MFS and membrane
elements were in agreement with each other and clearly indicate the potential of
the MEFS to be a suited tool for fouling prediction and control.

More parallel studies of the MFS and spiral-wound systems are needed for
evaluation of the representativeness of the fouling development in the MFS. The
maximal feed pressure of the MFS is about ~150kPa, because of the presence
of the transparent window. A flux can be obtained in the MFS by a difference in
osmotic pressure over the membrane, which requires the flow of a saline solution
along the product side of the membrane. Adaptation of the MFS with a thicker
transparent window, enables to operate the MFS at higher pressures facilitating a
pressure driven flux and the possibility to determine the salt passage. This monitor
is under development and is expected to satisfy all requirements (Table 3.1) of a
monitor for fouling control.

Water types with a high membrane element fouling potential where rapidly
and easily identified with the MFS. The duration of the studies varied between
4 to 35 days (Figures 3.5A, 3.7A and 3.8).

The sensitive pressure drop measurement as well as the observations using
the transparent window seems appropriate parameters for fouling monitoring.
With the MFS, in-situ identification of the type and quantification of the extent
of fouling may be possible by for example dosage of a specific (colouring) tracer
to the feed water of the MFS and the use of the transparent window. Obviously,
the MFS can also be combined with other fouling detection methods.

The supplementary material at the end of this chapter contains an update
(September 2009) on monitor development and use.
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Potential fields of application for the Membrane Fouling
Simulator

Model studies using the MFS may lead to the development of membrane systems
less susceptible to fouling. The effects of parameters that may influence fouling
can be studied systematically enabling the selection of key parameters related
to fouling. Important parameters are e.g. substrates and micro-organisms in the
feed water, hydrodynamic conditions (velocities), flux, spacers and membranes.
The research can subsequently focus on the main important parameter(s) to
control fouling. Additionally, newly developed spacers and membranes can
be tested and alternative set-ups for membrane installations and methods of
operation can be evaluated and optimized.

The fouling potential of water can be determined and evaluated with the
MFS. Moreover, the MFS is suited for evaluation and comparison of different
pretreatment schemes (Figure 3.10A) and evaluation and comparison of the
fouling potential of chemicals dosed to the water prior to membrane filtration
(Figure 3.10B). These studies can be used for selection or adaptation of the
water source, pretreatment and chemicals dosed in order to minimize the risk
of fouling. Scale-inhibitors can differ strongly in bacterial growth potential,
the MFS can be used to select the chemical with a low fouling potential. The
MEFS can be connected to the concentrate, as a scaling monitor. Also, the MFS
can be connected to the product for quality control. Parallel studies with MFSs
containing different types of membranes and/or spacers may be suited to select
membrane elements less susceptible for fouling.

Cleaning in combination with pretreatment may be the — cost effective —
way to control fouling. The MFS can be used to evaluate the effects of biocide
dosage, preventive and curative cleanings and to develop strategies to control
fouling at low costs with a low impact on the environment (e.g. no overdose of
biocide, discharge regulations). Identical fouling is obtained in parallel operated
MFSs (Figures 3.5B and 3.7B). Evidently, the influence of different fouling
control actions can be assessed by using individual MFSs (Figure 3.10C).

Several fouling mechanisms can be studied individually, simultaneously and
systematically with the MFS. The obtained information can be used for a better
selection of pretreatment to overcome (site specific) fouling. Also, the contribution
and interactions of individual fouling types in relation to practical fouling problem
can be unravelled. The effect of pretreatment on biofouling, particulate and organic
fouling (also named NOM-fouling) can be determined with one set-up, using four
MEFSs in parallel (Table 3.2, Figure 3.10C). Differences between the individual
MFSs with respect to production, use of membrane and biocide dosage enable the
discrimination of individual fouling types.
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Figure 3.10 Schematic overview of potential use of MFS, A = fouling potential
of water, evaluation and selection of pretreatment, B = chemical dosage, C =
individual fouling studies, fouling control and cleaning studies, membrane
selection and model studies, D = early warning system

Table 3.2 Setup for assessment of the contribution of individual fouling
mechanisms using four MFSs in parallel

UF = ultrafiltration; AP = pressure drop; ILC = in line coagulation; MTC = normalized flux.
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An early warning system for fouling in spiral-wound membrane system requires
early detection of fouling which enables to take timely and directed actions. The
MES can be connected to the feed water of a system (Figure 3.10D). The MFS
has multiple methods to detect fouling quickly and accurately. For example,
measuring a parameter like the pressure drop — with a sensitive pressure analyzer —
over the MFS may provide a simple early warning system that can give an alarm
when the pressure drop exceeds a value. The use of the transparent window and
the destructive study of membrane coupons from the MFS also facilitate early
detection of fouling.

DEVELOPMENT OF A SET OF NEW MONITORS

In practice, a clean water flux is determined for evaluating the effect of cleanings,
indicating the need to develop a monitor with pressure driven permeate production.
Recent research by Herzberg and Elimelech (2007) and Chong et al. (2008) suggest
that biomass enhanced osmotic pressure may influence membrane performance by
reducing the flux and increasing the salt passage. The effect of biomass enhanced
osmotic pressure is reported to be stronger than the reduction in trans membrane
frictional resistance. In their studies, flow cells were used containing membranes but
no feed spacers. It is likely that their findings would have been different when feed
spacers had been present. This underlines the need for a representative monitor able
to study in RO/NF systems the influence of fouling on all performance indicators:
(1) increase in pressure drop across membrane elements (feed-concentrate channel),
(ii) decrease in membrane permeability, (iii) increase in salt passage. Therefore, a
monitor with pressure driven permeate production named the HP-MFS is being
developed (Figure 3.11E). This high pressure monitor can also be used as a portable
scaleguard. The HP-MFS has no sight glass due to pressure operation up to 6,000kPa
(60 bar).

The metal MFS made of 316 stainless steel with a product spacer channel
(Figures 3.4 and 3.12B), used in the studies described in this chapter, has been
adapted. The adapted metal MFS is made of SMO254 steel to enable seawater
biofouling studies and the product spacer channel was removed; the SMO254
MEFS scheme is shown in Figure 3.12C.

Nuclear Magnetic Resonance (NMR) is a powerful tool to study membrane
biofouling, since it is a quantitative non-invasive measurement technique.
Magnetic materials can not be used since magnetic material influence the NMR
signal. Because of the interference of the metal MFS with the NMR signal,
a PVC version of the MFS had to be developed. In order to fit in a 200 MHz
super wide-bore magnet, the MFS dimensions had to be scaled down. The small
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Figure 3.11 Selection of MFSs recently developed and under development:
Small PVC monitor for NMR studies (A,B), PVC monitors with similar dimensions
as the steel MFS (C,D), Steel monitor suitable for pressure driven permeate
production at feed pressures up to 6,000kPa (E). The spacer and membrane

sheet sizes are 1.6cm X 4.0cm for (A,B) and 4.0cm X 20.0cm for (C,D) and
about 4.0cm X 20.0cm for (E).
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MES has feed channel dimensions of 0.00077m X 0.016m X 0.040m (Figure
3.11AB). In the plastic MFS, the water flows through the spacer placed between
two membrane sheets. This MFS was produced with a manufacturing accuracy
of 20pum. The PVC MFS was found suitable for biofouling studies (Graf von der
Schulenburg ef al., 2008 and Vrouwenvelder ef al., 2009¢). Additionally, a larger
PVC version of the MFS was made for NMR studies in larger diameter magnets
(Figure 3.11C), with feed spacer and membrane sheet dimensions of 0.04m X
0.200m; the same dimensions as the metal MFS (Figure 3.4). The PVC MFSs
suitable for NMR studies are closed using glue and therefore single use only
(Figure 3.11ABC).

B c D E F

A
sight glass sight glass steel transparent PVC
membrane L membrane PMMA membrane.
I membrang =
product spacer I | [ steel PVC PVC
]

membrane steel

feed SDBCEVI _ MFS ($8316) MFS (SM0254) HP-WFS S-MFS S-MFS
s e

practice

thin film composite

membrane — thin dense top layer (determining performance)
membrane \
thick porous support layer

Figure 3.12 Scheme of monitors illustrating differences. Spiral wound membrane
module scheme (A) is shown for comparison. MFS (B, Figure 3.3) with sight
window and HP-MFS (D, Figure 3.11E) for pressure driven permeate production.
Plastic S-MFS with transparent (D) and PVC-top (E, Figure 3.11D). S-MFS
(D and E) can be made quickly with varying flow channel heights (h). The flow
cells shown in Figure 3.11ABC are variations on the S-MFS (E), used for NMR
studies.

Metal MFS (Figure 3.4) operation caused in some cases sweating of water
at the edge of the top and bottom MFS halves, were the membrane is localized
(Figure 3.12BC). Membranes should be placed with the thin top layer at the feed
spacer side in the MFS. Generally, placement of a new membrane and spacer
sheet and/or use of new screws and/or O-rings in the MFS solved the leakage
problem. O-ring replacement is recommended when water sweats near the MFS
sight window. These sweating problems were observed at the start of metal MFS
studies.

A plastic MFS, named spacer-MFS (S-MFS), was developed to improve the
metal MFS and to enable biofouling studies with varying spacer thicknesses.
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The S-MFS can be used with and without sight window (Figures 3.11D and
3.12EF). The spacer and membrane sheet dimensions (0.040 X 0.200m) and
hydrodynamic behaviour are the same as the metal MFS (Figure 3.4). The
S-MFSs has been in use for studies since early 2008 without any reported
leakage problems. Several companies, research institutes and universities use the
S-MFS. The S-MFS can be made quickly with varying flow channel heights.

An overview of the monitor types is given in Table 3.3 and a scheme of the
individual monitor characteristics is presented in Figure 3.12.

Table 3.3 Monitor types and key characteristics®

aAll monitors are applicable for feed spacer channel pressure drop measurement;
bSome monitors are suitable for NMR studies (Figure 3.11ABC);

CAdjustment of flow channel height may require use of inserts. The HP-MFS is being
developed.

MFS operation

Thin film composite membranes are composed of multiple layers, consisting of
a thin dense top layer and a thick porous support layer. The thin top layer should
face the feed spacer in the MFS (Figure 3.12). The top layer membrane side is
usually smoother and more shiny than the support layer side. The membrane
top layer may show the feed spacer print when the membrane is taken from a
membrane element.

A scheme of equipment suggested for operation of the (S-)MFS is presented
in Figure 3.13. Use of a cartridge filter (1-10pm pore size) to reduce fouling
caused by the water may be considered for comparison studies in the laboratory.
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Use of cartridge filters may result in a biofilm that is less visible during in situ
sight window observations.

Figure 3.13 Installation for operation of the (S-)MFS. Scheme (A) and picture
of (S-)MFS unit (B). The feed water (in) pressure is reduced using a pressure
reducer (c). Chemicals can be dosed (d) to the feed water of the (S-)MFS. The
pressure drop over the MFS (e) is measured with a sensitive accurate differential
pressure transmitter (Ap). The flow is regulated using a flow controller (f).
Chemical dosage requires a chemical reservoir (g), pump (h) and a pressure
relief valve (k) to prevent back flow

The feed pressure for a steel MFS should be below ~150kPa to reduce the
risk of breakage of the glass window. A feed pressure of 200kPa (2.0 bar) for
the S-MFS had not caused leakage problems (the maximum feed pressure for
the S-MEFS is 400kPa).

Dosing of chemicals to the MFS feed water require a pressure relief valve
to avoid backflow to the dosage vessel and have accurate chemical dosing.
Chemical dosage should be calibrated at the operating pressure and water
flow rate. The pressure relief valve pressure should be set higher than the feed
pressure and lower than the chemical dosage pump capacity.

Use of one pressure transmitter for each MFS is recommended over one
pressure drop transmitter for several MFSs. When using several MFSs in
combination with one differential pressure transmitter than a valve system for
measuring the pressure drops is strongly preferred over using quick connectors.
Connecting and disconnection quick connectors may affect the accumulated
biomass in the MFS.

Pressure differential transmitter type PT4 in Table 4.1 in chapter 4 (shown in
Figure 3.13B) has been found suitable for sensitive accurate biofouling monitoring.
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Mixing of the dosed chemical with feed water may be a point of attention.
The feed flow rate, chemical flow rate, pump, tube diameter, and use of static
mixer should be considered.

The flow controller may foul, resulting in a reduction of the linear flow
velocity in the (S-)MFS. Dosage of chlorine (~1mg Cl, L™!) to the MFS outlet
water prior to the flow controller will reduce biofouling of the flow controller.

An MFS system with remote access to logged data like pressure drop has
been used (Vrouwenvelder et al., 2010c¢).

MFS use

Since developing the first MFS in 2006, over 183 (S-)MFSs are in use by a broad
range of companies, research institutes and universities all over the world (Table
3.4). A selection of MFS systems during (on site) studies is shown in Figure
3.14. The use of the monitors enables systematic biofouling studies. Therefore, a
breakthrough in biofouling control is anticipated for the near future.

Table 3.4 Overview of monitor use (incomplete)
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Figure 3.14 Selection of steel MFSs in use. Model studies in laboratory (A).
On site studies on influence of chemical dosages and development of water
distribution net monitor (B). Anti-scalant and biofouling inhibitor testing (C).
On site biofouling and cleaning tests at a full-scale installation suffering from
biofouling (D)

SUMMARY

A tool is developed for the validation of membrane fouling: the Membrane Fouling
Simulator (MFS). 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. Using the MFS,
fouling can be monitored by (1) operational parameters like feed channel pressure
drop, (2) non-destructive (visual, microscopic) observations using the window
and (3) analysis of coupons sampled from the membrane and spacer sheets in the
MES. The major advantages of the MFS are (i) representativeness of spiral-wound
membranes and (ii) the small size requiring small amounts of water and chemicals,

Downloaded from https://iwaponline.com/ebooks/book-pdf/523709/wio9781780400990.pdf
by IWA Publishing user

on 04 March 2019
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reducing research costs and enhancing the possibility to test several MFS units
in parallel. The MFS can be applied for early warning, characterization of the
fouling potential of feed water, comparison of different pretreatment schemes and
for evaluation of fouling control applying different chemicals. The MFS can be
used in model studies to develop integrated membrane systems less susceptible
to fouling. The MFS is a suitable tool for testing newly developed membranes
and spacers. The first MFS tests showed that the results are representative for
membrane elements used in practice under the same operating conditions. A
comparison study of the MFS and spiral-wound membrane elements showed the
same pressure drop development in time and the same fouling accumulation.
The MES is an effective scaled-down version of a full-scale system and allows
to study the biofouling process occurring in the first 0.20m of reverse osmosis/
nanofiltration elements.
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Chapter 4

Sensitive pressure drop
measurement®

INTRODUCTION

The demand for drinking water in the world is increasing and regulations on
drinking water quality become stricter (Shannon ef al., 2009). High pressure
membrane filtration processes like reverse osmosis (RO) and nanofiltration
(NF) can produce drinking water of high quality. Declining costs of membrane
processes stimulate an increasing role for membrane filtration processes in
advanced water treatment practice (Mallevialle et al., 1996; Patching and
Fleming, 2003 and Shannon et al., 2009).

A potential drawback in membrane filtration applications is membrane
fouling. The corresponding increase of plant operation costs may be prohibitive
for the application of membrane filtration in (drinking) water treatment. One
of the major types of fouling is caused by biofilm accumulation in membrane
elements (Paul, 1991; Flemming, 1993; Tasaka et al., 1994; Ridgway and
Flemming, 1996; Baker and Dudley, 1998; Schneider et al., 2005 and Karime
et al., 2008). This type of fouling, biofouling, increases the feed channel pressure
drop (Characklis and Marshall, 1990), the pressure drop between feed and brine
lines (over the feed spacer channel).

The feed channel pressure drop measurement currently used in practice is
not sensitive enough to quantify biofouling in a membrane filtration installation
timely and can therefore not be used as an (early) warning system enabling control
actions such as preventive cleanings (Vrouwenvelder et al., 2008b). Membrane

*This chapter is based, with permission from the copyright holder, on a paper previously
published in Journal of Membrane Science Vol. 338 No. 1-2 pp. 92-99 doi: 10.1016/
j-memsci.2009.04.016

© 2011 IWA Publishing. Biofouling of Spiral Wound Membrane Systems. By Johannes Simon
Vrouwenvelder, Joop Kruithof, and Mark van Loosdrecht. ISBN: 9781843393634. Published by IWA
Publishing, London, UK.
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74 Biofouling of Spiral Wound Membrane Systems

manufacturers recommend to perform corrective cleanings at a total pressure drop
increase of 15%. This total pressure drop increase may be too high for effective
fouling control. It could be more efficient to take action at a lower pressure drop
increase. However, this approach is impossible with pressure drop measurements
as applied in practice at this moment. In practice, pressure is measured before and
after stages of the membrane filtration installation, using pressure transmitters.
Then, the pressure drop is derived by subtracting two measured pressures.

The objective of this study was to evaluate different types of pressure
transmitters for pressure drop measurements for accurate early fouling detection
in membrane filtration installations. The development of feed channel pressure
drop was followed over individual membrane elements, individual stages
and the total nanofiltration installation under field conditions. The relation
between the pressure drop increase and accumulated fouling was determined,
using membrane autopsies on elements differing in pressure drop increase.
Nanofiltration membranes were used in the study because of potential practical
application to improve removal of dissolved (in)organic and biodegradable
compounds (Verliefde, 2008 and Van Dijk and Van der Kooij, 2005).

MATERIALS AND METHODS

Experimental set-up

Water Supply Company Vitens produces drinking water (25,000,000m* year™!)
from anaerobic ground water at treatment plant Spannenburg in the Netherlands.
Vitens applies subsequently aeration, rapid sand filtration, deacidification, softening
and rapid sand filtration. The location was selected because of the potential use
of membrane filtration (i) to soften the water and (ii) to improve the biological
stability of the water (reduce aftergrowth) since the water is distributed without
disinfectant. At the location TDS removal is not a primary aim for NF application.
The TDS has little influence on biofouling and characterizing/quantifying of
biofouling with differential pressure drop measurements. Drinking water from
this treatment plant was treated additionally in a pilot plant consisting of UF and
NF (Figure 4.1). The UF installation — consisting of two membrane elements
(X-flow UFC MS5) — was operated in a dead-end mode at constant flow with a flux of
70L m~2h™!, a backwash twice an hour and three chemical cleanings a day.

concentrate

drinking water —]| permeate

Figure 4.1 Experimental set-up pilot plant
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Sensitive pressure drop measurement 75

The two stage NF installation (Figure 4.2), contained a total of 18 spiral
wound Trisep TS80 TSF membrane elements, with a molecular weight cut-off of
200 Da. For this research project, a third stage single element (3.1 in Figure 4.2)
was added to the installation. An antiscalant (7mg L™! 4Aqua OSM 92) was
dosed to the UF permeate to prevent scaling. The antiscalant concentration
was based on the projection program from the membrane supplier to avoid
CaCOj scaling. The NF installation was operated continuously at a feed flow of
3.2m’ h™! with a recovery of 75% for 146 days. The flux of the two stage NF
installation was 20L m~2 h™!. The linear flow velocity in the lead membrane
elements was 0.16ms™!. At the start of the study the feed pressure of the NF
installation was about 600kPa. The process parameters monitored were pressure
drop, flow and conductivity. The flux was calculated (Verdouw and Folmer, 1997
and Huiting et al., 1999). For assessment of the static pressure and the pressure
drop over individual membrane elements, quick connectors on the NF pressure
vessels were installed. Some elements in this installation were operated with
and without permeate production. Previous work (Vrouwenvelder et al., 2009b)
showed that this was not effecting the development of biofouling and pressure
drop. No chemical primary disinfection was applied and no disinfectant residual
was present in the drinking water (The UF NF feed water) and no cleanings of
the NF installation were applied during the study.

e s[4 s

2 EIEIEIEIEL-El-
121] 122123 [ 124 | 125

Figure 4.2 Scheme of nandfiltration installation with coding and order of

membrane elements

A small test rig containing two NF membrane elements in series was supplied
with the drinking water without UF pretreatment. The effect of UF pretreatment
on fouling can be evaluated by comparing NF membranes operated with and
without UF pretreatment. The membranes in the test rig were operated with the
same conditions as the pilot NF installation fed with ultrafiltrate (Figure 4.2).

Pressure drop measurements

Feed channel pressure drop measurements were performed with three
transmitter types, differing in accuracy and long term stability (Table 4.1).
Pressure transmitters (PT1, Endress + Hauser, PMCI131) were used for
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continuous monitoring of the feed pressure, concentrate pressure and permeate
pressure for stage 1, stage 2 and the total NF installation. A digital precision
manometer (PT2, Endress + Hauser, type PMC41) was used to assess the
pressure before and after individual membrane elements. The calibrated
measuring range for PT2 was 0 to 650kPa. A differential pressure transmitter
(PT3, J&M instruments, type JML1D2SH) was used to determine the pressure
drop over individual membrane elements. The calibrated measuring range of
PT3 was 0 to 16kPa, which is within the upper range limit (0—100kPa, Table
4.1). The digital precision manometer (PT2) and the differential pressure
transmitter (PT3) were used for periodical (manual) measurements applying
quick connectors on the pressure vessels. An alternative for PT3, with different
specifications is PT4 (not tested). The feed channel pressure drop data were
not normalized because of the highly stable temperature, pH-value and salinity
of the water (Table 4.2).

During our studies short time fluctuations of the pressure drop reading of
the differential transmitters were observed. For PT3 and PT4, pressure drop
fluctuated with about 0.3kPa during short time intervals. At different pressure
drop levels the same fluctuation was observed. The variation of pressure drop
was higher than the pressure transmitter manufacturers’ specifications. The cause
for these fluctuations was most likely the effect of pumping. In a set-up without
pumping the short time pressure drop variation was much less and in the order
of manufacturer specifications.

It is anticipated that the water salinity will not affect the accuracy of
differential pressure measurements (using PT3 or PT4). In high salinity water
it is essential that corrosion of the pressure transmitters is prevented. Part of
our previous studies were performed with seawater desalination installations
(Vrouwenvelder et al., 2008b). No indications were found for an influence of
salinity onto differential pressure measurements.

Sampling and study of membranes modules

To quantify the accumulated fouling, sections of membrane, feed and
product spacer were taken from the membrane modules. The sections (4 cm?)
were placed in a capped tube filled with 10 mL of autoclaved tap water. To
determine the amount of biomass, the tubes with the membrane sections were
placed in an ultrasonic cleaning bath (Bransonic, model 5510E-DTH, output
135 Watts, 42kHz). The low energy sonic treatment (2 minutes) followed
by mixing on a Vortex (few seconds) was repeated three times. Next, water
volumes collected from the tubes were used to determine biomass parameters
(ATP and TDC).
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Table 4.2 Water quality parameters of UF and NF feed, permeate and concentrate

n.a. = not analyzed; sd = standard deviation.
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Active biomass was determined in duplicate by measuring the
adenosinetriphosphate (ATP) concentration from 100 pL samples (Holm-Hansen
and Booth, 1966). The luminometer (Celcis, model Advance) added 100pL of
LuminEX-B reagent (Celcis) to a sample to release ATP from the bacterial cells.
Subsequently, 100 L of LumATE-PM (Celcis) was added for light production.
The amount of light produced was measured with the luminometer (relative
light units, RLU). The concentration of ATP was derived from the RLU values
using the conversion factors of the linear relationship between RLU values and
reference ATP concentrations. The ATP concentrations of autoclaved drinking
water (<1pg ATP mL™!) and two control solutions (2 and 100pg ATP mL ")
were determined as quality control.

Total Direct Cell counts (TDC values, cells cm™2) were performed with
epi-fluorescence microscopy using acridine orange as fluorochrome by applying a
slightly adapted method to eliminate fading (Hobbie et al., 1997). The slides were
examined with a Leica DM RXA microscope equipped with a 100 W power supply
and phase and filter sets (12/3) appropriate for acridine orange. Microorganisms
were enumerated through a 100x/1.30PL Fluotar oil immersion objective. Non-
fluorescence immersion oil (Olympus, code 35505) was used because of low
background fluorescence. A total of 10 random fields were counted.

Additionally, samples of membrane and spacer of 15 by 15cm were taken
about 20, 50 and 80cm from the feed side of the membrane for analysis of the
concentration of accumulated metals by quantitative Inductively Coupled Plasma
Mass Spectrometry (ICP-MS, samples were destructed by pretreatment with
aqua regia in a microwave oven).

Feed water

In addition to physicochemical water quality parameters (including TOC, pH,
temperature and conductivity), the concentration of biomass (ATP, TDC) in the
water (UF feed, NF feed, permeate and concentrate) was measured.

RESULTS

The development of feed channel pressure drop in the pilot nanofiltration
installation was investigated over (i) individual membrane elements, (ii)
individual stages and (iii) the total nanofiltration installation with different types
of pressure transmitters (Figures 4.3 and 4.4). For relating pressure drop increase
with accumulated fouling, membrane autopsies on elements differing in pressure
drop increase were performed (Figure 4.5).
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Figure 4.3 Pressure drop in time over the NF installation (A), stages (B)
and individual membrane elements in stage 1 (C) and stage 2 (D) of the NF
installation supplied with ultrafiltrate. Pressure transmitter PT1 was used for (A)
and (B) and PT2 was used for (C) and (D)
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Figure 4.4 Pressure drop in time over membrane module 1-1-2 (A) and 1-1-3 (B)
from the NF installation determined with PT2 and PT3. The standard deviation for
PT2 (2.6kPa) was larger than for PT3 (0.016kPa). PT3 provided more sensitive
data. The pressure drop measurements of individual membrane elements with
PT3 were performed starting day 76. The pressure drop can fluctuate up to about
0.3kPa for PT3 and PT4 during short time intervals. At different pressure drop
levels the same fluctuation was observed

UF pretreatment

UF treatment of the drinking water had a limited effect on the water quality
(Table 4.2). UF reduced the concentration of iron, active biomass (ATP) and
the number of bacteria (TDC; Table 4.2). The presence of bacteria in the UF
permeate is most likely related to growth of bacteria on surfaces of materials
and not to UF leakage. The UF installation was operated with hardly any
measurable permanent fouling, which was expected based on the relatively low
flux (70Lm 2 h™') and high cleaning frequency (3d ™).
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Figure 4.5 Pressure drop increase (A, PT3 data) and biomass concentrations (B)
of selected membrane elements after 146 days of operation of the NF installation.
The dotted line represents the estimated detection limit of the measurement. n.a.:
not analyzed. In stage 1 two parallel pressure vessels are present. Each pressure
vessel contains six elements. For example, membrane modules 1-1-1 and 1-2-1
are the lead membranes from the two parallel pressure vessels (Figure 4.2)

UF treatment had a significant effect on NF membrane fouling, with respect
to both type and extent of fouling. Without UF pretreatment, within 38 days the
pressure drop increased with =110% over a small test rig containing two NF
elements in series. The exact pressure drop increase could not be determined,
since the maximum signal for the pressure transmitter (PT1 type) was exceeded.
In the lead module without UF pretreatment, much higher concentrations of
biomass (7,800pg ATP ¢cm 2) and inorganic elements (4,000mgm2) were
observed than on the lead element from the NF installation with UF pretreatment
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(<2,200pg ATP cm™2? and <0.2mg m™2). Without UF pretreatment, the highest
content of inorganics was found for calcium (2,000mg m™?), iron (1,500 mg m~2),
silicon (300mgm™?) and manganese (46mgm™2). The membrane module in
position 2 of the test rig without UF pretreatment contained only 55% of the
concentration of biomass and inorganic elements present in membrane module on
position 1, illustrating a decline of fouling over the length of the test rig. The total
inorganic content declined also over the length of the membrane elements, with
the highest content on the first 20 cm of the lead element. Visual inspection of the
NF membrane surfaces showed clear differences between the membrane modules
as well (Figure 4.6). Figure 4.6 shows that without UF pretreatment, darker
coloured and more material was observed on the membranes compared to the
membranes operated with UF pretreatment. Without UF pretreatment, inorganic
fouling and biofouling of NF membranes were observed. Most likely both types
of fouling were contributing to the pressure drop increase over the test rig.

Figure 4.6 Membrane coupons from membrane elements, illustrating that the
membranes from the NF test rig (foreground) were visually more fouled than the
membranes from the NF installation (the center shows element 2-6 and 3-1 and
the background element 1-1-1, 1-1-2 and 1-2-1)
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With UF pretreatment, the pressure drop over the NF installation showed
no increase within 38 days. In 146 days, the pressure drop increased gradually
by about 15%. Inorganic fouling (<0.2mgm™?) was not observed but biofilm
accumulation (2,200 pg ATP cm~?) still occurred, although at a lower level than
without UF pretreatment.

Evidently, UF pretreatment had great impact on NF performance: UF reduced
the rate of pressure drop increase and reduced inorganic fouling and to a lesser
extent biofilm development in NF membrane elements. The following sections
present data obtained with the NF installation after UF pretreatment.

Development of pressure drop

A standard pressure transmitter (PT1) was used for pressure drop measurement
of the installation and stages and a high precision pressure transmitter (PT2)
were used for the individual membrane elements.

The pressure drop over the NF installation increased about 15% within 146
days after starting up (Figure 4.3A). The pressure drop measurements over the
individual stages of the NF installation showed that the pressure drop increase
over the first stage was higher than the second stage increase (Figure 4.3B). The
variation of the pressure drop data during the first 40 days limits the accuracy
of the pressure drop increase calculation over the two stages. The pressure drop
measurements over individual membrane elements revealed the highest pressure
drop increase (and pressure drop) of the lead membrane element from the first
stage compared to membrane elements from other locations in the membrane
installation (Figure 4.3CD). The two parallel first stages of the installation
showed the same pressure drop for individual membrane elements at the same
position in the pressure vessel (data not shown).

The pressure drop increase over the NF installation was predominantly caused by
the pressure drop increase over the lead membrane elements in the first stage (Figure
4.3C), which had a pressure drop increase of about 50% in 146 days. The pressure
drop increase was low (<5%) in all elements at position 4, 5 and 6 in the first stage,
all elements in the second stage and the third stage single element (Figure 4.3).

At the start of the experiment, pressure drop declined with increasing distance
to the feed side of the installation (Figure 4.3CD). This pressure drop decline is
caused by the reduction of linear flow velocity due to permeate production in the
membrane elements. For each element, permeate production is about 10% of the
element feed flow.

The normalized flux of the NF installation did not decline during the research
period (Verdouw and Folmer, 1997). So, based on the normalized flux no
indications were found for reduced membrane performance.
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Comparison of pressure drop measurements

Using pressure difference transmitter PT3, a distinct gradual increase of
the pressure drop in time was observed over membrane elements 1-1-2 and
1-1-3, which was not observed with pressure transmitter PT2 (Figure 4.4). PT3
provided less scattering and more accurate pressure drop data than PT2. The
data obtained with PT3 illustrate that the pressure drop increase declined over
the first three elements of the first stage of the NF installation (Figure 4.5A).
The other membrane elements in the first and second stage showed no detectable
pressure drop increase.

Use of a pressure difference transmitter (PT3) enables more sensitive and
accurate monitoring of the pressure drop, facilitating earlier detection of fouling
than with standard (PT1) or even high precision pressure transmitters (PT2).

Fouling analysis

A pressure drop increase of 15% over the NF installation supplied with
ultrafiltrate was selected for membrane autopsies. Because of clear differences
in pressure drop increase, membrane elements 1-1-1, 1-1-2, 1-2-1, 2-6 and
3-1 were taken from the nanofiltration installation after 146 days continuous
operation (Figure 4.5A).

The total concentration of inorganic compounds in all membrane elements
was below the detection limit of the analysis performed (<0.2 mgm > membrane
surface area). In practice, these low values (<0.2mgm~?) were observed in
installations without pressure drop problems, suggesting that the performance
of the installation in this study was not influenced by accumulated inorganic
compounds.

The biomass concentrations in the selected membrane modules showed
significant differences (Figure 4.5B). The concentration of biomass decreased
with increasing distance to the feed side of the membrane installation. The
biomass concentrations (ATP) related well with the pressure drop increase,
since high biomass concentrations where found in the membrane elements with
a high pressure drop increase and relative low biomass concentrations where
found in elements with a low pressure drop increase. The relationship between
pressure drop increase and biomass concentration is not linear (Figure 4.5). The
lead membrane elements from the first stage (1-1-1 and 1-2-1) had the highest
pressure drop increase and the highest active biomass concentration (Figure 4.5).
The standard and high precision pressure transmitters PT1 and PT2 were not
sensitive enough to discriminate individual membrane elements by pressure drop
increase as observed with pressure difference transmitter PT3 (Figure 4.5A).
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DISCUSSION

Pretreatment effect

Without UF pretreatment, a strong pressure drop increase and fouling (biomass
and inorganics) was observed in NF membrane elements. UF treatment reduced
the pressure drop increase and fouling accumulation in the NF installation.
With UF pretreatment, biofouling was still observed but inorganic fouling
was absent. Dosage of chemicals such as scale inhibitors may contribute to
fouling (Vrouwenvelder et al., 2000). A scale-inhibitor was dosed to the water
(7mgL~") after UF to prevent scaling of the NF installation. This
scale-inhibitor had a low bacterial growth potential (Vrouwenvelder ef al., 2000)
and is expected not to contribute to the biofouling development in this period.

After ultrafiltration, a drinking water can still cause biofouling by use as feed
water for in a NF installation. The pretreatment of the water treatment plant
includes two rapid sand filtration steps in which biodegradable compounds are
removed extensively from the feed water by biological activity of biomass on the
sand. Apparently, this pretreatment did not remove nutrients sufficiently to avoid
biofouling in the NF installation. High requirements must be met for feed water
of a membrane installation with spiral wound membranes to prevent biofouling.
For stable operation of NF or RO plants without a pressure drop increase,
extensive (biological) pretreatment can be an effective approach to reduce the
nutrient concentration. For example, the RO installation Jan Lagrand of PWN
in Heemskerk was operated for over 3 years without a significant pressure drop
increase, without preventive cleaning (Galjaard et al., 2005). This RO installation
is supplied with water after extensive pretreatment consisting of open storage
of lake water, microstraining, coagulation, sedimentation, dual media filtration,
granular activated carbon filtration and ultrafiltration.

Biofouling mechanism in lead membrane elements

Recent investigations into the community structure analysis of biofilms
in membrane modules from RO membrane plants suffering from reduced
performance have been reported (Chen et al., 2004 and Pang et al., 2005, 2007).
‘The bacterial community of the RO membrane biofilm was clearly different from
the bacterial community present at other locations in the treatment plant, indicating
the development of a specialized bacterial community on the RO membranes. The
species in the biofilm were different from those in the feed water, indicating that
the biofilm was actively formed on the RO membrane sheets and was not caused
by filtration of bacteria present in the feed water’ (Bereschenko et al., 2008).
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Experiments with membrane fouling simulators at the same location with
the same pretreatment and operated without nutrient dosage showed no increase
of feed channel pressure drop and no biomass accumulation while experiments
with monitors with nutrient dosage showed an pressure drop increase over the
feed spacer channel within a 10 day research period, indicating that the substrate
concentration is an key parameter for biomass accumulation.

Bacteria accumulate on material surfaces by two processes: attachment
and growth by cell multiplication. Attachment is a prerequisite for biofilm
formation (Van Loosdrecht ef al., 1990). The presence of microorganisms on
membranes was already observed after a short contact time with water containing
microorganisms, in the order of minutes (Schaule, 1992 and Flemming, 1993).
Microorganisms are commonly observed on water exposed surfaces, even in
pure water systems (Mittelman, 1991). Initial adhesion of microorganisms to
materials has shown not to be predictive for biofilm formation (Gjaltema et al.,
1997). The presence of attached microorganisms is not indicative for biofouling.
Once attached, the cell may grow, reproduce and produce extracellular
polymers, utilizing nutrients transported by the bulk fluid (Characklis and
Marshall, 1990). Obviously, biofouling of nanofiltration and reverse osmosis
systems is caused by biofilm growth. Thus, nutrients can be considered as
biofouling potential. The dominance of biofouling in nanofiltration and reverse
osmosis membrane installations with microfiltration/ultrafiltration pretreatment
indicates that nutrients are not rejected by microfiltration and ultrafiltration
membranes (Vrouwenvelder et al., 2008b). The biofouling process is based on
the transformation of dissolved into non-dissolved compounds (nutrients into
biofilm).

Biomass accumulates fastest on locations were supply of easily degradable
compounds is highest: the feed side of the installation. Studies with the
Rototorque, an annular reactor designed as perfectly mixed reactor resulting in
the same substrate concentration in the total reactor, showed that most biofilm
accumulated at the inlet side of the feed water containing substrate (Gjaltema
et al, 1994), supporting the results of the biofouling studies. A flat sheet
monitor with approximately the same membrane and spacer length and flow
channel height as membrane modules was developed to study membrane fouling
(Vrouwenvelder ef al., 2007a). Dosage of substrate to the feed water of the
monitor resulted in a pressure drop increase over the monitor. Measurements over
the first and second half of the monitor showed that the pressure drop increased
predominantly over the first half of the monitor. Analysis of membrane coupons
from the monitor showed that most biomass was present in the first half of the
monitor (Vrouwenvelder et al., 2007a). In all systems fed with low substrate
concentrations the highest biomass accumulation is observed at the feed side.
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Concentrating biodegradable compounds in the water over the membrane
filtration installation as a consequence of water production is not resulting in
higher substrate concentrations causing higher biomass concentrations in the
membrane modules at the outlet side of the installation (Figure 4.6B, module
2-6 and 3-1 have low biomass amounts). The easily biodegradable substrates
were already utilized in the first elements of the first stage.

Biofouling monitoring

Biomass accumulation in membrane modules increases the feed channel pressure
drop before flux decline (Vrouwenvelder et al., 2009¢c). By early warning of
biofouling a signal for the feed channel pressure drop increase over a small part
of the installation is given before the feed channel pressure drop increase over
the total installation is increased followed by flux decline. In other words, an
early warning signal is given before biofilm accumulation advances and leads to
problems such as a feed channel pressure drop increase over the total installation
and flux decline. Early detection of fouling requires monitoring where the fouling
starts. In case of biofouling this is the lead membrane module of the first stage
(Figures 4.6 and 4.7). Full-scale data from membrane installations suffering from
elevated pressure drop showed that most biomass is present in lead membrane
elements (Carnahan et al., 1995 and Vrouwenvelder et al., 1998, 2008b),
supporting the findings of this study. For early detection of a pressure drop
increase, monitoring of the lead membrane element is required (Figure 4.7).

»«— | - I I O O -
.| | =

earlier detection

Figure 4.7 Biofouling is earlier detected when pressure drop monitoring
is applied at the lead module at the feed side of membrane installation. An
alternative for early biofouling detection is shown, a small tool named membrane
fouling simulator (Vrouwenvelder et al., 2006b, 2007a)
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Sensitive pressure drop data should be preferred over water quality
parameters, since the pressure drop increase is directly related to membrane
biofouling of NF and RO membranes (Characklis and Marshall, 1990 and
Vrouwenvelder et al., 2008b), operated after microfiltration or ultrafiltration.
Also, pressure drop measurement is less expensive than analysis and evaluation
of water quality parameters, and can easily be applied on-line. In extensively
pretreated water a pressure difference transmitter is the most simple and robust
system to monitor biofouling.

In practice, monitoring of the pressure drop over lead membrane modules
can be achieved by (i) using connectors on the pressure vessels before and after
the lead membrane, (ii) using a single element test rig parallel to the installation
operated under the same conditions, (iii) installing an additional stage with
single membrane elements prior to the membrane installation and (iv) using
the membrane fouling simulator (Vrouwenvelder ef al., 2006b, 2007a), a tool
representative for membrane elements. For other types of feed water the pressure
drop measurement can be a suitable tool to detect other types of fouling than
biofouling in spiral wound NF and RO membranes. For example, it may be
applicable for monitoring inorganic fouling and differentiate between particulate
fouling and scaling.

Selection of pressure transmitter

Using a sensitive pressure difference transmitter provides accurate data with
low scattering, enabling closer monitoring. Pressure transmitter types PT1 and
PT2 are not suitable for accurate early biofouling detection. For assessment
of the pressure drop, two pressure measurements are required. Obviously, two
pressure measurements result in a lower accuracy of the pressure drop value
than the accuracy of pressure transmitter specifications (Table 4.1). Also, the
pressure drop is relatively small compared to the pressure, especially for high
pressure membrane processes NF and RO. Since the two measured pressures are
subtracted, a small error in the pressure measurement has a large impact on the
pressure drop, explaining the lower accuracy of PT1 and PT2 (6.5 and 2.6kPa
standard deviation) compared to PT3 and PT4 (0.016 and 0.008 kPa).

This study has shown that pressure differential transmitters are suitable
for pressure drop monitoring. Differential transmitters measure the pressure
difference in one measurement. Therefore, the accuracy of PT3 and PT4 are
much higher than standard (PT1) and high precision pressure transmitters (PT2,
Table 4.1). PT3 provided the most accurate pressure drop data in this study.
This transmitter contains two large diameter (8cm) diaphragm seals to detect
the pressure difference. These diaphragm seals are sensitive to damage by
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(transient) exceeding the maximum overload pressure. Although PT3 performed
very well in our studies a more robust alternative is preferred for use in practice.
The pressure difference transmitter PT4 has a higher accuracy, lower long term
variability and due to the use of ceramic membranes a clearly higher maximum
overload (10,000kPa) than PT3. Both, PT3 and PT4 are available with different
accuracy ranges, upper range limit and maximum overload.

Potential fouling control

A new and simple approach for biofouling control can be derived from the
observations of this study: the pressure drop increase of the lead membrane
(Figure 4.5) and the distribution of pressure drop over the modules in the NF
installation (Figure 4.3CD). The use of an additional stage with e.g. large
diameter (16 inch) membrane elements before the membrane installation
improves (i) monitoring, (ii) control efficiency since less membranes are
involved and (iii) flexibility of control measures (Wessels et al., 2001 and
Cornelissen et al., 2007).

Another approach to reduce the effect of biofouling can be switching the
position of lead biofouled elements with (clean) modules from the last position in
the last stage or by changing the flow direction in the stages. The lead membrane
has a higher linear flow velocity (and pressure drop) than the membrane
element on the last position in the membrane installation. So, by changing the
positions of the modules in the installation or changing the flow direction, the
pressure drop over the installation will be reduced. The pressure drop of
the lead biofouled membrane is reduced from 32kPa to 10kPa by changing (i)
the membrane position in the installation (to position 6 in the stage) or (ii) the
flow direction in the pressure vessel. This is based on calculations using the data
of this study and methods described by Schock and Miquel (1987), assuming
that only the friction coefficient is affected by the biofouling. The pressure drop
of a clean membrane element on the last position in a stage (8 kPa on position 6,
Figure 4.3D) is nearly the same as the biofouled membrane element (10kPa)
on the last position. If the stages contain more than six membrane elements in
series, then the pressure drop of the lead membrane (32kPa) will be reduced
to even lower values (9kPa on position 7 and 7kPa on position 8). It is not
clear yet, whether biofouling in the membrane element at the last position will
decline in time due to nutrient limitation conditions; the concentration of easily
biodegradable nutrients in the water and the linear water velocity are relatively
low at this position.

Control of biofouling of NF/RO installations may be obtained by operating
the membrane elements at relative low linear flow velocities. High biomass
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concentrations in the membrane elements seem to have little effect on the
pressure drop increase at these low linear flow velocities. Studies to determine
a hydraulic optimized design of staging and number of membrane modules per
pressure vessel resulted in the development of a hydraulic optimized pressure
vessel (Optiflux), which reduces pressure loss and increases membrane
productivity (Van der Meer, 2003a,b). Using the optimized pressure vessel, the
amount of lead modules is doubled and consequently the linear flow velocity is
reduced (Van der Meer et al., 2003a). Several full-scale installations using this
optimized concept are in operation since 1999 to 2005 without problems (Van
Paassen et al., 2005). Combining low linear flow velocities with flow direction
changes in the pressure vessels may be more effective for biofouling control.

SUMMARY

Accurate detection of biofouling in membrane filtration installations is assessed
by monitoring the feed channel pressure drop over individual membrane
elements of a full-scale installation using a sensitive pressure difference
transmitter. Feed channel pressure drop increased mainly in the lead element of
a nanofiltration installation. Also most biomass was present in the lead element,
corresponding to membrane autopsy results obtained in several full-scale
installations. The proposed pressure drop measurement over the lead element
enables early detection of biofouling, facilitating timely and more effective
control actions, with reduced environmental impact and cost.
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Chapter 5

Nuclear magnetic resonance
measurement”®

INTRODUCTION

The interplay of an increasing population, rising water pollution levels and
stricter drinking water quality regulations in some parts of the world has lead to
a significant rise in demand for ultrapure water. An increasingly important role in
water purification is taken by membrane filtration technologies (Mallevialle ef al.,
1996), such as reverse osmosis (RO) and nanofiltration (NF) membranes for
desalination. However, membrane filtration suffers from susceptibility to biofouling:
the accumulation of attached microorganisms to surfaces in the membrane unit.
The negative consequences of biofouling are several-fold and well documented
(Patching and Flemming, 2003). One of them is the increase of the feed channel
pressure drop, resulting in higher pumping and cleaning costs eventually leading
to early membrane replacement. Biofouling occurs widely in industry (Duranceau
and Knippel, 1996; Chen ef al., 2004b; Belfer et al, 2005; Pang et al., 2005;
Jarusutthirak and Amy, 2006 and Xu ef al., 2006) and provokes significant additional
operational costs for membrane plants (Flemming ef al., 1997a,b and Ridgway,
2003). Biofouling is conventionally studied and monitored by macroscopic
parameters such as pressure drop or by membrane ‘autopsy’ (Flemming ef al.,
1997a), which is destructive opening and inspection. There is a substantial need
for novel measurement techniques that enable non-invasive, real time and spatially
resolved observation of such biofouling (Flemming ef al., 1997a,b, 1998).

*This chapter is based, with permission from the copyright holder, on a paper
previously published in Journal of Membrane Science Vol. 323 No. 1 pp. 3744 doi:
10.1016/j.memsci.2008.06.012

© 2011 IWA Publishing. Biofouling of Spiral Wound Membrane Systems. By Johannes Simon
Vrouwenvelder, Joop Kruithof, and Mark van Loosdrecht. ISBN: 9781843393634. Published by IWA
Publishing, London, UK.
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In this study we demonstrate the first application of nuclear magnetic resonance
microscopy (NMR) to a RO membrane module. The NMR protocols used allow
the extraction of (i) the spatial biofilm distribution in the membrane module,
(i1) the velocity field and its evolution with biofouling and (iii) propagators, which
are distributions of molecular displacement of a passive tracer (e.g. salts, organic
molecules) in the membrane. In this study we employ '"H NMR and the passive
tracer signal is due to the 'H of the water molecules.

Thus far NMR has been employed to study colloid deposition in cartridge
filters (Dirckx et al., 2000) or the flow profile in hollow-fibre arrays (Heath et al.,
1990 and Yao et al., 1995). In this study two systems are investigated: (i) an
industrial scale spiral wound reverse osmosis (RO) membrane (Hydranautics
ESPA1-2540) and (ii) a flow cell filled with a feed spacer geometry typically
used to separate different membrane sheets in industrial NF or RO membranes.
In future the flow cell will be used for more fundamental studies of biofouling
parameters, such as spacer designs. Spiral wound membranes consist of semi-
permeable membranes separated by feed and permeate spacers, all wound around
a hollow tube in a spiral fashion. The feed spacers separate the membranes and
enhance tangential cross-flow and thus turbulence between membranes. The
clean water solution permeates the membrane and leaves the membrane module
through the hollow tube in the centre. Little information is currently available on
where biofouling preferentially occurs within such a membrane module and how
this influences the flow field through the module.

METHODOLOGY

Membranes systems

The two systems studied are as follows.

Membrane module

An industrial spiral wound RO membrane with an outer diameter of 2.5 in.
(Hydranautics ESPA1-2540). A cross-section of the spiral wound membrane is
shown in Figure 5.1.

Flow cell

The second system is a PVC flow cell with inner dimensions of 0.077cm X
1.60cm X 4.00cm, designed to contain a typical membrane feed spacer of the
same dimensions placed between two membrane sheets. The flow cell was
produced with a manufacturing accuracy of 20pm and water flow occurred
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between the membrane sheets through the spacer. It was shown previously that
the design enables reproducible spacer fouling studies (Vrouwenvelder ef al.,
2006b). The feed spacer porosity is 0.85. The use of PVC prevents any influence
from the flow-cell material on the NMR signal. The flow-cell is shown in Figure
5.2A. Note the orientation of the Cartesian coordinates in both systems for
future reference. Figure 5.2B shows a sketch of the spacer geometry.

>y

Z v
X

Figure 5.1 Cross-section photo of the RO membrane module

BIOFOULING PROCEDURE

Membrane module

The membrane module was supplied with Cambridge, UK. tap water at a
volumetric flow rate of 120Lh~!. This was supplemented with a feed stock
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nutrient solution containing CH;COONa, NaH,P0O,2H,0, NaNO; at 6mLh™! for
2 weeks. The concentrations of CH3;COONa, NaH,PO,2H,0, NaNO; in the
flow cell feed water were 1,000pugL™", 150pugL ™" and 355pugL ™", respectively.
The centre tube of the membrane was blocked during both fouling and NMR
experiments.

Figure 5.2 (A) Schematic of the PVC flow cell. Note the orientation of the
Cartesian dimensions. The flow direction is in positive z direction. (B) Schematic
of the feed spacer. The feed spacer branches have half the heights of the inner
flow cell volume and flow can thus either pass above or below the spacer
element
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Flow cell

The flow cell was supplied with tap water at a volumetric flow rate of 6.4Lh™".
This was supplemented with the same feed stock solution containing CH;COONa,
NaH,P0O,2H,0, NaNOj as for the membrane module at 28mLh ™!,

Nuclear magnetic resonance (NMR) microscopy

All NMR experiments were carried out on a 4.7 T superconducting super wide-
bore magnet employing radio frequency (rf) coils with a diameter of 64 mm for
the membrane module and 38 mm for the flow cell. 'H detection (200 MHz) was
used with signal resulting almost exclusively from the water content. Note that
the '"H NMR signal correlates with the 'H density and thus high image intensities
are obtained in regions filled with water and low signal intensities are obtained
in regions filled with gas or other materials (e.g. feed spacer).

Membrane module

Two-dimensional (2-d) radial (x—y) and axial (x—z) images were acquired
employing a Rapid Acquisition Relaxation Enhancement (RARE) pulse
sequence (Hennig ef al., 1986) with a spatial resolution of 107 pm/pixel. The use
of RARE enabled 7’ signal relaxation (Stejskal, 1965) weighted image contrast
between biofilm-containing regions and free pore space; this procedure has been
successfully employed in a number of previous studies (Hoskins ef al., 1999;
Manz et al., 2003; Seymour et al., 2004 and Graf von der Schulenburg ef al.,
2007). A standard phase shift velocity encoding pulse sequence was employed
(Callaghan, 1991) to image the superficial flow component (z-component)
with a spatial resolution of 220pm/pixel (256 X 256 pixel). Z-displacement
propagators were acquired employing pulsed field gradient (PFG) NMR
(Hoskins et al., 1999), specifically the APGSTE variant to reduce the influence
of background magnetic susceptibility gradients. Propagators are probability
distributions of molecular displacement of a passive tracer (in this case the water
molecules). They are used to obtain mass transport displacement statistics. They
sample the entire three-dimensional (3-d) volume of the membrane module and
are significantly quicker to acquire than 2-d or 3-d velocity images. 32 gradient
increments were acquired for observation times, A, of 100, 500 and 1,000 ms;
gradient increments, AG, and pulse gradient durations, 6, were varied to avoid
signal fold-over artefacts. The flow rate during velocity imaging and propagator
measurement was 60 mlmin~'. More details on NMR microscopy methodology
employed can be found elsewhere (Callaghan, 1991).
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Flow cell

Structural two-dimensional images of 512 X 256 pixel of the flow cell were
acquired employing a RARE pulse sequence with a slice thickness of 2mm.
The field of view was 50mm X 25 mm resulting in an isotropic in-plane image
resolution of 98 pm/pixel. A RARE factor of 64 was employed. The RARE factor
indicates the relative increase in acquisition speed and provides the necessary
T, relaxation weighting in the images required to identify regions of biofilm
growth. Two-dimensional velocity images of the superficial flow component
(z-component) were acquired employing a standard phase shift velocity encoding
pulse sequence [more details with respect to this method can be sourced from
Ref. Callaghan (1991)] with an image plane size of 256 X 128 pixel resulting in
a spatial resolution of 210 um/pixel. For phase shift velocity encoding, gradient
increments, AG, and pulse gradient durations, 0, were decreased with increasing
biofilm accumulation to increase the velocity imaging range and avoid fold-over
artefacts. The flow rate during velocity imaging was 1.2mLmin .

RESULTS AND DISCUSSION

Membrane

A high-resolution (107 pm/pixel) 2-d (x—y) image of a radial cross-section of the
industrial scale membrane module (un-fouled) is shown in Figure 5.3. The light
white rings filled with water contain regular black marks of lower 'H density
indicating the feed spacer elements (see red ring). The membrane envelopes and
the product spacer appear in grey (see green box). This becomes more evident
when zooming into a small region of 5.35mm X 5.35mm of the image. The
black regions in the membrane module are regions of very low 'H spin density
and are air bubbles or tube material. The image allows the identification of
irregularities in the spiral winding of the membranes. The dark regions at the
bottom of the image (see blue circles) are due to inhomogeneities in the rf field.
Figure 5.4 shows a centred axial image (x—z) of the un-fouled membrane module
with a non-isotropic resolution of 156 pm/pixel in the z and 218 pm/pixel in the
x dimension. The feed space elements are again visible.

A high resolution selected quadrant of a 2-d radial (x—y) image of the spiral
wound membrane after biofouling is shown in Figure 5.5. Grey regions of biofilm
accumulation (due to 7, relaxation signal contrast) are visible (see red circles)
and long streamer-like biofilm shapes are present (see green circle). Figure 5.6AB
shows 2-d (x—y) radial images of the superficial velocity component (superficial
direction of flow out of the page) before and after biofouling. Significant
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heterogeneity is introduced into the flow field by biofilm growth, which leads to a
significant proportion of stagnant zones with velocities of ~Oms™' (corresponds
to blue in the image). This is compensated for by faster channels forming
elsewhere. The velocity standard deviation within the 2-d slices shown in Figure
5.6AB increases from 0.000532 to 0.002021 ms™~ ' due to biofouling.

535 mm

Figure 5.3 2-d radial (x—y) high-resolution (107 um/pixel) image of the un-fouled
membrane module. The light white rings filled with water contain regular black
marks of lower 'H density indicating the feed spacer elements (see red ring). The
membrane envelopes and the product spacer appear in grey (see green box)

To quantify this impact of biofouling on the overall transport dynamics in
the whole membrane module, propagator measurements were employed. The
propagators, or distributions of water molecule displacement due to advection and
diffusion, in the membrane module before biofouling for observation times, A, of
100, 500 and 1,000 ms are shown in Figure 5.7. The propagator for A = 100ms
is a skewed distribution with a stagnant peak. The stagnant peak is due to the
stagnant water in the blocked central pipe and water molecules elsewhere in
the module that have no net displacement due to diffusion and advection in the
system. The stagnant peak is thus diffusion dominated. The high displacement
tail of the distribution corresponds to the advected water molecules. For larger
A, a portion of the stagnant peak decreases as more water molecules join
advected channels and the advected part of the distribution shifts to larger mean
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displacements. These observations are typical for propagator measurements in
complex porous media; such propagator measurements have been successfully
applied to rocks (e.g. Ref. Packer and Tessier, 1996), chromatography columns
(e.g. Refs. Lebon et al., 1996 and Tallarek ef al., 1998) and sphere packings
(e.g. Refs. Lebon ef al., 1996 and Amin et al., 1997). The mean velocity of the
water molecules stays constant (within 4%) for all three A and is in agreement
with the expected mean velocity of 6.3 X 10~*ms™!; indicating the quantitative
nature of the propagator measurements. Figure 5.8 shows the propagator
distributions before and after biofouling for A = 100ms (a) and A = 1,000ms
(b), respectively. The biofouling introduces a longer tail for water following the
faster advective channels. These observations are typical for biofilm growth
in porous media (Seymour et al., 2004, 2007 and Graf von der Schulenburg,
2007). The long tail of fast displacements in the propagator will result in a
short residence time distribution contribution and the stagnant peak will result
in a considerably longer residence time distribution contribution. They will thus
result in an increase in residence time standard deviation in the system and a
reduction in membrane performance.

56w

;

x...-. |

Figure 5.4 2-d axial (x—z) image of the membrane module with an anisotropic
resolution of 156 um/pixel in the z dimension and 218 um/pixel in the x dimension
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Figure 5.5 Enlarged view of a quadrant of a 2-d radial (x—y) high resolution
(107 pm/pixel) image with T, weighting to image the spatial biofilm distribution
after biofouling. Regions of biofilm growth are clearly visible and marked by the
red circles. Long streamer-like biofilm shapes are also present (see green circle)

Flow cell

A 2-d axial x—z image of the flow cell before biofouling is shown in Figure 5.9A.
The image intensity corresponds to the water density at each spatial position.
The spacer junctions are clearly visible as black regions of low water intensity
and the spacer branches are at intermediate image intensity as there is water
either above or below them (as shown in Figure 5.2B). The darker area marked
by the red circles is erroneously due to glue that entered the flow-cell during
construction. Figures 5.9B-D are T»,-weighted images and show the same flow
cell after 2, 3 and 4 days of nutrient supply. Figure 5.9B shows regions of biofilm
growth as highlighted by the red circles. Note that the 7,-weighting also leads to
smaller image intensities in the pixels adjacent the spacer branches. The biofilm
growth seems to occur preferentially at the spacer junctions close to the inlet of
the geometry. Also filament biofilm streamers are observed. These observations
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of biofilm location and shape are in good agreement with visual examinations of
biofilm growth on membrane spacers (Dirckx et al., 2000). Figure 5.9CD shows
further biofilm accumulation and eventually apparent clogging of regions of the
spacer geometry. The streamers reach lengths of up to ~6mm.

L nm

5 nm

Figure 5.6 2-d radial (x—y) velocity images of the membrane module before
(A) and after (B) biofouling. The image resolution is ~220pum/pixel. The images
show the superficial flow component (z component) on a colour scale from
—0.0007 ms~" (black) to 0.002ms " (light yellow). Flow is out of the page
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Figure 5.7 Propagator distributions for membrane model without biofouling for
A =100, 500 and 1,000 ms. Frequency is in arbitrary units. Note that displacement
is in the direction of the membrane axis (z, as defined in Figure 5.1)
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Figure 5.8 Propagator distribution for membrane model with and without
biofouling for (A) A = 100ms and (B) A = 1,000ms. Frequency is in arbitrary
units. Note that displacement is in the direction of the membrane axis (z, as
defined in Figure 5.1)
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Figure 5.9 2-d images of the flow cell for 0 (A), 2 (B), 3 (C), 4 (D) days after
nutrient supply for biofouling. The image resolution is ~98 um/pixel. T, weighting
is achieved via an echo time of 650ms and biofilm appear as regions of low
signal intensity. The darker area marked by the red circles in (A) is erroneously
due to glue that entered the flow cell during construction. Biofilm growth
preferably occurs at spacer junctions (red circles in (B and C))
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Figure 5.10 2-d velocity images of the flow cell 0 (A), 2 (B), 3 (C), 4 (D) days
after nutrient supply for biofouling. These thus correspond to the images in
Figure 5.9. The image resolution is —210um/pixel. The images show the
superficial flow component (z component) on a colour scale from —0.0015ms™"
(black) to 0.005ms~" (light yellow). Flow is from top to bottom. There is no flow
at the spacer junctions and regions under the spacer branches tend to flow
faster due to the local volume reduction at these positions (black circle). Some
inhomogeneity is introduced by irregularities in the spacer material or the glue
(white circles in (A))
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Figure 5.10(A—D) shows the corresponding velocity images for 0, 2, 3 and
4 days of nutrient supply. The images show the superficial velocity component
(z-component) on a colour scale, where white corresponds to high velocities
and black to low velocities. Without biofouling the flow field is relatively
homogenous with laminar parabolic flow profiles in the regions between spacer
branches (Figure 5.10A). There is no flow at the spacer junctions and regions
under the spacer branches tend to flow faster due to the local volume reduction at
these positions (black circle). Some inhomogeneity is introduced by irregularities
in the spacer material or the glue shown in Figure 5.9A (see white circles in
Figure 5.10A). After 2 days, the biofilm growth at the spacer junctions shown in
Figure 5.9B leads to a distortion of the flow field and regions of low velocities
close to the spacer junctions (see Figure 5.10B). This is followed with time by
blocking of entire regions (see Figure 5.10C) and a significant increase in flow
field heterogeneity with large stagnant regions and fast flowing channels (see
Figure 5.10D). This observed flow field heterogeneity can easily be quantified by
extracting velocity distributions from the images.

Figure 5.11A shows the velocity distribution for 0 and 4 days of nutrient
supply (corresponding to Figure 5.10AD). The initially narrow distribution (day 0)
is centred around its mean velocity. Later the distribution shape changes to a
strongly skewed distribution with a large peak in the low velocity region and
a long tail of high velocities. This corresponds to the stagnant and channelling
regions in the fouled geometry, respectively. An increase of velocity standard
deviation of >5 times is observed over the biofouling period, as shown in Figure
5.11B. As expected, the mean velocity shown in Figure 5.11B for the four
images stays constant (variation of ~3%) and is in agreement with the expected
mean velocity (1.9 X 103 ms™"), indicating the quantitative nature of MRI
velocimetry. This increase in velocity standard deviation implies an increase in
residence time standard deviation which decreases the membranes performance.
Further, the velocity images shown in Figure 5.10 allow the quantification of
the fraction of membrane surface area that is still supplied with fresh inflow (i.e.
does not present zero velocity (stagnant conditions)). This effective membrane
surface area decreases with time drastically as shown in Figure 5.11C.

SUMMARY

There is a substantial need for novel measurement techniques that enable
non-invasive spatially resolved observation of biofouling in nanofiltration and
reverse osmosis membrane modules. Such measurements will enhance our
understanding of the key design and operational parameters influencing biofilm
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Figure 5.11 (A) Velocity distribution for flow cell after 0 and 4 days of nutrient
supply for biofouling. The velocity distributions were extracted from the velocity
images shown in Figure 5.10AD. (B) Average velocity and velocity standard
deviation during 4 days of biofouling for the flow cell. The standard deviation
increases significantly. The mean velocity is in good agreement with the expected
mean velocity and stays constant in time. (C) Effective membrane surface area
during 4 days of biofouling for the flow cell
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fouling. In this study we demonstrate the first application of nuclear magnetic
resonance microscopy (NMR) to a spiral wound reverse osmosis membrane
module. The presented NMR protocols allow the extraction of the evolution
with biofouling of (i) the spatial biofilm distribution in the membrane module,
(i1) the spatially resolved velocity field and (iii) displacement propagators, which
are distributions of molecular displacement of a passive tracer (in our case,
water) in the membrane. From these measurements, the effective membrane
surface area is quantified. Despite the opaque nature of membrane design,
NMR microscopy is shown to be able to provide a non-invasive quantitative
measurement of reverse osmosis membrane biofouling and its impact on
hydrodynamics and mass transport. Minimal biofilm growth is observed to have
a substantial impact on flow field homogeneity.
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Chapter 6

Three-dimensional numerical
model development”®

INTRODUCTION

Membrane filtration processes like reverse osmosis (RO) and nanofiltration (NF)
produce high quality drinking water, virtually free of pathogenic micro-organisms
and (in)organic pollutants (Mallevialle et al., 1996 and Shannon et al., 2008).
A major problem in RO and NF applications is membrane fouling, resulting in
a pressure drop increase, increasing the plant operation cost. Four major fouling
mechanisms of RO and NF membranes can be discriminated: scaling, particulate
and organic fouling and biofouling. Scaling by inorganic compounds is usually
controlled using a scale inhibitor or an acid. Particulate fouling is controlled
by extensive pretreatment (like ultrafiltration) removing the particulate matter.
Thus, all types of fouling except biofouling and organic fouling — related types
of fouling — are controllable. Biofouling is in practice the major fouling type
in RO and NF membranes fed with extensively pretreated water. Biofouling is
caused by growth of biomass i.e. biofilms in membrane modules (Ridgway and
Flemming, 1996; Patching and Fleming, 2003 and Shannon ef al., 2008).

Insight in the factors influencing the development of biomass and pressure
drop increase could be helpful in developing membrane systems less susceptible
to biofouling. The relation between fouling accumulation and reduced membrane
performance is complex. The linear flow velocity in membrane modules influences
the substrate load, the substrate transport and spatial concentration distribution,
biofilm growth, biofilm morphology and the effect of accumulated biofilm on

*This chapter is based, with permission from the copyright holder, on a paper previously
published in Journal of Membrane Science Vol. 345 No. 1-2 pp. 340-354 doi: 10.1016/
j-memsci.2009.09.024

© 2011 IWA Publishing. Biofouling of Spiral Wound Membrane Systems. By Johannes Simon
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110 Biofouling of Spiral Wound Membrane Systems

the feed channel pressure drop increase (Vrouwenvelder ef al., 2009a). Biofilm
accumulation can cause flow channel formation, reducing the water production
flux (Vrouwenvelder et al., 2009a). The effect of biofilms and particulate fouling
on salt rejection (and on other solutes that can serve as nutrients to the biofilm),
on concentration polarization and on the enhanced osmotic pressure are also
important (Kim et al., 2006; Herzberg and Elimelech, 2007 and Chong et al.,
2008). Furthermore, the concentration polarization may affect the biofilm cells
physiology and viability by inducing higher substrate levels near the RO membrane
(Herzberg and Elimelech, 2007). To unravel the influence of individual parameters
on membrane performance a three dimensional mechanistic mathematical model
is needed. Major achievements have been made on modeling the effect of spacer
on mass transfer and fluid flow. However, fouling is a practical problem and a
model coupling hydrodynamics and fouling is still lacking.

There are several important reasons to make this study necessary. First,
although computational fluid dynamics models in membrane systems are
becoming abundant in the literature (e.g., 3-d models (Karode and Kumar, 2001;
Li et al., 2002; Dendukuri et al., 2005; Ranade and Kumar, 2006a,b; Koutsou
et al., 2007, 2009; Santos et al., 2007; Shakaib et al., 2007, 2009; Fimbres-Weihs
and Wiley, 2007; Li and Tung, 2008b and Li et al., 2009) and 2-d models (Pellerin
et al., 1995; Cao et al., 2001; Geraldes et al., 2002b; Schwinge et al., 2002a,b, 2004;
Koutsou et al., 2004; Gimmelshtein and Semiat, 2005; Ahmad et al., 2005, 2006;
Subramani et al., 2006; Shrivastava et al., 2008; Fimbres-Weihs and Wiley, 2008;
Wardeh and Morvan, 2008 and Guillen and Hoek, 2009)), none of these includes
the biofilm growth in the feed channel with spacer separating the two membranes.
Consequently, most of the obtained results cannot be applied to biofouling studies,
and cannot be directly compared with experimental biofouling data.

Second, fully three-dimensional (3-d) models for flow and mass transfer
coupled with biofilm growth are needed. Two-dimensional (2-d) models frequently
reported in the literature are too simplified to actually represent in a correct way
the hydrodynamics in a complicated geometry. 2-d models usually considered
equally-spaced filaments with cylindrical, triangular or square section (in a cavity,
zigzag or submerged configuration: Guillen and Hoek, 2009; Wardeh and Morvan,
2008; Ahmad et al., 2005, 2006; Subramani et al., 2006; Gimmelshtein and
Semiat, 2005; Koutsou et al., 2004; Schwinge et al., 2002a,b, 2004 and Geraldes
et al., 2002b, but also other filament structures have been studied (Guillen and
Hoek, 2009; Fimbres-Weihs and Wiley, 2008 and Shrivastava et al., 2008). The
potential impact of axially-orientated filaments parallel to the flow direction
was not considered in 2-d numerical models. In other words, 3-d simulations
are essential for a correct description of hydrodynamics. Until now, also the 3-d
CFD studies have considered simplified spacer geometries, usually with one layer
of straight cylindrical filaments crossed at an certain angle over another layer of
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straight cylindrical filaments (Koutsou et al., 2007, 2009; Shakaib et al., 2007,
2009; Fimbres-Weihs and Wiley, 2007; Ranade and Kumar; 2006a,b; Li et al.,
2002 and Karode and Kumar, 2001), see Figure 6.1C — the idealized ‘diamond’
geometry). The commercially available spacers are in reality more complex,
with filaments of variable cross-section area and with an overlapping area at the
filament crossings (Vrouwenvelder et al., 2010a) and Figure 6.1AB). For this
reason, we investigated in this study the extent that these geometry simplifications
may have on the obtained flow patterns and on the biofouling development.

Figure 6.1 The modeled and real geometries of the feed spacer. (A) Microscopy
image of a square spacer element (diamond configuration). (B) The realistic
model spacer element, with geometrical dimensions. (C) The idealized model
spacer element, with geometrical dimensions. Dimensions in (B) and (C) are
in pm. (D) The computational domain: membranes on the top and bottom sides
(z = 0 and 780um), lateral periodic boundaries (y = 0 and 12.09 mm), liquid inlet
(x = 0) and liquid outlet (x = 20.1 mm). (E) Detail with the finite element mesh
used (only the boundary elements are shown)

Third, most of the studies consider only a very small representative volume
(Li et al., 2009; Shakaib et al., 2007, 2009; Fimbres-Weihs and Wiley, 2007;
Koutsou et al., 2007; Ranade and Kumar, 2006a,b and Li ef al., 2002). Usually,
the size of such a computational domain is limited to one square formed by
four crossing cylindrical spacer filaments. A few studies report simulations on
larger domains (Koutsou et al., 2009; Li and Tung, 2008b; Dendukuri et al.,
2005 and Karode and Kumar, 2001), for example with systems of approximately
3 by 5 square elements (Koutsou et al., 2009). Without biomass growth their
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results show, as expected, a repetitive pattern in each square element once the
flow is well established. Due to biofilm growth the flow will get disturbed in a
heterogeneous manner, making it necessary to use larger computational domains.
A model including biofilm growth presents an increased computational
difficulty compared with the traditional CFD in membrane devices. The modeling
approach presented in this paper is based on previous work related with biofilm
development in flow conditions, under mass transfer limitation and in complex
geometries. The influence of flow on mass transfer and irregular biofilm surface
formation on different support geometries has been studied with 2-d models (e.g.,
Picioreanu et al. (1999, 2000b) and in 3-d (Eberl ef al., 2000). Kapellos et al.
(2007) developed an original 2-d simulator for biofilm development in granular
porous materials, followed by the work of Graf von der Schulenburg et al. (2009)
in three dimensions. One important characteristic of biofouling systems is that
while the spacer geometry is fixed, the biofilm colonies will grow in time and the
boundaries of the channel in which the water flows are continuously changing. We
are dealing now with a problem with moving boundary. For this, new computational
approaches had to be developed in this work so that the effect of the channel
obstruction with biofilms on the flow pattern could be described with sufficient
accuracy both over time and in space, while still being numerically efficient.

MODEL DESCRIPTION

Model geometry and computational domains

We present here a three-dimensional model describing the liquid flow, the
mass transport of a soluble substrate and the biofilm development in the feed
channel of spiral wound nanofiltration and reverse osmosis membrane devices.
The complex geometry of the feed spacer creates an intricate flow pattern,
further complicated by the non-uniform biofilm growth in the feed channel.
Consequently, the geometry of the domain where the liquid is allowed to flow
changes in time as the biofilm develops in the membrane module.

We mainly investigated in this study the spacer geometries as used in real
applications. A photograph of one square element of the spacer is presented in
Figure 6.1A. The spacer constitutes a solid obstacle within the rectangular flow
channel, and keeps the two parallel membrane surfaces separated by 780 um. The
mean flow is sent at 45 degrees angle on the filaments (‘diamond’ configuration).
While the majority of 3-d CFD studies focus on one square element formed
by four crossing filaments, this work uses a larger computational domain of 5 by
3 squares. This is needed in order to describe the flow channeling effect created by
clogging the flow channels with biofilm. Characteristic dimensions of the spacer are
presented in Figure 6.1B. Secondly, the flow characteristics for the realistic spacer
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geometry are compared with those obtained by considering a simplified traditional
arrangement of cylindrical filaments (diameter 390 um) in two superposed layers
crossing at 90 degrees. This idealized spacer geometry is shown in Figure 6.1C.

Momentum balance (hydrodynamics)

The water flow is modeled by the incompressible laminar Navier-Stokes
equations (6.1):

p(u-Vyu + Vp = V- (nVu) (6.1)
Vu=0

where u is the vector of local liquid velocity (with components u«, v and w on
the three Cartesian directions x, y and z), p is the pressure, p is the liquid density
and m the liquid dynamic viscosity. The assumption of laminar flow is justified
at least for the initial (clean) module configuration. The Reynolds number
is Re = 127 for an average inlet velocity u;, = 0.163ms™!, channel width
7.8 X 107*m, water density 1,000kgm 3 and dynamic viscosity 0.001Pas.
Although several computational studies reveal that in certain conditions
time-dependent (unsteady) flow develops around the spacer (e.g., Schwinge
et al., 2002b and Ahmad and Lau, 2006), we chose here steady state flow.
This assumption is, roughly, like using a solution where the unsteady patterns
(i.e., vortexes, recirculation regions) do not exist because they were averaged
in time. The steady state assumption is justified by the very long time interval
over which we study the biofouling process (days) compared with the time
scale of flow perturbations (seconds or less). It is also clear that this steady-
state approximation of the flow pattern leads to less mixing in the channel than
a truly transient solution would provide. Besides the large Re, we are aware that
also other phenomena such as long and flexible vibrating biofilm structures
(‘streamers’) can induce unsteady flow fields. Oscillating biofilm streamers
have been experimentally observed (Stoodley er al., 2008) and numerically
modeled in a 2-d fluid-structure framework by (Taherzadeh et al., 2009). We
accept however the steady state compromise for the great simplification of flow
calculations that it brings in an already very difficult system.

The boundary conditions for the fluid dynamics equations are presented
in Figure 6.1D. The inflow plane at x = 0 is fragmented in four independent
boundaries by the spacers. A fully developed laminar velocity profile with
maximum velocity half way between the top and bottom membranes is
assumed in the inlet (x = 0), with average velocity u;,. The liquid flow rate and
consequently this velocity are kept constant in time. We adopted the constant
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flow rate condition because membrane filtration installation operators in practice
want to maintain constant production of permeate (this is achieved by increasing
the feed pressure and cleanings). It is also obvious that for constant pressure drop
total clogging will occur instead of channeling. On the outlet boundary (x = Ly)
zero-pressure (arbitrarily chosen as reference value) and zero-viscous-stress
conditions are imposed. The top and bottom membrane surfaces (z = 0 and
z = Ly) as well as the whole spacer surface are no-slip boundaries, i.e., walls
with zero liquid velocity. It was assumed that there is no water flow within the
biofilm matrix because its permeability is shown to be negligible, in the order of
1071*m?s™! (Fowler and Robertson, 1991 and McDonogh et al., 1994). On the
lateral boundaries (y = 0 and y = Ly) periodic conditions are applied in order
to minimize the unwanted edge effects of a limited computational domain, and
mimic a system where the spacer would extend infinitely in the y direction. The
periodic condition enforces identical distributions of the velocity on the plane at
y = 0 with those on the plane at y = Ly.

The solution of Navier-Stokes equations (6.1) provides the 3-d distributions
of velocity u = (uy, uy, uz) and liquid pressure p, and the viscous shear stress
on the walls 7. The liquid velocity is further used to support the convective
transport of solutes, while the value of shear stress determines the attachment of
new biofilm cells on the solid surfaces.

Mass balance for soluble substrate

The biofilm cells grow as a function of the local concentrations of soluble
substrates (e.g., organic sources of carbon and energy, oxygen, nitrate, carbon
dioxide, etc.). For exemplification of the modeling approach it is sufficient
to assume one limiting compound, for example dissolved oxygen. The 3-d
distribution of substrate concentration Cy in the flowing liquid and in the biofilm
results from the solution of a mass balance equation:

DgV*Cy —uVCg + 15 =0 (6.2)

including transport terms by molecular diffusion with a diffusion coefficient Dg
(for simplicity the same value in liquid as in the biofilm volume) and convection
with the liquid velocity u, balanced by the rate of substrate consumption rg. To
keep the model formulation simple, but realistic, traditional Monod kinetics with
saturation is assumed for the only limiting substrate:

Cs

=5 _¢ (6.3)
Kg+Cg *

rg = Yoyt
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Values for the reaction rate parameters are taken both from experiments in
membrane modules (maximum specific rate i, = 2.8 day ! from Vrouwenvelder
et al. (2010a) and according to established activated sludge models (ASM, see
Henze et al., 2000) for heterotrophic biomass with concentration Cy growing
on a substrate with half-saturation coefficient Ky = 0.063molm ™3 and yield
Ysy = 0.52mol/C-mol biomass. For exemplification, in the current model
simulations we assumed oxygen being the rate limiting reactant. Choosing the
organic compound as limiting substrate will not change the general conclusions
reached.

On the inlet boundary (x = 0) the water flow contains the limiting substrate
with concentration Cg;, constant in time. Only convective flux (no diffusion,
Dy(0Cy/0x) = 0) applies on the outlet boundary (x = Ly). The top and bottom
membrane surfaces (z = 0 and z = L) as well as the whole spacer surface are
impermeable walls (zero-flux boundaries). The flux of permeate through the
membrane is only a very small fraction from the local convective flow in the
feed spacer channel (Vrouwenvelder et al., 2009b,c), therefore we neglected
the flux here. Similar to the velocity field, on the lateral boundaries (v = 0 and
y = Ly) periodic conditions are applied for the oxygen concentration.

In the case of dynamic transport of a soluble conservative (non-reactive)
tracer in the feed spacer channel, instead of the steady state mass balance
equation (6.2) the time-dependent equation (6.4) was solved for the tracer
concentration Cr:

aC,

- = D;V*C; —uVC; (6.4)

with the same boundary conditions as for substrate. The only differences were that
no reaction produces or consumes the tracer and that the inlet tracer concentration
follows a function of time that approximates a pulse (duration 0.3 s):

1 1
1 300(—1) o 1 + e 300¢—1)

Crn(t) = " (6.5)

with the initial time of tracer injection #; = 0.05 s and final time #, = 0.35s.

Mass balance for biomass

The development of a biofilm on the spacer and membranes is determined
both by the substrate availability and by the hydrodynamic conditions (Van
Loosdrecht et al., 1995, 1997). On the one hand microbial cells attach to the
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solid surfaces, consume substrate, grow, divide, and produce extracellular
polymers, thereby increasing the biofilm volume. On the other hand the liquid
shear promotes biofilm detachment and therefore loss of biofilm volume. All
these processes were integrated in previous multi-dimensional biofilm models,
in different ways (Picioreanu et al., 1998a,b, 2001, 2004; Xavier et al., 2005 and
Kapellos et al., 2007).

We adapted here the discrete cellular automata (CA) biofilm model by
Picioreanu et al. (1998a,b, 2001), which in principle corresponds to a biomass
balance including terms for accumulation, transport (e.g., diffusion and convection),
reaction (e.g., growth and decay) and biofilm/liquid mass transfer (e.g., attachment
and detachment). In the CA approach, the whole computational space is divided
into a mesh of cubic elements. In the biofilm region the CA cubes contain biomass
with a concentration Cy, whereas in the liquid space Cy = 0. For simplicity, only
one type of aerobic biomass was considered in this study.

In the cellular automaton representation the biomass growth is solved apart
from the biomass transport and transfer, method which constitutes a simplified
split-operator model.

Biomass growth — occurs in each biofilm cubic element with a rate given by:

dCy o

_ e 6.6
dt u’m KS +CS X ( )

_rX:

where the left-hand side is the accumulation term and the right-hand side is the
biomass growth rate, linked to the substrate consumption equation (6.3). In order
to keep the analysis of model results as simple as possible we neglected here the
biomass decay and detachment.

Biomass transport — takes place when the biomass concentration Cy reaches a
maximum value Cy,,. The biomass redistribution in the neighboring cubes takes
place according to the CA algorithm described in (Picioreanu et al., 1998a) for
biofilms on planar support, and adapted here for any arbitrary support geometry.
Although empirical (not based on a rigorous theory, but being just a convenient
algorithm), the CA model has proven to describe well experimental observations
on formation of spatial structure of biofilms.

Biomass attachment — is included here with a constant rate of 7y, = 6 X 1074
(C-mol biomass) (m~? module) day~'. For the model solution this is equivalent
to 200 cubic elements containing biomass newly added each day. The attachment
place is chosen randomly, but is also a function of shear stress: it was considered
that the most probable sites to be colonized are those exposed to low liquid shear.
In this way, 7y, should be conceptually seen as a net attachment rate resulting
from the difference between a real attachment rate and the rate of rapid detachment
of this newly attached biomass before creating stable colonies. Consequently,
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attachment occurs only on surfaces where the viscous shear stress 7, is less than
1.5, 10 or 100 Pa. These values of shear were chosen so that the biomass attaches:
(1) only on the spacer filaments behind the crossings, (2) everywhere on the
filaments, or (3) everywhere on the filaments and membranes, respectively.

Model solution

The model was implemented in a combination of: (i) MATLAB code (MATLAB
2007b, MathWorks, Natick, MA, www.mathworks.com) as the main algorithm
script, (i) COMSOL Multiphysics (COMSOL 3.5, Comsol Inc., Burlington,
MA, www.comsol.com) finite element methods for solving the partial
differential equations governing the flow field and the solute mass balances, and
(ii1) own Java code for the cellular automata biofilm model.

I.  The main program code is a MATLAB script, which in a first section
defines the:

a. model input parameters — from Table 6.1;

b. model geometry (the rectangular computational domain and the
spacer geometry);

c. three-dimensional COMSOL application modes for:

1) momentum transfer — incompressible Navier-Stokes equations
(6.1);

2) mass transfer — diffusion, convection and reaction, equation
(6.2), with the corresponding boundary conditions;

d. 3-d mesh for finite element solution of the hydrodynamics and
mass balances. We used a mesh of ~430,000 Lagrange P,P;
tetrahedral elements (quadratic accuracy) with a maximum size of
200 pm both in the volume and near the spacer boundaries (Figure
6.1E). This means ~2,100,000 equations simultaneously solved for
hydrodynamics and ~663,000 for the solute mass balance.

e. 3-d mesh for biomass and pseudo-viscosity (see step (f) in this
algorithm) distributions. A mesh of Ny X Ny X N, =250 X 150 X
10 cubic elements was used (cube size ~80pum).

II. The second section of the script solves the model equations in a time
loop (time step At = 6 hours). A sequential approach was used, based
on the assumption that characteristic time scales of hydrodynamics, mass
transport and biofilm development are very different (Picioreanu ef al.,
1999, 2000b). At any time ¢ there are successively solved:

f. hydrodynamics at steady state to get u and p (with COMSOL finite
element methods), for a given geometry of the biofilm matrix and
spacer. The spacer is explicitly defined as a solid object in COMSOL.
The liquid and the biofilm however constitute the same sub-domain.
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The biofilm matrix (assumed an impermeable and growing solid
object) is implicitly defined by assigning very large arbitrary values
of the liquid viscosity (n = 10*Pa s) in the computational volume
occupied by biomass. This arbitrarily large water viscosity — only a
numerical convenience, obviously ~ is termed ‘pseudo-viscosity’ in
this study, in contrast with the real water viscosity (1 = 1073Pa s)
applied in the regions without biofilm. A spatially variable viscosity
function n(x,y,z) is constructed on the tetrahedral finite element mesh
by linear interpolation from the cubic CA mesh.

mass balances for the soluble substrate at steady state to get Cg (with
COMSOL finite element methods) by using the calculated velocity
field u and the given 3-d biomass distribution Cy. The 3-d distribution
of all model state variables at this time ¢ (i.e., u, p, Cg, and Cy) is
saved after this step. Similar to the method applied in step (f) for the
liquid viscosity, the 3-d biomass concentration Cy(x,y,z) on the finite
element mesh is found by linear interpolation from the CA mesh.

To calculate the dynamics a soluble tracer transport in the feed
spacer channel, instead of the steady state mass balance equation
(6.2) a time-dependent equation was solved.
biomass balances including:

1. attachment of new biomass using the distribution of shear t on
the walls. The biomass attached only in places where T < T,,.

2. growth of biofilm biomass to get the new Cy at ¢t + At from Cy
at ¢ and the previously calculated Cg,

3. spreading (transport) of biomass using own Java algorithms as
described in (Picioreanu et al., 1998a,b).

Finally, the 3-d biomass distribution Cy (needed in the substrate mass
balance) and the pseudo-viscosity distribution 1 (needed for the definition of
solid walls in hydrodynamics) are updated on the cubic CA mesh. With the new
biofilm geometry and biomass distribution so obtained a new time step starts
with the hydrodynamic calculations (e).

MODEL RESULTS AND DISCUSSION

A series of case studies are presented here to exemplify the use of the model
for investigation of: (1) three-dimensional interactions between biofilm and the
flow pattern, and the importance of describing the real spacer geometry, (2) the
effect of substrate mass transport limitations on biofouling and (3) the effect
of biofouling on the solutes residence time distribution. Table 6.1 presents all
model parameters used in the simulations.
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Table 6.1 Parameters for the model of biofouling in feed spacer channels of
membrane devices

(Continued)
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Table 6.1 (Continued)

Interaction between hydrodynamics and biofilm growth

(a) Importance of 3-d simulations

This case is intended to demonstrate why three-dimensional computations are
needed for a good description of hydrodynamics in the feed spacer channels
of membrane modules. Figure 6.2 presents two-dimensional sections (slices
through the computed 3-d field of total velocity, U = |u| = yJu} + uf + u3.
The velocity distributions from Figure 6.2 are calculated with a clean spacer, thus

at day 0 of membrane module operation when no biofilm has formed yet. They
will serve as reference for the following cases with biofilm growth.
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Figure 6.2 Liquid velocity distribution in the feed channel without biofilm. Two-
dimensional distributions of liquid velocity are presented in different sections
through the 3-d computational domain. (A—C) velocity in x-z planes at y = 4.03,
5.04 and 6.05mm; (D-F) velocity in y-z planes at x = 8.06, 9.07 and 10.08 mm;
(G,H) velocity in x-y planes at z = 390 and 702m. The spacer is shown as white
crossing filaments. The colour scale indicates the liquid velocities (red — highest,
blue — lowest). Arrows indicate the flow velocity direction and magnitude
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It is apparent from Figure 6.2 that the flow pattern is mostly established
after passing one square spacer element (about x = 4mm). The flow velocity
distribution in all remaining square elements is identical (from x = 4 to 20mm).
The periodic condition imposed on the y direction also ensures repeatability of
the flow characteristics on this direction. It can be therefore seen that the velocity
values on the side plane at y = 0 perfectly match those on the other side at
y = Ly = 12mm (Figure 6.2GH). From these results it can be concluded that in
the absence of a heterogeneous biofilm growth, the flow pattern in the membrane
module could be described by computing the fluid dynamics in one square element
(such as in previous studies by Shakaib et al., 2007, 2009; Fimbres-Weihs and
Wiley, 2007; Koutsou et al., 2007 and Ranade and Kumar, 2006a,b).

The flow structure is however fully three-dimensional and follows a tortuous
path not only up and down past the spacer filaments (Figure 6.2A—C), but
also in the lateral direction y (Figure 6.2D-F). The highest flow velocities
(~0.5ms™ ') appear, as expected, in the narrow section between the filaments
and the membrane surface (Figure 6.2B). These high velocities can also be seen
in the section in the x-y plane parallel with the membrane at height z = 702 um
(Figure 6.2H), compared with a section through the middle plane at z = 390 um
(Figure 6.2G). No two-dimensional computations can describe this flow pattern,
with changing the dominant flow direction from 0 degrees with the x axis in the
middle (z = 390pum) to 45° at z = 702 pm or —45° at z = 72 pum (see arrows on
Figure 6.2GH and Figures 6.3, 6.4 and 6.5).

The pressure drop over the 20mm long feed spacer channel simulated
here is about 0.8kPa in the case of a clean device (or 0.4kPacm™!). In an
actual membrane module this value depends on the membrane position in the
installation (Vrouwenvelder et al., 2009d). Biofouling is usually observed
in the lead module of the lead pressure vessel (Carnahan ef al., 1995 and
Vrouwenvelder ef al., 1998, 2008b, 2009d). In practice in clean lead membrane
modules values around 0.4kPacm™! have been observed in (Vrouwenvelder
et al., 2010a), which agree well with the simulation results. Figure 6.6 presents a
2-d section through the pressure field, in the middle of the channel (z = 390 um).
It can be clearly seen that the pressure changes only slightly within a square
spacer element, which means that the pressure drop due to membrane walls
is very small. The main resistance, and thus pressure drop, is encountered by
the flow passing over the spacer filaments. This is evident in Figure 6.6BC
presenting the values of liquid pressure on different lines along the membrane
module: the pressure falls abruptly in steps. The steps are higher at the filament
crossings (Figure 6.6B — line B) than in the middle of the square sides (Figure
6.6B — line A). A section through the channel middle (Figure 6.6C) shows that
the pressure even increases in front of the filament crosses.
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ST

Figure 6.3 Two-dimensional flow velocity distributions for the real spacer
geometry, calculated at low flow velocity u;,, = 0.0163ms™~" without biofilm. The
three x-y sections are at (A) z = 78, (B) z = 390 and (C) z = 702um. The colour
scale shows the flow speed and the arrows show the flow velocity direction
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Figure 6.4 Two-dimensional flow velocity distributions for the idealized spacer
geometry, calculated at high flow velocity u;,, = 0.163ms~" without biofilm. The
three x-y sections are at (A) z = 78, (B) z = 390 and (C) z = 702um. The colour
scale shows the flow speed and the arrows show the flow velocity direction
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Figure 6.5 Two-dimensional flow velocity distributions for the idealized spacer
geometry, calculated at low flow velocity u;,, = 0.0163ms ™" without biofilm. The
three x-y sections are at (A) z = 78, (B) z = 390 and (C) z = 702um. The colour
scale shows the flow speed and the arrows show the flow velocity direction
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Figure 6.6 Pressure distribution over the feed channel for the clean spacer.
(A) Two-dimensional pressure distribution in a section at z = 390um height in
the feed spacer channel. Colour scale from high pressure (red, 0.8kPa) to low
pressure (blue, 0kPa). Lines a and b indicate the sections for pressure profiles
in panels (B) and (C). (B) Pressure along lines at the membrane surface, z = 0,
at y =5 (a) and y = 6mm (b). Pressure drop for the idealized spacer geometry
is smaller and indicated with lines (i-a) and (i-b). (C) Pressure along lines in the
middle of the channel, z = 390pum, at y = 5 (a) and y = 6mm (b)
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(b) Importance of real vs. simplified spacer geometry

This case evaluates the differences between calculating pressure drop and flow
fields with a traditional idealized spacer geometry (crossing arrays of spaghetti-
like perfectly cylindrical filaments) and the more complex model geometry of
spacers used in practice and in this study (crossing arrays of extruded filaments
with necking and blended crossings). The idealized spacer geometry is shown in
Figure 6.1C and the calculated flow field in Figure 6.4.

In case of the idealized spacer geometry, the principal result is that the
calculated pressure drop along the module is only 0.2kPacm ™!, which represents
half of the value obtained for the ‘real’ geometry (see two pressure profiles along
the length in Figure 6.6B). The 6% higher porosity of the idealized geometry
(91%) can only explain partially the much lower resistance to flow. The main
reason seems to be the lower mixing intensity induced by the idealized spacer,
leading to less dissipation of momentum. This argument is supported by a
numerical experiment we performed for the residence time distribution (at lower
liquid velocity, for the reasons explained below). A comparison between the
tracer concentrations in the outlet for the idealized and real spacer geometries
shows less dispersion of the quasi-pulse tracer signal in the case of idealized
spacer (Figure 6.7). Also visually, the tracer pulse looks more dispersed
at the same time moments compared with the tracer in the real geometry
(see Figure 6.8). Again, this is a consequence of the more spread out velocity
directions for the flow past the real spacer (compare velocity distributions from
Figure 6.4 with those from Figure 6.5). These simulations show that using an
idealized geometry of the spacer is a too large simplification.

(c) Flow with biofilm growth

The second reason for choosing a 3-d model step is the characteristic way in
which the biofilm development perturbs the flow field and creates preferential
flow paths. For mass transport in a biofilm growing on planar support the 2-d and
3-d simulation results did not show significant qualitative differences (see Eberl
et al., 2000). However, in a porous medium, differences between the 2-d and 3-d
simulation results are evident from the work of Graf von der Schulenburg ef al.
in granular packed beds (Graf von der Schulenburg ef al., 2009). In 2-d a closed
pore neck (e.g. due to biofilm clogging or touching solids) will immediately
prevent flow and substrate convection in that area. This leads to comparatively
slower diffusive fluxes and only a low nutrient concentration. In 3-d the fluid in
such a region will not be stagnant and the convective nutrient flux will penetrate
via the third spatial dimension leading to higher nutrient concentrations or
transport because of increased local flow rates.
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Figure 6.7 Solute residence time distribution in the feed spacer channels without
biofilm compared for real and idealized spacer. The concentration of solute
tracer in the inlet (red line) is presented together with the mean solute tracer
concentration in the outlet recorded over time: idealized spacer geometry (black
line) and the more realistic spacer geometry (blue line)

The simulations presented here calculate the flow pattern at the relatively
high inlet flow velocity of u;, = 0.163ms™!, as used in practice. However,
at this velocity (and moreover at the larger ones resulting when part of the
channel is obstructed with biomass) the mass transport is clearly dominated
by convection. The Péclet numbers (Pe = u;,L /Dy, ratio between convective
and diffusive transport rates) in this case are very high (Pe > 50,000), making
the numerical solution of concentration fields very difficult. A good solution
would avoid introduction of artificial diffusion to stabilize the numerical
solution and require a very fine mesh that would generate a computational
burden unrealistic with current computing power for such a large system
size. In this case we chose to describe the biofilm biomass growth without
limitations due to the mass transfer of substrate. Therefore, only the flow
equations and the biomass balances are solved when u;, = 0.163ms~!. Three
simulations with biofilm formation using different threshold shear values for
biomass attachment were performed.

When the threshold shear for biomass attachment was 10 Pa the biofilm started
growing only on the spacer filaments and not on the membrane. After 3.5 days
(Figure 6.9C), two characteristics of the flow field are notable. First, the narrow
flow channels resulted from biofouling lead to very high (~1ms™) fluid velocities.
This artificial velocity enhancement was also studied in (Graf von der Schulenburg
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et al., 2009). Second, the biofilm formation changes the regular flow pattern in the
feed spacer channel (Figure 6.2) into a heterogeneous flow distribution, as shown
in Figure 6.9. Heterogeneity means on one hand preferential flow channels, and on
the other hand more dispersion in the cross-flow direction y. It can be seen from
Figure 6.9C that in the middle of the flow channel (z = 390pum), the flow loses
its dominant unidirectional characteristic (compared with clean spacer in Figure
6.2G), i.e., strong components in the lateral direction y can be noticed.

“Feal pace peomein Igepd v e ey

Figure 6.8 Two-dimensional tracer concentration distribution in middle sections
of the feed spacer channel (z = 390um) for the real spacer geometry (left:
A-D) and idealized geometry (right: E-H), at 0.2, 0.4, 0.6 and 0.8s. The tracer
moves in the channels without biofilm. The average flow velocity in the inlet is
U, = 0.0163ms~". The colour scale for local tracer concentration is from 0 (blue)
to 1molm~3 (red)
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Figure 6.9 Three-dimensional simulation of flow and biofilm formation in time. Flow
velocity profiles are shown in a two-dimensional section along the feed channel of
a spiral-wound membrane device, at z = 390pm and: (A) day 2, (B) day 3, (C) day
3.5. The development in time of the biofilm (brown volumes) on the spacer (white
crossing filaments) changes the originally regular flow pattern into a heterogeneous
flow with narrower preferential channels and higher velocities. The colour map
shows the flow velocity from high values (red) to low values (blue). The flow is from
left to right. New biomass attached where shear was less than 10 Pa
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Figure 6.10 Three-dimensional simulation of flow and biofilm formation. Flow
velocity profiles at day 3 are shown in two-dimensional sections at different
heights in the feed channel of a spiral-wound membrane device, at (A) z = 78 um,
(B) z=390pm and (C) z = 702um. Colours show the biofilm (brown volumes),
the spacer (white crossing filaments), and the flow velocity from high values
(red) to low values (blue). The flow is from left to right. New biomass attached
where shear was less than 10Pa. Arrows in (C) point to channels with flow
perpendicular to the main flow direction in that section

Flow field sections parallel with the membrane at different heights show
first that, in general, there is a heterogeneous pattern of flow speed close to the
membranes: there are regions of strongly accelerated flow alternating with quasi-
stagnant zones (Figure 6.10AC). Secondly, although there is in general a clearly
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dominant flow direction at z = 78 and 702 um, blocking of some channels forces
the flow to change direction at 90 degrees in order to pass to the next spacer
square element (see arrows on Figure 6.10C).

As a result of the overall biomass growth (Figure 6.11A) the overall pressure
drop in the membrane module (per cm) quasi-exponentially increases in time
(Figure 6.11B). The biomass growth leads also to a significant reduction of the
channel porosity (fraction of liquid, e; ), from 84% initially to about 62% after
80 hours (~3.5 days). However, this overall decreased hydraulic section caused
by the biofilm growth is not the only cause for the large increase in resistance
to flow. The increased mixing and dispersion effects inherent to the more
heterogeneous flow also contribute to this pressure drop.

The question remains, where are the places where biofilm growth affects
most the pressure drop: on the spacer filaments or on the membrane surfaces?
We performed therefore also simulations with biomass attached in places where
the local shear is less than 100Pa, i.e., leading to biomass growth both on spacer
and membranes. Figure 6.12 presents profiles of pressure averaged over y-z
planes, along the feed channel length at different moments. The biofilm growth
on the spacer increases the pressure drop after 3 days up to SkPa (2.5kPacm™})
(see Figure 6.12A). Growth of the same biomass on the filaments only (at
T < 10Pa) leads to more resistance to flow. Significantly, the pressure mostly
drops in steps. Conversely, if the biomass is distributed also on the membrane,
the pressure falls more uniformly (Figure 6.12B). This clearly demonstrates that
the growth on spacers has the most effect on flow by further reducing an already
diminished flow section when the fluid passes between filaments and membrane.
An example of indiscriminate biofilm formation both on membrane and spacer,
following the attachment rule of T < 100 Pa, is shown in Figure 6.13A.

(d) Position of biofilm growth on the spacer

Experimental studies reveal that biofilm formation begins mainly in places
behind the spacer filament crossings (Vrouwenvelder et al., 2006b, 2009c,
2010a,b). An obvious reason for this observation may be that, by a lower
shear level, the places behind the spacer filament crossings provide a shielded
environment for better biomass attachment and/or less detachment. Figure
6.14A displays the viscous shear values on the spacer filaments. It is apparent
that filament areas frontally exposed to flow experience most shear. Less shear
is on the back on the filaments and the least behind the crossings. These are
places where the biofilm starts to form when simulations were performed with
the condition that attachment can occur only at T < 1Pa (see Figure 6.14B).
The simulated biofilm distribution in this case in the whole domain is shown in
Figure 6.13B.
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Figure 6.11 Biomass, porosity and pressure drop in time. (A) Biofilm biomass
accumulated in the feed channel. The biomass is related to the surface area
of one membrane side (2.4cm?). (B) Evolution of pressure drop (per cm feed
channel) in time. (C) Time profile of liquid (circles) and biomass (triangles)
hold up in the feed channel. For all graphs there are two cases: when biomass
attachment is mainly on the spacer filaments (places with shear <10Pa, black
symbols) and with attachment both on spacer and on membranes (places with
shear <100 Pa, open symbols)
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Figure 6.12 Mean pressure over the feed channel length, in time. (A) Case
biomass attachment mainly on the spacer filaments (places with shear <10Pa,
black symbols) and (B) with attachment both on spacer and on membranes
(places with shear <100Pa, open symbols). Different lines on a graph show the
mean pressure (average in y-z sections at each length x along the channel) at
different times from 6 to 79.5 hours of biofilm formation

Effect of biofilm formation on the residence time
distribution

The solutes residence time distribution (RTD) in the feed spacer channel of
membrane devices is important for the process performance. Spreading of the
RTD values indicates formation of preferential flow or substantial back mixing in
the porous medium. In the case of water production in the RO membrane system
this will lead to locally increased salt concentrations (concentration polarization)
and therefore to decreased water production. We therefore performed ‘numerical
experiments’ to determine the RTD in the membrane module at different levels
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of biofouling. RTD for a clean feed spacer channel (day 0) is then compared with
RTDs after several days of biofilm development. Due to the very high Péclet
numbers at the flow velocities used regularly in industrial devices however, as
argued above, numerically stable calculations of solutes mass transport are very
difficult for such a large computational domain. To illustrate the usefulness of
tracer mass transport calculations, we simulated both the hydrodynamics and
solute mass transport at a ten fold slower flow rate in the inlet, with a linear
velocity of u;, = 0.0163ms ™. This lower flow rate still gives a good qualitative
insight in the effect of the biofilm formation on the RTD. Note that also for NMR-
imaging of the flow in membrane modules we had to decrease the flow rate (Graf
von der Schulenburg ef al., 2008 and Vrouwenvelder et al., 2009c, 2010a).

Figure 6.13 Three-dimensional biofilm distributions at different attachment rules.
Colours show the biofilm (brown volumes), the spacer (white crossing filaments),
and the flow velocity (colour scale in Figure 6.10) at day 3 in x-y two-dimensional
sections at z=78pum in the feed channel of a spiral-wound membrane device.
(A) Case with attachment both on spacer and on membranes (places with shear
<100Pa) and (B) Case with biomass attachment on the spacer filaments (places
with shear <10Pa)
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Figure 6.14 Viscous shear and biofilm distributions on the spacer filaments.
Colours show the biofilm (brown volumes) and the viscous shear on the spacer
filaments (red: high values, blue: low values). Arrows show the direction and
magnitude of local flow velocity in an x-y two-dimensional section at z = 650pm
in the feed channel. (A) Day 0 — no biofilm; (B) Day 2.5 — biofilm formation
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A signal of inert (non-reactive) tracer solute was sent for 0.3 s in the flow inlet
and the response was measured in the outlet, after 2cm of feed spacer channel.
The average concentrations of tracer in the outlet are presented in Figure 6.15,
for clean spacer and for biofilm developed on the spacer after 2.5 and 3.5 days.
It is evident from the response in the outlet that the biofilm formation affects
both the residence time and the dispersion of solutes. For a clean spacer
the breakthrough time (when the solute reaches the outlet) is 0.75s, which is
significantly longer than for the case of 2.5-day-old biofilm in the channel (0.65s)
and for 3.5-day-old (0.455s). This is a clear effect of the liquid flow acceleration
induced by the biofilm growth narrowing the flow channels. However, the mean
residence times are not shorter for the fouled channels (day 0: 1.27s, day 3.5:
4.4 s) because the biofilm formation increases the dispersion both in the axial (x)
and in the cross-flow () directions, and also because the tracer partially diffuses
in the biofilm. Further numerical simulations will better evaluate the dispersion
numbers from step signal experiments, because the pulse used here is rather far
from the ideal Dirac function (i.e., very large concentrations introduced during
very short time, in any case much shorter than the mean residence time).

11 = inlet
— outlet - no biofilm
= — outlet - 2.5 days biofilm
E 03 outlet - 3.5 days biofilm
g
£ 06 1
% 04 4 no biofilm
=
0.2 -
0 . , , : ,
0 0.5 1 1.5 2 2.5 3
Time (s)

Figure 6.15 Solute residence time distribution calculations. The concentration
of solute tracer in the inlet (red line) is presented together with the mean solute
tracer concentration in the outlet recorded over time, for different stages of fouled
spacer channel (at times 0 — blue line —, 2.5 days — green line — and 3.5 days —
orange line —). The biomass distributions at 2.5 and 3.5 days were calculated in
the conditions of the simulation presented in Figure 6.16
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Figure 6.16 Solute tracer movement in the feed channel. Two-dimensional
distributions of solute tracer concentration at 0.2, 0.4, 0.6 and 0.8 s are shown in
a slice through the middle of the channel (z = 390pm). (A)—(D) Tracer movement
in the channel without biofilm; (E)—(H) Tracer movement in the channel with a 3.5
day old biofilm, with biomass distribution calculated in the simulation presented
in Figure 6.18. The colour scale for local tracer concentration is from 0 (blue) to
1molm~2 (red). Arrows in (F) and (H) point to ‘quasi-stagnant’ zones. Arrows in
(G) point to a few biofilm colonies

Dispersion of solute can be seen also on the 2-d sections of the concentration
field through the middle of the flow channel, presented in Figure 6.16. For a
clean spacer, a regular (symmetric) solute advection pattern can be observed,
with a broadening of the pulse in time, as the tracer flows through the channel
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(Figure 6.16A-D). For the spacer channel with very much biofilm formed
(day 3.5) the flow pattern is irregular and heterogeneity leads not only to
dispersion but also to significant flow acceleration. As an example, compare
the lengths reached after 0.4s: 8 mm for the clean condition (Figure 6.16B) and
14mm for the 3.5-day-old biofilm (Figure 6.16F). Note also that the tracer only
slowly penetrates the biofilm volume because the totally diffusive mass transport
is here very slow compared with that in most of the liquid volume, clearly
dominated by the fast convection rates. The long tail in the outlet concentration
in Figure 6.15 for days 2.5 and 3.5 can now be clearly attributed to two kinds of
delays: (i) formation of quasi-stagnant liquid zones, and (ii) slow tracer diffusion
in the biofilm and then out. The tracer experiment reveals the zones of very slow
liquid flow. Arrows in Figure 6.16F (0.4 s since tracer addition started) point to
zones of low concentration situated in the liquid volume (not in the biofilm),
which should have higher concentration like the neighboring liquid areas with
areas in which now the concentration remained high although the pulse of tracer
has passed. good convection. Conversely, arrows in Figure 6.16H (0.8s) show
the same areas in which now the concentration remained high although the pulse
of tracer has passed.

This simulation proves that biofouling affects the liquid and solutes residence
times also and not only the membrane area available. In general the effect
of fouling is considered to result from concentration polarization near the
membrane surface (Chiolle ef al., 1978). Both this theoretical study and previous
experimental observations indicate that the real impact of biofouling is on the
flow regime in the module leading to dead zones and an increase in the spread of
the RTD. This leads to local accumulation of water with higher salinity thereby
causing a lower permeate flux. Future simulation studies need therefore a more
accurate description of the flow field as well as inclusion of the membrane flux
and concentration polarization in order to have a more detailed analysis of the
complex interaction between flow, mass transport and biofilm formation.

Effect of mass transport limitations on the biofilm
development

In the last case presented in this paper we investigate the effects of substrate
limitation on the biofilm growth and biofouling of the feed spacer channel. It has
been observed experimentally that in certain cases most of the biofilm formation
occurs in a region near the water inlet, probably due to substrate limitations (e.g.,
Gjaltema et al., 1997). The questions which then arise are: (i) Is it important to
consider substrates mass transfer or the biofilm develops anyway unrestricted by
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the substrate availability? (ii) Are there important substrate gradients over the
module length? Are there important substrate gradients in the biofilm?

It is well known that the extent in which the substrate becomes limiting for
the biomass growth depends on the balance between substrate consumption
rate by biomass and substrate transport rates via diffusion and convection
(equations (6.2) and (6.3)). These rates are further affected by the inlet substrate
concentration, microbial yields and kinetics, diffusion coefficients, and liquid
flow velocities. Here we did not vary these factors because we concentrated
mainly on the effect of the biofilm on flow. However, under the applied biomass
growth and substrate consumption parameters several useful observations can be
made. The mean concentration of substrate collected in the outlet decreases in
time (Figure 6.17A). Following the biomass accumulation seen in Figure 6.17B,
the substrate conversion also increases and reaches 40% after 3.5 days (Figure
6.17A). The biomass formed under substrate limitation is, as expected, less than
the amount formed without limitations. As time passes, the substrate limitation
becomes stronger and the differences between the limited and unlimited biomass
get larger (Figure 6.17B). It should be noted that compared to actual systems we
used a relatively high substrate concentration, as often applied in the biofouling
research in the laboratory (e.g., Vrouwenvelder ef al., 2009¢c). Using a lower
substrate concentration will not lead to a significantly different result in terms of
overall biomass production, only the time for the development of the biofilm will
be much longer (Vrouwenvelder et al., 2009a).

Important gradients form over the module length only after 80 hours, as seen
in Figure 6.18 showing 2-d sections through the substrate concentration field at
different moments of time. Moreover, slightly less substrate is available next to
the membrane surface (Figure 6.18BC) compared to the middle of the channel
(Figure 6.18EF) due to less convective transport. Several regions of almost zero
substrate concentration can be observed at 84 hours (day 3.5 — Figure 6.18CF)
as wakes downstream biofilm patches situated in zones with poor convection.
This further illustrates the need to use a multi-dimensional biofilm model. The
intrinsic assumption of a uniform mass transfer boundary thickness in the one-
dimensional (1-d) models is clearly not valid here and will lead to erroneous
results.

Substrate concentration is very low within the biofilm after 3.5 days,
indicating strongly growth limitations (Figure 6.19). Even in places where high
concentration is present in the adjacent liquid, as in the cross-section at x = 4 mm
(Figure 6.19A), there is almost complete substrate depletion. This is of course
accentuated further in the channel (at x = 16mm, Figure 6.19B) where the
external substrate concentration is anyway lower.
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Figure 6.17 Substrate conversion and biofilm biomass in time. (A) Time profile
of average substrate concentration in the outlet and of substrate conversion over
the 2cm feed spacer channel length. (B) Biofilm biomass accumulated in the
substrate-limited case (black triangles) and in an unlimited case (open triangles).
The biomass is related to the surface area of one membrane side (2.4 cm?)

Model evaluation

The model presented in this article is a first successful attempt to describe
numerically the complex process of biofouling in RO and NF membrane systems
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with feed channel spacers. The model is mainly based on first principles, including
computational fluid dynamics, mass transport of solute matter (e.g., microbial
substrates and products) and biofilm formation on the spacer and membranes.

e Il FLLL UREE ™™

cencEniTatien (mol m']

Figure 6.18 Substrate concentrations along the feed channel at three times. Two-
dimensional distributions of substrate concentration are presented in two slices in
the x-y plane: (A)—(C) slice at z = 702um and (D)—(F) slice at z = 390um. The
three times are: (A,D) day 2, (B,E) day 3 and (C,F) day 3.5. As the biofilm (brown
volumes) grows on the spacer (white filaments), the available inlet substrate
(red — 0.25molm~3) is consumed (blue — zero concentration). Sections (a and b)
across the channel width are shown in Figure 6.19
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Figure 6.19 Substrate concentrations across the feed channel and in the biofilm.
Two-dimensional distributions of substrate concentration are presented in two
slices in the y-z plane at (A) x = 4.03mm and (B) x = 16.1mm, after 3.5 days
of biofouling (see Figure 6.18 for the positions of these two sections). The biofilm
surface is indicated by a black line and the white areas are cross-sections of the
spacer filaments. The colour scale shows the substrate concentration from red
(0.25molm~3) to blue (zero concentration)

The merit of such a numerical modeling approach in biofouling of membrane
modules is two-sided: on one hand it can confirm hypotheses and describe
phenomena already observed experimentally, but, on the other hand it can also
change established views from the literature. For example, it is clear that for the
complex situation in a RO and NF membrane system a correct 3-d description of
the solid material that supports the biofilm formation (i.e., spacer filaments) is
needed. It has been shown that the spacer geometry significantly affects the flow
patterns and the pressure drop in the membrane module. The main resistance to
flow, thus the most important pressure drop occurs when the flow passes between
the spacer filaments and the membrane. The biofilm formation on the spacer can
only enhance this pressure drop.

The residence time distribution for water and solutes is also strongly affected
by the biofilm formation. By narrowing the flow section, biofouling chiefly
decreases the residence time for most of the fluid, but also creates zones of very
low speed — regarded as ‘dead zones’ or quasi-stagnant. A significant effect of
spreading the residence time distribution and increasing the solute dispersion in
the module is clearly demonstrated here.

A series of aspects have been neglected here, but their relative importance
will have to be evaluated by future model improvements. Biofilm accumulation
in NF and RO systems seems to affect not only the feed channel pressure drop
but also the biofilm-enhanced concentration polarization (CP), both effects
having synergistic negative effect on membrane performance. Recent biofouling
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papers refer to a biofilm-enhanced osmotic pressure strongly contributing to
a flux decline and salt passage increase (Chong ef al., 2006 and Herzberg and
Elimelech, 2007). A flux decline due to the presence of extracellular polymeric
substances (EPS) excreted by microorganisms was also described in a modeling
study (Kim et al., 20006). It is therefore evident that the flux of water through
the membrane and the resulting diffusion of ions to and from the membrane
system (concentration polarization, CP) must be represented in our model.
Biofilm growth could also be affected by the higher substrate levels induced
by concentration polarization effect caused by permeate production (Herzberg
and Elimelich, 2008). Furthermore, the biomass detachment as an effect of high
shear stress induced by the fast flow in narrow channels must be considered.
Most importantly, model simulation results will be compared with experimental
data (Vrouwenvelder et al., 2010a).

It is therefore expected that this modelling approach will have significant
implications for membrane system design and operation, as well as for the
development of anti-biofouling strategies to have stable membrane installation
performance at minimal costs.

SUMMARY

This study presents a new three-dimensional (3-d) computational model that
couples fluid dynamics, solutes transport and biofouling by biofilm formation
in nanofiltration and reverse osmosis membrane modules. A computational
domain of 3 X 5 feed spacer frames with geometry as applied in practice was
used in the model. Comparing the hydrodynamics computed with the realistic
spacer geometry and with a spacer made from straight cylindrical filaments, like
in previous modeling studies, showed that cylindrical filament feed spacers are
too simplified for representative modeling studies. The 3-d numerical simulations
showed that biomass accumulation, by attachment and biofilm growth in time,
strongly affected the feed channel pressure drop, liquid velocity distribution and
residence time distribution. The main pressure drop is encountered by the flow
passing over the spacer filaments. Simulations showed the development of a
heterogeneous flow pattern and formation of preferential flow channels. This study
indicates that the real impact of biofouling is on the flow regime leading to quasi-
stagnant zones and an increase in the dispersion of the residence time distribution.
The presented 3-d mathematical modeling approach in (bio)fouling of membrane
modules may have significant implications for membrane system design and
operation to have stable membrane installation performance at minimal costs.

Additional data and animations of simulated biofilm development can be
obtained from: http://www.biofilms.bt.tudelft.nl/Biofouling/index.html

Downloaded from https://iwaponline.com/ebooks/book-pdf/523709/wio9781780400990.pdf
by IWA Publishing user

on 04 March 2019



Basic studies




Downloaded from https://iwaponline.com/ebooks/book-pdf/523709/wio9781780400990.pdf
by IWA Publishing user
on 04 March 2019



Chapter 7
Effect of flux®

INTRODUCTION

Reverse osmosis and nanofiltration are high pressure membrane filtration processes
that can produce water of high quality. A drawback in membrane filtration
applications is membrane fouling (Shannon et al., 2008). The corresponding increase
of plant operation costs may be prohibitive in some situations for the application of
membrane filtration in water treatment. A major type of fouling in reverse osmosis
and nanofiltration membranes is biofouling, caused by biofilm formation in membrane
elements (Paul, 1991; Flemming, 1993; Tasaka ef al., 1994; Ridgway and Flemming,
1996; Baker and Dudley, 1998; Schneider e al., 2005 and Shannon ef al., 2008).
Membrane biofouling increases the pressure drop (frictional resistance)
(Characklis and Marshall, 1990). In spiral wound membrane elements, two types
of pressure drops can be discriminated: the trans-membrane pressure drop and
the feed spacer channel pressure drop. The trans-membrane pressure drop is the
differential pressure between feed and permeate lines, describing the frictional
resistance over the membrane. The trans-membrane pressure drop is related to the
membrane flux (permeation rate). When the trans-membrane pressure is increased
by biofouling, the membrane flux is declined. The feed spacer channel pressure
drop is the pressure drop between the feed and brine lines (Flemming et al., 1994).
The definition of flux (permeation rate) is the water volume flowing through
the membrane per unit area and time (Lm 2h~!). Many references mention a
critical flux (Field et al., 1995; Howell, 1995 and Bacchin et al., 1995, 2006).

*This chapter is based, with permission from the copyright holder, on a paper
previously published in Journal of Membrane Science Vol. 326 No. 1. pp. 36-44 doi:
10.1016/j.memsci.2008.09.029

© 2011 IWA Publishing. Biofouling of Spiral Wound Membrane Systems. By Johannes Simon
Vrouwenvelder, Joop Kruithof, and Mark van Loosdrecht. ISBN: 9781843393634. Published by IWA
Publishing, London, UK.
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It has been hypothesized that below this critical flux no fouling should occur.
Originally, the critical flux concept is proposed for the fouling of microfiltration
membranes by colloidal particles (Field et al., 1995; Howell, 1995 and Bacchin
et al., 1995). Field et al. (1995) defined the critical flux as ‘a flux below which
a decline of flux with time does not occur; above it fouling is observed’. Howell
(1995) defined ‘the flux below which there is no deposition of colloids on the
membrane’. Bacchin et al. (1995) defined ‘the flux below which no fouling
occurs’. Since the critical flux concept is introduced (1995), it has been studied
extensively for the fouling of microfiltration and ultrafiltration by colloidal
particles. A review paper of Bacchin et al. (2006) summarizes the literature on
critical flux especially with regard to colloidal filtration.

In the water industry, extended pretreatment (microfiltration/ultrafiltration)
is applied to remove colloidal material, particles and microorganisms from
the feed water of nanofiltration and reverse osmosis. Therefore, it is expected
that the critical flux concept is not valid for nanofiltration and reverse osmosis
systems with microfiltration/ultrafiltration pretreatment. Nevertheless, literature
often refers to critical flux applied for nanofiltration and reverse osmosis systems
(Winters, 1997, 2001; Schwinge ef al., 2002a, 2004; Manttéri et al., 1997, 2000
and Lisitsin ef al., 2005). Several studies propose the critical flux concept for
spiral wound nanofiltration and reverse osmosis membranes in relation to
biofouling (Winters, 1997, 2001 and Schwinge et al., 2004) as well because
bacteria have about the size of colloidal particles. Biodegradable compounds are
not rejected by microfiltration/ultrafiltration membranes whilst nanofiltration/
reverse osmosis membranes reject (part of the) nutrients. The rejection of
nutrients in nanofiltration/reverse osmosis membranes may lead to elevated
nutrient concentrations at the feed side of the membrane, resulting in more
biofilm accumulation than in microfiltration/ultrafiltration membranes. However,
systematic studies into the influence of flux on biofouling are lacking.

The main objective of this study was to determine the influence of flux
on pressure drop and biofouling development in nanofiltration and reverse
osmosis systems. When the flux does not influence pressure drop and biofouling
development, the critical flux concept is not applicable for nanofiltration and reverse
osmosis membrane processes after pretreatment with microfiltration/ultrafiltration.

MATERIALS AND METHODS

Experimental set-up
Laboratory study

The membrane fouling simulator (MFS) is a tool to study and monitor fouling
in spiral wound membranes (Vrouwenvelder ef al., 2006b). With this monitor,
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fouling development can be monitored systematically by (i) pressure drop,
(i1) in-situ and non-destructive (visual) observations using the sight glass and
(iii) analysis of coupons sampled from the membrane sheet in the monitor
(Vrouwenvelder ef al., 2006b, 2007a).

In parallel, three MFSs were operated in cross flow, without permeate
production. New and unused spiral wound nanofiltration membrane elements
(Trisep TS80, 4 inch diameter, polyamide membrane material) were used for
preparation of membrane and spacer coupons for the MFS. The feed spacers in
the MFS had the same spatial orientation as in spiral-wound membrane modules
(45° rotation). The linear flow velocity in the monitors was 0.16ms~!. Feed
water of the MFS installation was drinking water (Table 7.1) prepared from
ground water by aeration and rapid sand filtration at treatment plant Tull en ‘t
Waal (Water Supply Company Vitens). The water had a constant temperature of
13°C. Acetate, a biodegradable compound, was added to the water of one MFS to
promote biofouling (Table 7.1). From a sterile vessel, containing a 5L solution
of concentrated sodium acetate, 25 mLh™' substrate was dosed to the feed water
prior to the MFS by a peristaltic pump (Masterflex) achieving a concentration
of 0.100mg acetate carbon per litre feed water. The dosage of substrate was
checked periodically by measuring the weight of the stock solution.

Table 7.1 Acetate dosage and DOC and conductivity average values of
feed water

Study Substrate dosage Dissolved Organic  Conductivity
(acetate) Carbon (DOC) mS cm™’
to feed water mgCL™'
Laboratory Yes 1.9 27
Monitors, test rigs No 3.2 45
and full-scale RO
NF pilot plant No 7.5 50

Monitors, test rigs and full-scale plant

A production site with severe reverse osmosis fouling problems (elevated
feed channel pressure drop) was selected for a comparative study. At this site,
Baanhoek (Evides Industriewater) process water is produced from surface water
using ultrafiltration and reverse osmosis. The full-scale installation contained
RO membrane elements (DOW Filmtec BWROLE, 8 inch diameter). New and
unused spiral wound reverse osmosis (RO) and nanofiltration (NF) membrane
elements (DOW Filmtec BWROLE and Trisep TS80 TSF, 4 inch diameter)
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were used for preparation of membrane and spacer coupons for the MFS and
for test rig studies. Two MFSs (NF, RO), two test rigs (NF, RO) and the full-
scale installation (RO) were fed with surface water after pretreatment with
ultrafiltration (Table 7.1) and dosage of a scale-inhibitor Hypersperse AF 200
(3mg L") with a relatively high growth potential; class III (Vrouwenvelder
et al., 2000). As a control, a blank MFS (feed: drinking water prepared from
ground water without antiscalant) was operated. During these comparison
studies, the test rigs and the full-scale installation were operated with the same
flux (20Lm ™2 h™!). The MFSs were operated without permeate production.
The MFSs and the test rigs were operated with the same linear flow velocity. No
substrate (acetate) was dosed to the feed water (Table 7.1).

NF pilot plant: membrane elements with/without flux

Water Supply Company Vitens produces drinking water (25,000,000m? year™ ')
from anaerobic ground water at water treatment plant Spannenburg by aeration,
rapid sand filtration, deacidification, softening and rapid sand filtration. Drinking
water from this treatment plant was the feed for a pilot plant consisting of
ultrafiltration and nanofiltration. No substrate (acetate) was dosed to the feed
water (Table 7.1). The two stage nanofiltration installation (Figure 7.1), contained
a total of 18 spiral wound Trisep TS80 TSF membrane elements (4 inch
diameter), with a molecular weight cut-off of 200 Da. Nanofiltration membranes
were used in the study because of potential use in practice to improve removal
of dissolved (in)organic compounds and biodegradable compounds. For this
research project, one third stage single element (3.1 in Figure 7.1) was added
to the installation. An antiscalant (7mgL ™' 4Aqua OSM 92) with a low growth
potential (class I, Vrouwenvelder ef al., 2000) was dosed to the UF permeate
(Table 7.1) to prevent NF scaling. For 146 days, the NF installation was operated
continuously at a feed flow of 3.2m>h™! with a recovery of 75%. At the start
of the study, the feed pressure of the NF installation was about 600kPa. The
process parameters monitored were pressure drop, flow, normalized flux and
conductivity. The pressure drop and flux were normalized (Verdouw and
Folmer, 1997 and Huiting et al., 1999). Usually, all membrane elements produce
permeate. In the pilot plant study at treatment plant Spannenburg, the permeate
pipes of element 1-2-1 and 3-1 were isolated and closed, resulting in membrane
elements without flux. The other elements including 1-1-1 and 2-6 were operated
with permeate production (Figure 7.1). Periodically, the permeate side of
elements 1-2-1 and 3-1 was shortly (about 20 minutes) opened to determine
permeate production, normalized flux, pressure drop and flow velocity. In all
MES, test rig and membrane installation studies, no disinfectants were dosed
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to the feed water and no cleanings were applied. For assessment of the static
pressure and the pressure drop over individual membrane elements, quick
connectors were installed on the NF pressure vessels.

MM-Z 1-1-3 1-1-4 1-1-5 1-1-6
~‘ ]—» 211 22 23 24 25 m-»m-»
m 1-2-2 1-2-3 1-2-4 1-2-5 1-2-6
Figure 7.1 Scheme of the NF installation with coding and order of membrane
elements. The membrane modules 1-1-1 and 2-6 were operated with permeate

production and the modules 1-2-1 and 3-1 were operated without permeate
production

Pressure drop

A differential pressure transmitter (Labom) was used to determine the pressure
difference over the feed spacer channel of the MFS and membrane elements in
the test rig. The differential pressure transmitter was connected to the MFS and
test rig with quick connectors. For the pilot nanofiltration installation, continuous
pressure drop measurements were performed of the feed pressure, concentrate
pressure and permeate pressure for stage 1, stage 2 and the total nanofiltration
installation with different transmitter types (Vrouwenvelder et al., 2009d).
A differential pressure transmitter (Labom) was used for periodical (manual)
measurements applying quick connectors on the pressure vessels to determine
the feed spacer channel pressure drop over individual membrane elements in the
nanofiltration installation.

Membrane autopsy

To determine the accumulated fouling, sections of membrane, feed and product
spacers were taken from the MFS and membrane modules. The sections
(4cm?) were placed in 10mL of autoclaved tap water in a capped tube. To
determine the amount of biomass, the tubes with the membrane sections were
placed in an ultrasonic cleaning bath (Bransonic, model 5510E-DTH, output
135 Watts, 42kHz). The low energy sonic treatment (2 minutes) followed by
mixing on a Vortex (few seconds) was repeated four times. Next, volumes of
water collected from the tubes were used to determine biomass parameters
(ATP and TDC).

Active biomass was determined in duplicate by measuring the
adenosinetriphosphate (ATP) concentration from 100 pL samples (Holm-Hansen
and Booth, 1966). The luminometer (Celcis, model Advance) added 100pL of
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LuminEX-B reagent (Celcis) to a sample to release ATP from the bacterial cells.
Subsequently, 100 L of LumATE-PM (Celcis) was added for light production.
The amount of light produced was measured with the luminometer (relative
light units, RLU). The concentration of ATP was derived from the RLU values
using the conversion factors of the linear relationship between RLU values and
reference ATP concentrations. The ATP concentrations of autoclaved drinking
water (<1pg ATP mL™!) and two control solutions (2 and 100pg ATP mL ")
were determined as quality control.

Total Direct Cell counts (TDC values, cells cm™2) were performed with
epi-fluorescence microscopy using acridine orange as fluorochrome by
applying a slightly adapted method to eliminate fading (Hobbie et al., 1977).
The slides were examined with a Leica DM RXA microscope equipped with
a 100W power supply and phase and filter sets (12/3) appropriate for acridine
orange. Microorganisms were enumerated through a 100x/1.30 PL Fluotar oil
immersion objective. Non-fluorescence immersion oil (Olympus, code 35505)
was used because of low background fluorescence. A total of 10 random fields
were counted.

The maximum values for biomass parameters in membrane elements and
membrane and spacer sheets from the MFS were used (Vrouwenvelder ef al.,
2008b).

Calculation of the ratio of diffusive and convective flux

In this paper, studies are described to determine the influence of permeate
production on development of membrane biofouling. Experiments were
performed operating membranes with and without permeate production. Biofilm
accumulation on membranes is related to the availability of biodegradable
nutrients near the membrane surface. Transport of nutrients to the membrane
surface is controlled by two processes:

e Diffusive flux, Jg, the transport of nutrients to the membrane material

caused by a concentration difference;

e Convective flux, J,,, the transport of nutrients to the membrane material

due to a pressure difference (generating permeate production).

To predict the influence of permeate production on biofilm formation, the
diffusive and convective flux were calculated. Membrane specifications from Van
der Meer (2003a) were used (Table 7.2). The feed water was assumed to contain
one biodegradable nutrient (acetate). Acetate was selected for the calculations
because (i) it is an easily biodegradable compound and (ii) the compound has
been used as a model substrate in many biofouling studies (Vrouwenvelder et al.,
2006b, 2008b) providing a database for result comparison. Therefore, acetate
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was used also in the laboratory experiments of this study. The concentration of
acetate in the bulk liquid, Cpy., is 1.0 X 10 *kgCm™3. The concentration of
nutrient at the biofilm surface, C,emprane, is 0kg Cm ™3, assuming that the biofilm
on the membrane utilizes all nutrients and that the transport of nutrient to the
biofilm is entirely governed by the external mass transfer resistance. Under this
condition, the biofilm is growing completely mass transfer limited.

Table 7.2 Properties of membrane module, feed water, nutrient and operational
aspects

Diffusive flux, Jgj
The diffusive mass flux is given by:

Jdif =k (Cbulk - Cmembrane) (71)

The mass transport coefficient k in spacer filled channels is described by the
Sherwood correlation (Sh):

_kd,

Sh = a Re” Sc¢ (7.2)

X

In this correlation, d, is the hydraulic diameter of the flow channel, D the
diffusion coefficient of the nutrient and a, b and ¢ are coefficients, Re is the
Reynolds number and Sc the Schmidt number:

_pvd,
n

Re (7.3)
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Sc = L (7.4)

In which p is the specific density of the liquid, v the flow velocity and n the
dynamic viscosity of the solute.

Shock and Miquel (1987) have determined the coefficients a, b and ¢ (eq.
(7.2)) in experiments using spiral wound membrane modules:

Sh = 0.065 Re**” §¢%%° (7.5)

The hydraulic diameter of the channel (d;) can be derived, according to Shock
and Miquel (1987), using:

4¢

2R LG ys
wh

d, = (7.6)

Where ¢ is the porosity, w the total membrane leaf width in the membrane
module, h the channel height and S the specific surface of feed spacer.
The flow velocity (v) is determined using:

Qo _ 9
Aﬁ hwe

e

(7.7)

Where Q is the volumetric feed flow rate of the membrane module and A the
effective hydraulic surface area, which is determined using the flow channel
height (h), width (w) and porosity (¢).

Data from Table 7.2 were used to determine the mass transport coefficient k
(equation 7.2) and the diffusive flux (equation 7.1): kis 1.2 X 10~ *ms™!. Jyis
12X 10 8kgm 25!

Convective flux, Jeon
The convective mass flux (J,,) is determined using:

Jcon = Jv Cbulk (78)

Where J, is the permeation rate or volume flux perpendicular to the membrane
surface. The convective flux is 5.6 X 107 1%kgm 257!,
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The ratio between diffusive and convective flux is

ratio = S8 — 22 (7.9)

con

Obviously, the ratio between diffusive and convective flux is influenced
by parameters used in the calculation (such as feed channel height, see Table
7.2). But variation of the parameters within practical limits showed that the
diffusive flux remained always much larger than the convective flux. In addition,
the calculation is based on a worse case scenario, in which the biofilm on the
membrane utilizes all nutrients and transport of nutrient to the biofilm is entirely
governed by the external mass transfer resistance only.

Evaluation

Biofilm development on membrane surfaces of spiral wound nanofiltration and
reverse osmosis membrane modules is predominantly caused by utilisation
of biodegradable nutrients supplied by diffusion: the diffusive flux will be
considerably larger (factor 22) than the convective flux. The calculations
underline that the supply of biodegradable nutrients by a convective flux caused
by permeate production is playing an insignificant role in biofilm formation in
spiral wound membranes.

RESULTS

The development of feed spacer channel pressure drop, flux and biofouling was
investigated with (i) a membrane fouling simulator (MFS, Figure 7.2), (ii) a
MEFS, single membrane element test rigs and a RO installation (Figure 7.3) and
(iii) a nanofiltration installation (Figures 7.4, 7.5 and 7.6).

Fouling in monitor without flux

Three MFSs were operated without permeate production in a parallel study
(Vrouwenvelder ef al., 2006b). A biodegradable compound (acetate) was dosed
to the feed water of one MFS to enhance biofouling. A concentration of 0.100 mg
acetate C L™! in the feed water of the MFS resulted in a strong increase of the
pressure drop over the MFS, while the pressure drop over the two MFSs without
dosage remained constant (Figure 7.2A). At the end of the research period
the MFS units were opened for analyses of the accumulated material. On the
membrane and feed spacer taken from the MFS with acetate dosage, higher
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concentrations of active biomass (ATP) were found compared to the biomass
concentrations on samples from the MFSs without dosage (Figure 7.2B). Also,
the number of cells (TDC) was higher in the MFS with acetate dosage.

A 600 B
B :dosage of biodegradable compound
3 500 @, ® : blanks &
= S 60000
S 400 4 =
g 2
B £ 40000
= start dosage E
s S 20000
-0+ 0-
0 1 2 3 4 5 6 blank blank dosage

time (days)

Figure 7.2 Pressure drop (A) in time over MFSs operated without permeate
production, with and without dosage of a biodegradable compound (0.100mg
acetate-C L") to the feed water of the MFS. Biomass concentration (B)
on the membrane and spacer in the MFS after 6 days of operation without
permeate production, with and without acetate dosage. Adapted from reference
Vrouwenvelder et al. (2006b)
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Figure 7.3 Development of pressure drop (A) over the MFS without permeate
production, containing NF and RO membranes and spacers. Biomass
concentration (B) in the non-permeate producing MFS with NF and RO
membranes and spacers, in permeate producing spiral wound membranes
in a test rig with respectively a NF and RO membrane element and in a RO
membrane element from the full-scale installation (FS). Adapted from reference
Vrouwenvelder et al. (2007b)
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Figure 7.4 Pressure drop in time over the nanofiltration installation (A) and over
membrane elements with and without permeate production (B) on the feed side
(1-1-1, 1-2-1) and concentrate side (2-6, 3-1) of the nanofiltration installation

The background levels of the feed water for ATP (=2ng ATP L™!), DOC
(=2mgL™") and AOC (=2pg AOC-C equivalents L™!) were low and did not
contribute significantly to fouling accumulation in the monitors (Figure 7.2,
blanks). This experiment shows that in a membrane fouling simulator membrane
fouling occurred without permeate production. The pressure drop increased and
biomass developed due to biodegradable compounds in the feed water.

Fouling in monitors, test rigs and full-scale plant

In the MFS without flux, biofouling developed by dosage of biodegradable
nutrients to the feed water (Figure 7.2). To evaluate the influence of permeate
production on biofouling development, comparative studies — without nutrient
dosage — were carried out. Two MFSs (NF, RO) were operated in parallel to two
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test rigs (NF, RO) and a full-scale RO installation (Vrouwenvelder et al., 2006b,
2007b). The feed water was produced from surface water by ultrafiltration. The
MFSs were operated without permeate production; the test rigs and full-scale
installation were operated with permeate production.
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Figure 7.5 Normalized flux in time over the nanofiltration installation (A) and over
membrane elements with and without permeate production (B) on the feed side
(1-1-1, 1-2-1) and concentrate side (2-6, 3-1) of the nanofiltration installation

Over the two MFSs and two test rigs, the pressure drop increased strongly
within 35 days of operation. The results of the MFS are shown (Figure 7.3A).
Relative high and similar concentrations of active biomass were found on
the membranes from the MFSs and test rigs (Figure 7.3B). A lead membrane
module taken from a full-scale installation — supplied with the same water as
the MFSs and test rigs — contained about the same concentration active biomass
(Figure 7.3B). Since the pressure vessel of the full-scale installation contained
six elements in series, no data was available on the pressure drop over the lead
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membrane module. The full-scale installation suffered from an elevated pressure
drop. Lower biomass concentrations were observed in the blank MFS after
41 days of operation fed with drinking water prepared from groundwater (Figure
7.3B). Apparently, the feed water at the site of the full-scale installation had a
much higher biofouling potential than the blank.

The same concentrations of biomass were observed in the two MFSs (without
permeate production), in the test rigs and in the full-scale installation (with
permeate production, Figure 7.3B), indicating that permeate production was not
influencing biofouling.

Fouling in membrane elements with/without flux in NF
pilot plant

In a pilot installation, lead membrane elements from the first stage were
operated with (1-1-1) and without (1-2-1) permeate production (Figure 7.1). The
membrane elements on the last positions of the second stage were operated with
(2-6) and without (3-1) permeate production as well. No substrate was dosed to
the feed water (Table 7.1).

The nanofiltration installation feed water had a neutral pH (7.6 = 0.1).
Average retention values of the nanofiltration installation operated with a
recovery of 75% were DOC (98%), UV extinction (98%), colour (89%), and
conductivity (85%). After the research period dosing experiments with organic
acids were performed with the nanofiltration installation loaded with new
membrane modules (from the same supplier) at recovery 87% and pH 7.8. In
these dosing experiments the retention of five organic acids was higher than 86%
(the retention of acetate was higher than 90%). The operational aspects of the
NF installation ensured a significant rejection of (biodegradable) compounds.

After a run of 146 days, the feed channel pressure drop over the total installation
was increased by about 15% (Figure 7.4A). Operation with and without permeate
production showed that (i) the elements on the same position in the installation
had the same development of pressure drop and that (ii) the lead elements had a
stronger pressure drop increase than the membranes on the concentrate side of
the nanofiltration installation (Figure 7.4B). The pressure drop increase over the
total installation (Figure 7.4A) is caused almost completely by the pressure drop
increase over the lead membrane module (Figure 7.4B).

The normalized flux of the nanofiltration installation was not declining
during the 146 days research period (Figure 7.5A). Operation with and without
permeate production showed that (i) the elements on the same position in the
installation had the same normalized flux which was constant in time and that
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Figure 7.6 Pressure drop increase (A), normalized flux change (B) and biomass
concentrations (C) of individual membrane modules on the feed side (1-1-1,
1-2-1) and concentrate side (2-6, 3-1) of the NF installation after 146 days of
continuous operation. Membrane modules were operated with (1-1-1, 2-6) and
without permeate production (1-1-2, 3-1)

Downloaded from https://iwaponline.com/ebooks/book-pdf/523709/wio9781780400990.pdf
by IWA Publishing user
on 04 March 2019



Effect of flux 161

(i1) the lead elements had a slightly higher flux than the elements on the
concentrate side of the nanofiltration installation (Figure 7.5B). Irrespective
whether or not a flux was applied, the same pressure drop (Figure 7.6A) and
normalized flux (Figure 7.6B) were observed for membrane elements in the
same position of the nanofiltration installation.

For fouling diagnosis, autopsies were performed of membrane elements
operated with (1-1-1, 2-6) and without (1-2-1, 3-1) permeate production after
146 days continuous operation. The total concentration of inorganic compounds
in all membrane eclements was below the detection limit of the analysis
performed (=0.2mgm ™2 membrane surface area). In practice, these low values
(=0.2mgm™?) were observed in installations without pressure drop problems,
suggesting that the performance of the installation in this study was not influenced
by accumulated inorganic compounds (Vrouwenvelder ef al., 2008b).

The membrane elements operated with and without permeate production
showed that (i) the elements on the same position in the installation had the
same biomass concentration and that (ii) the lead elements had a higher biomass
concentration than the elements on the concentrate side of the nanofiltration
installation (Figure 7.6C). The biomass concentrations (ATP) related well with the
pressure drop increase. High biomass concentrations were found in the membrane
elements with a high pressure drop increase and low biomass concentrations
were found in elements with a low pressure drop increase (Vrouwenvelder
etal., 2009d). The relationship between pressure drop increase and biomass
concentration is not linear (Figure 7.6). Pressure drop and biofilm development
were not affected by the (absence of) flux in membrane elements.

The high biomass concentrations in the lead modules were not affecting the
normalized flux (Figure 7.6B). So, based on flux data no indications were found
for reduced membrane performance. The biofouling resulting in a pressure
drop increase over the feed spacer channel of the membrane modules had no
detectable influence on the normalized flux (Figure 7.6).

DISCUSSION

Flux and critical flux

Bacteria accumulate on material surfaces by two processes: attachment and
growth (by cell multiplication). Attachment is a prerequisite for biofilm
formation (Van Loosdrecht et al., 1990). The presence of microorganisms on
membranes was already observed after a short contact time, in the order of
minutes, with water containing micro-organisms (Schaule, 1992 and Flemming,
1993). Microorganisms are commonly observed on water exposed surfaces, even
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in pure water systems (Mittelman, 1991). Initial adhesion of microorganisms
to certain materials have shown not to be predictive for biofilm formation
(Gjaltema et al., 1997). The presence of attached microorganisms is not
indicative for biofouling. Once attached, the cell may grow, reproduce and
produce extracellular polymers, utilizing nutrients transported by the bulk fluid
and nutrients originating from the materials (Characklis and Marshall, 1990).
Obviously, biofouling of nanofiltration and reverse osmosis systems is a problem
of biofilm growth. Thus, nutrients can be considered as potential biofouling.
In water treatment, nutrient removal can be obtained by biological treatment
such as slow sand filtration and activated carbon filtration. The dominance of
biofouling in nanofiltration and reverse osmosis membrane installations with
microfiltration/ultrafiltration pretreatment indicates that nutrients are not rejected
by microfiltration and ultrafiltration membranes (Vrouwenvelder et al., 2008b).

The critical flux concept ‘the flux below which no fouling should occur’ has
been studied extensively for the fouling of microfiltration and ultrafiltration
membranes by colloidal particles. In fouling of microfiltration and ultrafiltration
membranes, colloidal particles accumulation is a major factor of importance
(Bacchin et al., 20006).

In relation to biofouling of membranes, the critical flux concept was proposed
as well (Winters, 1997, 2001; Schwinge et al., 2004; Kang et al., 2004 and Goosen
etal., 2004) because bacteria have about the size of colloidal particles. The
biofouling process is based on the transformation of dissolved into non-dissolved
compounds (nutrients into biofilm), clearly differing from fouling by filtration
of colloidal particles. In other words, biofouling involves a completely different
fouling process than particulate fouling. Based on theoretical considerations, the
critical flux concept can not be valid for biofouling of membranes.

For reverse osmosis and nanofiltration membranes, the critical flux concept
was proposed in relation to biofouling (Winters, 1997, 2001 and Schwinge
et al., 2004). In the water industry, the feed water of nanofiltration and reverse
osmosis installations is generally pretreated with microfiltration/ultrafiltration.
Microfiltration/ultrafiltration completely retains colloidal material, particles
and microorganisms. Therefore, fouling processes in nanofiltration and reverse
osmosis systems differ from fouling processes in microfiltration/ultrafiltration
systems. In our study on nanofiltration and reverse osmosis membranes,
it is shown that the flux is not influencing biofouling and biofouling is not
influencing the flux (Figures 7.3, 7.4, 7.5 and 7.6), demonstrating that the critical
flux concept is not valid for biofouling in reverse osmosis and nanofiltration
membranes. Calculations also support the observations that the flux is playing
an insignificant role in biofouling. Monitoring of the flux is not appropriate for
biofouling detection. Evidently, the critical flux concept ‘below a critical flux no
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fouling occurs’ is incorrect to apply for the control of biofouling of spiral wound
reverse osmosis and nanofiltration membranes with microfiltration/ultrafiltration
pretreatment.

Nutrient rejection

Biodegradable compounds are (partly) rejected by nanofiltration/reverse
osmosis membranes, whilst microfiltration/ultrafiltration membranes do not
reject nutrients. In nanofiltration/reverse osmosis membranes, the rejection of
nutrients may lead to elevated nutrient concentrations near the membrane feed
side, possibly resulting in more biofilm accumulation than in microfiltration/
ultrafiltration membranes. Since the flux is not influencing biofilm formation
(Figure 7.6), the rejection of nutrients is not clearly contributing to biofouling
in nanofiltration and reverse osmosis elements, illustrating that the influence
of nutrient rejection on biofilm formation is negligible at conditions applied in
nanofiltration/reverse osmosis systems. This is also underlined in the theoretical
calculations which indicate that diffusive flux will be a more important nutrient
supply to the biofilm than convective flux.

Biofouling is a feed spacer problem

Membrane biofouling increases the pressure drop (Characklis and Marshall,
1990). In spiral wound membrane elements, two types of pressure drops can be
discriminated: the feed spacer channel pressure drop and the trans membrane
pressure drop, which is related to the membrane flux, Figure 7.7 (Flemming
etal., 1994). In our study, only the feed spacer channel pressure drop was
affected by biofouling. The feed channel pressure drop is mainly caused by the
feed spacer. Biofouling is therefore a feed spacer problem.

Irrespective whether nanofiltration or reverse osmosis membranes were used,
the same feed spacer channel pressure drop increase and biomass concentrations
were observed (Figure 7.3), suggesting that the type of membrane may be of
minor importance compared to the feed spacer. The feed spacers from the
nanofiltration and reverse osmosis membrane elements seemed to be identical
(thickness, structure, orientation) during visual inspection. For biofouling
control, research should be focused on reducing the feed spacer channel pressure
drop. Therefore, adaptation of the feed spacer and fluid flow hydrodynamics
in the feed spacer channel may be suitable approaches for biofouling control.
Other configurations of (smaller) pressure vessels in the membrane installations
or alternative operation of the installation may reduce pressure drop increase
problems (Vrouwenvelder et al., 2009d).
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Figure 7.7 Scheme of pressure drops in membrane sheets showing the feed
spacer channel pressure drop and trans membrane pressure drop. The feed
channel pressure drop is between the feed and brine lines. The trans membrane
pressure drop is the differential pressure between feed and permeate lines

SUMMARY

The relation between biofouling and membrane flux in spiral wound nanofiltration
and reverse osmosis membranes in drinking water stations extensive pretreatment
such as ultrafiltration pretreatment has been studied. The flux — water volume
flowing through the membrane per unit area and time — is not influencing the
development of membrane biofouling. Irrespective whether a flux was applied or
not, the feed spacer channel pressure drop and biofilm concentration increased in
reverse osmosis and nanofiltration membranes in a monitor, test rigs, a pilot scale
and a full scale installation. Identical behavior with respect to biofouling and
feed channel pressure drop development was observed in membrane elements in
the same position in a nanofiltration installation operated with and without flux.
Calculation of the ratio of diffusive and convective flux showed that the diffusive
flux is considerably larger than the convective flux, supporting the observations
that the convective flux due to permeate production is playing an insignificant role
in biofouling. Since fouling occurred irrespective of the actual flux, the critical
flux concept stating that ‘below a critical flux no fouling occurs’ is not a suitable
approach to control biofouling of spiral wound reverse osmosis and nanofiltration
membranes.
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Chapter 8

Effect of feed spacer”

INTRODUCTION

Biofouling — excessive growth of biomass, i.e. biofilms — is the major fouling
type in spiral-wound nanofiltration (NF) and reverse osmosis (RO) systems,
resulting in a pressure drop increase (Characklis and Marshall, 1990; Ridgway
and Flemming, 1996 and Patching and Fleming, 2003). In NF/RO membranes,
pressure drop occurs over the feed spacer channel and membrane (Flemming
et al., 1994 and Patching and Fleming, 2003). Autopsies on membrane modules
from full-scale and pilot installations show biofouling of the spacer, located in
the feed channel (Figure 8.1).

In the late 1990s, two strategies were strongly proposed to prevent and control
membrane biofouling: (i) physical removal of bacteria from the feed water of
membrane systems (for example by microfiltration or ultrafiltration pretreatment),
and (ii) metabolic inactivation of bacteria by applying biocide dosage or UV
irradiation (Ridgway, 1997). At present, the focus is on nutrient removal by
biological pretreatment (e.g. sand filtration) and modification of membranes
(disinfectant resistant and low fouling). Already in 1997, Ridgway was the first
author to point out that adaptation of hydrodynamics and feed channel spacers
may be an approach to control membrane biofouling. Nevertheless, since then
research to control biofouling was predominantly focused on development of
low fouling membranes and not on feed channel and spacer modification. The
number of publications in journals satisfying the search criteria ‘biofouling’ and
‘modified and/or adapted membrane’ in the article title, abstract and keywords in
the scopus database of March 2008 amounted 59. The search criteria ‘biofouling’

*This chapter is based, with permission from the copyright holder, on a paper previously
published in Water Research Vol. 43 No. 3 pp. 583-594 doi: 10.1016/j.watres.2008.11.019
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and ‘modified and/or adapted spacer’ yielded no references at all. At the North
American Membrane Society (NAMS) conference 2007, to control biofouling
membrane modification was addressed in 6 presentations while feed spacer
modification was addressed in 1 presentation only. Evidently, until now biofouling
control was considered a membrane problem and not a feed channel problem.

Figure 8.1 Feed spacer taken during autopsy of spiral-wound membrane module
from a full-scale installation suffering from a prolonged elevated feed channel
pressure drop

The main items of this study were as follows:

1. an overview of biofouling problems in practice,

2. the effect of biofouling on the feed channel pressure drop and trans-
membrane pressure drop and

3. the role of the feed spacer on the development of feed channel pressure
drop caused by biofouling.

MATERIALS AND METHODS

Terminology

Biofouling — excessive growth of biomass, i.e. biofilms — is the major fouling type
in nanofiltration and reverse osmosis systems after extended pretreatment with
for example ultrafiltration. Biofouling increases the pressure drop (Characklis
and Marshall, 1990), thereby increasing the process costs (Ridgway, 2003).
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In spiral-wound membrane modules, two types of pressure drop can be
discriminated: the trans-membrane pressure drop (TMP) and the feed channel
pressure drop (FCP, Figure 8.2; Flemming etal, 1994). The TMP is the
differential pressure between feed and permeate lines, caused by the frictional
resistance over the membrane. The TMP is related to the membrane flux.
When the TMP is increased by biofouling, the membrane flux is declined. The
definition of flux is the water volume passing a membrane per unit area and
time (L m~2 h™!). The flux normalized for temperature and pressure, the Mass
Transfer Coefficient (MTC), is expressed in m s~! Pa~!. The FCP is the pressure
drop between feed and concentrate lines.

feed channel pressure drop (FCP)

membrane

membrane trans membrane pressure drop (TMP)

membrane

Figure 8.2 Scheme of pressure drops in membrane sheets showing feed
channel pressure drop (FCP) and trans-membrane pressure drop (TMP)

Experimental set-up

In this study, the development of biofouling in the feed channel was investigated
using (i) full-scale installations (ii) a nanofiltration pilot plant, (iii) test-rigs and
(iv) MFSs with and without feed spacer. In-situ visual observations on fouling
accumulation using the Membrane Fouling Simulator (MFS) window and in-situ
observations on fouling accumulation and velocity distribution profiles using
Magnetic Resonance Imaging (MRI) were performed.

An overview of the experimental conditions is shown in Table 8.1. In all
studies with modules and MFSs nanofiltration membranes and spacers from
the same supplier (TriSep TS80) were used. RO membranes used in the
full-scale investigations and the comparison study (both module and MFS)
were from supplier Filmtec (BW30LE). The NF membrane is a polyamide
membrane material. For the MFS studies, sheets of membrane and spacers
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taken from an new and unused nanofiltration TriSep TS 80 membrane
module were used. The feed spacer taken from the module was a 31 mil thick
diamond-shaped polypropylene spacer with porosity 0.85. The feed spacers
in the MFS had the same spatial orientation as in spiral-wound membrane
modules (45° rotation).

Table 8.1 Scheme experimental conditions of the studies (substrate dosage, type
of membrane and feed spacer).

aSubstrate was dosed in some of the test-rig studies performed during the full-scale
investigations only.

bAll NF membranes and feed spacers were from the same type from the same manufacturer
(TriSep TS80 module). Sheets of membrane and spacers taken from unused TriSep TS80
membrane modules were used for all indicated studies.

°Blanks where operated without substrate dosage.

Full-scale and test-rig investigations with different feed
water types

In order to quantify biofouling, selected biomass parameters in membrane
elements were investigated by membrane autopsies and compared with the
FCP-increase in test-rigs and 15 full-scale nanofiltration and reverse osmosis
installations supplied with different types of feed water (Vrouwenvelder ef al.,
2008b). The 15 membrane filtration installations differed in staging of pressure
vessels and number of membrane elements per pressure vessel. The study
included polyamide and polysulfone thin film composite membranes from
different suppliers. No disinfectant residual was present in the feed water.
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Membrane elements (spiral wound 4’ or 8’ NF or RO membrane elements)
were taken from different plants varying in performance to determine biomass
parameters by autopsy.

Comparison full-scale, test-rig and MFS studies

In a comparison study, the development of biofouling was studied in a full-
scale RO installation and two single element test-rigs and two MFSs. The test-
rigs were operated with a RO (Filmtec BW30LE) and NF membrane module
(TriSep TS 80). The MFSs were operated with membrane and spacer sheets
from an unused RO (Filmtec BW30LE) and NF element (TriSep TS80). The RO
installation was selected because of severe biofouling (Vrouwenvelder ef al.,
2006b, 2007a).

NF pilot plant: membrane elements with/without
permeate production

The development of FCP and flux, normalized for temperature and pressure
(Verdouw and Folmer, 1997 and Huiting et al., 1999), was studied in a pilot plant
consisting of a 2 staged nanofiltration installation (Figure 8.3) with ultrafiltration
pretreatment. An antiscalant (7mgL~! 4Aqua OSM 92) with a low growth
potential (class I, Vrouwenvelder et al., 2000) was dosed to the ultrafiltration
permeate to prevent NF-scaling. Details of the installation, pretreatment and
water quality are provided by Vrouwenvelder ef al. (2009b). For 146 days, the NF
installation was operated with a continuous feed flow of 3.2m>h™! at a recovery
of 75%. In practice, all NF elements produce permeate. In this pilot plant study,
the permeate pipes of selected NF elements were isolated and closed, resulting in
no permeate production from those membrane elements. Parallel staged elements
were selected to operate with and without permeate production. Periodically, the
permeate side of elements operated without flux was opened for about 20 minutes
to determine permeate production, normalized flux, pressure drop and flow
velocity. For assessment of the pressure and the pressure drop over individual
membrane elements, quick connectors were installed on the NF pressure vessels.

Laboratory study

The membrane fouling simulator (MFS) is a tool developed to study and
monitor fouling in spiral-wound membranes (Vrouwenvelder et al., 2006b,
2007a). Using the MFS, fouling development can be monitored by (i) pressure
drop measurements, (ii) in-situ and non-destructive (visual) observations using
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the sight window and (iii) analysis of coupons sampled from the membrane and
spacer sheet in the monitor. The feed spacer channel dimensions of the MFS are
0.00077m X 0.040m X 0.200m. In the MFS, water flows through the spacer
attached between a membrane sheet and the window.

stage 2

stage 1

Figure 8.3 Scheme of NF installation. Stage 1 consisted of two parallel pressure
vessels and stage 2 consisted of one pressure vessel. Each pressure vessel
contained six spiral-wound membrane modules

Membrane and spacer coupons of unused spiral-wound nanofiltration
membrane elements (Trisep TS80) were placed in the MFS. For the visual
observations using the window, two MFSs were operated in parallel in cross-
flow, without permeate production. Feed water of the MFSs was drinking water,
distributed by the drinking water supply company without any disinfectant
dosage or residual. One monitor was operated as a reference — without substrate
dosage — to determine the possible influence of the drinking water on biofilm
formation. Acetate, a biodegradable compound, was added to the water of
the second MFS to promote biofouling. From a sterile vessel, containing a
5-L solution of concentrated sodium acetate, 28 mLh™! substrate was dosed to
the feed water prior to the MFS by a peristaltic pump (Masterflex) achieving
a concentration of 0.100mg acetate carbon per litre feed water. The substrate
dosage was checked periodically by measuring the weight of the stock solution
and/or pump calibration.

For determining the influence of spacer presence on biofouling development,
four MFSs were operated in parallel with and without spacer. Drinking water
was used as feed without and with substrate dosing resulting in a concentration
of 0.200mg acetate carbon per litre feed water. The linear flow velocity in all
MFSs was 0.16ms ™.

MRI study

Nuclear Magnetic Resonance (NMR) is a powerful tool to study membrane
fouling, since it is a quantitative non-invasive measurement technique. Magnetic
materials can not be used since magnetic material influence the NMR signal.
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Because of the interference of the metal MFS with the NMR signal, a PVC
version of the MFS had to be developed (named S-MFS, Figure 8.4). In order
to fit in a 200 MHz super wide-bore magnet (Figure 8.5), the S-MFS dimensions
had to be scaled down. The S-MFS has feed channel dimensions of 0.00077 m X
0.016m X 0.040m. In the S-MFS, the water flows through the spacer placed
between two membrane sheets. The S-MFS was produced with a manufacturing
accuracy of 20pum. The feed spacer and membranes sheets used in the NMR
studies were taken from an unused TriSep TS80 nanofiltration membrane
module. The PVC flow cell was operated with the same linear flow velocity and
the same substrate dosage method was applied, as described for the laboratory
study. A biodegradable compound was dosed to the feed water (1.00mg acetate
C L) of the S-MFS to accelerate the biofouling process. Using 'H NMR, the
evolution of spatial biofilm distribution and velocity field was determined in
time. The flow velocity in the S-MFS was 0.16ms™!. For the NMR studies after
2, 3 and 4 days, the flow was interrupted for about 5 minutes for imaging and
the flow was temporarily lowered for about 45 minutes, enabling detection of the
range of local flow velocities.

Figure 8.4 Spacer Membrane Fouling Simulator (S-MFS) made of plastic, closed
(A) and open (B). The feed channel dimensions are 0.00077m X 0.016m X
0.040m, designed to contain a feed spacer of the same dimensions placed
between two membrane sheets. The S-MFS fits in a NMR radio frequency coil
with a 2.5cm inner diameter
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Figure 8.5 Wide-bore magnet used for the NMR study on the background,
containing the S-MFS. Water containing substrate was fed to and from the S-MFS
using tubing. The differential pressure transmitter (PMD70) used to monitor the
pressure drop over the S-MFS is shown in the bottom right corner

Structural two-dimensional images of 512 X 256 pixel® of the flow cell where
acquired employing a Rapid Acquisition Relaxation Enhancement (RARE) pulse
sequence (Henning et al., 1986) with a slice thickness of 2mm. The field of view
was 50 X 25mm? resulting in an isotropic in-plane image resolution of ~98 pum/
pixel. A RARE factor of 64 (effective echo time 650ms) was employed to
obtain the 7, weighting enabling biofilm imaging, as shown previously (Hoskins
et al., 1999 and Graf von der Schulenburg et al., 2007). Biofilm will appear in
the NMR images as regions of low signal intensity. Two-dimensional velocity
images of the superficial flow component (axial direction) were acquired
employing a standard phase shift velocity encoding pulse sequence with a size
of 256 X 128 pixels resulting in a spatial resolution of ~210pum/pixel. For phase
shift velocity encoding, gradient increments, AG, and pulse gradient durations,
0, were decreased with increasing biofilm accumulation to increase the velocity
imaging range and avoid fold-over artefacts. More details on NMR microscopy
can be found elsewhere in the literature (Callaghan, 1991).
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Pressure drop

A differential pressure transmitter (Endress+Hauser Deltabar S: PMD70-
AAATFKYAAA) was used to determine the pressure difference over the
feed spacer channel of the (S-)MFS. The differential pressure transmitter was
connected to the (S-)MFS with quick connectors. For the pilot nanofiltration
installation, continuous pressure drop measurements were performed of the
feed pressure, concentrate pressure and permeate pressure for stage 1, stage
2 and the total nanofiltration installation with different transmitter types.
The different transmitter types differed in accuracy and long term stability
(Vrouwenvelder et al., 2009d). Pressure transmitters (Endress + Hauser,
PMCI131) were used for continuous monitoring of the feed pressure,
concentrate pressure and permeate pressure for stage 1, stage 2 and the total
NF installation (Figure 8.3). A digital precision manometer (Endress + Hauser,
type PMC41) and a differential pressure transmitter (Labom) were used for
periodical (manual) measurements applying quick connectors on the pressure
vessels to determine the FCP over individual membrane elements in the
nanofiltration installation.

Membrane autopsy

To characterize the accumulated fouling, sections of membrane, feed and
product spacers were taken from the (S-)MFS and membrane modules. The
sections (4cm?) were placed in capped tubes filled with 30mL of autoclaved
tap water. To determine the amount of biomass, the tubes with the membrane
sections were placed in an ultrasonic cleaning bath (Bransonic, model 5510E-
DTH, output 135W, 42kHz). The low energy sonic treatment (2 minutes)
followed by mixing on a Vortex (few seconds) was repeated three times. Water
out of the tubes was used to determine active biomass, which was determined in
duplicate by measuring the adenosinetriphosphate (ATP) concentration (Holm-
Hansen and Booth, 1966). The luminometer (Celcis, model Advance) added
100pL of LuminEX-B reagent (Celcis) to a 100puL sample to release ATP from
the bacterial cells. Subsequently, 100pL of LumATE-PM (Celcis) was added
for light production. The amount of light produced was measured with the
luminometer (relative light units, RLU). The concentration of ATP was derived
from the RLU values using the conversion factors of the linear relationship
between RLU values and reference ATP concentrations. The ATP concentrations
of autoclaved drinking water (<1pg ATP mL™') and two control solutions
(2 and 100 pg ATP mL ") were determined as quality control.
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RESULTS

Full-scale and test-rig investigations with different feed
water types

Full-scale and test-rig investigations showed that measurements of biological
parameters in the water were not appropriate to quantify biofouling. ATP
determined during destructive membrane studies proved to be a suitable parameter
to diagnose biofouling (Vrouwenvelder ef al., 2008b). The studies performed at 15
full-scale installations showed that the FCP-increase is a practical concern (Figure
8.6). Some plants operated with FCP-increase values exceeding 300% (Figure 8.6).
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Figure 8.6 Relationship between FCP-increase over membrane installations
and biomass concentration (ATP) in lead elements from different membrane
installations supplied with different feed water types. Substrate was dosed to
the feed water in selected test-rig studies. The line represents the calculated
relationship between FCP-increase and ATP. Case studies a,b,c deviate from the
calculated relationship since other types of fouling than biofouling were affecting
membrane performance as well. Adapted from Vrouwenvelder et al., 2008b
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Comparison full-scale, test-rig and MFS studies

A comparison study with spiral-wound membrane elements in a full-scale
installation, test-rigs, and MFSs showed a similar development of FCP and
biomass accumulation (Figure 8.7, Vrouwenvelder et al., 2006b, 2007a). The
full-scale installation and the test-rigs were operated with permeate production
(20Lm™2 h™!), whilst the MFSs were operated without permeate production.
The development of FCP and biomass accumulation were not affected by
permeate production and membrane type (NF or RO, Figure 8.7).

10°

N test rig MFS

10

108

biomass concentration (pg ATP cm?)

102
RO RO NF RO NF

Figure 8.7 Biomass concentrations in the spiral-wound RO membrane module
from the full-scale installation (FS), spiral-wound RO and NF membrane
modules from the test-rigs and on the RO and NF membrane and spacer
sheets from the MFSs. The blank operated with tap water had a factor 50 lower
biomass concentration (not shown), indicating that the feed water of the full-
scale installation had a high biofouling potential. The modules were operated
with permeate production and the monitor were operated with cross-flow only.
Adapted from Vrouwenvelder et al., 2007b

Influence of permeate production on biofouling

The FCP-increase was the same for membrane elements operated with and
without permeate production at the same position in the nanofiltration pilot plant
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(Figure 8.8A). The normalized flux of the nanofiltration installation was not declining
during 146 days of operation. With and without permeate production, elements at the
same position in the installation had the same normalized flux, which was constant
in time (Figure 8.8B). For fouling diagnosis, after 146 days of continuous operation
autopsies of membrane elements operated with and without flux were performed. In
all membrane elements, the total concentration of inorganic compounds was below
the detection limit of the analysis performed (=0.2mgm ™2 membrane surface area),
illustrating that the performance of the installation in this study was not hampered
by accumulation of inorganic compounds. In membrane elements operated with and
without permeate production at the same position in the installation the same biomass
concentration was found (Figure 8.8C, lead membrane modules from stage 1).
The pressure drop and biofilm development were not affected by the (absence of)
flux in membrane elements. The high biomass concentrations in the lead modules
were not affecting the normalized flux. The biofouling resulted in a pressure drop
increase over the feed channel of the membrane modules, but did not affect the
normalized flux (Figure 8.8, Vrouwenvelder ef al, 2009b). The membrane flux
is related to the trans-membrane pressure drop (TMP). The TMP is caused by the
frictional resistance over the membrane (Figure 8.2). When the flux is not affected,
the TMP is not affected.
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Figure 8.8 FCP (A) and normalized flux (B) over nanofiltration lead membrane
modules in time (pilot plant data). Biomass concentrations (C) in the membrane
modules determined after 146 days continuous operation. The elements were
operated with and without flux for 146 days. Periodically, the permeate side of
the element operated without flux was shortly (about 20 minutes) opened to
determine the flux. The flux was normalized for pressure and temperature.
Adapted from Vrouwenvelder et al., 2009b
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This experiment confirmed the earlier results (Figure 8.7) and showed that
biomass accumulation increased the FCP. The FCP and biomass concentration
increased irrespective whether (i) a NF or RO membrane was used (Figure 8.7),
and whether or not (ii) the membranes produced permeate (Figures 8.7 and 8.8).

In-situ visual observations on fouling accumulation

Biodegradable compounds in feed water of membrane installations may cause
biofouling (Vrouwenvelder ef al., 1998 and Van der Hoek et al., 2000). Two
MFS’s operated without permeate production were supplied with feed water
with and without dosage of a substrate (acetate). A concentration of 0.100mg
acetate-C L™! in the MFS feed water resulted in a strong FCP-increase over the
MEFS, while the FCP over the MFS without substrate dosage remained constant
(Vrouwenvelder ef al., 2006b). After 6 days, the MFS units were opened for
analyses of accumulated material on membrane and spacer sheets. High-biomass
concentrations were found in the MFS with substrate dosage while low-biomass
concentrations were found in the MFS without dosage.

In-situ microscopic visual observations through the MFS window showed
biomass accumulation at the feed spacer junctions and to a lesser extent on the
spacer branches and the membrane in the MFS supplied with water containing
substrate (Figure 8.9). The biomass structure at the spacer junctions looked like
filamentous biofilm streamers (Figure 8.9B). In the MFS supplied with water
containing substrate (Figure 8.9B), more fouling was observed visually and a
higher pressure drop and a higher biomass concentration were found compared
to the MFS supplied with water without substrate (Figure 8.9A). In other studies
we also have observed streamer forming in cases of biofouling.

In-situ MRI observations of fouling accumulation and
velocity distribution profiles

MRI studies were performed with an S-MFS flow cell completely produced out
of plastic designed for NMR studies (Figure 8.4). The water flowed through the
spacer channel sandwiched between two membrane sheets. A low dosage of
substrate was fed to the water. The spatial biofilm distribution and velocity field
were determined in time.

The feed spacer and the flow channel were clearly visible, applying a 2-d-
MRI structural image of the S-MFS (Figure 8.10, day 0). The intensity of the
MRI image signal corresponded to the water density at each spatial location. The
spacer junctions were clearly visible because of the low water intensity.
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flow

visual observations
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Figure 8.9 In-situ visual observations of the feed spacer and membrane in the
MFS — using the sight window during operation — without (A) and with substrate
(B) dosage after a run time of 6 days. Substrate dosage resulted in a FCP-
increase (AFCP) over the MFS and biomass accumulation on the spacers (B).
Without substrate dosage no FCP-increase and limited biomass accumulation
was observed (A). Adapted from Vrouwenvelder et al., 2006b

In time, biomass accumulated on the spacer junctions and branches (Figure
8.10). Biofilm growth preferentially started at the spacer junctions close to
the inlet of the S-MFS. Filament biofilm streamers were observed. These
observations of biofilm localization and morphology were in good agreement
with visual examinations of biomass accumulation on the feed spacer using
the MFS window (Figure 8.9). In time, the streamers reached lengths of up to
~6mm, exceeding the distance between adjacent spacer junctions and parallel
spacer branches.

The corresponding NMR velocity images after 0, 2, 3 and 4 days of
substrate dosage showed that the biomass accumulation had a severe impact
on the flow field (Figure 8.11). Before starting substrate dosage, the flow field
was homogeneous with parabolic flow profiles in the regions between spacer
branches (Figure 8.11, day 0). There was no flow at the spacer junctions
and regions under the spacer branches tended to flow faster due to the liquid
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volume reduction at that position. After 2 days, the biofilm growth at the spacer
junctions (Figure 8.10) caused a distortion of the flow field and regions of low
velocities close to the spacer junctions (Figure 8.11, day 2). An increase in flow
field heterogeneity with large stagnant regions and fast flowing channels (Figure
8.11, day 3 and 4) are caused by biomass blocking of entire regions of the feed
spacer channel. In time, the velocity distribution range broadened and lowered,
and even negative flow velocities were observed (Figure 8.12). Negative flow
velocities or back-flow by eddies should be avoided in membrane units because
of the involved energy loss.

inlet
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=

2D images

outlet
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Figure 8.10 In-situ NMR 2-d images in time of the S-MFS supplied with substrate
to promote biofouling. The image resolution is ~98 um/pixel. The flow direction
is from top to bottom. At day 2, the highlighted circles mark some regions of
biomass accumulation

After 2, 3 and 4 days of the NMR study the FCP over the S-MFS was increased
by respectively 95%, 155% and 680% compared to the initial pressure drop at
day O (Figure 8.13). The FCP-data related well with the results of MRI imaging
and velocity profiles measurements. A low-pressure drop corresponded with low-
biomass and a homogeneous flow field while a high-pressure drop corresponded
with strong-biomass accumulation and a distorted flow field in the S-MFS.

Notably already limited biomass accumulation on the feed spacer had strong
impact on the flow field heterogeneity and thus on the FCP. Both visual and MRI
studies showed the same fouling accumulation in the MFS (Figures 8.9 and
8.10), emphasizing the strong and elegant potential of MRI studies to provide a
quantitative insight in the biofouling process.
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Figure 8.11 In-situ 2-d velocity profiles in time of the S-MFS supplied with
substrate to promote biofouling. The image resolution is ~210um/pixel. Flow
is from top to bottom. The images show the superficial flow component (axial
component) on a colour scale where white corresponds to high velocities
(0.005ms™") and black to low velocities (—0.0015ms ™). At day 2, the highlighted
circles mark some regions of biomass accumulation (see Figure 8.10)
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Figure 8.12 Velocity distribution in the S-MFS after 0 and 4 days of substrate
supply. The velocity profiles were derived from the velocity images (Figure 8.11)
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Figure 8.13 FCP development over S-MFS in time. The arrows indicate the
moments of NMR imaging and velocity field imaging (Figures 8.10 and 8.11). The
biomass concentration found on the spacer and membrane sheets in the S-MFS
at the end of the study confirmed biomass accumulation (3 X 10* pg ATP cm™2)

Feed spacer impact on biofouling

When biofouling occurs in spiral-wound membranes, biofilm accumulation
causes an FCP-increase. (Vrouwenvelder et al., 2006b, 2008b, 2009d, Figures
8.6 and 8.8). The influence of feed spacer presence on FCP-development in time
was studied using MFSs with and without feed spacer. Both MFSs were fed
with water containing a biodegradable substrate (0.200mg acetate-C L™!). The
monitors were operated with the same linear flow velocity. As control, monitors
with and without feed spacer were operated in parallel with the same linear flow
velocity without substrate addition.

The FCP was affected by the feed spacer. Over the MFS with feed spacer, a
significantly higher FCP was observed compared to a MFS without feed spacer
operated at the same linear flow velocity and channel height (Figure 8.14:
blanks). During a 9 day research period, the FCP increased over both monitors
supplied with substrate dosage while the FCP was constant over the control
monitors without substrate dosing. The relative FCP-increase was the same
for the MFS with and without feed spacer (factor 3.6). However, the absolute
FCP — sum of FCP and FCP-increase — over the feed channel will determine
the operational costs. The absolute FCP in the monitor with feed spacer was
significantly higher compared to the monitor without spacer (factor 6) after
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9 days substrate dosage (Figure 8.14). Impact on the FCP-increase of membrane
fouling itself is insignificant compared with the FCP-increase caused by feed
spacer fouling. The absolute FCP over the monitor without feed spacer supplied
with substrate was lower than the FCP over the blank monitor with spacer and
without substrate (Figure 8.14: comparison of ‘with spacer blank’ with ‘without
spacer +S°). Biofilm accumulation in the feed channel increased the FCP. With
feed spacer, biofilm accumulation resulted in a stronger absolute FCP-increase.
Biofouling of the feed channel for NF/RO is clearly a feed spacer problem.
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Figure 8.14 FCP and FCP-increase in time in a MFS with and without feed
spacer after nine days operation for feed water with and without substrate dosing

DISCUSSION

Biofouling of NF and RO membranes increased the feed channel pressure
drop (FCP, Figure 8.6). The same FCP-increase and biomass accumulation
were observed irrespective of the membrane type (Figure 8.7) and permeate
production (Figures 8.7 and 8.8). Biofouling was not influencing the trans-
membrane pressure (Figure 8.8B). Biomass accumulation (Figures 8.9 and 8.10)
in the feed channel had strong impact on the flow field (Figure 8.11) resulting in
a strong FCP-increase over the feed channel (Figures 8.13 and 8.14). Preventive
actions to control the FCP-increase are most likely more efficient than waiting
until the FCP-increase becomes unmanageable. Studies at different scales
(from full-scale to miniature flow cells: S-MFS) provided a coherent database,
supporting the presented conclusions.
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Biomass accumulates on the location with highest
impact on feed channel pressure drop

In pressure vessels, membrane modules are placed in series of up to eight
modules (Figure 8.3). A strong decline of flow velocity occurs over the
membrane modules in the pressure vessels with increasing distance to the feed
side as a consequence of the reduction of water flow in the feed channel by
permeate production. The lead module in the pressure vessel contributes most to
the total FCP over the membrane installation because of the highest flow rate.

In practice, in most cases biofouling is observed at the feed side of the
installation, especially in the first half of the lead module (Carnahan efal.,
1995 and Vrouwenvelder et al., 1998, 2006b, 2008b, 2009d). The accumulated
biomass volume increases the effective water flow velocity, resulting in a
more than proportional FCP-increase (Figure 8.11). Biofilm accumulation in
membrane systems therefore occurs on locations where the influence on the FCP
is highest.

Biofouling is a feed spacer problem

Recent biofouling papers (Herzberg and Elimelech, 2007 and Chong et al.,
2008) refer to a biofilm enhanced osmotic pressure strongly contributing
to a flux decline. For a flux decline caused by biofouling, two mechanisms
were identified: (i) an increase of the hydraulic resistance over the membrane
and (ii) hindering the back diffusion of salts. In their studies, flow cells were
used containing membranes but no feed spacers. It is likely that their findings
would have been different when feed spacers had been present. Research on
pretreatment to reduce biofouling also shows a flux decline in membrane test
cells, but spacer use and FCP were not described (Griebe and Flemming, 1998
and Wend et al., 2003). In practice, increased FCP over the membrane module
is a dominant reason for operational problems caused by biofouling (Figure 8.6,
Vrouwenvelder et al., 2008b). Schneider et al. (2005) mentioned that ‘membrane
fouling was so severe that feed spacers were forced out of the feed channels’.
An increased FCP over the membrane unit at constant inlet pressure will also
lead to less permeate production. To unravel the causes of reduced membrane
performance, research is needed into the effect of both spacers and membranes,
including monitoring of membrane performance (FCP, flux and salt passage)
under representative conditions. Use of recently developed tools — such as the
MFS (Vrouwenvelder ef al., 2006b) and MRI (Graf von der Schulenburg ef al.,
2008; this paper) — to study fouling and membrane performance under practical
conditions is recommended.
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Biomass may accumulate on all surfaces in spiral-wound membrane modules:
both on membranes and on spacers. Figure 8.7 showed that irrespective whether
nanofiltration or reverse osmosis membranes were used, the same FCP-
increase and biomass concentrations were observed, suggesting that the type of
membrane may be irrelevant for biofouling of the feed channel. Irrespective of
permeate production, FCP and biomass concentration increased similarly in a
nanofiltration test installation (Figure 8.8). So, the FCP-increase in membrane
elements caused by biomass accumulation was not influenced by both permeate
production or membrane type.

Biomass accumulation in a small part of the feed channel increases the
FCP over the total membrane installation. When flow channels develop
(Figure 8.11), the FCP increases. The FCP-increase results in a lower driving
force for permeation over the total installation, reducing permeate production.
The influence of flow channels on the reduction of permeate production may
dominate the effect of concentration polarization. Biomass accumulation in only
a small part of the membrane installation may therefore be responsible for both
FCP-increase and flux decline.

In literature, the effect of biofouling on membrane performance is not univocal.
In membrane (test) installations biofouling is observed together with either a
FCP-increase (Carnahan ef al., 1995; Ghedr, 1998; Vrouwenvelder ef al., 1998,
2000, 2008b; Schneider et al., 2005 and Brouwer ef al., 2006) or flux decline
(Ridgway et al., 1983; Speth et al., 2000; Van der Hoek et al., 2000 and Ivnitsky
et al., 2005) or the combination thereof (Tasaka et al., 1994 and Vrouwenvelder
etal, 1998). A literature overview on symptoms of membrane biofouling is
given by Ridgway and Flemming (1996). Usually, the effect of biofouling on one
operational parameter is described. The effect of two parameters, i.e. data on the
FCP and flux are rare. A possible explanation may be that installations are operated
at either constant feed pressure or at constant permeation rate. Data reported from
practice are usually ‘too anecdotal’ to relate membrane biofouling to flux reduction
and/or FCP-increase. In our research effort, increased FCPs caused by biofouling
have been observed in the absence of a flux decline (Figure 8.8). Therefore, the
flux reduction may have different causes than feed spacer biofouling such as the
concentration and composition of natural organic matter (NOM) of the feed water,
other fouling types and/or combinations thereof.

This study showed that spacer biofouling is much more important than
membrane biofouling (Figures 8.7, 8.8 and 8.14): biofouling is primarily a feed
spacer problem. Until now research to control biofouling has been focused
predominantly on modification of membranes rather than on feed channel
modification, as already mentioned in the introduction of this paper. Prevention
of channeling is vital (Paul, 2002, Figure 8.11). Based on the results of this
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study feed spacer channel and hydrodynamic modifications should be pursued to
restrict feed channel biofouling.

Reduction of biofouling by adaptation of spacer
geometry and hydrodynamics

The use of feed spacers in spiral-wound membrane modules is a paradox:
economic reasons require a low pressure drop while feed spacers are used to
cause a high pressure drop in order to create turbulence along the membrane
to prevent concentration polarization. Spiral-wound membrane modules without
spacers are not expected to be feasible since spacers are needed for separating
the membrane envelopes and creating turbulence. However, spacer modification
may be a suitable approach to develop membrane systems with sufficient
turbulence but with less susceptibility to a feed channel pressure drop increase
caused by biomass accumulation.

Over a period of 13 years about 85 membrane modules from different pilot
and full-scale nanofiltration and reverse osmosis installations were autopsied
to determine and quantify the accumulated material. In all these membrane
modules from different membrane manufacturers the feed spacers seemed to
be of similar thickness, structure and orientation (unpublished results). Until
now, research to control biofouling was predominantly focused on membrane
adaptation and not on feed channel/spacer modification (see introduction).
Clearly, feed spacer adaptation (e.g. coating, thickness and structure/geometry)
in membrane modules deserves much more attention. In addition, spacer
modification should cause more efficient cleaning.

An additional approach to reduce the pressure drop increase is to include
hydrodynamics in the spacer studies. The pressure drop increase is mainly
caused at the feed side of the installation where the flow velocity is highest.
A lower flow velocity will result in a lower pressure drop increase. Without
influencing the accumulated biomass, the impact of biomass on the pressure
drop may be reduced by lowering the flow velocity. Reducing the flow velocity
in lead membrane modules in combination with advanced feed spacers may be
an elegant approach to control biofouling.

The presented flow cells enable to study membrane fouling processes in relation
to membrane performance. MRI is an ideal tool to non-invasively study biofouling
development in spiral-wound membranes and enables in-situ real-time non-invasive
quantitative measurements for (combinations of) 2-d/3-d imaging, velocity imaging,
and propagators (Graf von der Schulenburg ef al., 2008). The presented use of flow
cells in combination of NMR measurements is a highly recommended approach for
developing and testing advanced spacers and hydrodynamics.
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SUMMARY

Biofouling was studied in full-scale and pilot-scale installations, test-rigs and
membrane fouling monitors by conventional methods as well as Magnetic
Resonance Imaging (MRI). Independent of permeate production, the feed
spacer channel pressure drop and biomass concentration increased similarly in
a nanofiltration pilot installation. In the presence of a feed spacer the absolute
feed channel pressure drop increase caused by biomass accumulation was much
higher than when a feed spacer was absent: in both spiral-wound nanofiltration
and reverse osmosis systems biofouling is dominantly a feed spacer problem. This
conclusion is based on (i) in-situ visual observations of the fouling accumulation
(ii) in-situ non destructive observations of the fouling accumulation and velocity
distribution profiles using MRI, and (iii) differences in pressure drop and biomass
development in monitors with and without feed spacer. MRI studies showed that
even a restricted biofilm accumulation on the feed channel spacer influenced the
velocity distribution profile strongly. Biofouling control should be focused on the
development of low fouling feed spacers and hydrodynamic conditions to restrict
the impact of biomass accumulation on the feed channel pressure drop increase.
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Chapter 9

Three-dimensional numerical
model based evaluation of
experimental data*

INTRODUCTION

Worldwide, the drinking water demand is increasing and regulations on drinking
water quality become stricter. High pressure membrane filtration processes like
reverse osmosis (RO) and nanofiltration (NF) produce high quality drinking
water. Declining costs of membrane processes stimulate the application of
membrane filtration processes in advanced water treatment practice (Mallevialle
et al., 1996 and Shannon et al., 2008). Fouling affects the performance of the
RO/NF systems due to e.g. (i) increase in pressure drop across membrane
elements (feed-concentrate channel), (ii) decrease in membrane permeability,
(iii) increase in salt passage. These phenomena result in the need to increase
the feed pressure to maintain constant production and to clean the membrane
elements chemically. The major fouling mechanisms of RO and NF membranes
are scaling, particulate and organic fouling and biofouling. Scaling by inorganic
compounds is usually controlled using a scale inhibitor, such as a polymer or an
acid. Particulate fouling can be controlled by extensive pretreatment, including
ultrafiltration. Thus, all types of fouling except biofouling and organic fouling —
related types of fouling — are controllable. At the moment, biofouling is con-
sidered the major problem for RO and NF (Tasaka ef al., 1994; Ridgway and
Flemming, 1996; Baker and Dudley, 1998; Vrouwenvelder ef al., 1998, 2008b;
Van Hoof ef al., 2002; Patching and Fleming, 2003; Huisman and Feng Kong,
2004; Schneider et al., 2005; Karime et al., 2008 and Shannon et al., 2008).

*This chapter is based, with permission from the copyright holder, on a paper
previously published in Journal of Membrane Science Vol. 346 No. 1 pp. 71-85 doi:
10.1016/j.memsci.2009.09.025

© 2011 IWA Publishing. Biofouling of Spiral Wound Membrane Systems. By Johannes Simon
Vrouwenvelder, Joop Kruithof, and Mark van Loosdrecht. ISBN: 9781843393634. Published by IWA
Publishing, London, UK.
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188 Biofouling of Spiral Wound Membrane Systems

In spiral wound membrane modules, two types of pressure drop can be
discriminated: the trans-membrane pressure drop (TMP) and the feed spacer
channel pressure drop (FCP), also named longitudinal pressure drop. The
trans-membrane pressure drop, the differential pressure between feed and
permeate lines, is related to the membrane flux (permeation rate). The definition
of flux (permeation rate) is the water volume passing the membrane per unit
area and time (L m~2 hr™!). The FCP is the pressure drop between the feed and
concentrate lines. In practice, the FCP is critical for operation.

Many authors mention a critical flux (Field et al, 1995; Howell, 1995 and
Bacchin ef al., 1995, 2006). It has been hypothesized that ‘below a critical flux
no fouling should occur’. The critical flux has been studied extensively for the
fouling of microfiltration and ultrafiltration by colloidal particles (Bacchin et al.,
2006). Several studies propose the critical flux concept for spiral wound
nanofiltration and reverse osmosis membranes in relation to biofouling (Winters,
1997, 2001 and Schwinge, 2004) as well. The influence of biofouling on flux
decline and FCP increase has been studied on monitor, test rig, pilot and full-
scale for extensively pretreated water (Vrouwenvelder et al., 2008b, 2009b,c¢).
Irrespective whether a flux was applied or not, the FCP and biofilm concentration
increased. A previous study showed that the critical flux concept, stating that
‘below a critical flux no fouling occurs’, is not a suitable approach to control
biofouling of NF and RO systems with extensive pretreatment (Vrouwenvelder
et al., 2009b). It appears that in extensively pretreated water of NF and RO,
biofouling is a feed channel pressure drop problem (Vrouwenvelder ef al., 2009c¢).

Insight in biofilm formation and fluid dynamics is indispensable. Such an
integrated model requires at least two essential components: a model for fluid
flow (hydrodynamics or computational fluid dynamics, CFD) and a model for
biofilm development. These two models are coupled because on one hand the fluid
flow pattern is influenced by the biofilm position. On the other hand, the biofilm
growth is determined by the water flow which supports the convective transport of
nutrient and cell attachment and biofilm detachment are affected by the local shear
stress. Currently available two-dimensional (2-d) and three-dimensional (3-d)
computational fluid dynamics models on feed spacers in spiral wound membrane
modules focus predominantly on improvement of mass transfer and flux (Cao
et al., 2001; Karode and Kumar, 2001; Schwinge ef al., 2002¢,d; Li ef al., 2002,
2009; Geraldes et al., 2002a; Koutsou et al., 2004, 2007, 2009; Ranade and Kumar,
2006a; Shakaib et al., 2007, 2009; Santos et al., 2007; Fimbres-Weihs and Wiley,
2007 and Shrivastava et al., 2008). While giving a detailed insight in local flow
patterns around the spacer fibres, these CFD studies do not focus on the biofilm
development and its influence on biofouling. 2-d and 3-d biofilm models, on the
other hand, have evolved in the recent years to include the effects of flow and
mass transfer on biofilm formation not only on simple planar surfaces (Picioreanu
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et al., 2000a, 2001 and Eberl et al., 2000), but also in complex geometries such
as porous media (Kapellos et al., 2007; Graf von der Schulenburg et al., 2009 and
Picioreanu et al., 2010). Because no models combining CFD and biofilm growth
for spiral wound systems with spacers have been found in literature, recently a 3-d
numerical model is developed to determine hydrodynamics and biofouling in the
feed spacer channel (Picioreanu et al., 2009).

The main objective of this study was to qualitatively evaluate the developed
mathematical 3-d model with experimental data and previously derived
conceptual insights. When the model matches with the experimental data, then
3-d numerical simulations of biofilm formation and fluid dynamics will be a
suitable technique to understand membrane fouling processes.

MATERIALS AND METHODS

Feed spacer characterization

An inventory of feed spacers used in practice, produced by four major global
manufacturers of spiral-wound NF and RO membrane modules, was made to
determine spacer geometry and material (Figure 9.1, manufacturers are coded I to IV).
The feed spacers were made of polypropylene. Spacer geometry was characterized
with a stereo microscope and a calibrated digital camera. The spacer thickness was
determined with a sensitive accurate digital calliper (Mitutoyo absolute, ID-C112BS).

The spacers commonly used in practice had a diamond-shaped structure
(Figure 9.1) and thicknesses varying between 26 and 34 mil (1 mil equals
25.4um), according to manufacturer specifications. In some cases thicker spacer
(45 to 50 mil) or spacers with a parallel-shaped structure were used. Membrane
modules from manufacturer II (Figure 9.1) with feed spacer thickness 31 mil
(780 um) were used in several membrane installations in the Netherlands. As
being the most common, this spacer (Figure 9.2A) was selected for our studies.
Similar spacer dimensions were used in the model (Figure 9.2B). An overview
of spacer dimensions is presented in Table 9.1 and Figure 9.2.

Feed spacer porosity was determined with (i) a defined spacer sheet surface
area and volume measurements in a volumetric flask and (ii) calculations based
on average spacer strand diameter and strand woven density. The determined
porosity of the feed spacer was ~0.85 (Table 9.1), matching the porosity in the
model geometry (~0.84).

The specific surface area of feed spacers could not be determined accurately,
even when using a confocal laser scanning microscope and coated spacer.
However, from the model the feed spacer specific surface area can be derived as
7700 m? spacer m 3 spacer or 1230 m? spacer m 3 total volume.
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| Il 1l v
membrane element supplier

26
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30/31

feed spacer thickness (mil)

34
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Figure 9.1 Inventory of feed spacers commonly used in practice in commercially
available spiral wound NF and RO membrane modules by four global membrane
manufacturers. The membrane module manufacturers are coded | to IV. The feed
spacer thickness is commonly expressed in mil (1 mil equals 25.4;um). The bar
length indicates the scale of all spacers

Model description

The numerical model used in this study and water quality parameters have been
described (Picioreanu et al., 2009). Therefore, only the basic assumptions and
features are summarized here.

The computational domain is a small area from the membrane separation
device of 2000pm length (along main flow direction) by 1200pm width, with
the membranes kept apart at 780pum by the spacer (Figure 9.2C). The feed
spacer geometry was derived from feed spacers used in practice in spiral wound
membrane modules, using a stereo microscope and calibrated digital camera to
determine spacer spatial dimensions. Spacer orientation in the model was the same
as applied in practice: 45° spacer rotation towards feed flow direction (‘diamond
configuration’). The computational domain contained five by three diamond
spacer frames (Figure 9.2C). Periodic boundary conditions were applied for the
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two sides of the domain (perpendicular to the main flow direction), both for fluid
flow and for biofilm formation. Using periodic boundary in a smaller model, means
that two domain sides are in open connection with each other, improving model
representativeness (since wall effects of the model domain are excluded). The use of
periodic boundary conditions reduces the domain size needed to obtain quantitative
information about a larger system (Li and Tung, 2008a and Darcovich et al., 2009),
and therefore the computational requirements. An industrial spiral wound membrane
module (8 inch diameter and 1 m length) can have up to 41 m> membrane surface
area and approximately 2 X 10° diamond spacer frames distributed over several
membrane envelopes, requiring massive computational efforts.

Figure 9.2 Feed spacer geometry from practice (A) and model (B) with the
same geometry. Feed spacer with thickness 31 mil from manufacturer Il was
selected for the studies. (C) The computational domain of 3 X 5 spacer frames:
membranes on the top and bottom sides (z = 0 and 0.78 mm), periodic lateral
boundaries (y = 0 and 12mm), liquid inlet (x = 0) and liquid outlet (x = 20 mm).
Adapted from (Picioreanu et al., 2009)

The hydrodynamic model includes a feed flow of water, entering the domain
with an already established laminar flow profile (linear velocity 0.16ms™!).
Navier-Stokes equations for steady-state laminar flow are solved at several
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moments in time, for different stages of biofilm growth, thus corresponding
to different biofouling states. The membrane and the spacer are no-slip (zero-
velocity) walls for the flow. The biofilm surface is also a no-slip wall, but its
spatial position changes in time as new cells attach and as the biofilm grows.

Table 9.1 System geometry and operation parameters in experimental
conditions compared with the model input

a = estimated value; ® = membrane length in membrane module; ¢ = under non-

fouled conditions at 0.16ms™'; ¢ = indicative data for lead membrane modules from
(Vrouwenvelder et al., 2009d) and a consulting company. The maximum pressure drop over
the module flow channel can be up to 140kPa according membrane module manufacturers’
specifications. In membrane modules at the end of a pressure vessel the pressure drop
and normalized pressure drop values are clearly lower (like 7 kPa and 0.07 kPacm™'
(Vrouwenvelder et al., 2009d). ¢ = normalized for system length; n.a. = not available.

The biofilm model includes microbial (biomass) attachment in random
positions on the membrane or spacer, but with an increased attachment chance
for decreasing values of shear stress on the walls. Further, the attached microbial
cells grow and form colonies (cellular automata algorithm from Picioreanu et al.
(1998a,b). Microbial growth and attachment are calculated in time increments of 3
hours, in between which the flow pattern is re-calculated. For purpose of simplicity,
it was assumed here that substrate and oxygen mass transport limitations are
negligible and therefore the biomass can grow unlimited. However, the effect of
mass transport on biofilm formation was presented in (Picioreanu ez al., 2009).
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The model implementation (Picioreanu et al, 2009) consists of a
combination of MATLAB code (MATLAB 2007b, MathWorks, Natick, MA,
www.mathworks.com) as the main algorithm script, COMSOL Multiphysics
(COMSOL 3.5a, Comsol Inc., Burlington, MA, www.comsol.com) finite
element methods for solving the partial differential equations governing the
flow field and the solute mass balances, and own Java routines for the biofilm
model (Picioreanu et al., 1998a,b). This hybrid approach allows highly efficient
model solution on commercially parallelized code and with the large memory
requirements inherent for 3-d models. The 3-d mesh for finite element solution of
the hydrodynamics and mass balances contained ~430,000 tetrahedral elements
(quadratic accuracy) with a maximum size of 200 pm both in the volume and near
the spacer boundaries. This means ~2,100,000 equations were simultaneously
solved for hydrodynamics and ~663,000 for the solute mass balance. The 3-d
mesh for biomass and pseudo-viscosity distribution contained 250 X 150 X 10
rectangular elements (cube size ~80um). The computational code was run for
all simulations on a workstation with two parallel quad-core Intel Xeon E5430
processors, 32 GB DDR2 memory and Quadro 3700 FX graphics card.

Experimental set-up

The development of biofouling in the feed channel was investigated at two
scales: (i) using a spiral wound membrane module (Graf von der Schulenburg
et al., 2008) and (ii) Membrane Fouling Simulator (MFS, Vrouwenvelder
et al., 2006b) with and without feed spacer. Visual microscopic observations on
fouling accumulation using the MFS window and in-situ observations on fouling
accumulation and velocity distribution profiles using Magnetic Resonance
Imaging (MRI) were performed. In all modules and MFS studies nanofiltration
membranes and spacers from the same supplier were used. The NF membrane
is a polyamide membrane. The feed spacer taken from the module was a 31 mil
thick diamond-shaped polypropylene spacer with porosity 0.85 (Table 9.1). The
feed spacers in the MFS had the same spatial orientation as in spiral-wound
membrane modules (45° rotation).

The membrane fouling simulator (MFS) is a tool developed to study and
monitor fouling in spiral-wound membranes (Vrouwenvelder et al., 2006b,
2007a). Using the MFS, fouling development can be monitored by (i) pressure
drop measurements, (ii) in-situ and non-destructive (visual) observations using
the sight window and (iii) analysis of coupons sampled from the membrane and
spacer sheet in the monitor. The feed spacer channel dimensions of the MFS are
0.00078m X 0.040m X 0.200m. In the MFS, water flows through the spacer
attached between a membrane sheet and the window. Membrane and spacer
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coupons of new and unused spiral-wound nanofiltration membrane elements
were placed in the MFS.

To quantify linear flow velocities in lead modules, an inventory has been
made at several full-scale installations containing 8 inch diameter spiral
wound NF or RO membrane modules (Vrouwenvelder et al., 2009a). Linear
flow velocities in lead modules ranged between 0.07 and 0.20ms™'. The same
range of velocities was found for installations containing 4 inch diameter lead
modules. Biofouling was predominantly observed in lead modules with a high
linear velocity. Therefore, a high linear flow velocity (0.16ms™") was selected
for the studies described in the following sections.

Feed water for the MFSs was drinking water, distributed by a drinking water
supply company without any disinfectant dosage or residual.

Substrate was dosed to the feed water of MFSs to stimulate biomass growth. From
a sterile vessel, containing a 5L solution of concentrated substrate, the substrate was
dosed into the feed water prior to the MFS by a peristaltic pump (Masterflex) at a
flow of 0.03Lh~!. The dosage of substrate was checked periodically by measuring
the weight of the dosing bottle. The chemicals NaCH;COO, NaNOs, and NaH,PO,
and were used with a ratio C:N:P of 100:20:10 for the dosage solution. C was
the growth limiting compound. N and P were dosed to eliminate growth limiting
conditions for N and P. The substrates were dissolved in ultrapure water. To restrict
bacterial growth in the substrate dosage bottle, the solution pH was set to 10.5 using
NaOH. Dosage bottles were replaced every 5 days. The substrate dosage (0.03Lh™ ")
was low compared to the feed water flow rate (16Lh™"). Thus, the pH of the feed
water was not measurably influenced by substrate dosage.

MRI study

Based on the principles of proton Nuclear Magnetic Resonance (‘H NMR), the
evolution of spatial biofilm distribution and velocity field can both be visualized
by a technique called Magnetic Resonance Imaging (MRI). MRI has already been
applied to study fouling with biofilms in other systems such as circular pipes (Lens
et al., 1999; Van As and Lens, 2001 and Manz et al., 2003, 2005) and recently
in membranes (Graf von der Schulenburg et al., 2008 and Vrouwenvelder et al.,
2009¢). Magnetic materials can not be used since they interfere with the NMR
signal. Therefore, a PVC version of the MFS had to be developed, named
S-MEFS (Vrouwenvelder ef al., 2009c¢). In order to fit in a 200 MHz super wide-bore
magnet, the S-MFS had to be scaled down to channel dimensions of 0.00078 m X
0.016m X 0.040m. In the S-MFS, the water flows through the spacer placed
between two membrane sheets. The S-MFS was produced with a manufacturing
accuracy of 20 pm. The feed spacer and membrane sheets used in the NMR studies
were taken from a new nanofiltration membrane module. The PVC flow cell was
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operated with the same linear flow velocity and the same substrate dosage method
was applied, as described for the MFS studies. For the determination of the spatial
flow velocity distribution, the flow was temporarily lowered to 0.09ms ™! (56% of
the original linear flow velocity) for about 45 minutes.

Two-dimensional velocity images of the superficial flow component (axial
direction) were acquired employing a standard phase shift velocity encoding
pulse sequence with a size of 256 X 128 pixels resulting in a spatial resolution
of ~210 pm/pixel (Graf von der Schulenburg ef al., 2008). More details on MRI
velocimetry can be found elsewhere in the literature (Callaghan, 1991).

Pressure drop

A differential pressure transmitter (Endress + Hauser Deltabar S: PMD70-
AAATFKYAAA) was used to determine the pressure difference over the feed
spacer channel of the (S-)MFS (Vrouwenvelder ef al., 2009d).

Membrane autopsy

To characterize the accumulated fouling, 4 cm? sections of membrane and feed
spacers were taken from the (S-)MFS. The sections of spacer and membrane
were together placed in capped tubes filled with 30 mL of autoclaved tap water.
To determine the amount of biomass, the tubes with the membrane sections
were placed in an ultrasonic cleaning bath (Bransonic, model 5510E-DTH,
output 135W, 42kHz). The low energy sonic treatment (2 minutes) followed by
mixing on a Vortex (few seconds) was repeated three times. The biomass-water
suspension from the tubes was used to determine active biomass in duplicate
by measuring the adenosinetriphosphate (ATP) concentration by luminescence
(Holm-Hansen and Booth, 1966). The luminometer (Celcis, model Advance)
added 100pL of LuminEX-B reagent (Celcis) to a 100pL sample to release
ATP from the bacterial cells. Subsequently, 100 1L of LumATE-PM (Celcis) was
added for light production. The amount of light produced was measured with the
luminometer (relative light units, RLU). The concentration of ATP was derived
from the RLU values using the conversion factors of the linear relationship
between RLU values and reference ATP concentrations. The ATP concentrations
of autoclaved drinking water (<1pg ATP mL™') and two control solutions
(2 and 100 pg ATP X mL™!) were determined as quality control.

Total organic carbon (TOC) of the accumulated biomass amount was
determined as non-purgeable organic carbon by infra-red gas analysis.
Sample pretreatment was identical as described for ATP analysis except for
the water type in the capped tubes, which was demineralized water for the
TOC analysis.
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A spiral wound membrane module was fed with tap water supplemented
with substrate (1.00mg acetate-C L™'). The center tube of the membrane was
blocked during both fouling and MRI experiments to ensure that no permeate
was produced (Graf von der Schulenburg ef al., 2008). A membrane module
from a full-scale installation suffering from an elevated pressure drop caused by
biofouling was cut open lengthwise and unwrapped to visualize flow patterns
and determine and quantify accumulated material.

The plot of the natural logarithm of biomass concentration against time gave
a straight line; the slope of the line is the specific biomass growth rate.

RESULTS

Inventory of feed spacers used in practice

Feed spacers used in practice in spiral wound nanofiltration and reverse osmosis
membrane modules were characterized on a number of aspects such as material type,
structure and thickness. The feed spacers provided by 4 membrane manufacturers
were made of polypropylene. The spacers commonly used in practice had a
diamond-shaped structure (Figure 9.1) and thicknesses varying between 26 and 34
mil (1 mil equals 25.4pm), according to manufacturer specifications. In some cases
thicker spacer (45 to 50 mil) or spacers with a parallel-shaped structure were used.

Membrane modules from manufacturer II (Figure 9.1) with feed spacer thickness
31 mil (780pm) were used in several membrane installations in the Netherlands.
Therefore, this spacer (Figure 9.2) was selected for our studies. The determined
porosity of the feed spacer was ~0.85 (Table 9.1). The spatial dimensions of the
feed spacer were determined using a stereo microscope with a calibrated digital
camera (Figure 9.2A). Spatially identical spacer dimensions were used in the model
(Figure 9.2B). The calculated porosity of the feed spacer in the model was 0.84,
matching the determined feed spacer porosity (~0.85). The specific surface area
of the feed spacer was not determined experimentally. However, the feed spacer
specific surface area (7700m?’m 3, Table 9.1) can be derived from the model
geometry. The model feed spacer had very similar geometry to the feed spacer used
in practice and experimental studies (Table 9.1, Figure 9.2).

Biomass growth parameters and pressure drop increase

The specific biomass growth rate (i, in day ') is a key parameter in the
numerical model. To determine the biomass growth rate, studies with five MFSs
in parallel were performed with the same feed water substrate concentration
(0.60mg acetate-C L™ ') and same linear flow velocity in the MFS (0.16ms™ ).
The monitors were sampled after different operating periods to obtain information
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about the biomass development after different running times. Determined were
the pressure drop and biomass accumulation.

The biomass concentration increased exponentially (Figure 9.3C). The
biomass was equally distributed over the monitor width and length (Figure
9.4). Therefore, biomass concentrations averaged over the module length
were used for data evaluation. The average biomass concentration increased
exponentially (Figure 9.3C) at least until day 3, indicating that biomass growth
was not limited by substrate within this period. The derived net biomass growth
rate pp. = 2.8d” ! was used in the model. This is actually a lumped biomass
accumulation rate, as the difference between the growth and the detachment
rates. The model does not explicitly include biomass detachment; therefore the
experimental value was used as a net growth rate.

Comparison model with experimental data

The three-dimensional computational model (Picioreanu et al., 2009) was based
on spacer geometry, biomass growth rates and operating conditions (feed water
quality, linear flow velocity) from practice (Table 9.1). The linear flow velocity
was within the range as applied in practice (Vrouwenvelder et al., 2009a).
The effect of substrate in the feed water on biomass accumulation, caused by
substrate utilization, was determined with the model and experiments. In all
model simulations we used default values for the model parameters as mentioned
by Picioreanu et al. (2009). No parameter fitting or model calibration was done.

The pressure drop remained constant during the experiments with monitors fed
with water without substrate (Figure 9.5). The pressure drop increased strongly in
the presence of substrate in the feed water, in relatively good agreement between
model and experimental data. After 4 days, the model calculated a pressure
drop that deviated from the measured pressure drop (Figure 9.5). There are two
reasons for this overestimation of the pressure drop by the model. First, substrate
limitations appear when thick biofilms develop in the modules, leading to a linear
biomass growth rate vs. the unlimited exponential growth rate. Although the
biomass distribution along the module remained approximately the same (Figure
9.4) indicating no growth limitations in the flow direction, substrate limitations
can still occur in the biofilm depth. Herzberg and Elimelech (2008) reported a
higher distribution of active cells in a Pseudomonas aeruginosa biofilm close a RO
membrane surface; likely due to higher substrate levels induced by concentration
polarization effect caused by permeate production. In other words, the substrate
concentration may be higher near the membrane. Biomass detachment was not
included in the model. The biofilm detachment certainly becomes important when
the local flow velocities increase due to fouling. This leads to high shear stress and
biomass removal, affecting the pressure drop.
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Figure 9.3 Measured pressure drop in time (A), pressure drop increase (B)
and biomass accumulation (C) in monitors operated in parallel under identical
conditions after 0, 1, 2, 3, and 5 days. Note the logarithmic scale in (B) and (C).
The nutrient concentration in the feed water was 0.60mg acetate-C L' and
linear flow velocity in the monitors was 0.16ms ™’
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Figure 9.4 Measured biomass distribution over length of spacer and membrane
in the monitors operated in parallel under the same conditions and analyzed at
different running times
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Figure 9.5 Compared pressure drop over feed spacer channel in time in
computational model with (model +S) and without substrate (model -S) and
experimental data with (experiment +S) and without substrate (experiment -S)
dosage. The horizontal line represents the maximum pressure drop reading of
the differential pressure drop transmitter

Velocity distribution profiles were (i) calculated using the mathematical model
and (i) determined experimentally using in-situ MRI observations with an S-MFS
flow cell designed for MRI studies (Vrouwenvelder ef al., 2009c) and with a spiral
wound membrane module (Graf von der Schulenburg et al., 2008). The calculated
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velocity field was averaged over the height of the computational domain, i.e., the
direction z between the two membranes. The 2-d average velocity was relatively
the same in all square elements formed by spacer filaments before biomass
accumulation (Figure 9.6A). In time, the flow field profiles gradually changed to
a distorted flow field with flow channels (Figure 9.6D). MRI measurements with
the S-MFS monitor showed that the average 2-d flow velocity field was relatively
homogeneous (among the square spacer elements) before substrate dosage (Figure
9.6E). There was no flow at the spacer junctions and in the regions under the spacer
filaments to flow was faster due to the reduction in the hydraulic area. In time, a
distortion of the flow field (Figure 9.6FG) and eventually flow channels (Figure
9.6H) were observed, indicating flow heterogeneity across the main flow direction
(Figure 9.6C). MRI measurements of a full-scale spiral wound membrane module
showed that biofouling led to a heterogeneous flow distribution also along the main
flow direction (Figure 9.7). This also led to stagnant zones with low velocities and
zones with high velocities to compensate for the low velocity regions (Figure 9.7).

Flow channels can be observed during membrane autopsy, however these are not
always easily detected or often overlooked due to the opaque nature of biofilms. The
effect of flow channel formation has been clearly observed in cases where a high
feed channel pressure drop caused by major biofouling occurred (Figure 9.8). The
biofilm entrapping inorganic compounds facilitated visual observation of channel
formation. The flow channels were mainly found on the first 0.20 to 0.50m of lead
membrane modules from the installation. The flow channels — caused by biofilm
accumulation — were evenly distributed over the individual membrane leaves and
over the membrane envelope width (visual observations). The effective feed side
membrane surface area were reduced by approximately 50% (Figure 9.8A) and
90% (Figure 9.8B), most likely affecting the membrane flux strongly. Displacement
of the feed spacer was observed at the strongly reduced (by ~90%) effective feed
side membrane surface area (Figure 9.8B). Figure 9.8A clearly shows the same
fouling amount on the glued edge of the membrane and on the membrane where
permeate production occurred. Since the glued edge was not producing permeate,
this observation supports previous findings that biofouling is a predominantly a
feed spacer channel related problem (Vrouwenvelder ef al., 2008b, 2009c).

The localization of biomass growth is predominantly at the feed side of
membrane installations, in the first half of lead modules (Carnahan ef al., 1995
and Vrouwenvelder et al., 1998, 2008b, 2009¢,d). Recently it has been clearly
shown that biofouling is a problem of biofilm growth and not a filtration effect
leading to accumulation of biomass on the membrane and spacer (Chen et al.,
2004a; Pang et al., 2005, 2007 and Bereschenko et al., 2008). In the model,
biomass attached predominantly on the feed spacer (Figure 9.9B) at linear flow
velocities as applied in practice. Biomass attachment occurred at positions
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with low shear. Multiplication of microorganisms resulted in a biomass volume
increase, reducing the water volume fraction. Experiments with the MFS showed
that biomass accumulated mainly on the feed spacer, at the downstream side of
the spacer (Figure 9.9D). Filamentous biofilm structures, called streamers, were
observed and also reported earlier (Vrouwenvelder et al., 2006b, 2009¢). The
longest streamers were attached to the spacer crosses. The model showed the
same localization of biomass growth as in experimental studies using the MFS
sight window (Figure 9.9, Vrouwenvelder et al., 2006b, 2009c) and MRI studies
(Graf von der Schulenburg et al., 2008).

=
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3D modeling
velocity (m s)
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flow direction

high

NMR studies
. i

time (days)

Figure 9.6 Compared time series of velocity profiles averaged over the channel
height obtained with 3-d-modeling (A-D) and NMR experiments (E-H). The flow
channel contained spacers and the liquid was supplied with substrate to promote
faster biofouling. Flow is from top to bottom. The images show the velocity values
on colour scales different between the model and NMR studies. Panels (E)-(H)
adapted from Vrouwenvelder et al., 2009¢
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Figure 9.7 Measured 2-d radial velocity images of a spiral wound membrane
module measured before and after biofouling. The images show the z component
of the flow velocity on a colour scale (adapted from Graf von der Schulenburg
et al., 2008)
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Figure 9.8 Unwound spiral-wound membrane modules from full-scale installations
suffering from severe biofouling showing flow channels caused by biofouling. The
flow direction is from left to right. (A) Flow channels covering ~50% of the feed inlet.
In region (c) the membrane is glued and has a lighter colour. In region (d) water
was produced and the membrane has a darker colour. (B) Flow channels covering
~10% of the feed inlet, resulting in displacement of the feed spacer (e). The
arrows in the figures indicate a few examples of flow channel locations. The biofilm
entrapping inorganic compounds facilitated visual observation of channel formation
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Figure 9.9 Compared attachment and accumulation of biomass in time in model
(A,B) and in-situ visual observations of the feed spacer channel (C,D). Visual
observations were made using the sight window of the MFS during operation
with dosage of a compound containing substrate. Analysis of the accumulated
material confirmed biomass accumulation

Influence feed spacer: model and experimental data

Comparative studies were performed with and without feed spacer at the same
cross flow velocity and substrate concentration in the feed water to evaluate the
influence of feed spacer on biofouling development. As control, studies with and
without feed spacer at the same cross flow velocity were done with and without
substrate.
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As expected, the feed channel pressure drop is strongly affected by the
presence of a feed spacer (Figure 9.10). The feed spacer presence increased
10 times the pressure drop compared with the experiment without spacer, at the
corresponding experimental flow rates and without biofilm (clean device flow
channels). In the absence of substrate there was no biofilm growth and obviously
no increase in the pressure drop relative to the clean device flow channels. In
the presence of substrate a biofilm developed and the relative pressure drop
increased. The absolute FCP — sum of FCP and FCP-increase — over the feed
channel of the model domain determines the costs caused by fouling. With feed
spacer, biofilm accumulation clearly resulted in a stronger absolute FCP-increase
(Figure 9.10). The model simulation matched rather well the experimental results
in the case of clean flow channels without biofilm, with (0.35-0.4kPacm™!) or
without spacer (~0.03kPacm™!). The current model predicted more pressure
drop after 4 days, but the difference is attributed to more biofilm formation due
to both absences of substrate limitation and biomass detachment in the model.

M : pressure drop increase
M : pressure drop

1.0

0.5

pressure drop (increase) (kPa cm™)

-l

measured model measured model
with spacer without spacer

0.0

Figure 9.10 Compared pressure drop and pressure drop increase in time with
and without feed spacer during experimental and model study. The pressure drop
increase was measured and calculated after 4 days of biofilm development

Modeling the overall pressure drop, biomass accumulation and volume
fractions in time showed that the same biomass concentration in the system
with and without spacer had different impact on the pressure drop (Figure 9.11).
Although the same amount of biomass was formed with/without spacer (Figure
9.11B), the overall pressure drop increased more rapidly with biofilm formation
when the spacer was present (Figure 9.11A). With spacer the initial pressure
drop was 10 times higher, which cannot be explained by the 15% less volume
liquid (Figure 9.11C), but rather by the severely tortuous flow path imposed by
the spacer (Picioreanu et al., 2009).
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Figure 9.11 Calculated overall pressure drop FCP (A), biomass (B) and volume

fractions of liquid and biomass (C) in time with and without feed spacer
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With spacer, the pressure drop development over the model domain length
showed that the high biomass concentration after 3 days resulted in a stepwise
decline of the pressure drop along the domain length (Figure 9.12A). Without
feed spacer, the pressure drop was lower and a continuous (no stepwise) decline
of pressure drop was observed even at high biomass concentrations (Figure
9.12B).
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Figure 9.12 Calculated pressure drop over the model domain length, at different
moments in time: (A) with spacer, and (B) without feed spacer

The simulated velocity fields in the feed spacer channel (height is 780 pum)
with and without spacer are presented in Figures 9.13 and 9.14. The model
results are shown in a section through the middle of the flow channel (390 pm,
Figure 9.13) and near the membrane (at 585 pum, i.e., 195 pm from the membrane
surface, Figure 9.14). When a spacer was present the biomass accumulated
predominantly on the feed spacer (Figure 9.13BC). Without feed spacer, biomass
attachment could occur at the membrane only (Figure 9.13DE). The biomass
growth clearly affected the velocity field. The change in velocity field distribution
was much stronger with spacer (Figure 9.13C) than without feed spacer (Figure
9.13F). Clearly the effect of the spacer on biofouling in membrane processes
is predominant, despite that many studies do not consider the presence of a
spacer in their experimental set-up. At 75% of the channel height (585pm)
the velocity field shows a profile (Figure 9.14) that differs strongly from the
channel centre (Figure 9.13). With spacer, nearer to the membrane the velocity
flow is mostly parallel to the spacer filaments present in this planar field (Figure
9.14) which is not observed in the channel centre (Figure 9.13). The fact that
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the velocity field shows great variations over the channel height illustrates that
3-d modeling is essential for fluid dynamics and biofouling studies in membrane
systems.

velocity (m s7)

Figure 9.13 Calculated flow velocity field at different times with (A, B, C) and
without (D, E, F) feed spacer, presented in sections at z = 390um (middle of the
feed channel). The times are: (A,D) 6, (B,E) 42 and (C,F) 80 hours

In Figure 9.6 a comparison is made between the computed velocity fields
averaged over the channel height (Figure 9.15) with the average velocity field
results from NMR studies with the S-MFS. The calculated average velocity
fields visualize the change in flow channels caused by biomass accumulation.
With feed spacer, more regions of higher flow velocities were observed (Figure
9.15C) compared to the simulations without feed spacer (Figure 9.15F) with
the same accumulated biomass amount (Figure 9.11B). Comparison of the
average velocity field of the model and determined with MRI showed the
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same distortion of flow field and channeling (Figure 9.6). Also the spatial
distributions of pressure and pressure drop are different with or without spacer.
The pressure drop over the model domain with spacer declines stepwise over
the spacer strands, even when biomass is not present (Figure 9.16A). The
differences in pressure between the spacer diamonds are more accentuated
by the biofilm formation (Figure 9.16BC). Within the spacer diamonds the
pressure does not change significantly, showing that the main pressure drop
is not due to the resistance to flow induced by the membrane walls but due to
the spacer. In contrast, without spacer the pressure drop decline is gradual over
the domain length (Figure 9.16D). In time, biomass accumulation increased the
pressure drop and affected the pressure drop distribution over the domain
(Figure 9.16F).

velocity (m s1)

Figure 9.14 Calculated flow velocity field at different times with (A, B, C) and
without (D, E, F) feed spacer, presented in sections at z = 585um (75% of the
feed channel height). The times are: (A,D) 6, (B,E) 42 and (C,F) 80 hours
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velocity (m s1)

Figure 9.15 Calculated flow velocity field averaged over the channel height, at
different times, with feed spacer (A, B, C) and without feed spacer (D, E, F). The
times are: (A,D) 6, (B,E) 42 and (C,F) 80 hours

In conclusion, experiments showed that (i) the FCP was strongly affected by
the feed spacer (Figure 9.10), (ii) flow channel formation occurred in the presence
of a feed spacer (Figure 9.6), (iii) biomass accumulated predominantly on the
spacer (Figure 9.9), and (iv) the absolute FCP was clearly higher with feed spacer
compared to the monitor without spacer (Figure 9.10), all consistent with results of
the 3-d model studies. 3-d modeling and experimental studies with and without feed
spacer unambiguously illustrate that feed spacers play a crucial role in biofouling.

DISCUSSION

Comparison model with practice

Compared to experimental studies, the 3-d mathematical model developed
by Picioreanu et al. (2009) showed the same development for (i) feed channel
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pressure drop (Figure 9.5), (ii) biomass, (iii) velocity distribution profile,
resulting in regions of low and high liquid flow velocity also named channeling
(Figures 9.6D and 9.14C). Channeling caused by biomass accumulation has been
measured in-situ with NMR in spiral wound membrane modules (Figure 9.7) and
MES (Figure 9.6GH) and observed during studies on membrane modules from
full-scale installations with elevated feed channel pressure drop (Figure 9.8). Flow
channel formation has been reported previously (Baker and Dudley, 1998). The
numerical model showed biomass growth occurred predominantly on the feed
spacer (Figures 9.9AB, 9.13, 9.14), consistent with direct in-situ observations on
biofouling of spiral wound membrane modules and monitors using for example
MRI (Graf von der Schulenburg ef al., 2008 and Vrouwenvelder ef al., 2009c)
and observations using the MFS sight window (Figure 9.9CD).

Figure 9.16 Calculated pressure distributions at different times with (A, B, C)
and without (D, E, F) feed spacer, presented in sections at z = 390pm (middle of
the feed channel). The times are: (A,D) 6, (B,E) 42 and (C,F) 80 hours

Downloaded from https://iwaponline.com/ebooks/book-pdf/523709/wio9781780400990.pdf
by IWA Publishing user
on 04 March 2019



Three-dimensional numerical model based evaluation 211

The numerical model proves suitable to describe the overall biomass
accumulation and pressure drop in time as observed during experiments.
Moreover, the computed 3-d spatial distributions of biomass and flow velocity
field agree qualitatively with the measurements. This 3-d model is based on
generally accepted equations for the fluid flow and biofilm growth. The fact
that some model results deviate from the experimental data is partially due to
neglecting of potentially important processes, such as biomass detachment and
substrate mass transport limitation. On the other hand, the quality of model
predictions depends also on the choice of model parameters. No parameter
optimization has been done in this study to fit the experimental data. All these
facts underline that numerical tools have developed up to a stage where they can
be used to get reliable information on such complex processes as the interaction
between biofilm formation and hydraulics in RO and NF systems. This study
and the study of Picioreanu et al. (2009) clearly show that in order to make
reliable predictions the exact geometry of the spacer and flow channel and 3-d
simulations need to be taken into account fully.

Spacer relevance

Spiral wound membrane modules need spacers to separate membrane
envelopes and to promote the mass transfer along the membrane to minimize
concentration polarization. The absolute FCP — sum of FCP and FCP increase —
over the feed channel will determine the operational costs. Both our model and
experimental studies with and without feed spacer showed that the absolute
FCP is much higher in the presence of the feed spacer (Figure 9.10). Moreover,
the increase in FCP due to biofouling is stronger and faster with spacer. Given
this important increase in pressure drop, the feed spacer is therefore highly
important for biofouling (Vrouwenvelder ef al, 2006b, 2008b, 2009c; Ho
et al., 2008 and Bartels et al., 2008). The spacers not only influence the pressure
drop but also the flow profile (Figure 9.15). This has a direct effect on the flow
at the membrane surface and thereby will affect the extent of concentration
polarization. Promoting mass transfer by using a spacer seems therefore to come
at the expense of higher operational costs.

Most biofouling studies in laboratory systems used flow cells without spacers.
Very often these studies come to the conclusion that biomass accumulated on
the membrane, thus affecting the flux of permeate. The results we present here
make it very likely that the findings of studies without spacers would have been
different when feed spacers had been present.

In practice, the increased feed channel pressure drop over the membrane
module is a dominant reason for operational problems caused by biofouling
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(Vrouwenvelder et al., 2008b, 2009¢). An increased feed channel pressure
drop or channeling over the membrane unit at constant inlet pressure will also
lead to less permeate production. Studies without feed spacers are clearly not
representative for biofouling studies in RO and NF systems. Not only is the
flow profile (and thus mass transport to the membrane surface) different but
also the amount of biomass growth on the membrane is strongly increased. In
the absence of a spacer the effect of fluid flow channeling is much smaller. This
again leads to an overemphasis of the role of concentration polarization and
neglect of flow channeling.

Representative conditions for practice like feed spacers and hydrodynamics
are considered essential for laboratory and modeling biofouling studies.

Future studies and practical implications

Recent biofouling papers (Herzberg and Elimelech, 2007 and Chong et al.,
2008) refer to a biofilm-enhanced osmotic pressure strongly contributing
to a flux decline and salt passage increase. A flux decline was also found in a
modeling study by Kim ef al. (2006) on the physical presence of exopolymeric
substances (EPS), which are produced and excreted by microorganisms. For
a flux decline caused by biofouling, two mechanisms were identified: (i) an
increase of the hydraulic resistance over the membrane and (ii) hindering the
back diffusion of salts (Herzberg and Elimelech, 2007 and Chong et al., 2008).
Herzberg and Elimelech (2008) reported a higher distribution of active cells in
a Pseudomonas aeruginosa biofilm close a RO membrane surface; likely due
to higher substrate levels induced by concentration polarization effect caused by
permeate production. In practice, increased feed channel pressure drop over the
membrane module is a frequent dominant operational problem in RO and NF
systems caused by biofouling (Vrouwenvelder ef al., 2008b, 2009b,c,d). Biofilm
accumulation in NF and RO systems seem to effect both the biofilm-enhanced
concentration polarization and the feed channel pressure drop, which may have
synergistic negative effect on membrane performance. Evidently, there is need
to unravel all the effects of (bio)fouling on performance of RO and NF systems
(increase in feed spacer pressure drop, decrease in flux, and increase in salt
passage) under representative conditions.

More insight in the biofouling process is needed to make progress in
biofouling control. Direct in-situ spatially resolved information on biofilm
accumulation, hydraulics and membrane performance is essential. The current
3-d model needs to be extended to contain all membrane performance indicators
with feed channel pressure drop, permeate production (trans-membrane pressure
drop) and salt passage. Concentration polarization has to be included as well
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since this may contribute to biofouling, salt passage and scaling. Additionally,
biomass detachment has to be incorporated in the model. The influence of
parameters like spacer geometries, hydraulics and feed water quality can
be modeled to determine the effect on biomass accumulation, membrane
performance indicators and cleanability. The nowadays commonly applied
feed spacers restrict removal of biomass from the membrane module during
cleaning. Direct in-situ observations with NMR and MFSs can be used to
validate model results. The subsequent step may be pilot studies. Combination
of 3-d mathematical modeling and direct in-situ observations using, for example,
NMR and MFSs is the key to make progress in biofouling control. Moreover,
the perspectives of combined modeling-measuring approach are integral fouling
control and optimized membrane performance at minimal costs.

The development of membrane filtration processes less susceptible to
(bio)fouling and optimized for performance may have consequences for module
and total installation design. The viability of such (bio)fouling tolerant membrane
system should be shown with pilot plant studies and cost based evaluations. Use
of mathematical modeling techniques are expected to help with reducing the
time and costs in developing new membrane and module configurations.

SUMMARY

A three-dimensional (3-d) computational model describing fluid dynamics and
biofouling of feed channels of spiral wound reverse osmosis and nanofiltration
membrane systems was developed based on results from practice and
experimental studies. In the model simulations the same feed spacer geometry as
applied in practice and the experimental studies was used. The 3-d mathematical
model showed the same trends for (i) feed channel pressure drop, (ii) biomass
accumulation, (iii) velocity distribution profile, resulting in regions of low and
high liquid flow velocity also named channeling. The numerical model predicted
a dominant biomass growth on the feed spacer, consistent with direct in-situ
observations on biofouling of spiral wound membrane modules and monitors
using Magnetic Resonance Imaging (MRI). The model confirms experimental
results that feed spacer fouling is more important than membrane fouling. The
paper shows that mathematical modeling techniques have evolved to a stage that
they can be used hand-in-hand with experiments to understand the processes
involved in membrane fouling.
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Chapter 10

Effect of substrate load and
linear flow velocity*

INTRODUCTION

The global drinking water demand is increasing and simultaneously drinking
water regulations become stricter. This increases the demand for cost effective
drinking water production technology. High pressure membrane filtration
processes, reverse osmosis (RO) and nanofiltration (NF), produce high quality
drinking water, virtually free of pathogenic microorganisms and inorganic and
organic pollutants. Because of the decreasing costs of membrane applications,
an increasingly important role is predicted for membrane filtration (Mallevialle
et al., 1996 and Shannon et al., 2008).

A drawback of RO and NF applications is membrane fouling, resulting in a
pressure drop increase over the membrane element and, therefore, higher plant
operation costs. The major fouling mechanisms of RO and NF membranes are
scaling, particulate and organic fouling and biofouling. Scaling by inorganic
compounds is usually controlled using a scale inhibitor or an acid. Particulate
fouling is controlled by extensive pretreatment, including ultrafiltration. Thus, all
types of fouling except biofouling and organic fouling are controllable. Biofouling
remains the major type of fouling in RO and NF membranes fed with extensively
pretreated water, caused by biofilm formation in the membrane elements (Ridgway
and Flemming, 1996; Patching and Fleming, 2003 and Shannon et al., 2008).

Most biofouling studies are carried out on a trial and error approach in pilot
and full-scale installations. Fouling is diagnosed on the basis of parameters such
as pressure drop and from investigation of removed membranes (Tasaka et al.,

*This chapter is based, with permission from the copyright holder, on a paper previously
published in Biofouling Vol. 25 No. 6 pp. 543-555 doi: 10.1080/08927010902972225
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1994; Baker and Dudley, 1998; Vrouwenvelder et al., 1998; Van Hoof et al., 2002;
Huisman and Feng Kong, 2004; Schneider et al., 2005 and Karime et al., 2008).
Spiral wound RO and NF membrane elements have the same construction and
size, complicating systematic studies on membrane fouling. Recently, developed
tools such as the membrane fouling simulator (MFS) (Vrouwenvelder ef al., 2006D,
2007a) have facilitated methodological studies on biofouling. In a comparative study,
the same pressure drop development and biofouling accumulation were observed in
both spiral wound membrane elements and MFSs (Vrouwenvelder et al., 2006b).

Insight into the factors influencing the development of biomass and pressure
drop increase is needed to develop membrane systems, which are less susceptible
to biofouling. Restricting the content of biodegradable compounds in the
feed water by sand filtration pretreatment has been reported to lower biomass
accumulation in a membrane test cell (Griebe and Flemming, 1998). Parallel
test rig studies with spiral wound membrane elements operated with feed water
with and without dosages of a biodegradable compound showed that substrate
dosage stimulated the development of biofouling (Vrouwenvelder et al., 2008b),
supporting the findings of Griebe and Flemming (1998). Hydrodynamics and shear
are important in biofilm development (Van Loosdrecht et al., 1995; Kwok et al.,
1998 and Purevdorj-Gage and Stoodley, 2004). Biofilm formation is affected
by substrate concentration, substrate load and hydrodynamic shear force. The
thickness, structure, stability and density of the biofilm are influenced by substrate
load and hydrodynamic shear stress/flow regime (Characklis and Marshall, 1990;
Van Loosdrecht ef al., 1995; Peyton, 1996; Melo and Bott, 1997; Kwok et al.,
1998; Liu and Tay, 2002; Pereira et al., 2002; Wische et al., 2002 and Wijeyekoon
et al., 2004). Thicker biofilms were observed under high substrate load conditions
(Peyton, 1996 and Wische et al., 2002). Thinner biofilms were found during
studies on Pseudomonas fluorescens biofilms grown under turbulent flow
conditions compared with laminar flow conditions (Pereira et al., 2002). Within
membrane installations, the linear flow velocity over the pressure vessels reduces
because of permeate production in the membrane elements. Between installations,
the feed flow and the plant configuration may vary resulting in different flow
profiles. Thus in practice, membranes are operated with different linear flow
velocities resulting in differences in substrate load and hydrodynamic shear stress.

Increasing the linear flow velocity may reduce the accumulation of
microorganisms on surfaces (Wills et al., 2000). The effectiveness is attributed to
the increased shear stress acting on the biofilm. Wills ez al. (2000) reported that
use of inserts reduced biofilm accumulation. It has been proposed that increasing
the linear flow velocity may be a suitable method to reduce biofouling in tubular
heat exchangers (Melo and Bott, 1997), as the shear stress is higher at elevated
linear flow velocities. One consequence of increasing the linear flow velocity is
an increase in the substrate loading rate.
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The flux — water volume flowing through the membrane per unit area and
time — as applied in practice in spiral wound NF and RO membranes has been
shown to be unimportant for biofouling development after extensive pretreatment
(Vrouwenvelder et al., 2009b,¢). In other words, the flux or permeate production
was not contributing significantly to the amount of biofilm accumulation in
the membrane elements. Furthermore, biofilm development did not influence
the flux, as the biofilm predominantly occurred on the spacer structure. Irrespective
of whether permeate was produced or not, the feed spacer channel pressure drop
and biofilm concentration increased in RO and NF membranes in a monitor, test
rigs, a pilot scale and a full-scale installation. Identical behavior with respect to
biofouling and feed channel pressure drop development was observed in membrane
elements in the same position in a NF installation operated with and without
permeate production. Calculations to predict the influence of flux supported
the experimental observations that the flux was playing an insignificant role in
biofouling (Vrouwenvelder ef al., 2009b). Therefore, the experiments in this study
were performed without flux. The feed-concentrate channel pressure drop increase
problem is the consequence of biomass accumulation in the feed spacer channel.

Despite extensive biofilm literature, systematic studies on the influence of
factors such as substrate load and linear flow velocity on the development of
biofouling in spiral wound membrane systems are lacking. The main objective
of this study was to determine the influence of substrate load, substrate
concentration in the feed water and linear flow velocity on the development of
pressure drop and biofilm in spiral wound NF and RO systems.

MATERIALS AND METHODS

Membrane fouling simulator

In all experiments, a MFS with external dimensions of 0.07m X 0.30m X 0.04m
was used (Vrouwenvelder er al., 2006b). Coupons of feed spacer, membrane
and product spacer can be placed in the MFS resulting in the same spatial
dimensions as in spiral wound membrane elements. The development of fouling
was monitored by measuring the pressure drop increase over the feed spacer
channel of the MFS, and visual observations using the sight glass and analysis
of sheets of membrane and spacer taken from the monitor. During operation, the
glass window was covered with a light tight lid to prevent growth of phototrophic
organisms. Analyses performed on the sheets were total active biomass by
adenosine-triphosphate (ATP) and dissolved organic carbon (DOC). Details of the
methods have been described elsewhere (Vrouwenvelder ef al., 2006b, 2007a).
Membranes and spacer sheets used in the MFS research were taken from
unused spiral wound membrane elements (Trisep TS 80, 8-inch diameter).
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Experimental set-up

The MFS installation consisted of two pressure reducing valves, manometer,
dosage point (for biodegradable compounds), MFS and flow controller
(Vrouwenvelder et al., 2007a). The MFS was fed with drinking water and operated
at a pressure of ~120kPa to avoid degassing. Unless indicated otherwise, the feed
water flow of the MFS was 16.0Lh ™! equal to a linear flow velocity of 0.163ms ™.
The MFS was operated cross-flow, without permeate production. Drinking water
prepared from anaerobic groundwater (subsequently treated by aeration, rapid
sand filtration, deacidification, softening and rapid sand filtration at treatment plant
Spannenburg) was used as feed water of the MFS installation. The water had a
DOC content of 8mgL ™! and the temperature varied by a maximal 2°C during
each experiment within a total range of 13 and 18°C. Acetate, a biodegradable
compound, was added to the water. From a sterile vessel, containing a 5L solution
of concentrated sodium acetate, the substrate was dosed into the feed water prior to
the MFS by a peristaltic pump (Masterflex) at a flow of 25mLh™!. The dosage of
substrate was checked periodically by measuring the weight of the dosing bottle.
Pressure drop measurements were performed with a pressure difference transmitter
(Endress and Hauser, type Deltabar S: PMD70-AAA7FKYAAA, Vrouwenvelder
et al., 2009d). The calibrated measuring range was 0-50kPa. The differential
pressure transmitter was connected onto the MFS with quick connectors.

Sampling and study of membranes

To quantify the accumulated fouling, sections of membrane, feed and product
spacer were taken from the MFS. The sections (4cm?) were placed in a capped
tube filled with 10ml of autoclaved tap water. To determine the amount of
biomass, the tubes with the membrane and spacer sections were placed in an
ultrasonic cleaning bath (Bransonic). The low energy sonic treatment (2min)
followed by mixing on a Vortex (a few seconds) was repeated three times.
Next, water volumes collected from the tubes were used to determine biomass
parameters such as ATP. The choice for ATP was based on studies at full-scale
installations to diagnose membrane biofouling (Vrouwenvelder et al., 2008b).
Additionally, total organic carbon (TOC) measurements were made.

Active biomass was estimated in duplicate by measuring the ATP concentration
from 100 L samples (Holm-Hansen and Booth, 1966). The luminometer (Celcis,
model Advance) added 100pL of LuminEX-B reagent (Celcis) to each sample
to release ATP from the bacterial cells. Subsequently, 100pL of LumATE PM
(Celcis) was added for light production. The amount of light produced was
measured with the luminometer (relative light units, RLU). The concentration
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of ATP was derived from the RLU values using the conversion factors of the
linear relationship between RLU values and reference ATP concentrations. The
ATP concentrations of autoclaved drinking water (<1pgmL~") and two control
solutions (2 and 100pgmL~') were determined as quality control. TOC was
determined as non-purgeable organic carbon by infra-red gas analysis. Calculation
of the biomass load was derived from the biomass concentration and the surface
area of the sections of membrane and feed spacer.

RESULTS

The development of feed spacer channel pressure drop and biofilm concentration
in a MFS was investigated by (i) varying the substrate concentrations in the feed
water at a constant linear flow velocity (Figures 10.1 and 10.2), (ii) varying
the linear flow velocities at constant substrate concentration in the feed water
(Figures 10.4 and 10.5) and (iii) varying the linear flow velocities and substrate
concentrations at constant substrate load (Figures 10.6 and 10.7). The influence
of flow direction change in a pressure vessel containing membrane elements on
biofouling was simulated in the MFS by operating MFSs with varying linear
flow velocities (Figures 10.8 and 10.9).
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Figure 10.1 Pressure drop in time over the monitor with and without dosage of
different concentrations of a biodegradable compound (acetate) to the feed water
of the monitor. The arrow indicates the starting time of the dosage
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Figure 10.2 Pressure drop increase (A) and amount of accumulated biomass
(B and C) on the membrane and spacer in the monitor after 14 days of operation
with and without dosage of different acetate concentrations

Figure 10.3 Visual observations of the feed spacer and membrane in the monitor
supplied 0, 100, 200 and 400pgCL ™" as acetate carbon (A, B, C and D) after 13
days of operation. The sight glass of the monitor was used for visual observations
during operation of the monitor
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Figure 10.4 Pressure drop in time over the monitor operated with different
linear flow velocities and the same concentration of a biodegradable compound
(200pgCL™" in the feed water. The arrow indicates the starting time of the
dosage
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Figure 10.5 Pressure drop increase (A) and accumulated biomass in the monitor
(B) after 8 day operation with different linear flow velocities and with the same
concentration of a biodegradable compound (200gCL™") in the feed water
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Figure 10.6 Pressure drop in time over the monitor with the same acetate load
and different linear flow velocities. The arrow indicates the dosage start time

>

._.
<
m?) (x]
2
s =
L

10! 4

pressure drop increase (kPa)
biomass concentration (pg ATP cm?) e

biomass concentration (mg TOC ¢

loﬂ B
0.041 0.082 0.123 0.163 0.245 0.041 0.082 0.123 0.163 0.245 0.041 0.082 0.123 0.163 0.245

linear flow velocity (m s™)

Figure 10.7 Pressure drop increase (A) and amount of accumulated biomass in
the monitor (B and C) after 11 day operation with the same acetate load and
different linear flow velocities
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Figure 10.8 Pressure drop in time over the monitor at a high and low linear flow
velocity (0.163 and 0.065ms ") before and after changing of the linear flow velocity
on day 6. The arrows indicate the effect of flow velocity change on the pressure drop
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Figure 10.9 Pressure drop increase and accumulated biomass in the monitor
after 6 day operation before and after reduction of the linear flow velocity (A)
and before and after increasing the linear flow velocity (B). The pressure drop
increase after adjustment of the linear flow velocity was calculated in comparison
with pressure drop data determined at the same linear flow velocity prior to the
experimental start
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Linear flow velocities applied in practice

To quantify linear flow velocities in lead elements, an inventory was made at
several full-scale installations containing 8-inch diameter spiral wound NF or
RO membrane elements. The linear flow velocities in the lead elements ranged
between 0.07 and 0.20ms™ ' (Table 10.1). The same range of velocities was
found for installations containing 4-inch diameter lead elements. Biofouling was
predominantly observed in lead elements with a high linear velocity. Therefore, a
relatively high linear flow velocity (0.163ms ') was selected for monitor studies
described in the following sections.

Table 10.1 Inventory of feed flows used in practice per lead
membrane element (8 inch diameter) at the membrane installation
feed side and linear flow velocity at inlet side of the lead membrane
element. 13 different full-scale installations treating different water
types were inventoried

*Full-scale installations using the hydraulic optimized pressure vessel.

Effect of substrate concentration at constant linear
velocity

Four monitors were operated in a parallel study at constant linear water flow
velocity (0.163ms™!). Water with different concentrations of a biodegradable
compound (acetate carbon: 100, 200 and 400ug CL ™ ") or a blank solution without
acetate were fed into the individual monitors. The pressure drop increased in time
over the monitors fed with water containing acetate, whereas the pressure drop
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over the monitor fed with a blank solution remained constant (Figure 10.1). An
increase in acetate concentration in the feed water resulted in a faster and greater
pressure drop increase over the monitor (Figures 10.1 and 10.2A). At the end of
the research period, the monitors were opened for analysis of the accumulated
material. On the membrane and feed spacer taken from the monitor, the biomass
load (ATP and TOC) increased with the acetate concentration in the feed water
of the MFS (Figure 10.2BC). The TOC and ATP data showed the same trend.
With increasing substrate concentration both the pressure drop and biomass load
increased (Figure 10.2). Visual observations indicated that more material was
present in the monitors supplied with higher substrate concentrations (Figure
10.3), supporting the pressure drop results and active biomass measurements.

A higher substrate concentration resulted in a faster and greater pressure drop
increase and a higher amount of accumulated amount of biomass.

Effect of linear flow velocity at constant substrate
concentration

Four monitors were operated with different linear flow velocities (0.041, 0.082,
0.163 and 0.245ms™!) at the same acetate concentration (acetate carbon:
200g CL™1) in the feed water.

At the start of the experiment, a higher pressure drop was observed at higher
linear flow velocities (Figure 10.4). In time, the pressure drop over the monitors
increased (Figure 10.4). The extent of the pressure drop increase was related
to the linear flow velocity (Figures 10.4 and 10.5A). The accumulated biomass
(ATP) in the monitors (determined at the end of the research period) related with
the pressure drop increase, although the relationship was not linear (Figure 10.5).

A higher linear flow velocity resulted in an initial higher pressure drop and
a more rapid and heavier development of pressure drop increase and biomass
accumulation.

Effect of linear velocity and substrate concentration at
constant substrate load

The studies on the effect of substrate concentration (Figure 10.2) and linear
flow velocity (Figure 10.5) were performed with different substrate loads
(ngCm~!'s™ ). Differences in loading rate of biodegradable compounds may
affect biofouling. To evaluate the influence of substrate load on biofouling
development, comparative studies with monitors were performed with the same
substrate load and different linear flow velocities and substrate concentrations
(Table 10.2).
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Table 10.2 Experimental conditions for the monitors with the same substrate load,
as acetate carbon, and different linear flow velocities and substrate concentrations

Monitor Linear Feed Acetate Acetate
no. velocity (Lh™) concentration load
(ms™7) (ngCL™") (hgCm~2s7")

1 0.041 4 400 56
2 0.082 8 200 56
3 0.123 12 133 56
4 0.163 16 100 56
5 0.245 24 66 56

The initial pressure drop was related to the linear velocity (Figure 10.6). The
pressure drop increased during the run of 11 days and was lowest for the lowest
linear velocity and highest for the highest linear flow velocity (Figures 10.6 and
10.7A). The accumulated amount of biomass determined in the monitors at the end
of the research period was not significantly different (Figure 10.7BC). The same
amounts of accumulated biomass in the monitors operated with different linear
flow velocities and acetate concentrations but the same acetate load indicate that
biomass accumulation was substrate load-related. Replicate experiments showed
similar results (data not shown). Linear flow velocity had a greater impact on
pressure drop increase than substrate concentration. In the monitors supplied with
the same substrate load, the amount of accumulated biomass was constant but the
pressure drop increase was a function of the linear flow velocity (Figure 10.7).

The biomass accumulation related to the substrate load. The effect of accumulated
biomass on the pressure drop increase was affected by the linear flow velocity.

Effect of flow velocity

In the monitors supplied with the same substrate load, the amount of
accumulated biomass was constant but the pressure drop increase was a function
of the linear flow velocity (Figure 10.7). Therefore, lowering the linear flow
velocity may be an approach to reduce the pressure drop increase.

In practice, the linear flow velocity of the water decreased during passage
of the membrane elements in a pressure vessel. The reduction of linear flow
velocity may be 64% over a pressure vessel containing eight membrane
elements, each membrane element operating at 12% recovery. Usually, most
biofouling is observed in the first membrane element at the feed side of the
pressure vessels (Carnahan et al., 1995 and Vrouwenvelder et al., 1998, 2008D,
2009d). Therefore, changing the flow direction in a pressure vessel may be
another option to reduce the pressure drop increase.
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To investigate the influence of a flow direction change in a pressure vessel on
biofouling, a simulation study was performed with four monitors. Two monitors
were operated at a high feed flow velocity (0.163ms™!) supplied with water
containing acetate (100 g C L™ ') and two monitors were operated at a lower feed
flow velocity (0.065ms™ ') supplied with water without acetate dosage. After a
pressure drop increase in the monitors operated at high velocity (0.163ms™!)
and high substrate (100pug CL™") concentration (after 6 days), the flow rates in
the monitors were exchanged to simulate a flow direction change in a pressure
vessel.

The monitors with a high linear flow velocity (0.163ms™!) showed a large
pressure drop increase after 6 days (Figure 10.8). Reducing the linear flow
velocity from 0.163 to 0.065ms™ ! after 6 days resulted in a pressure drop only
slightly higher as the original pressure drop for the monitors at a flow velocity of
0.065ms ™! directly prior to the experiment (Figure 10.9A). The decrease of flow
velocity resulted in a 73% reduction of the pressure drop increase compared with
the pressure drop at the same flow velocity prior to the start of the experiment.

The monitors operated with a low linear flow velocity (0.065ms™ ') for 6 days
showed no detectable increase of pressure drop in time (Figure 10.8). Increasing
the linear flow velocity to 0.163ms™! resulted in the same pressure drop as
determined at 0.163ms™! directly prior to the experiment, indicating that the
pressure drop of the monitors at a low linear flow velocity was not changed
during operation (Figure 10.9B).

Reduction of the linear flow velocity resulted in a clear and instant reduction
of pressure drop increase caused by biofilm accumulation, without affecting the
amount of accumulated biomass.

Effect of substrate load reduction

The pressure drop increase and biomass concentration may decline in time
after lowering the substrate load. To evaluate the influence of substrate load
reduction on the development of pressure drop and biomass concentration, a
simulation study was performed with four monitors. All monitors were operated
at the same linear velocity (0.163ms™ ') supplied with water containing acetate
(100pug CL™1), simulating the lead element. At elevated pressure drop, the linear
flow velocity was reduced to (0.065ms™!) and the acetate dosage was stopped,
simulating conversion of the lead element to the last element.

In time, the pressure drop over the monitors declined (Figure 10.10). The
accumulated amounts of biomass determined after 0, 5, 10 and 12 days operation
at 0.063ms ™! related with the pressure drop decline (Figures 10.10 and 10.11).

A reduction of substrate load resulted in a gradual decline of pressure drop
increase and biomass amount.
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Figure 10.10 Pressure drop after reduction of the substrate load and linear
velocity from 0.163 to 0.065ms~"' (A) and pressure drop decline after 0, 5, 10

and 12 days of operation at 0.065ms™" (B)
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Figure 10.11 Biomass load in the monitors after 0, 5, 10 and 12 days operation at
a reduced substrate load and a linear velocity of 0.065ms~". The error bars indicate
the standard deviation of the biomass load measured over the length of the MFS
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DISCUSSION

Plant performance

Biofilm accumulation in NF and RO systems can reduce plant performance by
increasing the feed channel pressure drop, reducing the flux and/or increasing
salt passage. Previous biofouling studies over a wide range of scales (from full-
scale installations to small flow cells) have shown that in spiral wound NF and
RO systems with extensive pretreatment, like ultrafiltration, the feed channel
pressure drop increase is more important than biofouling of the membrane
(Vrouwenvelder et al., 2009¢). Although NF and RO studies on the influence
of trans membrane flux under operating conditions showed that the flux did not
influence biofouling (Vrouwenvelder et al., 2009b,c), there may be cases where
this flux does influence biofouling. To unravel the causes of reduced membrane
performance, integral research is needed into the effect of both spacers and
membranes under operating conditions.

Biomass parameters

Determining the influence of biomass accumulation in membrane elements
on performance requires in situ spatially resolved information on biomass
thickness (volume), structure (morphology, porosity and roughness), density,
hydrodynamics and performance data. For biomass parameters, this information is
difficult to acquire and interpret. The next best thing is to use biomass parameters
that relate to operational problems. A broad range of biomass parameters and
analytical tools are available (Ridgway and Flemming, 1996 and Speth ef al.,
2000). To quantify biofouling, the biomass parameters ATP, TOC, total cell
counts, colony counts, proteins, carbohydrates and dry weight were investigated
in several membrane studies and compared with feed channel pressure drop
increase in test rigs and full-scale investigations with different types of feed water
(Vrouwenvelder et al., 2008b). ATP was the biomass parameter that correlated
best with the feed channel pressure drop increase. Other biofilm parameters
such as TOC and total direct cell counts showed the same trend as ATP but were
less sensitive and accurate. Therefore, in this present study biomass parameter
measurements were restricted to ATP and TOC.

In situ observations on spiral wound membrane elements and (S-)MFSs during
studies with magnetic resonance imaging (MRI) and the MFS sight window showed
that most biomass was present on the feed spacer (Figure 10.12, Graf von der
Schulenburg et al., 2008 and Vrouwenvelder et al., 2009¢c, 2010b). Discriminating
between membrane and spacer fouling by analysis of separated spacer and
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membrane sheets is a challenge. Separating the stacked spacer and membrane
during sampling disturbs the spatial biomass distribution. Therefore, separate
biomass analysis of spacer and membrane showed a broad range of distributions
over the two materials (Vrouwenvelder ef al., 2008b). In situ biomass measurements
are strongly preferred over analysis of separated spacers and membranes.

A

flow

visual observations

biofouling development (time)

Figure 10.12 In-situ visual observations of the feed spacer and membrane in the
MFS — using the sight window during operation — fed with water without (A) and
with chemical containing substrate (B). Biofilm streamers attached to the feed
spacer were observed

Recent studies indicate that spatially resolved data on biomass volume and
structure can be measured and quantified using in situ MRI and MFS sight
window imaging. It is expected that combining results from in sitfu MRI and
MFS measurements and 3-dimensional modeling of membrane biofouling will
enable progress to be made in determining the exact location of biofouling.

Linear flow velocities applied in practice

In full-scale NF/RO installations, the linear flow velocity varies greatly over
membrane elements. In pressure vessels, membrane elements are placed in

Downloaded from https://iwaponline.com/ebooks/book-pdf/523709/wio9781780400990.pdf
by IWA Publishing user

on 04 March 2019



Effect of substrate load and linear flow velocity 233

series of up to eight elements. A strong decline in flow velocity occurs over the
membrane elements in pressure vessels with increasing distance from the feed
side as a consequence of permeate production, reducing the water flow in the
membrane element feed spacer channel. The lead element in the pressure vessel
has the highest flow rate. In practice, in most cases biofouling was observed at
the feed side of the installation, especially in the lead element (Carnahan et al.,
1995 and Vrouwenvelder ef al., 1998, 2006b, 2008b, 2009a).

An inventory made at several full-scale installations containing spiral
wound NF or RO membrane elements showed that linear flow velocities in lead
elements ranged between 0.14 and 0.20ms ™! (Table 10.1: installations 1-10).

Membrane element manufacturer specifications for a maximum feed flow are
~16 to 20m>h ™! for 8-inch elements, a factor 2 higher than commonly applied
in practice: ~8 to 11m>* h™! (see Table 10.1).

Studies to determine a hydraulic optimized design of staging and the number
of membrane elements per pressure vessel resulted in the development of a
hydraulic optimized pressure vessel (Optiflux), which reduces pressure loss and
increases membrane productivity (Van der Meer, 2003a,b). For the hydraulic
optimized concept, the calculated concentration polarization was higher than
prescribed by membrane manufacturers when using membrane suppliers
software (Van der Meer, 2003a). Several full-scale installations using this
optimized concept have been in operation since 1999 to 2005 without problems
(Van Paassen et al., 2005). Using the optimized pressure vessel, the number of
lead elements is doubled and consequently the linear flow velocity is reduced
(Van der Meer et al., 2003a). Low linear flow velocities (0.07-0.09ms ™!, Table
10.1: installations 11-13) are applied in lead elements of full-scale installations
using the optimized concept.

Over pressure vessels, the linear flow velocity decreased with increasing
distance from the feed side as a consequence of permeate production. Figure
10.13 illustrates the velocity profile in installations, without taking osmotic
pressure and pressure drop into account. For example, in a pressure vessel with
eight staged elements each performing with 12% recovery, the outlet side of
membrane element at the longest distance from the feed side (position 8) has a
linear fluid flow velocity that equals 36% of the lead element feed side velocity
(position 1).

Biofilm accumulation

Biofilm accumulation is determined by the substrate loading rate. It is a matter
of time before biofilms accumulate on surfaces under non-sterile conditions.
Biofilm accumulation can be retarded by reducing the concentration of easily
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Figure 10.13 Linear flow velocity in membrane elements in pressure vessel
expressed as percentage of the lead element feed side linear flow velocity at
different element recoveries (10, 12 and 15%). The element position number
increases with increasing distance to the feed side

biodegradable compounds in the feed water (Figure 10.2B), by lowering the
linear flow velocity (Figure 10.5B) and combinations thereof. Lowering the
velocity may be a way to restrict biofilm accumulation. Under low velocity
conditions and low substrate conditions, the maintenance energy of the
accumulated biomass may be sufficient to obtain a steady state situation in
which the biomass amount is both low and stable in time with low impact on
the pressure drop increase. Long term studies are needed to evaluate such an
approach to ‘live with’ biofouling. Spatially resolved information on biofilm
volume and structure may provide more insight into the biofouling process.
Membrane filtration installations with extended and robust pretreatment
involving biological activity experienced relatively low pressure drop values
for running times up to 1,000 days. Biologically active pretreatment steps
are able to remove biodegradable compounds to a large extent. Griebe and
Flemming (1998) reported that the use of biofiltration as a pretreatment resulted
in a reduction in the biomass concentration in membrane elements, and this
is supported by the findings of this study. However, biological pretreatment
before membrane processes is no guarantee for preventing biofouling. Even
when biological pretreatment is used, chemicals dosed (such as scale inhibitors)
and seasonal variations in the water quality ask for attention (Carnahan et al.,
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1995; Vrouwenvelder et al., 1998, 2000 and Van der Hoek ef al., 2000). Testing
of 14 commercially available polymer based scale inhibitors and dose—effect
studies with test rigs demonstrated that chemicals used to prevent scaling differ
greatly in their ability to promote the growth of microorganisms and confirmed
experiences in practice (Vrouwenvelder ef al., 2000).

The linear flow velocity influences biofouling of membranes (Figure 10.5). In
the literature, it has been proposed that increasing the linear flow velocity may
be a suitable method for reducing biofouling in tubular heat exchangers (Melo
and Bott, 1997), as the shear force is higher at an elevated linear flow velocity.
The present results suggest that increasing the linear flow velocity results in a
higher pressure drop increase (Figure 10.7), illustrating that the consequences
of biofouling may be worse, even at a higher hydrodynamic shear force. The
pressure drop is proportional to the square of the linear flow velocity:

Ap:x.p.VZ.L
24,

(10.1)

where X is the friction coefficient, p the specific liquid density, v the linear
velocity, L the length of the membrane or MFS and d,, the hydraulic diameter.

It has been observed in several biofilm studies that at high hydrodynamic shear
stresses the biofilm becomes denser and stronger (Van Loosdrecht et al., 1995;
Kwok et al., 1998; Pereira et al., 2002 and Wische et al., 2002). The influence of
hydrodynamics on biofilm density and morphology is currently under investigation.

Pressure drop increase monitoring

A higher linear flow velocity enables early detection of a pressure drop increase
(Figure 10.7) and stimulates the biomass accumulation rate (Figure 10.5B).
Membrane fouling can be assessed more accurately and more early when the
feed flow velocity is temporarily increased during sensitive pressure drop
measurements. The effect of accumulated material on the pressure drop is greater
at high feed flow velocities (Figure 10.7 and Equation 10.1). Also, studies can be
shortened when membrane elements in parallel pilot installations or MFSs are
continuously operated at higher linear flow velocities (Figure 10.4).

Biofouling analysis

The feed channel pressure drop increase caused by biofouling is affected by
the accumulated biomass and the linear flow velocity (Figure 10.7). The lead
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element in the pressure vessel contributed most to the total pressure drop over
the membrane installation because it had the highest linear flow velocity (Figure
10.13). In practice, in most cases biofouling is observed in the lead element.
The accumulated biomass volume increases the effective water flow velocity,
resulting in a more than proportional pressure drop increase (Figure 10.7 and
Equation 10.1). At locations where biofilm accumulation in membrane systems
occurs, the influence on the pressure drop is highest.

Comparison of biofouling data in different membrane installations is a
challenge. Data on local accumulated biomass, linear flow velocities and pressure
drop development are required. These data were not found in literature. Comparison
of biofouling in membrane installations is hampered because of differences in
linear flow velocities, feed spacer channel characteristics and pressure vessel
loading program (number of elements in series) and plant staging and total design.

The absolute feed channel pressure drop (increase) caused by biofouling
is a practical problem as this affects water production costs. The membrane
manufacturers recommend corrective actions and restrict guarantees when the
total pressure drop increase is =15% of the start-up value. This percentage
pressure drop increase criterion, used in practice, is not a well defined guideline
to take corrective action. The pressure drop increase over a lead membrane
element can account for the total pressure drop increase over the pressure vessel.
In other words, the pressure drop increase over a lead element can be around
100% whereas the pressure drop increase over the other elements in the pressure
vessel can be much lower than 15% or even close to zero.

There is a need for membrane systems operating at a low pressure drop,
tolerating biomass accumulation.

Biofouling control

In the late 1990s, two principal strategies were proposed to prevent and control
membrane biofouling. These strategies were (i) physical removal of bacteria
from the feed water of membrane systems (for example using microfiltration or
ultrafiltration as a pretreatment) and (ii) metabolic inactivation of the bacteria
by application of biocide dosage or UV irradiation (Ridgway, 1997). At present,
the main research focus is substrate removal by biological pretreatment (e.g.
sand filtration), adaptation of membranes (disinfectant resistant and low
fouling) and, to a lesser extent, membrane cleaning. The present study shows
that insight into the biofouling process is essential for biofouling control. A
recent study showed that biomass accumulation on the feed spacer affects the
fluid flow distribution and the pressure drop increase (Vrouwenvelder et al.,
2009c). Adaptation of spacers and the hydrodynamics and/or pressure vessel
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configuration may be elegant methods to obtain robust low pressure drop
membrane systems.

An additional approach to reduce the effect of biofouling can be replacing of
lead (biofouled) elements by (clean) elements, i.e. from the last position in the
last stage or by changing the flow direction in the stages. The lead membrane
has a much higher linear flow velocity (and pressure drop) than the membrane
element in the last position in the membrane installation. So, by changing the
positions of the elements in the installation or changing the flow direction, the
pressure drop over the total installation will be instantaneously reduced (Figures
10.8 and 10.9). In practice, the decline of biomass and pressure drop in time may
be even greater (Figures 10.10 and 10.11) because of differences in the osmotic
pressure of the water between the membrane elements at the feed and concentrate
side of the pressure vessel, which was not included in the present study. The MFS
equipped with sensitive pressure difference transmitters are suitable for studying
the development of membrane systems less sensitive to membrane biofouling.

Feed flow reversal in stages can be efficient for simultaneous control of
several fouling types, i.e. biofouling, particulate fouling and mineral scaling.
The principles for control of the individual fouling types differ. For prevention of
mineral scaling without the addition of chemicals or periods of system downtime,
feed flow reversal can be applied resulting in redissolving of deposited scale into
solution (Uchymiak et al., 2008).

Linear flow velocity adaptation: possible consequences

The linear flow velocity effects (i) plant performance in systems without fouling,
(i1) the biofouling accumulation rate and (iii) the impact of accumulated biomass
on plant performance. Plant performance is determined by feed channel pressure
drop, flux and salt passage. In systems without fouling, a low cross flow velocity
reduces the pressure drop. A low cross flow velocity reduces both the biofouling
accumulation rate (Figure 10.5) and the impact of accumulated biomass on feed
channel pressure drop increase (Figure 10.7).

In membrane installations, cross flow velocities in spiral wound membrane
elements vary greatly (from ~0.07 to 0.20ms™!), depending on element position
in the pressure vessel (Figure 10.13). In lead membrane elements in most current
installations, the cross flow velocity ranges between 0.14 and 0.20ms™! (Table
10.1). However, several full-scale installations are operated with lower linear
flow velocities in the lead elements (0.07-0.09ms™ ') without fouling problems
(Van Paassen et al., 2005; Table 10.1). The low cross flow velocity in the lead
elements in these installations is the consequence of hydraulic optimized pressure
vessel use (Van der Meer, 2003a). Originally, this adapted pressure design
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was developed to reduce pressure loss and improve membrane productivity.
Low linear flow velocities in the lead elements obtained with these hydraulic
optimized vessels will be suitable for reducing the pressure drop increase caused
by biomass accumulation.

SUMMARY

In an earlier study, it was shown that biofouling predominantly is a feed spacer
channel problem. In this chapter, pressure drop development and biofilm
accumulation in membrane fouling simulators have been studied without permeate
production as a function of the process parameters substrate concentration,
linear flow velocity, substrate load and flow direction. At the applied substrate
concentration range, 100-400pug C L™! as acetate carbon, a higher concentration
caused a faster and greater pressure drop increase and a greater accumulation of
biomass. Within the range of linear flow velocities as applied in practice, a higher
linear flow velocity resulted in a higher initial pressure drop in addition to a more
rapid and greater pressure drop increase and biomass accumulation. Reduction of
the linear flow velocity resulted in an instantaneous reduction of the pressure drop
caused by the accumulated biomass, without changing the biofilm concentration.
A higher substrate load (product of substrate concentration and flow velocity) was
related to biomass accumulation. The effect of the same amount of accumulated
biomass on the pressure drop increase was related to the linear flow velocity.
A decrease of substrate load caused a gradual decline in time of both biomass
concentration and pressure drop increase.

It was concluded that the pressure drop increase over spiral wound reverse
osmosis and nanofiltration membrane systems can be reduced by lowering
both substrate load and linear flow velocity. There is a need for reverse osmosis
and nanofiltration systems with a low pressure drop increase irrespective of
the biomass formation. Current efforts to control biofouling of spiral wound
membranes focus in addition to pretreatment on membrane improvement.
According to these authors, adaptation of the hydrodynamics, spacers and
pressure vessel configuration offer promising alternatives. Additional approaches
may be replacing heavily biofouled elements and flow direction reversal.
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Chapter 11

Effect of flow regime on biomass
accumulation and morphology*

INTRODUCTION

Biofouling — excessive growth of biomass, i.e. biofilms — is the major fouling
type in spiral-wound nanofiltration (NF) and reverse osmosis (RO) systems,
resulting in a pressure drop increase (Characklis and Marshal, 1990; Ridgway
and Flemming, 1996 and Patching and Fleming, 2003).

In spiral wound membrane elements, two types of pressure drops can be
discriminated: the trans-membrane pressure drop and the feed spacer channel
pressure drop. The trans-membrane pressure drop is the differential pressure
between feed and permeate lines, describing the resistance over the membrane. The
trans-membrane pressure drop is related to the membrane flux (permeation rate).
When the trans-membrane pressure is increased, the membrane flux is declined.
The feed spacer channel pressure drop is the pressure drop between the feed
and concentrate lines (Flemming et al., 1994 and Patching and Fleming, 2003).
In practice, the feed channel pressure drop is the most serious problem related to
biofouling (Baker and Dudley, 1998 and Vrouwenvelder ef al., 2008b, 2009¢).

The flux — the water volume flowing through the membrane per unit area and
time — as applied in practice in spiral wound NF and RO membranes has been
shown irrelevant for biofouling development in extensively pretreated water
(Vrouwenvelder et al,, 2009b). In other words, presence of a flux (permeate
production) was not contributing significantly to the biofilm accumulation in
membrane elements. Furthermore, biofilm development was not influencing the

*This chapter is based, with permission from the copyright holder, on a paper previously
published in Water Research Vol. 44 No. 3 pp. 689-702 doi: 10.1016/j.watres.2009.09.054

© 2011 IWA Publishing. Biofouling of Spiral Wound Membrane Systems. By Johannes Simon
Vrouwenvelder, Joop Kruithof, and Mark van Loosdrecht. ISBN: 9781843393634. Published by IWA
Publishing, London, UK.
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240 Biofouling of Spiral Wound Membrane Systems

flux since the biofilm was predominantly formed onto the feed spacer structure.
Irrespective whether a flux was applied or not, the feed spacer channel pressure
drop and biofilm concentration increased in the same order of magnitude in reverse
osmosis and nanofiltration membranes in a monitor, test rigs, a pilot scale and a
full-scale installation. Identical behavior with respect to biofouling and feed channel
pressure drop development was observed in membrane elements in the same
position in a nanofiltration installation operated with and without flux. Calculations
to predict the influence of flux confirmed the experimental observations that the
flux can only be playing an insignificant role in biofouling (Vrouwenvelder ef al.,
2009b). Therefore, the experiments in this study were performed without flux.

Under practical conditions in NF and RO systems biomass accumulates in
the membrane elements causing a feed channel pressure drop increase, which is
a problem for process operation. RO plants treating water with a high biofouling
potential are applying successfully (intermittent) dosing of biocides e.g.
monochloramine or DBNPA. A commonly applied approach to control biofouling
is curative chemical cleaning. Currently applied chemical cleanings are (i) not
effective to remove (dead) biomass from the elements (Whittaker er al., 1984;
Baker and Dudley, 1998; Vrouwenvelder and Van der Kooij, 2001; Al-Amoudi
and Lovitt, 2007 and Zondervan and Roffel, 2007), (ii) increasing the costs of
membrane operation and (iii) environmentally unfriendly (discharge regulations).
Therefore, curative cleanings should be avoided as much as possible. An alternative
approach to control biofouling is extensive pretreatment of the feed water, reducing
the substrate concentration of the feed water (Griebe and Flemming, 1998; Kamp
et al., 2000; Van der Hoek et al., 2000 and Speth et al., 2000). In addition to
pretreatment, variation of NF/RO installation operational parameters such as flow
regime or linear flow velocity may result in biofouling control.

Increasing the linear flow velocity may reduce the accumulation of
microorganisms on surfaces, attributed to the increased shear on the biofilm
(Wills et al., 2000). They reported that inserts reduced biofilm accumulation.
It has been proposed that increasing the linear flow velocity may be a suitable
method to reduce biofouling in tubular heat exchangers (Melo and Bott, 1997),
since the shear force is increased by elevation of the linear flow velocity. In
addition to the biomass accumulation, the flow regime influences the biofilm
morphology: A compact smooth biofilm is formed at high shear force, while a
thick, fluffy biofilm is produced at low shear force (Van Loosdrecht et al., 1995;
Tijhuis et al., 1996 and Beun et al., 2002).

The objective of this study was to establish the influence of flow regime on
biofilm accumulation and morphology in spiral wound nanofiltration and reverse
osmosis membranes. Monitor studies were performed with single phase flow
(water) and two phase flow (water with air sparging: bubble flow).
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MATERIALS AND METHODS

Experimental set-up

An overview of the experimental conditions is shown in Table 11.1. The
experimental conditions for the studies on effect of varying linear flow velocities
at constant substrate load and biofilm cohesion strength are shown in Table 11.2.
The experimental conditions for the two studies on the effect of bubble flow at
constant substrate load and linear flow velocity are shown in Table 11.3.

Table 11.1 Scheme experimental conditions of the biofouling studies

Membrane fouling simulator (MFS)

In all experiments, a Membrane Fouling Simulator (MFS) with external
dimensions of 0.07m X 0.30m X 0.04m was used (Vrouwenvelder et al.,
2006b). Coupons of feed spacer, membrane and product spacer can be placed in
the MFS resulting in the same spatial dimensions as in spiral wound membrane
elements. The development of fouling was monitored by measuring the
pressure drop increase over the feed spacer channel of the MFS, photographic
observations using the sight glass and analysis of sheets of membrane and spacer
taken from the monitor. During operation, the glass window was covered with a
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light tight lid to prevent growth of phototrophic organisms. Analyses performed
on the sheets were total active biomass (ATP) and dissolved organic carbon
(DOC). Details of the methods have been described elsewhere (Vrouwenvelder
et al., 2006b, 2007a).

Table 11.2 Experimental conditions for the monitors during study on effect
of linear flow velocity at constant substrate load and effect of flow regime on
biofilm cohesion strength

*After a pressure drop increase caused by biomass accumulation was observed the linear
flow velocity was increased until 0.42ms™" to determine the biofilm cohesion strength.

Table 11.3 Experimental set-up for monitors operated in parallel during studies
on effect of bubble flow at constant substrate load and linear flow velocity
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Membranes and spacer sheets used in the MFS research were taken from
new and unused spiral wound membrane elements (Trisep TS 80, 8 inch
diameter). The feed spacer taken from the element was a 31 mil thick diamond-
shaped polypropylene spacer with porosity ~0.85. The feed spacers in the MFS
had the same spatial orientation as in spiral-wound membrane elements (45°
rotation).

The installation consisted of two pressure reducing valves, manometer, dosage
point (for biodegradable compounds), MFS and flow controller (Vrouwenvelder
et al., 2007a). The MFS was fed with drinking water and operated at a pressure
of ~120kPa to avoid degassing. Unless mentioned otherwise, the feed water
flow was 16Lh™! equal to a linear flow velocity of 0.16ms™!, which is a
representative linear flow velocity for practice (Vrouwenvelder et al., 2009a).
The MFS was operated cross-flow, without permeate production.

Pressure drop

Pressure drop measurements were performed with a pressure difference
transmitter (Endress & Hauser, type Deltabar S: PMD70-AAA7FKYAAA). The
calibrated measuring range was 0 to 50kPa (Vrouwenvelder ef al., 2009d).

Bubble flow studies

In the experiments, the MFSs were installed in a vertical position and operated in
parallel (Figure 11.1). Compressed air at a pressure of 150kPa was fed into the
feed water of the MFS between the substrate dosing point and the MFS. The air
supply tube contained a diaphragm pressure relief valve (KNF flodos diaphragm
valve, Type: FDV 30KPZ) to prevent back flow of water into the air system.
A mass flow controller (5850TR, Brooks Instruments, The Netherlands) was
used to regulate air supply. The linear velocity was calculated for the water flow.

Biofouling development was observed with a CCD camera (Pixelfly VGA,
PCO AG, Kelheim, Germany) connected to a personal computer equipped with
camera software (Camware, PCO, Germany). The camera was fitted with a fixed
focal length lens (Edmund Optics, York, UK) with a minimum working distance
of 30cm. This system allowed a maximum frame rate of 50Hz at a resolution
of 640 X 480 pixels, which resulted in 3—4 pixels per millimeter of the flow
cell at the applied working distance. In order to obtain constant light intensity
in the MFS, it was illuminated from above with a cold light source (Euromex
microscopen BV, Arnhem, The Netherlands). More details on the camera system
are described elsewhere (Willems et al., 2009).
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.....

monitor

Figure 11.1 Set-up scheme (A) and photograph (B). A rail was used to position
the camera (C) and lights (D). The pressure drop was measured over the monitor
spacer channel (E). The flow rate was kept constant using a flow controller (F).
Between imaging the monitor sight window was covered to prevent growth of
phototrophic organisms. Air = water with air sparging: bubble flow; S = substrate
dosage; Ap = differential pressure transmitter

Pressure drop measurements were performed in the monitors supplied with
air during the experiment under two conditions: (i) continued air supply and (ii)
shortly discontinued air supply. The pressure drop measurement during bubble
flow resulted in a higher pressure drop (1.5kPa) compared to the pressure drop
measured during temporarily interruption of air supply (Figure 11.2). The same
pressure drop increase by air supply was observed in the monitors supplied with
and without substrate. Accurate monitoring of the pressure drop can be realized
during bubble flow.

Feed water and substrate dosage

Drinking water prepared from anaerobic groundwater (subsequently treated by
aeration, rapid sand filtration, deacidification, softening and rapid sand filtration
at treatment plant Spannenburg in the Netherlands) was used as feed water of
the MFS installation. The water had a dissolved organic carbon (DOC) content
of 8mgL~! and temperature varied maximal 2°C during each experiment within
a total range of 13°C and 18°C.

Substrate was dosed to the feed water of MFSs to stimulate biomass growth.
From a sterile vessel, containing a 5L solution of concentrated substrate, the
substrate was dosed into the feed water prior to the MFS by a peristaltic pump
(Masterflex) at a flow of 0.03Lh~!. The dosage of substrate was checked
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periodically by measuring the weight of the dosing bottle. The chemicals
NaCH;COO, NaNOj; and NaH,PO, were used with a ratio C:N:P of 100:20:10
for the dosage solution. C was the growth limiting compound. N and P were
dosed to eliminate growth limiting conditions caused by potentially low N and
P concentrations in the feed water. The substrates were dissolved in ultrapure
water. To restrict bacterial growth in the substrate dosage bottle, the solution
pH was set to 10.5 using NaOH. Dosage bottles were replaced every 5 days.
The substrate dosage (0.03Lh~") was low compared to the feed water flow rate
(16Lh~ ). Thus, the pH of the feed water was not measurably influenced by
substrate dosage.

@ : with bubble flow

| A :without bubble flow

£
2 —
0 T T T T T T T
0 2 4 6 8
time (days)

Figure 11.2 Pressure drop in time over the monitor with and without air supply
to feed water containing substrate. Without air supply means that air supply was
shortly interrupted for pressure drop measurements only

The effect of substrate concentration at constant linear flow velocity on
biofouling (Table 11.1) was investigated with four monitors, which were
operated in a parallel study at constant linear water flow velocity (0.16ms™!). A
blank solution without acetate and water with three acetate concentrations (0.10,
0.20 and 0.40mg CL ™) were fed into the individual monitors.

The effect of linear flow velocity at constant substrate concentration on
biofouling (Table 11.1) was studied with four monitors operated with varying
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linear flow velocities (0.041, 0.082, 0.163, and 0.245ms™ ') at constant acetate
concentration (0.20mg CL ') in the feed water.

The effect of linear flow velocity at constant substrate load on biofouling was
performed with five monitors (Table 11.2).

The effect of bubble flow on biofouling (Table 11.3) was determined with two
studies using monitors at constant substrate load and linear flow velocity.

The effect of flow regime on biofilm cohesion strength (Table 11.2) was
performed with five monitors. Four monitors were operated at a low (0.06ms™")
and high (0.31ms™") linear flow velocity supplied with substrate. A blank monitor
operated at 0.31 ms™~! without substrate dosage showed no fouling accumulation,
indicating that the water was not contributing significantly to the fouling.

Relative friction factor

The friction coefficient X is a function of the pressure drop (Ap), specific liquid
density (p), linear velocity (v), membrane length (L) and the hydraulic diameter
(dy), see equation 1 (Schock and Miquel, 1987).

\ — A_I;'dfh (11.1)
pv

The relative friction factors (\X,) of MFSs operated in parallel were
determined. \, is the friction coefficient of the blank, so the blank measurement
had a relative friction factor of 1. The purpose of using relative friction factors
was to determine changes in biofilm volume and/or roughness.

RESULTS

The development of feed channel pressure drop and biofilm concentration
and morphology in membrane fouling simulators operated in parallel were
investigated with (i) varying substrate concentrations in the feed water at
constant linear flow velocity (Figure 11.3ABC), (ii) varying linear flow velocities
at constant substrate concentrations in the feed water (Figure 11.3DEF), (iii)
varying linear flow velocities at constant substrate load (Figure 11.3GHK) and
(iv) different flow regimes with and without bubble flow at constant substrate
load and linear water flow velocity (Figures 11.4 and 11.5). The development of
biofilm morphology was observed in the different experiments (Figures 11.6 and
11.7) and the effect of flow regime on biofilm cohesion strength was investigated
(Figures 11.8 and 11.9).
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Figure 11.3 Observations on biofouling accumulation in monitors under varying
conditions. Monitors were operated in parallel. (A,B,C) With varying substrate
concentrations (0.00, 0.10, 0.20 and 0.40mg acetate-C L™") and constant linear
flow velocity. (D,E,F) With varying linear flow velocities and constant substrate
concentration (0.20mg acetate-C L™") in the feed water. (G,H,K) With varying
linear flow velocities and the same substrate load (0.056 mg acetate-C m=2 s~ ").
Adapted from Vrouwenvelder et al., 2009a

Effect substrate concentration at constant linear
flow velocity
The pressure drop increased in time over the monitors fed with water containing

acetate, while the pressure drop over the monitor fed with a blank solution
remained constant (Figure 11.3A). An increase of acetate concentration in the
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feed water resulted in a faster and stronger pressure drop increase over the
monitor (Figure 11.3A). At the end of the research period, the monitors were
opened for analysis of the accumulated material. On both membrane and feed
spacer taken from the monitor, the biomass amount increased with the acetate
concentration in the feed water of the MFS (Figure 11.3B). A higher substrate
concentration resulted in a faster and stronger pressure drop increase and higher
accumulated biomass amount. The relative friction factor (ratio of friction
factor compared to the friction factor of the blank measurement, equation 11.1)
increased with increasing substrate concentration (Figure 11.3C), indicating that
the biofilm volume and/or roughness increased.

Effect linear flow velocity at constant substrate
concentration

The extent of pressure drop increase was related to the linear flow velocity
(Figure 11.3D). The accumulated biomass in the monitors (Figure 11.3E) —
determined at the end of the research period — was related to the pressure
drop increase. A higher linear flow velocity resulted in a faster and stronger
development of pressure drop increase and biomass accumulation. The relative
friction factor increased with increasing linear flow velocity (Figure 11.3F),
indicating that the biofilm volume and/or roughness increased.

Effect linear flow velocity at constant substrate load

The load of biodegradable compounds may affect biofouling. To evaluate the
influence of substrate load on biofouling development, comparative studies with
monitors were performed with varying linear flow velocities at constant substrate
load (Table 11.2).

The pressure drop increase increased with linear flow velocity (Figure
11.3G). The accumulated amount of biomass in the monitors at the end of
the research period was not significantly different (Figure 11.3H). The same
amounts of accumulated biomass in the monitors operated with different linear
flow velocities and acetate concentrations but the same acetate load indicate that
biomass accumulation was substrate load related under the applied conditions.
Replicated experiments showed similar results (data not shown). In other
words, in the monitors supplied with the same substrate load, the amount of
accumulated biomass was constant but the pressure drop increase was a function
of the linear flow velocity (Figure 11.3G).
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Figure 11.4 Pressure drop in time (A), pressure drop increase (B), biomass
concentration ATP (C) and TOC (D) after 7.8 day MFS operation and the
relative friction factor (E). The monitors were operated with and without dosage
of a biodegradable compound (0.20mg acetate-C L™ ") to the feed water of the
monitor without and with bubble flow. -S = without bubble flow without substrate
dosage; +S = without bubble flow with substrate; bubble flow+S = bubble flow
with substrate; bubble flow-S = bubble flow without substrate

Downloaded from https://iwaponline.com/ebooks/book-pdf/523709/wio9781780400990.pdf
by IWA Publishing user
on 04 March 2019



250 Biofouling of Spiral Wound Membrane Systems

=
w
5]

| m:-S
:+S
10 4 @ : bubble flow+S / —
| m: bubble flow-S & 6 -
— / =
£ 1 bt § 4+
5 sE—— W gu " \sm g
4 J N | ] S
= — g ’
: 1 <05 ;
n
0 T T T T T T 0 __— T T T
0 2 4 6 -S +S +S -S
C time (days) bubble flow
C 10° D 1075
g 1 S
= E" 10" 4
ERRL E
g JRUE
g 10 Z ]
£ E ]
= d = d
107 T T nl 101 - T T n|
-S +S +S -S -S +S +S -S
bubble flow bubble flow
E
15
~§ 10
5 5]
1 d
0 '_— T T n|
-S +S +S -S
bubble flow

Figure 11.5 Pressure drop in time (A), pressure drop increase (B), biomass
concentration ATP (C) and TOC (D) after 6.7 day MFS operation and the relative
friction factor (E). The monitors were operated with and without dosage of a
biodegradable compound (0.30mg acetate-C L™") to the feed water of the monitor
without and with bubble flow. -S = without bubble flow without substrate dosage;
+S = without bubble flow with substrate; bubble flow+S = bubble flow with
substrate; bubble flow-S = bubble flow without substrate was not determined (nd)
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Figure 11.6 Biofilm characterization in time with substrate dosage without
(A,B,C) and with bubble flow (E,F,G). A and D = day O; B and E = day 5; C
and F = day 7. The flow direction is from right to left. The circles indicate biofilm
streamer locations

The relative friction factor decreased with increasing linear flow velocity
(Figure 11.3K), indicating that the biofilm volume and/or roughness decreased.
The opaque nature of the biofilm in the MFSs hampered direct observations of
biofilm volume and roughness.
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(A)

¥y

Figure 11.7 Filamentous biofilm structure oscillating in time in the water stream.
The time between the images is 0.2s. The flow direction is from right to left. The
arrow indicates the biofilm streamer location

Effect bubble flow at constant substrate load and
linear flow velocity

Pressure drop and biomass amount

The substrate concentration, linear flow velocity and substrate load affect the
pressure drop (increase), biofilm accumulation and relative friction factor (Figure
11.3). To evaluate the influence of flow regime on biofouling development and
morphology, comparative studies with monitors were performed with varying
flow regimes (single and two phase flow) with constant substrate load and linear
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flow velocity (Figure 11.1 and Table 11.3: exp.1). As two phase flow bubble flow,
water sparged with air, was applied while for single phase flow water only was
used. Monitors without substrate dosage (-S and bubble flow -S) were operated
under the same conditions as the monitors with substrate feed (+S and bubble
flow+S).

Figure 11.8 Effect of flushing (at 0.42ms~") on biofouling developed at low and
high linear flow velocity (0.06 and 0.31 ms™"). Biofilm developed at low linear flow
velocity (0.06ms~") before (A) and after flush (B), and developed at high linear
flow velocity (0.31 ms~") before (C) and after flush (D)

The pressure drop increased strongly in the MFS supplied with substrate
(+S) with water flow only, while the pressure drop remained low in the MFS
supplied with substrate with bubble flow (bubble flow+S). As expected, the
blank MFSs without substrate without and with bubble flow (-S and bubble
flow-S) remained low as well, see Figure 11.4AB. At the end of the research
period, the monitors were opened for analysis of the accumulated material. On
the feed spacer and membrane sheets taken from the monitors with substrate
addition without (+S) and with bubble flow (bubble flow+S), the same high
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concentrations of biomass (ATP, TOC) were observed, while the monitors without
substrate dosage without (-S) and with bubble flow (bubble flow-S) had low
biomass concentrations (Figure 11.4CD).

1.0

0.8 —

0.6 —

0.4

relative biomass concentration

0.2

0.0 -~
no flush flush no flush flush
low shear biofilm high shear biofilm

Figure 11.9 Effect of flushing (at 0.42ms~") on biofouling developed at low and
high linear flow velocity (0.06 and 0.31ms™")

Apparently, contrary to the pressure drop increase biomass growth was not
influenced by the flow regime. In other words: with and without bubble flow
the same biomass concentrations were found while the pressure drop increase
differed strongly (see Figure 11.4, +S and bubble flow+S). The relative friction
factor was high for the monitor supplied with substrate (+S) and single phase
flow while the monitor with substrate and bubble flow (bubble flow+S) had a
low relative friction factor (Figure 11.4E), indicating a higher biofilm volume
and/or roughness in the monitor with substrate and single phase flow (+S)
compared to the monitor with substrate and bubble flow (bubble flow+S).

A second study (Figure 11.5) performed with a similar set-up (Table 11.3:
exp. 2) confirmed these results (Figure 11.4). A high pressure drop increase
and high relative friction factor were observed for the monitor with substrate
dosage without bubble flow (+S) while both values were low for the monitor
with substrate and bubble flow (bubble flow+S, Figure 11.5ABE). The biomass
concentrations had the same order of magnitude (Figure 11.5CD).
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Biofilm compactness and morphology

In the blank monitors without substrate dosage (-S and bubble flow-S) no
biofilm accumulation in time was observed. Accumulation of material was only
observed in the monitors supplied with substrate.

Without bubble flow, the development of filamentous biofilm structures
and voluminous biofilms was observed (Figure 11.6ABC). The filamentous
biofilm structures were mainly attached to the feed spacer (Figure 11.6BC), and
oscillated in the water stream, sweeping the open area between the spacer strands
(Figure 11.7). Biofilm filaments lengths was up to ~6 mm, exceeding the distance
between adjoining feed spacer intersections by a factor two (Figures 11.6 and
11.7). Biomass accumulation seemed to start predominantly on the feed spacer
strand downstream side (Figure 11.6BE), in a later phase followed by a more
generally spread biomass accumulation on all materials (spacer and membrane).

With bubble flow, development of a thin biofilm with incidental biofilm
streamers of short length (~0.5mm) and short diameter was observed (Figure
11.6EF). Biofilm streamers (indicated with circles) and the presence of the air
bubbles increasing the shear force in the monitor are shown in Figure 11.6DEF.
Biofilm compactness and morphology differed strongly between monitors
operated with the different two flow regimes.

Effect flow regime on biofilm cohesion strength

To evaluate the effect of flow regime on biofilm cohesion strength, studies were
performed with biofilms developed in monitors with low and high linear flow
velocities at constant substrate load without and with a flush (Table 11.2).

Under low shear conditions much more biomass volume accumulated as
compared to high shear conditions (Figure 11.8AC). The biofilm grown under low
shear conditions was much more easy to remove during water flushing as more than
85% of the biomass detached compared to virtually no detachment from the biofilm
grown under high shear conditions (Figures 11.8BD and 11.9). In the system grown
under high shear even more biomass remained after the flush as compared to the
system grown under low shear after the water flush (Figure 11.8). Clearly, the biofilm
cohesion strength was influenced by the applied shear rate during biofilm growth.

DISCUSSION

Analogy biofilm formation in RO/NF and other systems

The same biomass amount (Figures 11.4CD and 11.5CD) was observed in
membrane fouling simulators supplied with substrate operated with and
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without bubble flow. However, a heavy pressure drop increase was observed
under ‘standard’ shear force conditions only while a low pressure drop increase
was observed under ‘enhanced’ shear force conditions caused by bubble flow
(Figures 11.4B and 11.5B). In other words, the same biomass concentration
caused a significantly different pressure drop increase. The differences in effect
on pressure drop are related to the structure of the biofilm: a thin compact
biofilm developed under enhanced shear conditions and a thick fluffy biofilm
developed under standard shear conditions (Figure 11.6).

The influence of hydrodynamic conditions on biofilm structure and
compactness is referenced broadly. In several biofilm studies it has been
observed that at high hydrodynamic shear force the biofilm becomes more
compact, stable and dense (Van Loosdrecht et al., 1995; Kwok et al., 1998;
Pereira et al., 2002 and Wésche et al., 2002). The thickness, structure, stability,
adhesive strength and density of the biofilm were influenced by the substrate
load and hydrodynamic shear stress/flow regime (Characklis and Marshall, 1990;
Van Loosdrecht et al., 1995; Peyton, 1996; Kwok ef al., 1998; Melo and Bott,
1997; Pereira et al., 2002; Beun et al., 2002; Wische et al., 2002; Wijeyekoon
et al., 2004; Purevdorj-Gage and Stoodley, 2004 and Chen ef al., 2005). Thinner
biofilms were found during growth of Pseudomonas fluorescens biofilms under
turbulent flow conditions compared to laminar flow conditions (Pereira et al.,
2002). Thicker biofilms were observed at increasing substrate load (Peyton, 1996
and Wische et al., 2002). Filamentous biofilm streamers and hydrodynamics
were described in a review of Purevdorj-Gage and Stoodley (2004) and other
studies (Stoodley ef al., 1999a,b, 2002, 2005; Hille et al., 2009 and Garny et al.,
2009). Garny et al. (2009) reported that filamentous bacterial growth was due to
the combination of limited substrate availability and high flow rates. Evidently,
biofilm formation in spiral wound NF and RO systems is analogous to biofilm
formation in other systems. A high shear force results in a thin compact biofilm
while a low shear force results in a thick fluffy biofilm.

Manipulation of biofilm morphology

Biofilm compactness and morphology can be manipulated (‘biofilm morphology
engineering’) by the flow regime (Figure 11.6). In reactor design this has
regularly been used to obtain a desired biofilm morphology e.g. in biofilm airlift
reactors (Tijhuis et al., 1996) and aerobic granular sludge (Beun et al., 2002).
Manipulation of the biofilm morphology influencing membrane performance
can be a suitable approach to control NF/RO biofouling as well.
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Quantification of biofouling effect

Characklis and Marshall (1990) defined biofouling as ‘biofilm formation
causing unacceptable operational problems’. In this context ‘unacceptable’
means that operational guidelines are exceeded for e.g. pressure drop increase.
A dominant operational problem in practice is the feed spacer pressure drop
increase caused by biomass accumulation in the feed spacer channel (Baker and
Dudley, 1998 and Vrouwenvelder et al., 2008b, 2009¢,d). A study on quantifying
biofouling using membrane elements from practice showed that ATP is a suitable
parameter to measure the amount of biomass in order to diagnose biofouling
(Vrouwenvelder et al., 2008b). However, this study shows that analysis of
biomass parameters as ATP and TOC only in membrane elements operated at a
high shear force is not sufficient to predict the pressure drop increase. In addition
to the biomass amount, the biofilm compactness and morphology contributes
strongly to the pressure drop increase.

Since the linear flow velocity in the membrane element influences the extent
of pressure drop increase (Vrouwenvelder ef al., 2009a,d), the pressure drop has
to be measured under standard conditions (fixed linear flow velocity). Measuring
biomass concentrations in membrane elements only is not sufficient to quantify
and diagnose biofouling. Quantifying and diagnosis of biofouling requires
determining the (i) pressure drop increase under a standard linear flow velocity,
(i1) biomass amount, and (iii) biofilm morphology and thickness.

Future studies and practical implications

Studies over a long period of time are needed to determine how the biofilm
grown under high substrate conditions is comparable to a biofilm grown under
low substrate conditions, including varying hydrodynamic conditions and
biomass removal potential from membrane systems. Comparison with practice
is considered a key aspect for combined studies on biofilms, hydrodynamics and
concentration polarization, e.g. at low shear operation. Evidently, there is need to
integrate fouling studies to unravel all the effects of (bio)fouling on performance
of RO and NF systems (increase in feed spacer pressure drop, decrease in flux,
and increase in salt passage) under representative conditions. Flow regimes
manipulate biofilm morphology affecting membrane performance. This opens new
ways to control biofouling. The question is how to control biofilm morphology.
Growth of thin compact biofilms may be preferable from a pressure drop
increase point of view. An elevated shear force resulted in a low pressure drop
increase (Figures 11.4B and 11.5B) because of the compact biofilm (Figure 11.6).
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Therefore, high shear forces seem to be suitable to realize a stable pressure
drop. However, the amount of biomass growing at elevated shear force was the
same as under standard shear force (Figures 11.4CD and 11.5CD), suggesting
that even at elevated shear force biomass growth will progress in time resulting
in a thick compact biofilm that will increase the pressure drop as well (Table
11.4). A biofilm developed under high shear is compact, strongly attached (Van
Loosdrecht et al., 1995; Tijhuis ef al., 1996; Beun et al., 2002 and Chen ef al.,
2005) and probably more resistant to cleanings (Table 11.4). In other words, the
short term effect may be beneficial, but the long term effect of compact biofilm
formation may be resilience to biofouling control actions.

Table 11.4 Relative biofilm characteristics developed under high and low shear
and considerations for biofouling control

aMay be more difficult to control on long term than a biofilm developed under low shear
conditions because of the strong attachment and compact nature of biofilms developed
under high shear.

bBiofilm may be removed during short reverse flush with high shear (Cornelissen et al.,
2007). Biofilms at low linear flow velocity have low impact on pressure drop increase
(Vrouwenvelder et al., 2009a,d).

°A high shear caused by a high linear flow velocity requires in a higher energy input,
increasing the operational cost.

Thick fluffy biofilms with low cohesion strength produced at low velocity/
shear force may be easier to remove from the attached materials (Figures 11.8
and 11.9). However, already during operation sloughing of streamers may occur
and because of the streamer size and spacer construction there is a high risk of
entrapment (blocking). Also, removal of biomass from the membrane element
during cleaning may be a problem. Generally, biofouling is observed in lead
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membrane elements where the linear flow velocity and the shear force are highest
(Carnahan et al., 1995 and Vrouwenvelder ef al., 2008b, 2009a). Reducing the
shear force in lead membrane elements may lead to a fluffy biofilm. Methods
to reduce the shear force can be (i) spacer geometry adaptation and (ii) more
elements in parallel, reducing the number of elements in a pressure vessel and
reducing the linear flow velocity in lead elements (Van der Meer, 2003 and Van
Paassen et al., 2005). Reducing the linear flow velocity in lead elements will
reduce the impact of biomass on the pressure drop increase (Vrouwenvelder
et al., 2009a,d). A potentially suitable method to control biofouling may be
operation of membrane elements at standard or even lower shear force combined
with a periodic reverse flush at elevated shear force. Adaptation of feed spacer
geometry may facilitate removal of biomass from the element.

The viability to reduce biofouling in practice by manipulating biofilm
morphology depends on the (i) risk of unmanageable biofouling, (ii) risk on
other fouling types like scaling, and (iii) energy use (Table 11.4). These aspects
reducing operational costs should be balanced with increased costs for more
pressure vessels and membrane elements.

SUMMARY

Biomass accumulation and pressure drop development have been studied in
membrane fouling simulators at different flow regimes. At linear flow velocities
as applied in practice in spiral wound nanofiltration and reverse osmosis
membranes, voluminous and filamentous biofilm structures developed in the
feed spacer channel, causing a significant increase in feed channel pressure drop.
Elevated shear by both single phase flow (water) and two phase flow (water with
air sparging: bubble flow) caused biofilm filaments and a pressure drop increase.
The amount of accumulated biomass was independent of the applied shear,
depending on the substrate loading rate (product of substrate concentration and
linear flow velocity) only. The biofilm streamers oscillated in the passing water.
Bubble flow resulted in a more compact and less filamentous biofilm structure
than single phase flow, causing a much lower pressure drop increase. The biofilm
grown under low shear conditions was more easy to remove during water flushing
compared to a biofilm grown under high shear. To control biofouling, biofilm
structure may be adjusted using biofilm morphology engineering combined
with biomass removal from membrane elements by periodic reverse flushing
using modified feed spacers. Potential long and short term consequences of flow
regimes on biofilm development are discussed. Flow regimes manipulate biofilm
morphology affecting membrane performance, enabling new approaches to
control biofouling.
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Chapter 12
Effect of phosphate limitation®

INTRODUCTION

Microbial growth in drinking water distribution networks can be affected by
various factors like disinfection, temperature and available nutrients such as
organic carbon, nitrogen and phosphorous. Biofilm formation in the distribution
network is hard to control by post chlorination because of the required residual
concentration (LeChevalier et al., 1987; Van der Wende et al., 1989 and Block,
1992). In most cases, organic carbon is considered to be the limiting nutrient
for microbial growth of drinking water biofilms (Van der Kooij et al., 1982;
LeChevalier, 1990; Joret et al., 1991; Mathieu et al., 1992; Servais et al., 1995;
Prévost et al., 1998; Niquette ef al., 2001 and Hijnen et al., 2009).

Phosphorous may be limiting microbial growth in aquatic systems. Phosphorous
or phosphate limitation in relation with (micro)biological growth has been
regularly reported within the field of waste water (Alphenaar et al., 1993), rivers,
surface and seawater (Paetsch et al., 1980; Scavia and Laird, 1987; Harrison,
1990; Van Donk et al, 1990; Toolan et al., 1991; Petterson and Blomgquvist,
1992; Mohamed et al., 1998, 2003 and Zohary et al., 2005) and drinking water
(Miettinen, Vartiainen and Martikainen, 1997; Lehtola ef al., 1999, 2002a,b,c,
2003; Keindnen et al., 2002; Torvinen et al., 2007; Haas et al., 1988; Sathasivan
et al., 1997, 1998, 1999; Nishijima et al., 1997; Kors et al., 1998; Van der Aa
et al., 2002 and Kasahara et al., 2004).

In microbial biomass, the molar ratio for carbon (C), nitrogen (N) and
phosphorous (P) is ~100:20:1.7 (Tchobanoglous ef al., 2003). This corresponds
with a mass ratio of 100:23:4.3. Compared to carbon, lower phosphorous levels

*This chapter is based, with permission from the copyright holder, on a paper previously
published in Water Research Vol. 44 No. 11 pp. 3454-3466 doi: 10.1016/j.watres.2010.03.026

© 2011 IWA Publishing. Biofouling of Spiral Wound Membrane Systems. By Johannes Simon
Vrouwenvelder, Joop Kruithof, and Mark van Loosdrecht. ISBN: 9781843393634. Published by IWA
Publishing, London, UK.
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are needed for microbial growth. In nature, phosphorous is present in a variety
of chemical compounds (Holtan et al., 1998). The soluble form of phosphorous
normally consists of ortho-phosphate (H;PO,, H,PO;, HPO} ), inorganic
polyphosphates and dissolved organic phosphorous (Holtan er al., 1998).
Most of the total phosphorous in natural waters is not directly available for
microbial growth. (Ortho)phosphate is the form in which phosphorous is most
readily available for biological utilization (Maher and Woo, 1998). In this study,
orthophosphate is referred to as phosphate.

Currently applied thin film composite NF and RO membranes are sensitive
for free chlorine. Free chlorine damages the membrane structure causing
decrease of membrane rejection. A limited number of plants apply successfully
monochloramines in controlling biofouling. A much better membrane resistance
to monochloramines compared to chlorine has been reported (DOW, 2009a):
300,000 ppm-hours for chloramine and up to ~1000 ppm-hours for free
chlorine. Since monochloramine is formed by adding ammonia to chlorine, it
is possible that free chlorine will be present (for e.g. the ammonia dosing is not
correct or fails). Moreover, iron and manganese catalyzes membrane oxidation by
monochloramines (Gabelich ef al., 2005 and Da Silva et al., 2006). Another reason
to avoid chloramination is the formation of N-nitrosodimethylamine (NDMA),
a probable human carcinogen. The RO rejection capacities for NMDA are 10 to
50%. Recently, an alternative for chloramines, 2,2-Dibromo-3-Nitrilopropionamide
(DBNPA. DOW, 2005, 2009b) is applied successfully in a limited number of plants.

At present, it is common practice for drinking water production to reduce the
concentration of easily biodegradable organic carbon of water by pretreatment
like biologically activated carbon filtration or (slow) sand filtration. However,
membrane biofouling is still considered as a major problem. The combined search
criteria ‘biofouling’ and ‘(phosphorous or phosphorus or phosphate) limitation’
in article title, abstract and keywords in the Scopus database of July 2009
yielded no references. Recently, reports and conference papers suggesting that
biofouling in a full-scale system might have been limited by phosphate have been
published (Vrouwenvelder ef al., 2006a; Van der Kooij ef al., 2007 and Galjaard
et al., 2008). Jacobson et al. (2008, 2009) also suggest the potential of phosphate
limitation as fouling control. Direct experimental evidence is lacking whether or
not low phosphate concentrations in feed water may restrict biofouling.

The study of phosphate limitation was originated by observations made at
two RO membrane installations with extensive pretreatment and a stable feed
channel pressure drop, differing strongly in biomass amount compared to other
installations. The biomass concentrations in the lead elements of the two RO
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installations were low compared to lead elements in other installations. It was
hypothesized that these low biomass concentration were due to elimination of
phosphate during pretreatment.

The goal of this study was to verify experimentally whether or not phosphate
limitation may be a suitable approach to reduce membrane biofouling.

MATERIALS AND METHODS

Experimental set-up

Monitoring studies were performed with and without dosages (organic carbon
and/or phosphate and/or antiscalants) at a full-scale RO installation with a very
low phosphate and organic substrate concentration in the RO feed water.

An overview of the experimental conditions is shown in Table 12.1. The
experimental conditions for the studies on ‘proof of principle’ and effect of
antiscalant dosage are summarized in Table 12.2. The antiscalant coding and
composition are presented in Table 12.3. The experimental conditions for the
study at several stages of the membrane installation to determine the growth
limiting conditions at these stages are shown in Table 12.4.

Plant description

PWN Water Supply Company North Holland has taken water treatment plant
Jan Lagrand in Heemskerk (HMK) into production on 21 August 1999. HMK
feeds pretreated surface water into ultrafiltration followed by RO. To produce
drinking water the RO permeate of HMK is mixed with treated dune filtrate
(Kamp, 1995, 2000). Figure 12.1 shows the treatment scheme and Figure 12.2A
a picture of the RO installation. The objectives of the RO are desalination,
softening, disinfection and organic contaminant control (e.g. pesticides etc.). The
RO has a two-stage configuration with pressure vessels containing 7 elements
each. The total amount of RO elements is 2016. The permeate production capacity
is 1,800m>h~!. Antiscalant dosage (2.3mgL™!) to the RO feed water enables a
RO permeate recovery of 0.82. Selected water quality parameters during several
stages of water treatment are shown in Table 12.5. Monitoring studies described
in this paper were performed at HMK at ambient water temperature (17—18°C).

The research facility of PWN in Andijk (ADK) has the same water treatment
concept as HMK (Figure 12.1) with coagulation/sedimentation/filtration
pretreatment, excluding biological activated carbon filtration.
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Table 12.2 Experimental conditions for study on the proof of principle and effect
anti-scalant (AS) dosage. Feed water: ultrafiltrate before anti-scalant dosage

(location 1 in Figure 12.1)

*Blank = no dosages; P + S = phosphate and substrate dosage; S = substrate dosage;
P = phosphate dosage; AS = antiscalant dosage. * = AS1 and AS2 are phosphonate
based anti-scalants. * = AS3 and AS4 are non-phosphonate based. — = no dosage.

Table 12.3 Antiscalant coding and composition
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266 Biofouling of Spiral Wound Membrane Systems

Table 12.4 Experimental conditions for several stages of the membrane
installation. Feed water: ultrafiltrate without and with antiscalant dosage and RO
concentrate (locations 1, 2 and 3 in Figure 12.1) supplemented without or with
chemicals as indicated in table

@ = antiscalant dosage applied in the full-scale installation, antiscalant was not dosed to the
MFS feed water in this study. ® = antiscalant concentration calculated based on recovery
RO installation 82%.

Membrane fouling simulator

In all experiments, a Membrane Fouling Simulator (MFS) with external
dimensions of 0.07m X 0.30m X 0.04m was used (Vrouwenvelder et al.,
2006b). Coupons of feed spacer, membrane and product spacer can be placed in
the MFS resulting in the same spatial dimensions as in spiral wound membrane
elements. The development of fouling was monitored by measuring the
pressure drop increase over the feed spacer channel of the MFS, photographic
observations using the sight glass and analysis of sheets of membrane and spacer
taken from the monitor. During operation, the glass window was covered with a
light tight lid to prevent growth of phototrophic organisms.

In the MFS research, membranes and spacer sheets were taken from virgin
spiral wound membrane elements. The feed spacer taken from the element was
a 31 mil thick diamond-shaped polypropylene spacer with porosity ~0.85. The
feed spacers in the MFS had the same spatial orientation as in spiral-wound
membrane elements (45° rotation).
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Figure 12.1 Plant treatment scheme with study locations (1), (2) and (3) at HMK.
Preatreatment is performed at site WRKIII (lake IJssel) and UF/RO installations are in
operation in Heemskerk (HMK) and Andijk (ADK). The subsequent treatments steps
are reservoir storage, microstraining (MS), coagulation, sedimentation, rapid sand
filtration (RSF), biological activated carbon filtration (BACF), ultrafiltration (UF) and
reverse osmosis (RO). Iron (lll) chloride (FeCls) is dosed as coagulant. Antiscalant
(AS) is dosed to prevent scaling of RO. HMK permeate is mixed with dune filtrate
from water treatment plants (WTP) Mensink and Bergen to produce drinking water

The installation consisted of two pressure reducing valves, manometer, dosage
point (for biodegradable compounds), MFS and flow controller (Vrouwenvelder
et al., 2007a). The set-up with several MFSs during the studies at HMK is shown
in Figure 12.2B and 12.2C. The MFSs were operated at a pressure of 120kPa
to avoid degassing. Unless mentioned otherwise, the feed water flow was
16 Lh™! equal to a linear flow velocity of 0.16ms ™!, representative for practice
(Vrouwenvelder et al., 2009a).
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Figure 12.2 RO installation (A) and experimental set-up consisting of in parallel
installed monitors and differential pressure transmitter during the proof of principle
study (B) and antiscalant dosage (C). Pressure drop data were accessed using a
modem. The horizontal tube on the background of (B) and (C) is the RO feed
water pipe (J 1.0m)
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270 Biofouling of Spiral Wound Membrane Systems

The permeate flux — water volume passing the membrane per unit area and
time — as applied in practice in spiral wound NF and RO membranes has been
shown irrelevant for biofouling development in extensively pretreated water
(Vrouwenvelder et al., 2009b,c). Therefore, the MFS was operated cross-flow,
without permeate production.

Chemicals were dosed to the MFS feed water to determine the effect on
biomass growth. From a sterile vessel, containing a 5L solution of concentrated
substrate, substrate was dosed into the feed water prior to the MFS by a
peristaltic pump (Masterflex) at a flow of 0.03Lh~!. The dosage of substrate
was checked periodically by measuring the weight of the dosing bottle. The
chemicals NaCH;COO, NaNO; and NaH,PO, were dosed in a mass ratio C:N:
P of 100:20:10 (Table 12.2). Dosed P was a factor 2.3 higher than the biomass
mass ratio (~100:23:4.3, Tchobanoglous et al., 2003) low enough to avoid
growth by P-limitation, because P is used in other processes as well (Gagnon
et al., 2004 and Vrede et al., 2002). The substrates were dissolved in ultrapure
water. To restrict bacterial growth in the substrate dosage bottle, the pH was set
at 10.5 by dosing NaOH. Stock solution bottles were replaced every 5 days.

Antiscalant was dosed from separate bottles (Table 12.2). The antiscalants
were dissolved in ultrapure water. The pH of AS2 and AS3 was set at 11 by
dosing NaOH. The chemical and antiscalant dosage flow rate (both 0.03Lh™ 1)
was low compared to the feed water flow rate (16 Lh™"). Thus, the effect of the
chemical dosage on pH of the feed water was insignificant.

Pressure drop

Pressure drop measurements were performed with a pressure difference
transmitter (Endress & Hauser, type Deltabar S: PMD70-AAA7FKYAAA).
The calibrated measuring range was 0 to S0kPa (Vrouwenvelder ef al., 2009d).
The pressure drop transmitter was combined with a valve system developed
to enable measurement and logging the pressure drop over several monitors
simultaneously (Figure 12.2B, centre). Pressure drop and water temperature data
could be remotely accessed using Internet.

Membrane autopsy from elements and MFSs

Membrane elements from HMK and ADK were autopsied in 2001 when no feed
channel pressure drop increase was observed. MFSs operated in parallel were
autopsied at the same time. For both membrane elements and MFSs, the same
sampling methods and analyses were performed. Analysis performed on stacked
membrane and spacer sheets were total active biomass (ATP) and total organic carbon
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(TOC). Details of the methods have been described elsewhere (Vrouwenvelder et al.,
2006b, 2008a). At the time of membrane autopsies, chemical dosage to the RO feed
water consisted of pure hydrochloric acid and 0.9mgL ™! antiscalant (Galjaard et al.,
2008). The monitor studies and water quality parameters described in this paper were
performed from early 2008 until July 2009 when only 2.3mgL ™! antiscalant was
dosed into the feed water without a hydrochloric acid dosage.

RESULTS

Full-scale RO investigations

Usually, biofouling is observed at the feed side of the membrane installation
(Carnahan ef al., 1995 and Vrouwenvelder et al., 2008b, 2009¢,d). Destructive
studies on membrane elements taken from the feed side of the installation,
have been performed to determine the cause(s) of the increased feed channel
pressure drop at several full-scale installations. Investigations at most full-scale
RO and NF installations suffering from an elevated feed channel pressure drop
showed high biomass concentrations in the lead elements at the installation feed
side (Table 12.6: A—F), supporting previous studies (Carnahan et al., 1995 and
Vrouwenvelder et al., 2008b, 2009¢,d).

Table 12.6 Biofilm concentrations (pg ATP cm~2) in the lead element at the
installation feed side and feed channel pressure drop increase for 8 installations

Unusual observations were made at two RO membrane installations
(a pilot and full-scale) with extensive pretreatment. Together with a constant
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272 Biofouling of Spiral Wound Membrane Systems

feed channel pressure drop the biomass concentrations in the lead element
were low compared to the lead elements from other installations (Table 12.6:
ADK, HMK). The installations ADK and HMK applied extensive pretreatment
removing biodegradable substrate to a great extent. When substrate would be the
growth limiting factor than growth is expected especially in the lead elements.
It was hypothesized that phosphate limitation may be the cause of the unique
observation.

‘Proof of principle’ phosphate limitation

To determine whether low phosphate concentrations can be the reason for low
biomass concentrations a study was performed at HMK with four monitors
in parallel. The MFSs were operated under identical conditions except for a
different supplementation to the feed water of phosphate, organic carbon and
nitrate (Table 12.2). The feed water was ultrafiltrate (Figure 12.1 code 1).

Dosage of both phosphate and substrate (P + S; S = C + N) to the feed
water caused a rapid increase of pressure drop over the monitor (Figure 12.3A
and 12.3B). Within the research period, no pressure drop increase was observed
in the monitors fed with water supplied with phosphate only (P), substrate only
(S) or the blank without any dosage. After 7.7 days, all monitors were opened for
visual observations and for measurements of the biomass parameters ATP and
TOC. Biomass accumulation could only be seen in the monitor supplied with
phosphate and substrate (P + S). This was confirmed by analysis of accumulated
material in the monitors (Figure 12.3C and 12.3D). The biomass parameters
ATP and TOC showed the same trend. The pressure drop development, visual
observations and accumulated biomass analysis all unambiguously indicated that
fouling accumulation occurred in the monitors supplied with both substrate and
phosphate. The low phosphate concentration restricted substrate use for biomass
growth (Figure 12.3, see S). Dosage of phosphate only caused no additional
growth compared to substrate only (Figure 12.3), indicating that both substrate
and phosphate concentrations were low in the ultrafiltrate of this installation.

This ‘proof of principle’ experiment clearly shows that phosphate limitation
can restrict biomass growth. A high substrate concentration in the feed water
was not causing biofouling in the monitor under phosphate limiting conditions,
suggesting that substrate removal during pretreatment (current practice) to
control biofouling can be avoided when the phosphate concentration is very low.
In other words, when the phosphate concentration is very low or pretreatment
removes phosphate to very low concentrations, biofouling can be restricted even
in the presence of high substrate concentration.
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Figure 12.3 Pressure drop in time (A), pressure drop increase (B), biomass
concentration ATP (C) and TOC (D) after 7.7 days MFS operation fed with water
supplied with phosphate and substrate (P + S), phosphate (P), substrate (S) and
without dosages (blank)

Comparison of antiscalants

The influence of four antiscalants on biofouling was studied with monitors fed
with ultrafiltrate supplemented with substrate (S) and two blank measurements
(Tables 12.3 and 12.4). A high pressure drop increase was observed with
phosphonate based antiscalants (AS1 + S and AS2 + S) and with phosphate
dosage (P + S) (Figure 12.4A and 12.4B). The phosphate-free antiscalants
(AS3 + S and AS4 + S) and substrate only (S) showed a low pressure drop
increase. Visual observations and biomass concentrations (Figure 12.4C
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and 12.4D) showed severe fouling of the monitors with phosphonate based
antiscalants and phosphate, supporting the feed channel pressure drop increase
data (Figure 12.4A and 12.4B). The phosphonate based antiscalants (AS1 + S
and AS2 + S) showed the same or higher values for pressure drop increase and
biomass concentrations compared to phosphate (P + S). The phosphonate based
antiscalants increased besides phosphate also the substrate level but it is believed
the main effect was caused by the phosphate in the antiscalant. Further studies
were performed with a phosphonate based antiscalant.
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Figure 12.4 Pressure drop in time (A) and pressure drop increase (B) and
biomass concentration ATP (C) and TOC (D) after 15 days MFS operation fed
with water supplied with substrate (S), phosphate and substrate (P + S), and four
antiscalants with substrate (AS1 + S, AS2 + S, AS3 + S, AS4 + S)

Growth limiting conditions in RO installation

To determine the growth limiting conditions in the RO installation (Table 12.6,
HMK) studies were performed at several stages of the RO installation (Figures 12.5
and 12.1) using monitors with varying dosages (Table 12.4) and a phosphonate
based antiscalant.
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Figure 12.5 Scheme monitor locations and dosages for determining phosphate
limiting conditions over RO installation. The locations codes 1, 2 and 3 correspond
with locations shown in Figure 12.1 and the monitor codes are clarified in Table 12.4

A pressure drop increase was observed in the monitors fed with feed RO stage 1
and RO concentrate supplemented with substrate (AS + S2, AS + S3) and phosphate
and substrate (AS + P + S2) (Figure 12.6A). No pressure drop increase was
observed (i) without dosages to the ultrafiltrate (B1), feed RO stage 1 (AS2) and RO
concentrate (AS3), (ii) with dosage of substrate only to the ultrafiltrate (S1), and (iii)
with dosage of phosphate only to the RO concentrate (AS + P3). Visual observations
(Figure 12.7) and analysis of the biomass parameters ATP and TOC (Figure 12.6C
and 12.6D) supported the findings from the pressure drop measurements. In other
words, a pressure drop increase, visual fouling and high biomass concentrations were
found in monitors AS + S2, AS + S3 and AS + P + S2 only.
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Figure 12.6 Pressure drop in time (A), pressure drop increase (B) and biomass
concentration ATP (C) and TOC (D) after 11 days MFS operation fed with water
from several stages of the RO installation supplied with substrate (S1, AS + S2,
AS + S3), without substrate (B1, AS2, AS3) and with phosphate and substrate
(AS + P + S2) and phosphate (AS + P3). Ultrafiltrate was the feed of B1 and
S1. RO feed including AS was the feed of AS2, AS + S2, AS + P + S2. RO
concentrate was the feed of AS3, AS + S3, AS + P3

Substrate dosage caused biomass accumulation in the RO feed water
containing antiscalant (AS + S2) while no biomass accumulation was observed
withouth antiscalant supplemention (S1), indicating that the antiscalant applied
in practice contained microbially available phosphorous. Similar biomass
concentrations were found in monitors AS + P + S2 and AS + S2 (Figure
12.6C and 12.6D), indicating that the antiscalant dosage (2.3mgL ") provided
sufficient phosphate for extensive biofilm growth in the presence of substrate.

After antiscalant dosage to the RO installation feed water, phosphate was
not longer the growth limiting compound. So, in this case the low substrate
concentrations achieved by the extensive pretreatment restricted biomass
accumulation in the RO elements.
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Figure 12.7 Visual observations of spacers from monitors used in this study at
several locations in the RO installation (Figure 12.6). Biomass accumulation was
observed in monitors coded AS + S2, AS + P + S2 and AS + S3 only. A larger
magnification was used for AS + S3 and AS + P + S2 to show biofilm accumulation

Low phosphate concentrations during water treatment

The method for phosphate measurements applied during regular water quality
monitoring program is not sensitive enough (detection limit of 0.02mgPL™") to
provide detectable phosphate concentrations, since the phosphate concentrations
in the raw water is much lower than 0.02mgPL~' (Table 12.5). Jacobson
et al. (2008) reported for HMK distinguishable accurate quantitative phosphate
concentrations in the range from <0.2 to 7.1 pgPL™! (Figure 12.8). UF permeate,
before antiscalant dosage, had a lower phosphate concentration than the RO feed
including antiscalant dosage (Figure 12.8, Jacobson ef al., 2008). Apparently,
the phosphonate based antiscalant increased the phosphate availability. The
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consequence of water permeation is that the phosphate concentration increases
during passage of membrane modules in the pressure vessel. At a plant recovery
of 80%, the phosphate concentration will be a factor five higher in the module at
the installation concentrate side compared to the feed side.

phosphate concentration (ug P L)

after  feed after  feed after  feed RO
MS RSF RSF UF UF RO permeate

treatment steps

Figure 12.8 Phosphate concentration in water over several treatment steps of
HMK (adapted from Jacobson et al., 2008). For explanation of abbreviations see
subscript Figure 12.1

DISCUSSION

Biofouling control

RO feed water with low phosphate concentrations showed a very restricted
biomass accumulation in MFSs, even at high organic carbon substrate
concentrations (Figure 12.3). Characklis and Marshall (1990) stated that
‘nutrient limitation, aside from organic carbon, may limit microbial fouling
accumulation. In such systems, chemical additives (e.g. corrosion and scale
inhibitors) must be screened carefully lest they increase the biofouling’. Use of
phosphonate based antiscalants increased the phosphate concentration causing
biofouling in the presence of substrate (Figures 12.4 and 12.6). Antiscalant
dosage may potentially increase the phosphate and substrate concentration
(Figure 12.4). Therefore, antiscalant selection and a biofouling control strategy
are linked actions. A previous study showed that antiscalants can contribute to
biofouling (Vrouwenvelder et al., 2000). However, the growth potential in that
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study was based on substrate limiting conditions only. For biofouling control
under phosphate limiting conditions, an antiscalant with a high substrate growth
potential but without any phosphate may be suitable for biofouling control
while an antiscalant with a low substrate growth potential but containing some
phosphate may be not. In other words, the requirements for antiscalant selection
and dosage not contributing to biofouling are an important part of the overall
biofouling control strategy.

Sathisvan et al. (1997, 1999) reported for drinking water distribution
networks that phosphorous may become the microbial growth limiting nutrient
at concentrations of 1 to 3ugPL ™. Jacobsen et al. (2008) mentioned that in RO
feed water phosphate concentrations below 0.45pgPL ™! may lead to biofouling
control. Phosphate concentrations in seawater are usually less than 33pgPL™!
(Garcia, 2006) with an average of 20pgPL™' (OZ REEF, 2007). Similar
values for seawater have been reported by the European Environmental Agency
(EEA, 2007). In European rivers phosphate levels were about 45ugPL~! and
in European lakes the concentration was about 13ugPL™! (EEA, 2005 and
Jacobson et al., 2008, 2009). These values indicate that although phosphate
concentrations natural systems are low, these concentrations are not low enough
to prevent microbial growth.

Phosphate concentrations are often already low in the feed of high pressure
membrane systems by coagulation/sedimentation/filtration pretreatment (Figure
12.8, Jacobson et al., 2008, 2009). This means that only a small additional
phosphate removal is required for restricting biofilm growth in membrane
elements. How low phosphate concentrations in the feed water should be
to control biofouling is not clear yet. In membrane systems, the phosphate
concentration increases as a consequence of (i) concentration polarization
causing elevated phosphate concentrations near the membrane and (ii) the
plant recovery increasing the phosphate concentration during passage of the
installation (e.g. at 80% plant recovery, the phosphate concentration will be a
factor five higher in the module at the installation concentrate side compared to
the feed side).

Recently, for sustainable water reclamation and reuse desalination of waste
water effluents has been introduced and has got more attention (Katz and
Dosoretz, 2008). However, phosphate scaling was found to be the main obstacle
for effluent desalination using RO (Katz and Dosoretz, 2008). Therefore,
lowering phosphate concentrations in the feed water may therefore be an
effective option to prevent biofouling and phosphate scaling facilitating higher
water recoveries. An accurate and sensitive analytical method for phosphate is
available to evaluate and monitor sufficiently low phosphate concentrations
(Jacobson et al., 2009).
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Phosphate concentrations can already be reduced to low concentrations by
conventional treatment processes (including coagulation). Often an overdosing
of chemicals is needed due to the presence of humic substances. This leads to
an increased salt load on the water. Thermostabile ferritin nanoparticles might
present an alternative for conventional phosphate removal. Ferritin is an enzyme
that can bind phosphate and iron. Advantage of ferritin is a high and selective
phosphate removal rate even at very low concentrations. A feasibility study on
ferritin use in practice for large scale water treatment showed that the costs are
similar to the costs of currently applied chemical methods (Jacobs ef al., 2007).

Follow up

Phosphonate based antiscalants may increase phosphate levels (Figure 12.4).
The origin of phosphate can be degrading of phosphonates, a by-product of the
antiscalant production process or both. Studies are needed to elucidate the cause
of phosphate availability for growth in phosphonate based antiscalants.

The influence of concentration polarization and plant recovery on phosphate
limitation and plant performance needs study. Usually, biofouling is observed
at the feed side of the membrane installation (Carnahan ef al, 1995 and
Vrouwenvelder ef al., 2008b, 2009¢,d). Because of the high linear flow velocity,
biofouling of the lead module has a higher impact on plant performance than
biofouling of modules on other locations in the installation (Vrouwenvelder
et al., 2009a, d). The phosphate concentration in the water increases during
passage of the modules in the membrane filtration installation, which may
lead to elevated biomass concentrations at the concentrate side, but with a
low impact on the feed channel pressure drop, since the linear velocity is low
(Vrouwenvelder et al., 2009a).

Long term studies under phosphate limiting conditions are required. Phosphate
limiting growth conditions to restrict biomass accumulation may have great
implications for pretreatment and antiscalant selection. At present in practice,
pretreatment aims at reducing substrate and most antiscalants are phosphonate
based. The pretreatment for extensive substrate removal may not be needed when
phosphate limiting conditions are achieved. Feasibility studies and cost balancing
will elucidate the potential of phosphate limitation to control biofouling.

SUMMARY

Phosphate limitation as a method to control biofouling of spiral wound reverse
osmosis (RO) membranes was studied at a full-scale installation fed with
extensively pretreated water. The RO installation is characterized by (i) a low
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feed channel pressure drop increase and (ii) low biomass concentrations in
membrane elements at the installation feed side. This installation contrasted
sharply with installations fed with less extensively pretreated feed water (and
therefore higher phosphate concentrations) experiencing a high pressure
drop increase and high biomass concentrations in lead elements. Membrane
fouling simulator (MFS) studies showed that low phosphate concentrations
(~0.3ugPL™") in the feed water restricted the pressure drop increase and
biomass accumulation, even at high substrate (organic carbon) concentrations.
In the MFS under ortho-phosphate limiting conditions, dosing phosphonate
based antiscalants caused biofouling while no biofouling was observed when
acids or phosphonate-free antiscalants were used. Antiscalant dosage could
increase both phosphate and substrate concentrations of the water. Therefore,
antiscalant selection may be critical for biofouling control. Since no biofouling
was observed at low phosphate concentrations, restricting biomass growth by
phosphate limitation may be a feasible approach to control biofouling, even in
the presence of high organic carbon levels.
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Chapter 13

Integrated approach for
biofouling control*

INTRODUCTION

High pressure membrane filtration processes such as nanofiltration (NF) and
reverse osmosis (RO) produce water of high quality. A drawback of NF and RO
applications is membrane fouling, resulting in a pressure drop increase over
membrane modules in the membrane filtration installation causing technical
problems and increasing operation cost. Biofouling (Figure 13.1) is the major
type of fouling in NF and RO membranes fed with extensively pretreated water,
caused by biofilm formation in membrane elements (Ridgway and Flemming,
1996; Patching and Fleming, 2003 and Shannon et al., 2008). Numerous authors
describe biofouling problems in membrane installations (Ridgway et al., 1983,
1985; Flemming, 1993; Tasaka ef al., 1994; Ridgway and Flemming, 1996; Baker
and Dudley, 1998; Van Hoof et al., 2002; Schneider et al., 2005 and Karime
et al., 2008). In the Middle East, about 70% of the seawater RO membrane
installations suffer from biofouling problems (Gamal Khedr, 2000, 2002).

Over the years, strategies to control biofouling have not always been
successful. In the late 1990s, two strategies were pursued to prevent and control
membrane biofouling: (i) physical removal of bacteria from the feed water of
membrane systems (for example by microfiltration or ultrafiltration pretreatment),
and (ii) metabolic inactivation of bacteria by applying biocide dosage or UV
irradiation (Ridgway, 1997). At present, the focus is on nutrient removal by
biological pretreatment (e.g. sand filtration) and modification of membranes
(disinfectant resistant and low fouling). In addition, membrane cleanings are

*This chapter is based, with permission from the copyright holder, on a paper
previously published in Water Science & Technology Vol. 62 No. 11 pp. 2477-2490
doi: 10.2166/wst.2010.747

© 2011 IWA Publishing. Biofouling of Spiral Wound Membrane Systems. By Johannes Simon
Vrouwenvelder, Joop Kruithof, and Mark van Loosdrecht. ISBN: 9781843393634. Published by IWA
Publishing, London, UK.
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Figure 13.1 Scanning electron microscope images of feed spacer strand with biofilm
(A) and biofilm on feed spacer (B) taken from a biofouled membrane module. B
shows individual microorganisms embedded in — by microorganisms produced and
excreted — extracellular polymer substances. The bars indicate the figurescale

commonly applied. Current cleaning strategies i.e. using cleaning chemicals are
not very effective (Whittaker et al., 1984; Baker and Dudley, 1998; Al-Amoudi
and Lovitt, 2007; Zondervan and Roffel, 2007 and Creber ef al., 2010).

A rational approach is required to solve biofouling problems. Therefore,
gaining insight in the biofouling process is a first priority.

PROBLEM ANALYSIS

Figure 13.2 shows the evolution of the annual number of publications satisfying
the search criteria ‘biofouling” and ‘membrane’ in the Scopus database, March
2010. Since the first paper was published in 1983 in total 2941 papers appeared
until 2010, from which about 55% appeared within the last four years (2006—
2009). The increasing number of papers illustrate that membrane biofouling is a
major problem.

Ridgway (1998) summarized the effects of biofouling on RO membrane
performance: (i) membrane flux decline, (ii) increase in trans membrane and
differential pressure and (iii) permeability increase of dissolved material (decreased
mineral rejection). Dissolved minerals may accumulate in the biofilm layer, increasing
concentration polarization, thereby reducing the flux and rejection properties of
the membrane. Characklis and Marshall (1990) (Figure 13.3) stated that biofouling
causes energy losses due to increased fluid frictional resistance, indicating that in
spiral-wound membrane systems biofouling may cause a pressure drop increase.

In spiral-wound membrane modules, two types of pressure drop can be
distinguished: the trans-membrane pressure drop (TMP) and the feed channel
pressure drop (FCP), the pressure drop between feed and concentrate lines
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Figure 13.2 Cumulative number of publications on membrane biofouling in time
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Figure 13.3 Progression of biofouling is generally described by a sigmoid
function when expressed in terms of deposit accumulation, hydrodynamic
frictional resistance, or heat resistance. Three phases can be arbitrarily defined:
(1) the induction period, (2) the log growth rate period and (3) the plateau period.
(adapted from Characklis and Marshall, 1990)

(Flemming et al., 1994). The TMP is the differential pressure between feed and
permeate lines, caused by the frictional resistance over the membrane. When the
TMP is increased by biofouling, the membrane flux is declined.

Biofouling in spiral-wound nanofiltration and reverse osmosis membranes has
been studied on monitor, test-rig, pilot and full-scale for extensively pretreated

Downloaded from https://iwaponline.com/ebooks/book-pdf/523709/wio9781780400990.pdf
by IWA Publishing user
on 04 March 2019



288 Biofouling of Spiral Wound Membrane Systems

water (Vrouwenvelder et al., 2009b,c,d). Identical behaviour with respect to
biofouling and FCP development was observed in membrane elements in the
same position in a NF installation operated with and without flux. Irrespective
whether a flux was applied or not, the FCP and biofilm concentration increased.
Calculations on mass transfer aspects supported the observations that the flux is
not playing a significant role in substrate supply to the fouling layer. Also, test-rig
and full-scale studies with different types of feed water showed that biofouling
of membrane modules correlated very well with FCP-increase (Vrouwenvelder
et al., 2008b). Moreover, in systems suffering from biofouling cleaning cycles
are governed by the pressure drop over the feed channel. Therefore, biofouling is
considered as a FCP problem (Vrouwenvelder et al., 2009c¢).

Biofouling is dominantly localized in the lead membrane module of the
first stage in membrane filtration installations (Carnahan et al., 1995 and
Vrouwenvelder et al., 1998, 2006b, 2007b, 2008b, 2009¢,d). Monitoring the FCP
over individual membrane modules and stages of a NF installation revealed that
the FCP increased mainly over the lead element of the first stage (Vrouwenvelder
et al., 2009d). Destructive studies on full-scale membrane modules (autopsy)
showed most biomass on the inlet side of lead membrane modules. Biofouling
studies using a flat sheet monitor confirmed that biofouling was localised on the
inlet side of lead membrane modules (Vrouwenvelder ef al., 2007a).

FCP development and biofilm accumulation have been studied in membrane
fouling simulators, as a function of substrate concentration, linear flow velocity,
substrate load and flow direction (Vrouwenvelder et al., 2009a). At the low
substrate concentrations applied, biofilm accumulation was related to substrate
load (the product of substrate concentration and flow velocity). Reduction of
the linear flow velocity resulted in an instantaneous reduction of FCP-increase
caused by accumulated biomass, without affecting the biofilm amount present.
The results indicate that the FCP-increase should be the most important
parameter for process control.

Magnetic resonance imaging (MRI) studies showed that even restricted biofilm
accumulation on the feed channel spacer influenced the velocity distribution
profile strongly (Graf von der Schulenburg et al., 2008 and Vrouwenvelder ef al.,
2009c). The feed spacer presence strongly influenced the FCP-increase caused
by biofilm accumulation: in both spiral-wound NF and RO systems biofouling is
dominantly a feed spacer problem (Vrouwenvelder ef al., 2009c¢).

EARLY DETECTION

Early detection of biofouling enables timely actions to control biofouling
(Flemming et al., 1997b, 2003). Early detection of biofouling requires monitoring
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of the differential pressure with a sensitive differential pressure transmitter over a
(1) lead membrane module of a first stage and/or a (ii) membrane fouling simulator
supplied with feed water of the membrane filtration installation. Early detection
of biofouling can be realized by operating the membrane fouling simulator under
a higher linear flow compared to the lead membrane modules of the first stage
(Vrouwenvelder et al., 2010a, Figure 13.4). Monitoring the FCP over the total
installation or complete stages is not suitable for early biofouling detection.

Extra
pressure drop
o caused
= by fouling
o
g
oo
1 Pressure drop
in non-fouled
1 conditions
Practice Early
warning

Linear velocity (m/s)

Figure 13.4 Pressure drop as function of the linear flow velocity, illustrating that
the effect of biomass concentration on pressure drop increase is affected by
linear flow velocity enabling early biofouling detection. The difference between the
pressure drop in non-fouling conditions and pressure drop in fouling conditions
is the pressure drop increase caused by accumulated fouling (adapted from
Vrouwenvelder et al., 2011)

BIOFOULING CONTROL
Strategy

In the past, biofouling control was pursued by microorganism removal,
inactivation by pre-treatment and chemical dosages (Figure 13.5, (Ridgway,
1997)). In time, the approach shifted to substrate removal by pretreatment
(Griebe and Flemming, 1998; Kruithof et al., 1998; Kamp et al., 2000; Ebrahim
et al., 2001; Visvanathan et al., 2002; Wend et al., 2003; Hu et al., 2005 and
Schneider ef al., 2005) and membrane modification (Wilf and Alt, 2000; Louie

Downloaded from https://iwaponline.com/ebooks/book-pdf/523709/wio9781780400990.pdf
by IWA Publishing user

on 04 March 2019



290 Biofouling of Spiral Wound Membrane Systems

et al., 2006 and Liu et al., 2006). However, past and present strategies to control
biofouling were not always successful to solve practical biofouling problems
in spiral-wound NF and RO membranes (Bereschenko et al., 2008; Chong
et al., 2008; Huertas et al., 2008; Karime et al., 2008; Shannon et al., 2008 and
Vrouwenvelder et al., 2008b, etc).

Controlling biofouling may be achieved by chemical dosage to the feed water.
Currently applied thin film composite NF and RO membranes are sensitive for
free chlorine. Free chlorine damages the membrane structure causing decrease of
membrane rejection. A limited number of plants apply successfully monochloramine
in controlling biofouling. A much better membrane resistance to monochloramine
compared to chlorine has been reported (DOW, 2009a): 300,000 ppm-hours
for monochloramine compared to ~1,000ppm-hours for free chlorine. Since
monochloramine is formed by adding ammonia to chlorine, it is possible that free
chlorine will be present (e.g. if the ammonia dosing is not correct or fails). Moreover,
iron and manganese catalyzes membrane oxidation by monochloramine (Gabelich
et al., 2005 and Da Silva et al., 2006). Another reason to avoid chloramination is
the formation of N-nitrosodimethylamine (NDMA), a probable human carcinogen.
The RO rejection capacities for NMDA are 10 to 50%. Recently, an alternative for
monochloramine, 2,2-dibromo-3-nitrilopropionamide (DBNPA. DOW, 2005, 2009b
and Bertheas et al., 2009) is applied successfully in a limited number of plants.

A holistic Approach for Biofouling Control (ABC) is proposed to solve
biofouling of high pressure membranes, symbolised by an umbrella shielding against
biofouling (Figure 13.5). The ABC consists of three corner stones: (i) appropriate
equipment design and operation, (ii) controlling biomass growth conditions, and
(iii) application of cleaning agents. Combinations of approaches will in general
be more efficient than a single approach. The proposed ABC methodology is
developed to select the right methods for biofouling control. Although in this stage
chemical cleaning and biofouling inhibitor dosages seem unavoidable, it is expected
that in future — because of sustainability and costs reasons — adapted membrane
systems will be operated without or with minimal chemical cleaning and dosages
still avoiding biofouling (Figure 13.6). The ABC approach describes a trajectory to
come to a comprehensive scenario for effective biofouling control.

Potential approaches

Proposed approaches to control biofouling based on our research efforts are
nutrient removal by pre-treatment and module modification. Obviously, nutrient
removal is essential to restrict and delay biofouling, but the effect of membrane
module modification on biofouling is not clear yet. Extensive research efforts
during the last decade into the modification of membrane properties have not
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resulted in solutions to control biofouling under all circumstances. Use of
low fouling membranes did not cause an effective biofouling control (Figure
13.7). Our findings that biofouling in spiral-wound membrane modules is
predominantly a feed spacer problem (Vrouwenvelder ef al., 2009¢) may explain
the ineffectiveness of membrane modification for biofouling control. Prevention
of biofouling is clearly most successful by minimizing the availability of nutrients
(similar to conditions that minimize regrowth of bacteria in drinking water lines
without chlorination). Eventually, microbial growth will always happen, therefore
it is recommended to design a system in such a way that biofilm formation doesn’t
lead to operational problems or that biomass can be easily removed. In the next
sections of this paper several approaches to control biofouling are introduced.

Biofilm morphology engineering

repetitive stress conditions growth limiting conditions
phosphate removal 4@ cell adhesion
substrate removal biofouling inhibitor use

oxygen removal Biomass
growth
pretreatment conditions

hydrodynamics
biomass removal
feed flow reversal eaning

feed spacer agents early warning

membrane early detection
coating cleaning strategy
material

) advanced cleaning strategy
staging
operation

Figure 13.5 Approach for Biofouling Control (ABC) consisting of three corner
stones: equipment design and operation, biomass growth conditions, and
cleaning agents. Combination of actions to control biofouling is preferred over a
single action. The ABC is symbolised by an umbrella shielding against biofouling

Cleaning strategies

The real problem related to biofouling is the FCP-increase caused by biofouling
since this affects water production costs. Membrane manufacturers recommend
corrective actions when the FCP-increase is 15% of the FCP start-up value
determined under ‘industrial’ conditions and restrict guarantees when the
pressure drop increase is higher. This percentage pressure drop increase criterion,
used in practice, is not a well-defined guideline to take corrective actions. The
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FCP-increase over a lead membrane module can account for the total FCP-
increase over the pressure vessel. In other words, for a FCP-increase over the total
pressure vessel of 15% the FCP-increase over a lead module can be around 100%
while the FCP-increase over the other elements in the pressure vessel can be much
lower than 15% or even (close to) zero (Vrouwenvelder et al., 2009d). Cleaning
strategies must be efficient in removing biomass from spiral-wound membrane
modules (Flemming, 1997b). Cleanings applied in practice usually inactivate but
do not remove (most of) the accumulated biomass from the membrane module,
which is essential for biofouling control (Flemming, 1997b; Vrouwenvelder
et al., 1998; Zondervan and Roffel, 2007 and Al-Amoudi and Lovitt, 2007). The
remaining inactivated biomass serves as food for surviving bacteria and bacteria
in the feed water causing rapid regrowth in the cleaned membrane modules
again (Vrouwenvelder and Van der Kooij, 2001; Vrouwenvelder et al., 2008a;
Kappelhof et al., 2003 and Bereschenko et al., 2011). The effectivity of cleanings
should be evaluated and optimized for biomass removal. For this the membrane
fouling simulator can be u sed in parallel studies, in which the FCP and direct
observations using a camera system and the sight window of the membrane
fouling simulator (Figure 13.8) provide accurate information on the efficiency
of biomass removal. The camera system can detect biofilm thicknesses of a few
micrometers, without the use of stains to improve visibility of the semi-transparent
nature of the biofilm. Cleanings are more effective when the biofilm amount is still
limited (Figure 13.8C) than when (parts of) the feed spacer channel are completely
blocked by biomass (Figure 13.8D and 13.8E), limiting the transport of cleaning
chemicals into the blocked spacer regions and restricts removal of biomass from
the membrane module. Most probably conventional cleaning strategies as used in
practice now can not be effective because the biomass can not be removed from
the modules with current equipment design and operation. Therefore advanced
cleaning strategies or membrane module design must be pursued.

Advanced cleaning strategies

Advanced cleaning strategies involve early cleaning of partially fouled modules.
Biofouling primarily takes place in the lead membrane module of the first stage.
Therefore with a timely cleaning of the lead element(s), cleaning of the total
installation can be avoided. Chemical use and energy consumption (to heat and
pump/recirculate the cleaning solution) can be restricted, lowering the costs.
Additionally, under standard conditions when biomass is removed from the lead
membrane module the detached biomass passes several less fouled membrane
modules in the pressure vessel, which may negatively affects the cleaning
performance. Isolating the lead membrane modules during cleaning from the
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rest of the membrane filtration installation prevent the possibility that detached
biomass deposits in the rest of the installation. Early cleaning and isolating
the lead membrane modules from the installation may have several advantages
(Figure 13.9B): (i) reduction of cleaning chemical use and energy consumption
and (ii) more accurate monitoring of biofouling. When isolated lead modules
are installed vertically (Figure 13.9C and E), other types of cleanings such as
enhanced reverse flushing with water containing air eventually in combination
with a copper salt solution (Cornelissen et al., 2007) can be applied as well.
Application of cleaning by air sparging enhanced the flux in both ultrafiltration
(Cabassud et al., 1997) and flat sheet NF systems (Ducom et al., 2002).
Combining chemical cleaning with reverse flushing can be more effective than
chemical cleaning only. Lead membrane modules can be adapted to improve (i)
resistance to high shear forces caused by enhanced flushing and (ii) cleanability
by the use of (thicker/coated/adapted geometry) feed spacers.

Figure 13.7 Low fouling membrane use (A) is no approach for biofouling
prevention in most cases. The glass fibre casing (B, arrow) and the end cap
(C) were damaged due to the high pressure drop over the feed spacer channel.
Removal of the feed side end cap of the lead membrane showed biofouling of
feed spacer channel (D)
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Figure 13.8 Direct in-situ observations of fouling amount in the feed spacer
channel obtained with a camera system (yellow circle) and the sight window
of the membrane fouling simulator (A). The biofilm amount in the feed spacer
channel can be monitored in time (B, C and D). Shown for comparison is a fouled
feed spacer taken from a membrane module from practice (E), illustrating that
the feed spacer channel is blocked. Analysis of (E) confirmed biofouling

Biofouling inhibitor dosage

Biofouling inhibitors are dosed to prevent biomass accumulation in spiral-
wound membrane modules. The efficiency of dosages to inhibit biofouling
can be evaluated using the membrane fouling simulator in parallel studies, in
which the FCP (Figure 13.10) and direct observations using a camera system
and the sight window of the membrane fouling simulator (Figure 13.8) provide
accurate information about biomass accumulation. The membrane fouling
simulator can also be used to optimize inhibitor concentration and dosing
frequency to reduce costs and impact on the environment (discharge). From
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environmental and sustainability aspects in principle it is undesirable to use
chemicals for biofouling control. Without chemical use to prevent fouling and
to clean membranes, the use of high pressure membrane systems would be more
sustainable and environmentally friendly. It is expected that chemical dosages
will be restricted or even avoided in future because of environmental aspects and
availability of adapted membrane systems.

Chemical selection and use

Wrong selection of chemicals like anti-scalants and biocides may result in a
higher risk of biofouling since dosage of biodegradable chemicals will contribute
to biofouling. Chemicals dosed to the feed water of membrane installations
to prevent scaling (Van Paassen et al, 1998; Van der Hoek et al., 2000 and
Vrouwenvelder ef al., 2000) or biofouling (Figure 13.10) may even cause
biofouling. The effect of chemical dosage can be evaluated and optimized using
the membrane fouling simulator (Vrouwenvelder et al., 2008b). The efficacy of
biocides can be also determined using microcalorimetric measurements of the
microbial activity of biofilms (Von Rége and Sand, 1998) or oxygen imaging
in biofilms (Kiihl et al., 2007). The chemicals used must be of a constant and
high quality since already a temporarily low content of biodegradable impurities
may cause rapid, severe biofouling (Vrouwenvelder et al., 1998), illustrating
the importance of chemical selection and quality control. To reduce the risk
of fouling and meet probably promulgated stricter discharge regulations in the
future, it is recommended to avoid chemical dosage as much as possible.

Low flow velocities

Operating membranes at low flow velocity reduces the effect of biomass
accumulation on FCP-increase (Vrouwenvelder et al., 2009a). Membrane
systems could be operated at an optimal FCP, tolerating biomass accumulation.
In other words: a high biomass concentration causing a low FCP-increase
only is not a problem. Therefore, from a practical point of view the focus
of research should be restricting the FCP and the FCP-increase rather than
biomass accumulation (Vrouwenvelder ef al, 2009b). The Optiflux concept
(Van der Meer, 2003a and Van Paassen ef al., 2005) reduces the operational
costs of membrane filtration by applying less membrane modules in a pressure
vessel than commonly applied (i.e. three modules instead of up to eight). The
operational cost reduction is based on lower energy consumption. In addition,
a lower flow velocity will impact the effect of the biomass amount on the FCP,
so the Optiflux concept may reduce the FCP-increase caused by biofouling,
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reducing the membrane operational costs even further. Another approach to
reduce the linear flow velocity is to increase the number of lead membrane
modules (Figure 13.9D). Therefore, biomass accumulation is reduced on the
location where impact on the FCP is highest (Vrouwenvelder et al., 2009a).
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Figure 13.9 Scheme llustrating selected approaches for biofouling control.
Pressure vessel configuration on feed side containing membrane modules
as applied in practice (A). A separate lead membrane module enables early
biofouling detection and advanced cleaning strategies (B), since only the
fouled membrane is cleaned. Vertical positioning of the separate lead module
enables alternative cleanings such as enhanced periodic back flushing with
water containing gas (C), increasing shear force. Increasing the number of lead
modules by adding modules in parallel will lower the linear flow velocity, reducing
the impact of accumulated biomass on the FCP (D). (E) is a variation of (D) in a
vertical position enabling alternative cleanings

bk

Feed flow reversal

Feed flow reversal in pressure vessels with several modules can result in low
FCP-levels. The effect of biofouling accumulation is strongly reduced by
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changing the flow direction in the pressure vessels. Before flow reversal, the
lead membrane module has a much higher linear flow velocity (and pressure
drop) than the membrane element in the last position of the pressure vessel. By
changing the flow direction, the FCP-increase over the total installation will
be instantly reduced. Simulation studies with the membrane fouling simulator
support this theory (Vrouwenvelder ef al., 2009a). Also, a decline of biomass and
FCP over a biofouled membrane fouling simulator in time was observed when
the simulator was operated under the conditions of membrane modules at the
last place in a pressure vessel (Vrouwenvelder et al., 2009a). Feed flow reversal
in stages may also be efficient for simultaneous control of other fouling types
besides biofouling, i.e. particulate fouling and mineral scaling. The principles
to control individual fouling types differ. For prevention of mineral scaling
or periods of system downtime, feed flow reversal can be applied resulting in
re-dissolving of deposited scale into solution avoiding chemical dosage
(Uchymiak et al., 2008). Practical consequences of feed flow reversal would be
the use of adapted module sealing and some additional piping.
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Figure 13.10 FCP development in time over membrane fouling simulators
(A) and the biomass concentrations in membrane fouling simulators after 17
days operation (B). The membrane fouling simulators were fed with water with
supplementing of substrate (S), biofouling inhibitor and substrate (Bl + S),
biofouling inhibitor (Bl) and without dosage (blank). The monitors were operated
in parallel. Bl dosage resulted in a high FCP-increase and high biomass
concentration compared to the blank: Bl dosage can contribute to biofilm growth.
The BI active compound is related to compounds used in toothpaste

Feed spacer modification

Modification of feed spacers may/could reduce the FCP, reduce the effect of
biomass on the FCP-increase, and improve cleanability of the membrane module.
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Ridgway (1997) already suggested adaptation of hydrodynamics of the feed
spacer channel as an approach to control membrane biofouling. Nevertheless,
still research to control biofouling is predominantly focused on development of
low fouling membranes instead of feed channel and spacer modification. The
number of publications in journals satisfying the search criteria ‘biofouling’ and
‘modified and/or adapted membrane’ in the article title, abstract and keywords in
the scopus database of March 2008 amounted 59. The search criteria ‘biofouling’
and ‘modified and/or adapted spacer’ yielded no references at all. At the North
American Membrane Society (NAMS) conference 2007, to control biofouling
membrane modification was addressed in 6 presentations while feed spacer
modification was addressed in 1 presentation only. Evidently, until now biofouling
control was considered a membrane problem rather than a feed channel problem.
One of our recent studies showed that biomass accumulation on the feed spacer
affects both the fluid flow distribution and the FCP-increase (Vrouwenvelder
et al., 2009¢). Biofouling may be affected by a number of spacer characteristics
such as thickness, geometry, structure, material and coating. Thicker spacers with
a unique geometry have been shown to have less pressure drop and reduce the
frequency of chemical cleaning (Bartels ez al., 2008). The use of thicker spacers
in membrane modules will restrict the effect of biomass accumulation on FCP-
increase, without influencing membrane module construction.

Total membrane system

The total membrane system should be evaluated in order to develope membrane
filtration systems less susceptible to biofouling. The total membrane system
includes membrane module design, plant staging and operation. Besides
adapted feed spacers and lower number of elements in pressure vessels enabling
operation at lower flow velocities, additional adaptations may be considered to
prevent biofouling problems. Capillary NF and RO membranes may be operated
without elevated pressure drops caused by biomass accumulation. They might
also be easier to clean. However, the use of capillary membranes may require
a larger foot print. A large foot print should not be prohibitive when a stable
and long term robust process is achieved. Balancing economics of investments
versus operations to control biofouling is a logical step in developing membrane
systems less susceptible to biofouling. It is anticipated that the costs of
membrane process will be reduced significantly by rational biofouling control.

Growth limiting conditions

Biological pretreatment reduces the concentration of easily biodegradable
compounds in the water fed into the membrane filtration installation, resulting
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in lower/delayed biomass accumulation in the membrane modules (Griebe
and Flemming, 1998). However, biological pretreatment removing substrate
is no guarantee for biofouling control in practice. Another approach to restrict
microbiological growth conditions in membrane modules can be extensive
removal of an essential biomass constituent from the water. For biomass
synthesis besides carbon, nitrogen and phosphorous are essential. Very low
phosphate levels will restrict biomass growth, even in the presence of high
amounts of easily biodegradable compounds (Miettinen et al., 1997; Mohamed
et al., 1998; Lehtola et al., 1999, 2002a and Vrouwenvelder ef al., 2010c). The
feed water of most membrane filtration installations already has low phosphate
concentrations, which can be further reduced using for example thermostabile
ferritin (Hasan et al., 2007), (Figure 13.11), so that phosphate becomes the
microbial growth limiting factor. Ferritin is an enzyme that can bind phosphate
and iron. The advantage of ferritin use is the high phosphate removal rate even at
very low concentrations. A feasibility study on ferritin use for large scale water
treatment showed that the costs are similar to those of currently applied methods
(Jacobs et al., 2010). Phosphate limitation may be a suitable approach to control
biofouling avoiding the need for pretreatment to achieve an extended removal
of biodegradable compounds from the feed water. Obviously, with such an
approach to control biofouling dosing of chemicals containing phosphate and/or
materials releasing phosphate such as phosphonate based antiscalants should be
avoided.

Repetitive stress conditions

Repetitive stress conditions may control the accumulation of biomass on surfaces.
Instead of biocide dosing more environmentally friendly approaches may be
available. The principle is to create conditions unfavourable for microorganisms to
accumulate on a surface, so no biofouling will occur. The stress conditions may be
created by alternating (i) high and low substrate concentrations, (ii) high and low
salt concentrations, (iii) high and low flow velocities and (iv) feed flow reversal.
Other stress conditions, such as flushing with permeate (osmotic shock) and/or
with water containing copper (the copper solution is reused) can be applied as well.

Biofilm morphology engineering

Biofilm morphology engineering involves the manipulation of biofilms in such
a way that system performance is preferentially improved or not negatively
influenced. Biofilm morphology depends on the combined effect of growth rate
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of cells, substrate transport towards cells and detachment forces (Van Loosdrecht
et al., 1995; Kwok et al., 1998 and Picioreanu et al., 1998b, 2001). When
there is a strong substrate limitation like often in NF/RO systems and a not too
strong shear is applied to the biofilm an open, porous biofilm is formed (Figure
13.12C). Microbial growth will occur at the tips of the fingerlike structures or
streamers. These tips regularly break off and leave the module while the open
and porous structure is maintained (Figure 13.13). At the base of such an open
and porous biofilm no substrate remains, i.e. preventing biofouling of the
membrane itself (Figure 13.12C). The movement of the biofilm filaments (as e.g.
observed by Stoodley et al., 1998, 1999b; Purevdorj-Gage and Stoodley, 2004
and Vrouwenvelder et al., 2009c) prevents strong concentration polarization
due to the mixing effect a filamentous biofilm has on the mass transfer
boundary layer. It is evident that such an approach would need a well balanced
condition in the membrane module to really obtain the wanted biofilm type and
avoid the formation of a dense biofilm layer covering the full membrane area
(Figure 13.12B).

Figure 13.11 Ferritin structure, in which one of the 24 protein subunits is shown
in purple. The nearly round-shaped protein has an outer diameter of ~12nm.
Adapted from Jacobs et al., 2010
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— Direction of mass substrate diffusion to biofilm
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Figure 13.12 Schematic representation of the influence of substrate surface
loading rate (increases from left to right) and detachment force on biofilm
morphology (adapted from Van Loosdrecht et al., 1995)
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Figure 13.13 Schematic representation of sloughing and regrowth of fingerlike
biofilm structures in time. The open and porous biofilm structure is maintained at
the proper conditions
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Figure 13.14 FCP development in time (A), FCP increase (B), biomass
concentration ATP (C) and TOC (D) after 12 day membrane fouling simulator
operation with varying substrate concentrations (10S and S) and linear flow
velocities (0.3 and 0.1m/s). A combination of actions (reduction of linear flow
velocity and substrate concentration) was more efficient to control biofouling than
a single action (reduction of substrate concentration)

Combined approaches

The combinations of several approaches may be more efficient than a single
approach. In other words, by a single approach (i.e. substrate removal by
pretreatment) 100% effect should be achieved, while by a combination of
approaches (i.e. substrate removal, low flow velocities and adapted feed spacers, see
Figure 13.14) each individual approach can be less effective but the combination is
still efficient for biofouling control. A proposed combination is the use of adapted
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spacer design and lower linear flow velocities, addressed in the section promising
scenarios for biofouling control.

MOST PROMISING SCENARIOS FOR BIOFOULING
CONTROL

Biofouling tolerant conditions in spiral wound membrane systems are proposed
as the highest potential scenario for biofouling control. Two additional alternative
scenarios are proposed: (i) capillary membranes and/or (ii) phosphate limitation.

Biofouling tolerant conditions in spiral wound
membrane systems

A lower linear flow velocity in spiral wound membrane modules will result in a
(1) lower energy use, (ii) lower impact of biomass on the feed channel pressure
drop, (iii) a more fluffy biofilm that may be easier to remove from the membrane
module (Vrouwenvelder et al., 2010b). Using biofilm morphology engineering
may reduce the impact of accumulated biomass on plant performance and
facilitate biomass removal from the modules using e.g. a reversed enhanced flow.
Combining a lower linear flow velocity with adapted designs for feed spacer,
membrane module and filtration plant will result in effective biofouling control
at low energy requirements, minimal cost and minimal chemical use.

Capillary membranes

In the presence of a feed spacer the absolute feed channel pressure drop increase
caused by biomass accumulation was much higher than when a feed spacer was
absent (Vrouwenvelder et al., 2009¢). Already without biomass, the feed spacer
presence caused a higher feed channel pressure drop compared to a flow channel
without feed spacer (Vrouwenvelder et al., 2009c). Spiral wound membrane
modules without spacers are not feasible since spacers are needed for separating
the membrane envelopes and creating turbulence. An approach to operate
membranes without spacers is the use of capillary membranes. Laboratory
studies using capillary membrane modules showed practical advantages for
biofouling control compared to currently commercially available spiral wound
membrane modules with feed spacers (unpublished data). Compared to spiral
wound feed spacer membrane module systems, in capillary modules the feed
channel pressure drop was lower, biomass accumulation had less impact on the
feed channel pressure drop and the modules could be cleaned more efficiently.
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Phosphate limitation

A low phosphate concentration (Miettinen et al., 1997 and Lehtola et al., 2002a)
in the feed water of membrane filtration installations can restrict the pressure drop
increase and biomass accumulation, even at high organic substrate concentrations.
Phosphate limitation may therefore be suitable to reduce pre-treatment and
chemical use, and can be combined with other complementary approaches like
biofouling tolerant conditions to solve biofouling. In the membrane fouling
simulator under phosphate limiting conditions, dosing phosphonate based
antiscalants caused biofouling while no biofouling was observed when acids
or phosphonate-free antiscalants were used. Antiscalant dosage may increase
both phosphate and substrate concentrations of the water. Therefore, antiscalant
selection can be critical for biofouling control (Vrouwenvelder et al., 2010c).

SUMMARY

Despite extensive research efforts, past and present strategies to control biofouling
problems in spiral-wound nanofiltration and reverse osmosis membranes have
not been successful under all circumstances. Gaining insight in the biofouling
process is a first necessity. Based on recent insights, an overview is given of
12 potential complementary approaches to solve biofouling. Combinations of
approaches may be more efficient in biofouling control than a single approach.
A single approach must be 100% effective, while in combination each individual
approach can be partially effective while the combination is still efficient.
An integrated Approach for Biofouling Control (ABC) is proposed, based on
three corner stones: (i) equipment design and operation, (ii) biomass growth
conditions, and (iii) cleaning agents as a framework to control biofouling. While
past and present strategies addressed mainly membranes and microorganisms,
i.e. removal or inactivation of biomass, this ABC-approach addresses the total
membrane filtration system. It is anticipated that this integral approach will
enable a more rational and effective control of biofouling. Although in this stage
chemical cleaning and biofouling inhibitor dosage seem unavoidable to control
biofouling, it is expected that in future — because of sustainability and costs
reasons — membrane systems will be developed without or with minimal need for
chemical cleaning and dosing. Three potential scenarios for biofouling control
are proposed based on (i) biofouling tolerant spiral wound membrane systems,
(ii) capillary membranes, and (iii) phosphate limitation.
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Nomenclature

This section provides a list of the most commonly used symbols in this book.

Abbreviations

2-d
3-d
ABC
ADK
AS
ATP
AOC

BFR

CFD
CFU
DOC
EPS

FCP
AFCP
HMK
HPC

ICP-MS

two-dimensional
three-dimensional

approach for biofouling control
waterwork research facility in Andijk

anti-scalant
adenosinetriphosphate

assimilable organic carbon;
pg acetate-C equivalents/L
biofilm formation rate in glass

ring biofilm monitor

computational fluid dynamics

colony forming unit
dissolved organic carbon

extracellular polysaccharides or

exopolymeric substances

feed channel pressure drop
feed channel pressure drop increase
waterwork Jan Lagrand in Heemskerk

heterotrophic plate count

inductively coupled plasma mass

spectrometry

(_
(_
(_
(_

~— N N

(=)
(pg cm™2 or pg mL 1)
(ngCL™

(pg ATP cm ™2 day ™ 1)

(-)

(CFU)
(mgCL™")
(-)

(kPa)
(kPa or %)
(=)

(CFU cm ™2 or
CFUmL™ 1)

(-)
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MFI modified fouling index (sL™?)

MFS membrane fouling simulator (-)

mil unit of length equal to one thousandth  (m)
(1073) of an inch

MRI magnetic resonance imaging —

MTC normalized flux (mass transfer (ms~!Pal)
coefficient)

NF nanofiltration (-)

NMR nuclear magnetic resonance (-)

NPD normalized pressure drop over the (kPa)
feed spacer channel

ANPD relative increase of the normalized (%)
pressure drop X 100

P phosphate (-)

PT1 standard pressure transmitter (-)

PT2 high precision pressure transmitter (-)

PT3, PT4 sensitive pressure difference (-)
transmitter

RO reverse 0smosis (-)

S substrate (dosed to feed water) (-)

SD standard deviation (—)

SEM scanning electron microscope (-)

SEM-EDX SEM energy-dispersive X-ray (-)
spectroscopy analysis

S-MFS Spacer MFS (plastic) used for e.g. (-)
NMR studies

TDC total direct cell count (cells cm™2)

TMP trans-membrane pressure drop (kPa)

TOC total organic carbon (mgCL™

List of symbols

a coefficient (-)

Acgr effective surface area (m?)

b coefficient (-)

c coefficient (-)

Chulk concentration nutrient in bulk liquid (kgm™?)

Crnembrane concentration nutrient at biofilm (kgm™?)

surface
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Greek

Q49 cCc 3 0 ¥

Nomenclature

diffusion coefficient

hydraulic diameter (of channel)
feed channel height

diffusive flux

convective flux

permeation rate

mass transport coefficient (of acetate)
length (of membrane or MFS)
pressure drop

volumetric feed flow rate

Reynolds number

specific surface of feed spacer
Schmidt number

Sherwood number

linear flow velocity

membrane width (element or MFS)

friction coefficient
specific density
porosity of feed spacer
dynamic viscosity
kinematic viscosity
shear stress
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(kgm ™)

(kgm™'s™)
(m*s ™)
(Pa)
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Index

2,2-Dibromo-3-Nitrilopropionamide 15

A

ABC 291

Acetate load 224, 228, 242
Adenosine-tri-phosphate 26, 329
Air supply effect 245, 251
Antiscalants 265

Approach for biofouling control 291
Aromatic polyamide 7

Ashes 33

ATP 26, 329

ATP development 30, 198, 199
ATP distribution 29, 198, 199
Autopsy 174

B

Biofilm 12, 13

Biofilm channeling 201, 202, 209
Biofilm cohesion strength 255
Biofilm formation 22

Biofilm formation definition 22
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Biofilm morphology 251, 253, 302
Biofilm streamers 178-180, 203, 252
Biofilm thickness 33

Biofouling 14, 22

Biofouling ashes 33

Biofouling cohesion strength 255
Biofouling control 285

Biofouling control strategies 291, 301
Biofouling definition 22

Biofouling development 30, 198, 199
Biofouling diagnosis 42

Biofouling dry weight 33

Biofouling inhibitor 298

Biofouling morphology 251, 253, 302
Biofouling thickness 33

Biofouling tolerant membrane system 304

Bubble flow 252

C

Capillary membrane 304
Carbohydrates 33
Cellulose acetate 7
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CFD 329

CFU 329

Channeling 201, 202, 209
Chemical dosage 274, 298
Chlorine 15

Chlorine resistant 8
Cohesion strength 255
Colloidal fouling 12
Colony forming units 329
Combined approaches 303
Concentration polarisation 8, 145, 165
Critical flux 147, 161

D

DBNPA 15

Definition list 8
Desalination capacity 3
Direct observation 296
Dry weight 33

E

Effect flux 147, 176

Effective membrane surface area 107
EPS 329

Extracellular polysacharides 329

F

Feed channel pressure drop 5, 73
Feed spacer 111, 165, 190
Ferritin 301

Flat Sheet Monitor 50
Flow channelling 201
Flow velocity 228
Flushing 253, 254

Flux 5, 147

Fouling types 12

Friction factor 246

FSM 50

H

Heterotrophic plate count 26
HPC 26

Hydraulic characterisation 51
Hydraulic tests 51

I
Inhibitor dosage 298
Inorganic fouling 12

L
Linear flow velocities 226, 289
Low fouling membrane 294

M

Magnetic resonance imaging 93
Membrane autopsy 13, 24, 33
Membrane cleaning 35

Membrane coupons 83

Membrane element 9, 12
Membrane filtration installation 11
Membrane fouling 11

Membrane Fouling Simulator 52, 65
Membrane installation scheme 11
Membrane module 9, 12

MEFS 52

MEFS hydraulic test 51

MES reproducibility 56, 58

MEFS sight window 222

MFS validation 51, 56, 58, 60, 175
Model parameters 119, 120
Modelling 109, 187

Module autopsy 25

Monitor overview 66

Monitor requirements 48

Monitor set-up 68

Monitor test criteria 48

Monitor use 63, 69

Monitoring all fouling 63
Monitors on site 70
Monochloramine 15

MRI 93

N

NDMA 15

NMR 93

NMR imaging 99, 101, 179
NMR velocity profiles 102, 180
N-nitrosodimethylamine 15
Non invasive 93

Normalized flux 8, 150
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Normalized pressure drop 25
Nuclear magnetic resonance 93

o

Operational problem 22
Operational problem definition 22
Organic fouling 12

Osmosis 8

P

Particulate fouling 12
Phosphate concentrations 278
Phosphate limitation 261
Phosphorus 261

Plant performance indicators 8
Polyamide 8

Pressure distribution 80, 126
Pressure drop 73

Pressure drop transmitters 77
Pressure vessel configuration 297
Principle reverse osmosis 7
Propagator distribution 103
Proteins 33

R
Reverse osmosis 7
Risk chemical dosage 274, 298

Index

333

S

Scaling 41

Scheme membrane processes 6
Shear effect 255

S-MFS 171

Solute residence distribution 137
Solute tracer movement 138
Spacer 111, 165, 190

Spacer Membrane Fouling Simulator 171
Special case studies 41

Spiral wound membrane module 9
Streamers 178, 180, 203, 252
Substrate concentration 221
Substrate load 224, 228, 242

T

TDC 26

TFC 8

Thin film composite membrane 8
Total direct cell count 26

Tracer distribution 129

\%
Velocity distribution 107
Vertical MFS 244
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High quality drinking water can be produced with membrane filtration
processes like reverse osmosis (RO) and nandfiltration (NF). As the global
demand for fresh clean water is increasing, these membrane technologies are
increasingly important. One of the most serious problems in RO/NF applications
is biofouling — excessive growth of biomass — affecting the performance of the
RO/NF systems. This can be due to the increase in pressure drop across
membrane elements (feed-concentrate channel), the decrease in membrane
permeability or the increase in salt passage. These phenomena result in the
need to increase the feed pressure to maintain constant production and to
clean the membrane elements chemically.

This book relates biomass accumulation in spiral wound RO and NF membrane
elements with membrane performance and hydrodynamics and determines
parameters influencing biofouling. It focuses on the development of biomass in
the feed-concentrate (feed-spacer) channel and its effect on pressure drop and
flow distribution. It can be used to develop an integral strategy to control
biofouling in spiral wound membrane systems.

Most past and present methods to control biofouling have not been very
successful. An overview of several potential complementary approaches to solve
biofouling is given and an integrated approach for biofouling control is proposed.
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