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Abstract
In the last decade, pressure driven membrane filtration processes; reverse osmosis, nano, ultra
and micro-filtration have undergone steady growth. Drivers for this growth include
desalination to combat water scarcity and the removal of various material from water to
comply with increasingly stringent environmental legislation e.g. Giardia and
Cryptosporidum removal guidelines of the Surface Water Treatment Rule (USA).
Innovations in membrane manufacturing and process conditions have led to a dramatic
decrease in membrane filtration costs. Consequently, membrane filtration has emerged as a
cost competitive and viable alternative to conventional methods in drinking and industrial
water production and in recycling and reuse. The potential of membrane filtration to solve
our water quality problems is certainly only in its infancy as new applications and products
emerge. However, membrane scaling, biofouling, organic fouling and particulate fouling (in
this thesis scaling and particulate fouling were studied) exert severe limitations to the future
growth of membrane technology. Scaling, occurring mainly in reverse osmosis (RO) and
nanofiltration (NF), refers to the deposition of "hard scale" on the membrane due to the
solubility of sparingly soluble salts e.g. BaSC>4 being exceeded. Whereas, particulate fouling
is an especially persistent problem in all membrane filtration processes and refers to the
deposition of suspended matter, colloids and micro-organisms on the membrane. Problems
arising from scaling and particulate fouling are a reduction in product water flux or increasing
operational pressures to maintain flux, which translates to increased operational costs.
Membrane cleaning to remove sealants and foulants results in increased down time, energy
and chemical use, and the production of waste water adding further costs attributable to
fouling. Furthermore, if membrane cleaning is unsuccessful, the membranes have to be
replaced to maintain production capacity.
It is widely recognised that the control of scaling and particulate fouling is instrumental in
further membrane technology advancement and in decreasing costs associated with this
process. However, this can only be achieved when reliable methods are available to predict
and monitor the scaling and particulate fouling of feedwater and at present no such methods
exist. Therefore, pilot plant operation is commonly used prior to designing full scale systems.
Although this method generally provides reasonably good reproducibility, it is time
consuming and expensive. The goal of this research was to develop methods to predict
scaling (using barium sulphate as a model sealant) and particulate fouling in membrane
filtration systems. These methods can be applied as tools to determine and monitor the
efficiency of scaling and particulate fouling prevention techniques, for improvements thereof
in the absence of expensive pilot plant studies and ultimately reduce costs.
Chapter 1 of the thesis gives an overview of membrane filtration in drinking and industrial
water production and describes the most commonly occurring sealants and foulants and
existing methods to predict and control these phenomena. Limitations of the existing methods
in predicting scaling and fouling were illustrated. Whereby, at one RO pilot plant in the
Netherlands treating River Rhine water, barium sulphate scaling occurred despite
preventative measures i.e. antiscalant addition. While, under other operating conditions
without antiscalant addition, no scaling occurred despite the high scaling tendency predicted
for the concentrate. Similarly, the most widely used methods to predict particulate fouling i.e.
the Silt Density Index (SDI), and the Modified Fouling Index ( M F I 0 . 4 5 ) which simulate
membrane fouling by filtering the feedwater through a 0.45/xm microfilter in dead-end flow
at constant pressure, are not sensitive to the presence of smaller particles. Furthermore, the
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SDI is not based on any filtration mechanism and is not proportional with particle
concentration. Therefore, it can not be used as the basis of a model to predict the rate of flux
decline due to particulate fouling. In contrast, the M F I 0 . 4 5 index is based on cake filtration and
is proportional to particle concentration and can be used to model particulate fouling.
However, it does not satisfactorily correlate with particulate fouling observed in practice as it
is not sensitive to the smaller particles which may be responsible for fouling. In order to carry
out the research goal of this study, scaling and particulate fouling were split into two major
research branches with specific research objectives to establish (1) the solubility and kinetics
of scaling and to develop an approach for scaling prediction, using barium sulphate as a
model sealant and (2) an accurate predictive test to determine the particulate fouling potential
of a feedwater (further development of the Modified Fouling Index making use of
ultrafiltration membranes with smaller pores). This was followed by the application of these
methods to determine the efficiency of scaling and particulate fouling prevention techniques.
In Chapter 2, the accuracy of the most commonly employed method for predicting barium
scaling i.e. the Du Pont Manual was examined. This method predicted the barium solubility
of concentrate at the RO pilot plant of Amsterdam Water Supply (AWS) was exceeded by 14
times at 80% recovery at the fixed temperature of prediction of 25 °C. Yet no scaling
occurred at the pilot plant for more than one year at this recovery. Possible explanations;
inaccurate solubility prediction i.e. the RO concentrate were not really supersaturated and/or
organic matter complexed barium were investigated. Seeded growth determination of barium
solubility in the RO and synthetic concentrate (no organic matter) confirmed stable
supersaturation and proved organic matter had no effect on solubility. Du Pont's method
under predicted solubility by circa 30% at 25 °C. Finally, a more accurate method was
developed and verified to predict solubility (and hence quantify supersaturation) in RO
concentrate in the temperature range of 5-25 °C. This method uses Pitzer coefficients and an
experimentally determined solubility product constant ( K ) for the R O concentrate.
sp

In Chapter 3 the cause of stable supersaturation in the A W S R O concentrate, either slow
precipitation kinetics and/or inhibition of kinetics by organic matter, was investigated.
Barium sulphate precipitation kinetics; crystal nucleation, measured as induction time, and
growth were investigated in batch experiments in RO concentrate and in synthetic
concentrate containing (i) no organic matter and (ii) commercial humic acid. Supersaturation
appeared to control induction time. Induction time decreased more than 36 times with a
recovery increase from 80% to 90%, corresponding to a supersaturation of 3.1 and 4.9,
respectively. Organic matter in 90% RO concentrate did not prolong induction time (5.5
hour). Whereas, commercial humic acid extended induction time in 90% synthetic
concentrate to more than 200 hours. This was most likely due to growth inhibition as growth
rates determined by seeded growth in synthetic concentrate containing commercial humic
acid were reduced by a factor of 6. In comparison, growth rates were retarded only 2.5 times
by organic matter in RO concentrate. However, growth rates measured for 80 and 90% RO
concentrate were still significant and not likely to limit barium sulphate scaling. Results
indicate that the nucleation rate expressed as induction time is governing the occurrence of
scaling.
In Chapter 4 a more realistic method was developed to predict barite scaling based on the
assumption that a threshold induction time can be defined which should not be exceeded to
prevent scaling. Induction times were calculated for supersaturation (determined using the
Pitzer model) and temperature data from the A W S RO pilot plant from a relationship derived
from measured induction times at 25°C. Safe (> 10 hours) and unsafe (<5 hours) induction
time limits, were derived from periods when scaling did and did not occur in the R O system
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at recoveries between 86-90%. Based on these induction times, safe and unsafe
supersaturation limits were defined for 5-25 °C. Use of these limits allows more flexible
operation in optimising R O recovery while avoiding scaling. The general validity of these
limits should be verified in further pilot studies with feedwater of different quality and using
different R O elements.
In Chapter 5, the Modified Fouling Index using ultrafiltration membranes (MFI-UF index)
was developed. This index incorporates the fouling potential of smaller colloidal particles not
measured by the existing M F I 0 . 4 5 or MFI .05 tests. In order to propose a suitable reference
membrane for the MFI-UF test, polysulphone and polyacrylonitrile UF membranes of a broad
pore size expressed as molecular-weight-cut-off (MWCO) 1-100 kDa were examined in tap
water experiments. The measured MFI-UF (2000 - 13 300s/l ) were significantly higher than
the M F I 0 . 4 5 expected for tap water, (1 - 5s/l ), indicating smaller particles were retained as the
MFI is dependent on particle size through the Carmen-Kozeny equation for specific cake
resistance. However, the MFI-UF appeared M W C O independent within the 3-100 kDa
M W C O range as most likely the cake itself acts as a second membrane, determining the size
of particles retained and the resultant MFI-UF. The polyacrylonitrile membrane of 13 kDa
M W C O was proposed as the most suitable reference membrane for the MFI-UF test as cake
filtration, the basis of the M F I test, was proven to be the dominant filtration mechanism,
demonstrated by linearity in the t/V versus V plot. This results in a stable MFI-UF value over
time. Furthermore, field emission scanning electron microscopy of the membrane surface
showed the pores were circa 1000 times smaller than the pores of the existing M F I 0 . 4 5 test
membrane.
0

2

2

Chapter 6 investigated various aspects of the new MFI-UF test to establish its general use
for characterising the fouling potential of feedwater. Namely, proof of cake filtration and
linearity of the MFI-UF index with particulate concentration of low and high fouling
feedwater, reproducibility of the MFI-UF index, methods to correct the MFI-UF index for
test pressure and temperature differences to the standard reference conditions of 2 bar and
20 °C, respectively and application of the MFI-UF as a monitor to detect feedwater changes
over time. Cake filtration was demonstrated for high and low fouling feedwater as the M F I U F was stable over time and proportional to particulate concentration for all feedwater tested.
Reproducibility of the MFI-UF was found for 83% of the membranes tested from three
different batches and in five tests using one membrane with chemical cleaning of the
membrane between measurements. Correction to the reference temperature of the MFI-UF
test required only correction of the feedwater viscosity. However, all the cakes formed by the
filtration of the feedwaters tested were found to be pressure dependent i.e. cake compression
occurred. Therefore, pressure compressibility coefficients were determined for a given
feedwater and a global compressibility coefficient was calculated to correct to the standard
reference pressure. At present the MFI-UF test can not be applied to quantify the fouling
potential of a variable feedwater over time i.e. operate as a monitor, as the resultant M F I - U F
value may be due to the combination of cake filtration with depth filtration and/or
compression effects. Moreover, the delayed response in the MFI-UF index to a change in
feedwater, may be due to the history effect in the calculation of the MFI-UF via the t/V vs V
plot. More accurate measurement of time and volume is expected to resolve this problem and
warrants further research. However, results in this chapter showed that the MFI-UF test can
be used to characterise the fouling potential of a single given feedwater type and to register a
change in feedwater quality.
In Chapter 7 the MFI-UF was applied to measure and predict the particulate fouling
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potential of reverse osmosis (RO) feedwater. MFI-UF measurements were carried out under
constant pressure filtration at the IJssel Lake and River Rhine R O pilot plants of the influent
feedwater and after pretreatment processes e.g. coagulation, sedimentation, conventional
filtration, ultrafiltration, etc. Using the MFI-UF results, the pretreatment efficiency was
evaluated and a comparison made with the M F I 0 . 4 5 which measures larger particles. The M F I U F of the influent feedwater was circa 700 - 1900 times higher than the corresponding
M F I 0 . 4 5 , due to the retention of smaller particles. A pretreatment efficiency of ^80%, was
found by MFI-UF measurements at both plants. For the larger particles the M F I 0 . 4 5 gave a 90= 100% reduction. Minimum predicted run times for a 15% flux decline from MFI-UF
measurements, assuming cake filtration occurs in the RO systems, were shorter than that
observed at the IJssel Lake plant. This was most likely due to almost negligible particle
deposition in the RO systems and/or particle removal from the cake formed under cross flow.
Moreover, it was shown that cake resistance increased with ionic strength in MFI-UF tap
water experiments and therefore, a correction of the MFI-UF index is required for salinity
effects in R O concentrate. Finally, it was suggested that the MFI-UF be carried out under
constant flux (CF) filtration to more closely simulate fouling in RO systems. Preliminary
experiments were promising, the MFI-UF could be determined under CF filtration within ~2
hours for the low and high fouling feedwater examined and the fouling index I of the MFI-UF
determined in the C F mode was linear with particulate concentration. In conclusion, the M F I UF (measured at constant pressure or constant flux) was found to be a promising tool for
measuring the particulate fouling potential of a feedwater. It can be used alone or in
combination with the M F I 0 . 4 5 to compare the efficiency of various pretreatment processes for
the removal of selected particle sizes and to determine the deposition of particles in target
membrane systems.
In Chapter 8 the main conclusions of the research were summarised.
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Abstract
Initially, reverse osmosis (RO) was considered as an expensive luxury and applied only in arid regions
for desalting sea and brackish water. Advances in membrane manufacturing and process conditions have
led to a dramatic decline in costs for not only RO but also the other pressure driven membrane filtration
processes; nano (NF), ultra and micro-filtration. Consequently, these processes are increasingly being
applied for all water sources e.g. sea, ground and surface water in potable water production and in water
reuse and recycling to achieve various water treatment goals e.g. removal of salts, pesticides, Giardia
and Cryptosporidum, bacteria etc. Today, membrane filtration has emerged as a cost competitive and
viable technology and is taking over market share from competing technologies. However, membrane
scaling and fouling may exert severe limitations on future growth in membrane filtration. Scaling,
occurring only in RO and NF, refers to the deposition of "hard scale" on the membrane due to the
solubility of sparingly soluble salts being exceeded. Whereas, fouling refers to the deposition of various
material e.g. organics, particulates and occurs in all membrane filtration processes. Particulate fouling
(suspended matter, colloids and micro-organisms) is an especially persistent problem. One undesirable
consequence of scaling and fouling is a decline in membrane flux (water production) or increased
operating pressures to maintain flux with an ensuing increase in energy costs. Presently, no reliable
parameters exist to predict and monitor the scaling and particulate fouling potential of feedwater in order
to prevent these phenomena. Therefore, pilot plant operation is commonly used prior to designing full
scale systems. However, although this method generally provides reasonably good reproducibility, it is
time consuming and expensive. At RO pilot plants operating in the Netherlands treating River Rhine
Water, barium sulphate scaling (BaS0 ) and particulate fouling problems occurred. At one plant despite
preventative measures i.e. antiscalant addition, BaS0 scaling occurred, while under other operating
conditions without antiscalant addition, no scaling occurred despite the high scaling tendency predicted
for the concentrate. When scaling occurred several cleanings were required to remove it. Whereas,
particulate fouling generally requires cleaning on a regular basis. The goal of this research is to
contribute to the understanding of the processes involved in (BaS0 ) scaling and particulate fouling in
membrane filtration systems, and to develop methods to predict and prevent these phenomena. These
methods can be used as tools to determine the efficiency of scaling and particulate fouling prevention
techniques, for improvements thereof in the absence of expensive pilot plant studies and ultimately
reduce costs.
4
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Introduction

According to the United Nations Declaration of human rights (UN 1948) every human being has
the right to life sustaining resources, including water for drinking, food, industry and well being.
However, 97.2% of earths water is salt water which cannot be used for drinking, agricultural and
many industrial purposes [1]. Only 0.6% of earth's water resources are fresh water and due to
the unequal spatial distribution of water reserves and increasing populations, the per capita
availability of fresh water is decreasing [1]. Currently, 470 million people live in regions where
severe water shortages exist e.g. the Middle East, Northern India, Mexico and Western US and
projections indicate this may increase to 3 billion by 2025 [2]. The transport of fresh water, along
with desalination and water reuse may alleviate these water shortages. In particular, the use of
non conventional water resources i.e. sea and brackish water may provide a sustainable source
of fresh water. However, sea water contains a high concentration of total dissolved solids 20 000
to 50 000 mg/L TDS, while the TDS content of brackish water is lower ranging from 3000 to 20
000 mg/L TDS and waters with a TDS of only 1000 mg/L are generally unpalatable to most
people owing to the high sodium and chloride content. B y desalination, salts are removed from
sea and brackish water, lowering the TDS to potable water quality. The desalination of seawater
already generates a sustainable source of fresh water in the most arid regions of the world,
particularly, in the Arabian Gulf and North Africa. Without desalination, many of these regions
would have remained uninhabited e.g. Kuwait and Qatar where the municipal and industrial
supplies are wholly reliant on desalination. Desalination may also be the key to resolving water
disputes. For instance large scale desalination is one of the proposed solutions to increase scarce
water resources in the Israel-Palestine-Jordan region where water security is one of the major
issues in the Israeli-Palestinian peace negotiations [3,4].
Not surprisingly then, desalination has grown markedly over the years. In 1965 the world
desalting capacity was only 6000 nvVday by 2000 it had increased to 26 million mVday [5] and
is expected to double in the next 20 years representing a market increase of $US 65 billion. The
major proportion of desalting capacity today remains installed in arid regions, principally Saudi
Arabia (21%) followed by U S A (16.8%). Seawater accounts for more than half of the desalting
capacity, brackish water 25%, and the remainder comprises other sources e.g. river water.
Traditionally, the desalination of seawater in the Arabian gulf region was achieved by distillation
methods e.g. multi stage flash (MSF) and multi effect distillation (MED) taking advantage of the
cheap energy source of oil reserves at their disposal. In these processes seawater is first
evaporated and then condensed to separate it from its salt content. While M S F and M E D are
reliable technologies, they are energy intensive processes. Therefore, distillation plants are often
coupled to power plants (cogeneration plants) to save energy. A disadvantage of this is the
fluctuating demand for water and power with season and the faster growth in water demand
compared to power which makes it difficult to choose and optimise cogeneration equipment [6].
A n alternative desalination method is reverse osmosis (RO) which is more energetically
favourable as no phase transformation is required, only electrical energy to drive the high
pressure pumps to overcome the osmotic pressure of the seawater. R O is especially favourable
for seawater applications with a lower salt content e.g 21 000 mg/L (North Sea) and 35 000 mg/L
(Atlantic Sea) or for brackish water. Over the last thirty years RO has developed into a
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competitive process due to improvements in membrane technology leading to lower energy
consumption, increased reliability combined with lower specific investment costs, shorter plant
construction time and easy extension of plant capacity in comparison with thermal processes.
Hence, in recent years the R O process has increased its market share of the world desalting
capacity at the expense of thermal processes; 32.7% (1993), 35.9% in (1995), 39.5% in 1997 to
41.1% in 2000 [5].
Desalination to combat water scarcity has not been the only driver in the increased use of R O
membranes. Regulatory pressure in Europe for controlling the concentration of pesticides in
drinking water led to higher standards e.g. 0.lug/1 for the herbicide Atrazine. This led to R O and
nanofiltration membranes being considered for the removal of pesticides and for a multitude of
other treatments goals for example; removal of natural organic matter and other micropollutants,
nitrate, salts and for softening. While in the U S A the Surface Water Treatment Rule (1989)
established treatment requirements of 3 log removal (or inactivation) protozoa Giardia cysts and
Cryptosporidum oocysts, and 4 log removal of viruses [7]. These requirements might be met by
increasing the dosage of chemical disinfectants e.g. chlorine. However, amendments to the safe
drinking water act gave a maximum contaminant level for trihalomethanes (THMs) which are
oxidation by-products formed by the chlorination of surface water containing humic acid. The
increasingly stringent environmental legislation world wide thus, provided an impetus for the
development of not only R O membrane research but also other pressure driven membrane
processes namely nanofiltration, ultrafiltration and microfiltration in order to comply with new
standards. These membrane filtration processes have differing capacities for removing targeted
compounds due to their differing membrane surface characteristics. Classification of these
membrane technologies based on their pore size and the size of particles and molecules retained
compared to the conventional sand filter is illustrated in Figure 1.1.
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Figure 1.1:

Classification of the pressure driven membrane filtration processes and
conventional sand filtration based on the size of particles and molecules removed
[8].
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Like reverse osmosis membranes, nanofiltration (NF) membranes do not have visible pores and
remove salts via the solution-diffusion process. N F membranes can be considered as "loose R O
membranes" and therefore, research carried out on RO is often also valid for N F . But contrary
to reverse osmosis, nanofiltration membranes contain fixed (negatively) charged functional
groups [9]. As a consequence, the selectivity of N F for monovalant and bivalent ions is
significantly different. Typically, divalent ions are almost completely removed e.g. sulphate
rejection is 96-98% while the rejection of monovalent ions is less e.g. for chloride 55% or lower
[9]. In addition, N F may remove synthetic and natural organic compounds by size exclusion from
feedwater without complete de-mineralisation of the feedwater.
On the other hand, micro and ultrafiltration are porous and separation is achieved by sieving.
Microfiltration (MF) is a direct extension of conventional filtration into the sub-micron range,
allowing the removal of bacteria and suspended solids. Ultrafiltration membranes have smaller
pores with the pore size usually expressed as molecular-weight-cut-off (MWCO). The nominal
M W C O is a performance related parameter, defined as the lower limit of a solute molecular
weight e.g. dextran, for which the rejection is 95-98% [10]
Another membrane process used in drinking water treatment for desalting, which was introduced
in the early 1960s some ten years before RO, is electrodialysis (ED). E D however, does not use
an applied hydrostatic pressure to separate salts from salt water. Instead the driving force for this
process is an applied electrical potential gradient and ions move through an ion selective
membrane towards an electrode of opposite electric charge. For instance, anions such as chloride
in the feedwater are attracted to the anode and pass through an anion selective membrane, but
cannot pass further beyond the anode as a cation selective membrane is placed behind it. This
same process occurs on the other side but for cations, for example sodium, which pass through
a cation selective membrane to the cathode after which further movement is prevented by a anion
selective membrane. In this way the feedwater channels are depleted of salts. However, for E D
the energy consumption goes up linearly with salinity. Consequently, this method is only cost
effective to desalt brackish water. Performance of the pressure driven membrane filtration
processes and electrodialysis to achieve various treatment goals in drinking water treatment are
summarised in Table 1.1.
In the last decade innovations in membrane technology and applications have taken place at a
spectacular rate. For example ultra low pressure R O membranes which can operate at 5-12 bar
were developed. While in U F and M F the process design was changed from cross flow, where
only a part of the feedwater passed through the membrane, to dead end flow where all the
feedwater passes the membrane. This change resulted in a spectacular reduction in energy
consumption (from 5 to 0.2 kWh/m ). Submerged U F and M F membranes were developed by
Zenon called Zeeweed which operate under a slight vacuum and the feedwater passes from
outside of the membrane to inside. This allows limited pretreatment of the feedwater. Most of
the aforementioned examples have lead to a dramatic decrease in energy costs. Consequently,
membrane filtration has rapidly become a cost competitive and viable alternative to conventional
methods and has even been hailed as the most important technological breakthrough in the last
decade in not only drinking and industrial water production but also in water recycling and reuse.
A well known example of indirect water reuse is Water Factory 21 in Orange County California,
3
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where domestic waste water is treated by reverse osmosis and the potable quality reclaimed water
is injected back into coastal aquifers to prevent salt water intrusion and is partly used for
irrigation and drinking water as well. Similar ground water replenishment schemes are being
considered in other areas in the U S A e.g. Colorado [11]. More recently ultrafiltration is applied
as part of a treatment scheme for direct potable reuse in Windhoek Namibia's capital. The direct
and indirect potable reuse increases water supplies and is expected to play an increasingly
important role in water scarce regions. However, psychological considerations may postpone
large scale applications.
Table 1.1:

Performance of reverse osmosis (RO), nano (NF) -, ultra (UF) -, and micro (MF)filtration and electrodialysis (ED); (+) successful removal (-) no removal and (*)
removal depends on M W C O or use of activated carbon.
MF

UF

NF

Turbidity

llllllllillllll

•f

•I-

Crypto/Giardia

MÏÊMÉÊMiSM:

+

i|||p|||l|s|

Pretreatment NF/RO

iiinmiii!

Viruses

+

Colour/TOC

*

+•

Pesticides/taste/odour

*

+

Hardness

+

Sulphate

+

TDS

RO

ED

+

+

Ifllilll
1

Nitrate
Fluoride
Arsenic

+

•

Other recent trends in membrane filtration are the combination of two or more membrane
filtration technologies which are then referred to as integrated membrane systems. For example
the application of micro/ultrafiltration prior to nanofiltration or reverse osmosis systems. M F / U F
reduces the particulate fouling potential of RO/NF feedwater. This allows higher fluxes to be
achieved by the R O and N F membranes and hence less membrane area is required and capital
costs decrease. Two notable integrated membranes systems recently commissioned (1999) are
the Mery-sur-Oise nanofiltration plant in France and the Heemskerk reverse osmosis plant in the
Netherlands. The Mery-sur-Oise produces 340 000 m /d and employs a novel pleated
micro filtration membrane as part of its pretreatment system while the reverse osmosis membrane
system at Heemskerk produces 55 000 m /d and uses low pressure hollow fibre ultrafiltration
membranes as part of its pretreatment system [12,13]. Besides pretreatment to RO/NF, M F / U F
contributes substantially to the disinfection capacity of the whole system. Future projections are
3
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