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PROLOGUE

This book is not meant as a "do it yourself' guide to membrane technology, nor is it a
comprehensive treatise. These aims could not be met in a single volume. Instead our objective
is to provide a book for those engineers and scientists who are coming across membranes for
the first time and are interested in looking under the "bonnet" to see whether or not the
membrane engine meets their requirements. Even with this restriction, decisions have had to
be made as to what to include, what to assume, what to leave out, what to approximate.
Inevitably a balance is achieved which reflects our personal assessment of the key aspects of
the technology.

The diversity of membranes is immediately apparent to those who visit different companies or
talk to colleagues in different disciplines. A visit to a pharmaceutical company will engender a
different response to that of a doctor, an engineer in the water industry, or a process engineer
in the chemical industry. This diversity is reflected in the introductory chapters which range
over a number of membrane technologies. However, the focus of the book is on the membrane
process that has been most widely exploited - the filtration processes. For this reason the
examples given in the final four chapters are all examples of filtration processes.

Membranes are undoubtedly a successful technology, but they have failures. Such failures
occur because of over selling, over optimistic expectations, inadequate pilot testing, etc.
Failures usually occur in new applications where the technical problems have not been fully
resolved. This lack of robustness and simplicity of design has meant that certain groups have
shied away from membranes. However, environmental pressures on the wastewater and water
quality demands on potable water continue to change the separation landscape and drive
membranes along the technological and learning curves. After 30 years the technological
spotlight is once again on the application of membranes to potable water. The largest, and
lowest cost process industries in the world, have traditionally seen membranes as applicable
where water costs are high due to the lack of availability of low salinity water. This new wave
of plants is being driven by increasing water quality demands, and the increasing scarcity of
good quality supplies.

Membrane technology can be readily packaged as another chemical engineering unit operation.
To this end the early part of the book focuses on the more basic aspects that impact on the
design and operation of such processes. However, to divorce the technology from its
applications is like "learning history without the politics”. Many of the most successful
examples of membrane technology come from a more holistic approach, where the needs of
each process is considered in the context of the total process objective. For this reason the
latter half of the book illustrates several significant examples of membranes with the full
context in which they lie. In this way we hope to provide a greater understanding of the issues
than a pure distillate of experience.
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Chapter 1

OVERVIEW

Contents

1.1 Membrane Technology - What is it?

1.2 The Development of Membrane Technology

1.3 The Driving Forces of Separation

1.4 Purification, Concentration, Fractionation
1.5 Performance Limits

1.6 Membrane Structures

17 Quality, Productivity, and Life

1.1 Membrane Technology - What is it?

Membrane technology is devoted to the separation of the minutiae of particles ranging from bacteria
to atoms. To some people the concern is simply the removal of this detrious. To others the recovery
of the inhabitants of this sub-microscopic kingdom is the essential goal. In size its constituents span
some 4 orders of magnitude, and they are dominated by colloidal/molecular forces, rather than by
the gravitational forces of their larger brethren. The various inlet and outlet streams can be all
liquids, all gases or combinations. Not surprisingly membrane technology is not one technology but
many technologies with one common aspect; the use of a membrane which separates two streams
enabling materials to be selectively transported across it. As might be expected there is plenty of
commonality between these various membrane processes, but, equally, the diversity and range of
applications mean that there are significant differences. In recognition of these differences a
classification of membrane processes has developed.

Of the various membrane technologies, the class of membrane filtration is the largest and most
diverse. One of the commonest questions is where does conventional filtration end and membrane
filtration begin. In a similar vein where does ultrafiltration take over from microfiltration. To answer
this sort of question can be likened to defining where does the desert end and arable land begin; the
two are clearly different but there is obviously some arbitrariness in defining the boundary.
Nevertheless, a semantic definition provides a quick and expedient guide as to what to expect.
However, to focus too heavily on the boundary is to miss the point. Customers are not interested in

1-1
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whether something lies on one side or other of a boundary but on what that something can do for
them. The purpose of a classification is to convey the potential use.

Membrane technology is generally regarded as addressing the separation needs of sub-micron
particles. Selectivity comes through the interaction between the membrane and the surrounding
phases. Two factors contribute to selectivity, the partitioning of molecules and or particles between
the membrane and the surrounding phase, and the relative diffusion rates of these materials once in
the membrane. It is invariably the product of these two factors which contributes to the overall
selectivity of the membrane.

One feature that is common to many membrane processes, though not to all, is cross-flow.
Cross-flow involves moving fluid tangentially across the membrane surface (see figure 1.1) as well
as normal to it. The benefit is that particles/solutes that would otherwise accumulate at the
membrane surface are moved along, achieving a steady-state distribution of particles or solutes at
the interface, rather than the continually developing one that is seen in conventional filtration. The
consequence of cross-flow is that in continuous operation the flux through the membrane tends to a
constant while in conventional filtration the flux continues to fall. If higher fluxes are desired then
higher cross-flows are required.

Sm;mnslon
Dead
E nd Pro::::i:lity
Module
Timg————»
’Pumaz '
/ Water
‘ Productivity
Cross M
«» - -
Flow T O % o -
Module N\ - - entenens
PDesspeate [ Time————

Figure 1.1 Schematic illustrating difference between cross-flow and dead-end filtration.

The benefits of cross-flow do not come without a penalty, which is the energy required to move the
fluid across the surface. Fortunately, the additional cost is small compared to that required in
conventional filtration to push the fluid through a filter cake. A key factor in this effect is the ratio
of the cross-flow to the permeate flow. Not surprisingly, this ratio is a key aspect underlying the
design of membrane elements, and selecting optimal operating conditions.

1-2
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Another consequence of cross-flow is that the system is basically designed to remove only a small
proportion of the feed. Thus a feature of most membrane plants is how to design systems to
overcome this limitation (see Chapter 8).

In the last few years the boundary between conventional filtration and membrane filtration has been
further blurred with the development of hybrid processes. These processes allows some-build up of
material at the membrane surface but then the material is dislodged by passing water or air back
through the membrane. By repeating this process at frequent intervals (circa 15 min) a reasonable
flux through the membrane can be maintained. In this way the deposits on the surface have limited
effect and the membrane remains the controlling factor.

1.2 The Development of Membrane Technology

Membrane technology grew out of a 19" century endeavour to investigate a kingdom of particles
too small to be seen. With no way of seeing these sub-microscopic constituents, membranes proved
to be a useful tool to probe these invisible components. The resulting exploration that ensued
provided key ingredients in the development of molecular theory of matter, which burst onto the
scene at the start of the 20" century. In contrast it took nearly a 100 years to engineer membranes
from a scientific tool to an industrial tool.

The Early Years - A Scientific Tool

A significant contributor in these early years was Thomas Graham, a Scottish chemical physicist and
Master of the Mint. In 1861 he discovered that substances like salt and sugar rapidly passed through
parchment, whereas material like gum arabic and gelatin would not pass. Materials that permeated
he called crystalloids, since these materials could easily be crystallised. Those materials which did
not pass, typified by glues, which at the time he believed did not crystallise, he called colloids after
the Greek word for glue (Kolla). Graham showed how colloidal material could be purified from
crystalloid contamination by putting the colloid in a porous container which was then placed in
running water. The crystalloids pass through and the colloids remain. This process he called dialysis
and the transport through - osmosis.

Thomas Graham made another important contribution as a result of studying the diffusion of gases
through flat rubber membranes. In explaining his results he regarded the rubber as a liquid in which
the gas dissolves and then diffuses due to a concentration gradient. This is the so called
solution-diffusion mechanism which is an important element in the molecular theory of transport in
some of the membrane technologies.

Another early contributor was Thomas Fick, of Fick's law fame. In 1855 he made a membrane by
dissolving collodion (cellulose nitrate) in ether/alcoho! solution which he then coated onto a ceramic
thimble. This enabled him to dialyse biological fluids.

Membranes Coming of Age - A subject of scientific investigation

The first half of the twentieth century saw membranes themselves become the topic of investigation.
Bechold provided the first systematic study, and coined the term "ultrafiltration" [1]. He pointed out
that in addition to particle size effects adsorption processes play a role in the degree of separation
that is achieved. This was perhaps the first clear recognition that membrane filters frequently involve
more than a mechanical basis of separation i.e. one depending purely on size. In 1911 Donnan

1-3
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published his work on the distribution of charged species across a semi-permeable membrane[2].
Teorell[3] and Meyers and Sievers [4] were able to build on this and provide a model for the
behaviour of charged membranes which is the basis of much of our understanding of electrodialysis
membranes.

By 1927 membranes were in sufficient demand for Sartorius to start selling ultrafiltration and

microfiltration membranes. This commercial reality though was largely aimed at those who used
membranes as a laboratory tool rather than an industrial tool.

Table 1.2.1 Some early contributions in the development of membranes

Development Contributors Year
Laws of diffusion Thomas Fick 1855
Dialysis Thomas Graham 1861
Solution-diffusion transport mechanism Thomas Graham 1866
Osmotic pressure Van't Hoff 1887
Affinity effects in ultrafiltration Bechold 1906
Distribution of ions Donnan 1911
Pervaporation Kober 1916
Membrane potential Teorell, Meyer and Sievers 1935

Research into the nature of the microporous structure of membranes was severely hampered by a
fack of tools to investigate these structural aspects. A significant development came in the 60's with
the application of electron microscopy which allowed an understanding of the relationship between
manufacturing variables and membrane morphology. At last the science that underpinned the
empirical development of membrane manufacturing processes became understood, and meant that
new manufacturing processes could be quickly developed the new generation of synthetic polymers
such as the polysulphones could be exploited.

The Development of Membrane Technology - Commercialisation

Large scale commercial application of membrane technology started in the 50's, with the
development of electrodialysis membranes for the desalination of brackish water[5]. The next major
development was by Loeb and Sourirajan who successfully modified an ultrafiltration cellulosic
membrane to create a viable reverse osmosis membrane for desalination of brackish water[6]. This
opened the door, and by the mid 60's a number of companies had developed systems. Most notably
to General Atomic (now Fluid Systems) who by 1965 had manufactured and built the first large
scale reverse osmosis plant[7]. This industrialisation catalysed other membrane applications and
developments. In particular it spurred on the development of ultrafiltration membranes for industrial
usage, with applications like paint recovery in the electrocoat process. A process which is now used
throughout the automotive industry. Another development of the 60's was Nafion. As part of a study
into fuel cell technology by NASA, DuPont developed a hydrophilic type of PTFE by grafting onto
the extremely hydrophobic polyfluoroethylene backbone, side chains with charged groups{8]. It was
quickly recognised that this material could be exploited in the extremely challenging application of
the production of chlorine and caustic from salt. The 70's and 80's saw a number of chemical
companies trying to use their more advanced synthetic polymers and skills to enter the membrane
market. One chemical company which had an initial success was Monsanto who developed the Prism
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membrane, based on polysulphone, for gas separation [9]. The interest of chemical companies
waned in the late 80's and many who had entered in the 70's and 80's exited in the 90's as they
sought to streamline their businesses.

A major development of the late 70's was the development of the composite membrane by Cadotte
et al (see ref {10] for history of development). They had recognised that conventional reverse
osmosis membranes were limited because different regions of the membrane had to carry-out the
duties of mechanical support, and separation. They reasoned that if the separation layer and the
mechanical support could be manufactured from different materials and tuned to the demands of
each function, it should be possible to create a higher performing membrane. After many false starts
they eventually succeeded in generating a good interfacial composite membrane that surpassed many
others and laid the foundations for Film Tec which was later bought up by Dow in the late 80's.

As products have become established, suppliers have tried to open up new markets with varying
degrees of success. The 90's brought a new factor into the equation, that of the environment. This
has impacted on both the waste and supply side. Perhaps the largest single development has been the
developing ultrafiltration and microfiltration technology for use in the municipal production of
potable water to deal with cysts, bacteria, and viruses. What characterises many of these
developments is not the universality of the technology but how the technology has to be developed
for each application segment.

Table 1.2.2 Approximate dates for commercialisation of membrane technology for various applications

Industrial Application C ialisation Technology
Desalination of brackish water 1952 Electrodialysis
Desalination of brackish/sea water 1965 Reverse Osmosis
Paint recovery (Electrocoat) 1965 Ultrafiitration
Chlorine/caustic production 1972 Electrosynthesis
Hydrogen recovery 1979 Gas separation
Alcohol removal from water 1979 Pervaporation
Softening of hard water 1990 Nanofiltration
Filtration of potable water 1994 Microfiltration

As table 1.2.2 highlights different applications demand different membrane technologies (see table
1.2.3). Sometimes different membrane technologies can be used to solve the same problem. For
example both reverse osmosis and electrodialysis can be used to produce potable water from sea
water. In the former water is passed through the membrane , while in the latter the salts are
removed. A comparison to determine which is best inevitably depends on the customers
requirements, and circumstances. Despite the obvious differences in the various membrane
technologies there are many common features at a fundamental level (see Chapter 2 and 3).
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Table 1.2.3 List of various membrane technologies and abbreviations used

Technology Abb Technology Abb Technology Abb
Reverse osmosis RO  |Gas Separation GS  |Gas Contacting GC
Nanofiltration NF  |Membrane Distiliation MD  |Dialysis D
Ultrafiltration UF  |Pervaporation PV |Haemodialysis HD
Microfiltration MF  |Electrodialysis ED |Haemofiltration HF

Electrosynthesis ES |Membrane Bioreactors MBR

1.3 The Driving Forces of Separation

For processes like crystallisation, distillation, adsorption, the separation achieved is related to the
thermodynamic stability, with kinetics serving to dictate the time and size of plant required. In
contrast for membrane processes separation is determined by the relative kinetics of permeation,
with thermodynamics providing the time-scale and size of plant required.

Irreversible thermodynamics provide the framework for understanding membrane separations. The
driving force for separation comes from gradients in thermodynamic variables. Commercial
separation processes are governed by the differences in 1 or more of four thermodynamic factors

»  Pressure

« Concentration

« Electric Potential
Temperature

that exist between two phases being separated by the membrane. In response to these forces there
are flows of mass, heat, electricity. At a local level the relationship between the forces, X, and
fluxes, JJ, is a linear one of the general form

Ji =2, LygX; (1.3.1)

where the L, are phenomenological coefficients to be provided either by experimentation or
molecular theories. These coefficients occur in a variety of problems and many have been given
names (see table 1.3.1). In the application of these principles to membranes the problem frequently
becomes more complex in that the coupled sets of equations have to be solved over regions.
Nevertheless the linear nature of the equations means that the fluxes are in general related to the
differences in the thermodynamic properties of the two phases on either side of the membrane.

Table 1.3.1 Relationship between thermodynamic driving forces and fluxes

FLOWS DRIVING FORCE
Pressure Concentration Potential Temperature
Volume Flux Filtration Osmosis Electro-osmosis Thermo-osmosis
Solute Flux Piezodialysis Dialysis Electrodialysis Thermo-dialysis
Tonic Current Streaming  Reverse Electrodialysis Ionic conduction Thermo-electricity
Heat Flow Thermal osmosis Thermo-potential ~ Thermal conduction
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These thermodynamic forces are exploited in a number of different ways to give rise to a wide
variety of membrane processes (see Table 1.3.2).

Table 1.3.2 Membrane technologies can be classified by the thermodynamic variables they exploit.

Driving Force Separation Process

Potential difference (Voitage)  Electrodialysis, Electrosynthesis, Bipolar

Pressure difference Reverse Osmosis, Nanofiltration, Ultrafiltration,
Microfiltration, Gas Separation, Haemofiltration

Temperature difference Membrane Distiliation, Pervaporation,

Concentration difference Dialysis, Haemodialysis, Gas Contacting

For the most part the different processes arise out of using different membranes to meet the different
needs of applications. Some work has gone into membrane processes which used combined fields;
most notably the use of potential fields to control fouling in pressure driven processes. To date
though these process have not proved sufficiently attractive for large-scale development.

While thermodynamics provides a framework for separation it does not provide a mechanism for
separation. Even in filtration processes it was recognised that separation was more than that of
sieving. In general the relationship of

« Size
+ Charge
Affinity

between the membrane and the feed all play a role in determining the selectivity. The relationship
between the size of particulates in the feed and the pores of a microporous membrane is a basis for
separation. However, for large polymeric molecules conformational fluctuations can allow them to
slip through pores much smaller than their radius of gyration might suggest. One can express this
relationship as a solubility with size exclusion being an extreme example of the relationship. Size and
conformation are not the only factors that determine solubility. Most colloidal materials carry some
charge. If the charge on the colloid and the membrane are similar then there will be a tendency to
exclude the colloidal material. Another fundamental factor that influences the separation is how fast
the molecule or particle diffuses. At a fundamental level a recurring theme in membrane separation is
that the power to separate two constituents is given by the the ratio, a , of the solubility, s, times
diffusivity, D, for each component

D :
oy = (13.2)

from which it can be seen that the separation power is a product of a thermodynamic factor (relative
solubility) and a kinetic factor (relative diffusivity).

A general equation which embodies the issues discussed above is
Solute Flux = Concentration * Mobility * Force (1.3.3)
One further point which is worthy of attention is that the thermodynamic force is the gradient of the

thermodynamic parameter. In many cases this can be approximated by the difference in the
thermodynamic variable across the membrane divided by its thickness. Thus, the flux can be
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increased by decreasing the film thickness or increasing the thermodynamic difference. Films as thin
as 500 nm have been manufactured. Such thin films create many practical issues of how to handle
and support them, without damaging them. For other reasons flux values are usually set by the
application and other operating conditions, so reductions in thickness are usually reflected in
reductions in the apphed force.

In some applications a lot of the energy supplied is there to overcome the thermodynamic free
energy difference between the inlet and outlet phases. Equally there are many cases e.g. MF, UF
processes where the energy supplied is principally there so that a separation can be carried out in a
short time, or as a continuous separation in a small volume.

1.4 Purification, Concentration, Fractionation

Membranes are used for

* Purification
® Concentration
* Fractionation

Typical examples of purification occur in the fine chemical and pharmaceutical industries where
membranes are used to purify products by purging low molecular contaminants through the
membrane. An "inverse" example that is carried out in the food industry is to use a membrane to
retain the heavier colloidal components and give a "clear" permeate product. The result is a product
with a longer shelf life.

In effluent applications membranes are used to concentrate waste products, and hence reduce the
volume to be shipped and disposed. In recovery applications such as in the paint industry membranes
are used to concentrate the product to a level either sufficient for selling or to allow it to be
recycled.

Membranes do not usually provide a sharp separation based on molecular weight. However, the
fractionation that can be achieved is sufficient for its wide use in the processing of biological fluids,
e.g. blood.

1.5 Performance Limits

Productivity and separation are dependent on the permeation kinetics of the various constituents,
and these will vary with the materials and structure of the membrane. Limits to these parameters set
a guide to what is feasible and what is unfeasible. They also provide a guide to the structure and
design of membranes. A simple illustration is provided through consideration of flow through a
homogeneous microfiltration membrane. The maximum flux through such a material occurs if it is
made up of a uniform set of parallel pores running across the membrane. The flow through the pores
is invariably laminar, so that Hagen-Poiseuille's equation applies. Summing the contributions from all
pores gives a simple relation between the flux, J, and the pressure drop across the membrane AP:

JZSET (1.5.1)
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where, €, is the porosity,n, is the viscosity, a is the pore radius, and L is the membrane thickness.
The size scale of pores in a microfiltration membrane is some 4 orders in magnitude larger than in
reverse osmosis, and as a consequence the flux will be 8 orders in magnitude less if other things are
left equal (see table 1.5.1). For a 100 micron thick film with 0.1 micron pores the pressure loss is a
modest 0.1 bar. Reduce the pores to 10 A (tight ultrafiltration) and the minimum pressure rises upto
1000 bar to maintain the same flow!

Table 1.5.1 Maximum water permeability of a membrane (porosity = 0.88) of various pore diameters and
thicknesses. Also includes minimum operating pressure that would be required to deliver a flux of 160 L

wihr!
Pore Diameter Film thickness Permeability Pressure
nm um L/m%/bar bar

100 100 0.28 0.1

10 100 0.0028 10.0

1 100 0.000028 1,000.0

1 10 0.00028 100.0

1 1 0.0028 10.0

1 0.1 0.028 1.0

This indicates why the smaller the pores the thinner must be the active separating part of the
membrane. Thus for reverse osmosis the active layer of the membranes is less than 0.1 microns in
thickness.

Making thin films is not difficult but handling them is, and handling films less than 1 micron in
thickness in air presents numerous practical issues due to strong electrostatic forces. Practically the
problem is overcome by creating membranes with a graded microporous structure (asymmetric
membranes), where the critical separation layer is only at one face of the membrane. Thus, in the
manufacturing of ultrafiltration and reverse osmosis membranes, the key is to create an asymmetric
structure with fine pores on the side facing the feed and more open pores on the other.

In molecular separations transport models are not so simple. However, within any class of materials
there does appear to be a trade-off between permeability and selectivity, with more permeable
materials having lower selectivity. One of the most significant of these trends is shown in figure 1.5
for oxygen/nitrogen separation through polymeric materials. The lack of any highly selective
membrane with high permeability has meant that applications such as oxygen enrichment for
combustion still remain a tantalising opportunity, despite considerable research effort and piloting.

However, the limitation observed in polymeric materials appears to be associated with the type of
molecular interactions. In materials which have different molecular characteristics quite different
permeabilities and selectivities are observed. A noted example of this is the production of high purity
hydrogen, which uses a metal membrane composed of palladium. The great selectivity of these
membrane provides hydrogen of the highest purity (99.9999 %)[12]. A rare example of a membrane
that provides extremely high selectivity.
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Figure 1.5 Trade-off between selectivity and gas permeability (data from{11]). 10" Barrer corresponds
to 1 enm’(STP) em” s (em Hg)' (cm thickwess).

If the membrane material cannot be made any more permeable, it raises the question can it be made
thinner? Certainly there does appear to be some scope for this in processes like gas separation.
However, the major practical problem is how to make thin films without defects on the scale, and at
the cost required.

While improving permeation rate by using more permeable membranes or higher driving forces
might seem desirable there is a limit to the benefit that can be obtained. This limitation comes from
two directions. The first is a practical one, that as the permeability gets higher it becomes more
difficult to get the fluid to the membrane surface without incurring a pressure drop penalty. The
second is a phenomenon called concentration polarisation, which creates a selectivity penalty
(Chapter 6).

1.6 Membrane Materials and Membrane Structure

1.6.1 Infroduction

In reading the research and patent literature one might think that any material can be made into a
membrane. Fortunately, most such membranes have academic rather than commercial value.
Nevertheless, the number of materials that are available is large, and viable membranes can be made
from polymers, ceramics, inorganics, and metals. This variety stems from the fact that there is no
such thing has a perfect membrane material. One membrane material might be the best for one
application but hopeless at another. For a membrane to be viable it must not only have the necessary
performance properties but also statisfy a number of secondary properties (see table 1.6.1)
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Table 1.6.1 Secondary features of membranes.

Property Feature Property Feature

Thermatl ® Temperature Limit Hydrophilicity ® Bubble Point

® Activation Energy ® Breakthrough pressure

® Sterilisation ¢ Adsorption properties
Mechanical ® Maximum Operating Pressure | Hygiene ® Particle shedding

® Scratch resistance ® Leachables

* Indentation ' * TOC

® Yield Strength
Chemical ® pH tolerance Sorption ® Organic uptake
Stability ® Oxidative Degradation

® Swelling

® Degradation

Biological ¢ Biocompatability Other ® Radiation Resistance
® Biodegradation

Membranes come in a wide range of forms, and structures. While many materials come in more than
one form there is frequently a processing reason which can make it difficult to obtain a particular
material in a desired format. At the macro-scale there are three main forms

® flat sheet

*  hollow-fibre

* tubular
Tubular membranes differ from hollow-fibre only in that their larger diameter means that they have
to be supported. Other variants, such as reticulated surfaces to encourage mass transfer, have been

investigated but remain at the margins of the commercial world with their interest being essentially a
scientific one.

Table 1.6.2 Summarises the various manufacturing processes that are used to create membranes

Structure Membrane Process Manufacturing Process
Dense Homogenous ED, ES, GS ® Cast
® Extrusion
Composite ED, ES ® Lamination
& Reaction

Microporous |Homogenous MF, UF, HD, MD  |® Stretching,

® Sintering

® Track-etch

Asymmetric MF, UF, RO, GS, HD |* Solvent Phase Inversion

& Thermal Phase Inversion
Composite RO, GS, PV ® Coating

¢ Interfacial polymerisation,
® Plasma

® Lamination
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Close examination of each membrane form reveals a wealth of structural detail and variation. Much
of the detail which derives from the manufacturing processes (see table 1.6.2) is optimised to meet
both the needs of the application and the mechanical requirements during handling and operation.
Some of the features are however incidental.

1.6.2 Dense Films

The simplest structural type of membrane is the dense polymer film. Such materjals are nearly
exclusively of the ion-exchange type and are used in electrically driven or dialysis type processes.

Electrodialysis uses dense films of anion and cation exchange polymers. These membranes were
based on cross-linked styrene-divinyl benzene chemistry with the negative charge being introduced
by sulphonic or carboxylic acid groups. Anion membranes are available based on aliphatic chemistry
with the positive charge being introduced through quaternary ammonium groups. These materials
show good resistance to harsh environments pH 0-10. More recently acrylic based anion exchange
membranes which have good oxidative resistance have become available. The large number of
ionizable groups make the materials extremely hydrophilic and without the cross-linking there would
be a tendency for them to dissolve. Typically membranes are several hundred microns thick, and are
sometimes reinforced with a suitable polymer mesh to ease handling. having thinner membranes does
not lead to a significant benefit since the impedance is largely associated with the solution between
the membranes.

The 1970's saw the development of Nafion. The polymer is essentially PTFE with a perfluorinated
side chain carrying a charged sulphonic or carboxylic acid group. The polymer resists swelling by
having regions of crystalline PTFE. Some of the unique properties that derive from such materials
derives from their microstructure. The hydrophilic groups tend to aggregate and form clusters some
40 A in size. These regions provide conduits for water and charge species to pass through the
otherwise hydrophobic polymer. The high local charge density created gives the material its
"superselectivity". Higher selectivities are achieved with carboxylic materials rather than with
sulphonic acid materials. In order to get the correct balance of properties a laminate of more than
one of these polymers is sometimes used. As with electrodialysis membranes there is often a
reinforcing PTFE mesh to give additional mechanical robustness. Another development during the
1680's was a laminate of a cationic and anionic material. The so called bipolar membrane could be
used to split water and hence simultaneously produce acid and base during electrodialysis.

In the late 80" s Dow brought out a hollow-fibre membrane with a dense film of 1,4-methylpentene
polymer for gas separation. the membrane wall thickness was around 10 microns in thickness. The
thickness meant that the net flux was low, but this was partially compensated by making the
membrane in the form of hollow-fibres with an outer diameter of 60 microns.

1.6.3 Homogenous Microporous Membranes

There are a large number of microporous membranes, made by a variety of processing methods.
Each product has found a number of niche markets. PTFE membranes are widely used in laboratory
work on account of their inertness. On the large industrial scale the stretched polypropylene
membranes of Enka and Memcor have found the widest application.
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Table 1.6.3 Some of the homogeneous microporous membranes, methods of manufacturers

Manufacturer Material Technology
Nuclepore Polycarbonate Track-Etch
Gore Gortex - PTFE Stretching
Enka Accurel - Polypropylene Stretching
Memcor Polypropylene Stretching
Gelmans Science Repel - Polyacrylic Photopolymerisation

1.6.4 Asymmetric Membranes

As discussed in section 1.4 asymmetric membranes provide a way of having a thin membrane form
that can be handled. UF, NF, RO, GS processes all use asymmetric membranes. Even a number of
the microfiltration membranes' utilise this structure. In these process the dense layer is presented to
the feed solution.

Some degree of asymmetry is absolutely essential to make reverse osmosis work, since the key
separating layer has to be extremely thin (typically 500-2000 A). The remainder of the material is
there to provide mechanical support and allow one to physically handle the material. If the wrong
side of the membrane is presented to the feed there would be severe polarisation due to the stagnant
layer of liquid trapped in the membrane. While the support layer is there to provide mechanical
support for the separating layer it can have some impact on the permeability. Pressure lost in the
sub-structure reduces the permeability of the membrane, and in the case of reverse osmosis it also
serves to reduce the separating power. Conversely, if the support structure is very porous it means
that defects in the separating layer can become more significant. In other words the sub-structure
throttles the effect of defects in separating layers. Thus it can seen that there is a practical element to
balancing various features in the membrane structure.

Develop t of the Asy tric Reverse Osmosis Membrane

Asymmetry also plays a significant role in cross-flow membranes. In the development of the
reverse osmosis membrane by Loeb and Sourirajan it was noted that about 50 % of the
membranes did not perform properly. It was eventually discovered that this was determined
by which way round the membranes were placed in the test cells (see Loeb [6] ). Good
performance was achieved when the shinier of the two surfaces was presented to the feed. It
was then recognised that the reflective properties indicated differences in microstructure;
the matt surface was covered with micropores, while the shiny surface was closed. 4
distinction easily recognised today with modern electron microscopes, but not so easy in
the 50's when such devices did not exist.

Two types of microporous structure are commonly seen. The basic type is known as the honeycomb
and consists of an interpenetrating network of pores and polymer (see figure 1.6-1). The other type
is the macro-voided structure. In this type of membrane a regular pattern of macro-voids grow down
from the top surface. Macro-voided structures tend to have higher permeability and are mechanically
weaker than the honeycomb structure.

For some microfiltration cartridge filters the opposite orientation is sometimes used with the large open pores
facing the feed and becomes smaller as one moves through membrane. This depth filter configuration is
designed to maximise the dirt holding capacity and keep the pressure rise that occurs has solids accumulate
to a minimum. The latter arises has a result of solids distributing itself more uniformly across the membrane,
with the coarse at the front end and the fines at the tighter end.
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Outside the difficulty of making such free standing films with high porosity, there is a major
mechanical handling question. The practical way round this is to create membranes with a graded
microporous structure (asymmetric films).

Figure 1.6-1 shows a scanning electron micrograph of sections through two ultrafiltration membranes
without backing support. The thickness of the layer is approximately 50 microns in both cases. The left
picture shows the honeycomb structure. The right shows the presence of macro-voids. In both cases
there is a noticeable asymmetry of the pore size with the more finely porous side acting as the filtering
surface, and facing the feed solution.

Manufacturing Asymmiric Membranes - Solution Phase Inversion

The most common method of manufacturing asymmetric membranes is known as solution phase
inversion. The process consists of dissolving a polymer in a suitable solvent, and then casting
this on to a cloth. After a small time the cloth and the attached polymer solution film are
quenched in water. Water diffuses into the cast film which becomes thermodynamically unstable
and expels the now non-solvent to create a honyecomb structure. The effect of water is to create
an unstable polymer solution that phase separates. It is the nature of this process that creates the
detailed microstructure. By carefully selecting the solvents, and adjusting the time the cast
membrane sees air before it quenches the asymmeitry and structure of the membrane can be
controlled .

Typically asymmetric membranes are about 150 microns thick, made up of 95 microns of backing
cloth, and 50 microns of membrane.

1.6.5 Composite Membranes

The major problem with asymmetric reverse osmosis membranes is that one material has to
carry-out all the functions e.g. separate, support, protect. It therefore seems only natural to try
making a membrane from layers of different material designed for each function rather a compromise
material for all functions.

In the late 70's Monsanto were developing polysulphone membranes for gas separation. The
membrane structure was similar to the cellulose reverse osmosis membrane but made from
polysulphone. The major problem though was that to achieve the permeability required meant that
the dense film had to be very thin, and in manufacture this led to defects which have a profound
effect on performance. Monsanto overcame this problem by overcoating the membrane with a
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coating of highly permeable polydimethylsiloxane (PDMS). The coating process plugged the defects
and it is readily shown that while the coating has only a marginal effect on the permeability of the
membrane, it dramatically reduces the effect on the defects, and hence substantially improves the
selectivity.

One of the most important composite membranes is the interfacially polymerised membrane
developed by Film Tec (now owned by Dow). The membrane was the culmination of more than 10
years of research, and is formed by reacting two monomers on a polysulphone support to form a
polyamide coating.

Figure 1.6-2. Scanning electron micrograph of the surface of an interfacialy polymerised membrane
produced by Film Tec (approximately 2 by 5 microns in size). Interfacial membranes exhibit a complex
surface structure, unlike more traditional membranes which are totally smooth at this magnification.
Some of the high flux characteristics of interfacially polymerised membranes has been attributed to this
roughness.

Another popular method of making composite membranes is by dip coating. This process involves
coating an ultrafiltration membrane with a very dilute polymer solution, and then drying off the
solvent. The major difficulty with this method is to choose a coating formulation that will not
significantly swell the supporting structure during coating. Dip coating is also widely used to apply a
protective layer on top of the membrane to protect it during manufacturing. Another layer that is
sometimes required is a drainage layer. This consists of a thin coating of a highly permeable polymer,
with little intrinsic selectivity. This layer is needed if the top surface of the ultrafiltration layer is of
low porosity.
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Various chemical treatments are sometimes employed to enhance particular physical and chemical
characteristics, e.g. enhance the hydrophilicity of the surface by attaching negatively charged surface

groups.

1.6.6

Ceramic membranes grew out of a need for the nuclear power industry to separate the isotopes of
This was achieved by utilising Knudsen diffusion through a ceramic layer with pores in the

uranium.

Backing Cloth

80-100 microns

]
Protective
Ultrafiltration Layer Layer
S0 picrons Separating
Layer
Dralnage

Layer

Figure 1.6-3 Structure of a composite RO membrane made on a woven support. The key separating
layer is imperceptible at the magnification shown and is supported in this case by a thin drainage layer,
and protected by a thin highly permeable/non-selective coating to avoid damage during handling and

manufacture.

Ceramic Membranes

range 6-40 nm.

Knudsen Diffusion and Uranium Isotope Enrich ¢t [13]

When the mean free path of a gas molecule is larger than the diameter of a pore then it is
more likely that the faster smaller molecule will enter the pore. This is known as Knudesn
diffusion, and provides a basis for separation on gigantic scale. The theoretical maximum
separation between two gases is given by the square root of the molecular weight ratio.
Despite the small difference in molecular weights of uranium 235 and 238 Knudsen diffusion
has been used effectively to enrich Uranium. The process separates uranium by forming
uranium hexafluoride (UF ), a gas, and uses a ceramic membrane. The enrichment factor is
extremely small (1.0043), and thus to achieve the modest enrichment from, 0.7 to 3 %
required takes more than a 1000 stages. For economic reasons the plants used for this are
enormous (circa 2,000,000 m’ of membrane). It is reported that despite the aggressive nature
of UF, the Eurodif plant in Southern France is still operating satisfactorily after 20 years
with its original membranes!

With the
business,

emergence of new methods of separating isotopes, and the limited scope for replacement
the companies (SFEC, Ceraver, Norton ) that had developed these membranes turned
their energies to non-nuclear applications. Today a number of companies market ceramic
membranes. These membranes are usually of a monolithic structure. By selectively coating the
various tubes one can manifold the flows through the device. Ceramic membranes offer good
thermal and abrasion resistance. However, per unit surface area they are more expensive than most
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polymer membranes. As well as the high cost of ceramic membranes they are vunerable to brittle
failure. The monolithic structure helps to overcome some of the handling issues, but it does
represent an issue when designing a device, e.g. the sealing arrangements. Ceramic membranes are
now available in zirconia, alumina, and titania. Zirconia membranes offer the coarest in size
(microfiltration) while titania can be made with pores in the nanofiltration range. Like their polymer
bretheren as the pores become finer the membranes have to be made more asymmetric. This is
achieved through fabricating the membrane in a series of layers with different ceramic materials.

In the late 80's Anotec developed a ceramic membrane (Anopore- now marketed by Whatman) made
by anodic oxidation of aluminium. By controlling the conditions the alumina membranes could be
made within a wide range of pore sizes, and with a symmetric or asymmetric structure. These
membranes are extremely fragile and have to be specially mounted so as to avoid undue mechanical
stresses being applied during handling and use. One solution to the mechanical weakness of ceramic
membranes was developed by Ceramesh Ltd. Their ingenious solution was to mount a zirconia
coating on an incone! wire mesh. The manufacturing process resulted in the mesh acting like
reinforcing rods in concrete. As a result a ceramic membrane was made which had sufficient tensile
strength and flexibility that it could be wound into a spiral element.

1.7 Quality, Productivity, and Life

This section illustrates the interactions between Quality, Productivity and Life. The quality of a
membrane process is determined by the selectivity of the membrane, while the productivity is
determined by the amount of membrane and its permeability. However, the membrane only sets the
ultimate limit of what can be achieved. The feed, system design, operating conditions all restrict the
scope and limit the performance that can be obtained from the membrane system. Each application
brings different factors to bear, and thus for design an understanding of these factors and their
interaction is required (see figure 1.7).
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Figure 1.7 Quality parameters depend on 4 different types of factor.

An essential element in new applications is establishing these interactions, which is invariably done
through laboratory and pilot testing. From these the basic design parameters and contingencies can
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be derived. The complexity of these interactions make the design process more than a simple recipe.
Some examples of how these various factors interact follow. Further detail is given in the ensuing
chapters.

Feed

The initial design question is as to whether or not a membrane can achieve the separation required.
However, it is the secondary components that often limit the life expectancy. For example cellulosic
membranes will hydrolyse if not operated between a narrow pH range. Particulate fouling in reverse
osmosis sets the maximum flux, and hence pressure that the membranes can be run at to avoid undue
fouling.

System

The larger the application the more membrane area that is required. This poses the question of how
should the membrane be packaged. As one increases the membrane area the more pressure that is
going to be lost in getting the feed to and from the membrane. This not only produces a productivity
loss but a selectivity loss.

Operation

The structure of the membrane, and how it is package sets limit to the pressures and temperature at
which the membrane can be operated at. The build-up of solids on the membrane surface have to be
remedied by a physical or chemical cleaning. The frequency of the cleaning process limits the
productivity. Cleaning is frequently required to combat the problem of fouling. This is not only a tax
on the productivity, but if an aggressive agent is used it can slowly degrade the membrane.

Membrane

While the selectivity of the membrane set the limits of what can be achieved it is frequently its
physical and chemical properties that limit the conditions under which it can be used. For example
microporous membranes made from polytetrafluoroethylene (PTFE), which is very chemically
resistant and very hydrophobic, is mechanically weak. The latter has consequences of how it can be
used in an element, and what conditions it can be used under.
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Chapter 2

MEMBRANE TECHNOLOGIES

Contents
2.1 Introduction
2.2 Pressure Driven Processes
2.3 Electrically Driven Processes
2.4 Thermally Driven Processes
2.4 Concentration Driven Processes

2.1 Introduction

Membrane technology is used across a whole range of industries. There is no single membrane type
at the root of these applications, nor a single technology. However, specific applications and
developments have fuelled its growth and provided the seeds for subsequent opportunties. For
example the early 60's saw the emergence of reverse osmosis for the desalination of sea water. Once
created it was not long before a vast range of additional applications emerged, from improving the
clarity of ice crystals, to dewatering of fruit juices. The 1990's has brought the environment and
water quality as key drivers for the advancement of membrane separation technologies, and with it
the interest in water re-use and product recovery processess.

2.2 Pressure Driven Processes
Filtration Processes

In value terms, filtration processes are the most important group of membrane processes for
industrial users. At the top end of the scale there is microfiltration which deals with particles at the
boundary of visibility, such as biological cells. Despite being the oldest of the filtration technologies,
microfiltration is perhaps the least mature, and offers great potential. At the other end of the scale
there is reverse osmosis which deals with the separation of ions and small molecules from water.
Historically, reverse osmosis has been called hyperfiltration, but the term reverse osmosis reflects the
fact that there is frequently a significant thermodynamic component to be overcome in the
separation. Inbetween there lies the processes of ultrafiltration and nanofiltration. The former is
principally concerned with separation of macromolecules ranging from molecular weights of a few
thousand to a million, and in market terms has the largest value. The latter is concerned with the
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separation of smail low molecular weight non-volatile organics from water. Over the last ten years a
small band of processes that lie between traditional ultrafiltration and reverse osmosis designs has
developed. Emphasis of this difference has been created by caliing such processes nanofiltration.

Water $Salts  dogae Virnses Baooteria, Cysts

Figure 2.2-1 Filtration processes for separation, clarification, and concentration extend from the rejection
of salts to the refection of bacteria.

A precise definition for the various technologies is frequently given in terms of size, and or
molecular weight (see table 2.2.2). The reality though is that there is no key principle separating one
technology from another. However, the terminology is more than just one of semantics. The
classification is there to convey a difference in the importance of various features which have
significance in the use, design, and application of the technology. Thus, the boundaries should not be
regarded as rigidly defined, but as an indicator of technology differences. In keeping with the
different uses the various membrane technologies are characterised in different ways. Microfiltration
membranes are characterised in terms of pore size, while ultrafiltration membranes are normally
described in terms of a molecular weight cut-off (MWCO).

Table 2.2.1 Characteristics of filtration processes.

Process Separation Principle Size MWCO Rejection
Technology Range Characterisation
Microfiltration Size 0.1 pm - 1 pm - Absolute, nominal, or beta
Ultrafiltration Size, Charge 1 nm - 100 nm > 1,000 MWCO
Nanofiltration Size, Charge, Affinity ~1nm 200 - 1,000 Rejection, MWCO
Reverse Osmosis ~ Size, Charge, Affinity <1nm <200 Rejection

As might be expected the operating parameters for these filtration processes vary drastically, with
microfiltration processes offering a high recovery of feed at low pressure, while reverse osmosis
offers lower recoveries at much higher pressures.
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Table 2.2.2 Typical operating parameters and membrane materials used for pressure driven processes

Process Material Typical Operating Range Rejected Species
Technology Pressure Recovery
Microfiltration Polymers 0.5 - 2 bar 90-99.99 Bacteria, Silts,
Ceramics Cysts, Spores
Metals
Ultrafiltration Polymers 1-5bar 80-98 Proteins, Viruses,
Ceramics Endotoxins, Pyrogens,
Nanofiltration Polymers 3 - 15 bar 50-95 Sugars, Pesticides
Reverse Osmosis Polymers 10 - 60 bar 30-90 Salts, Sugars

Membrane filtration processes are used to concentrate constituents, extract water, and exchange
electrolytes. Fractionation is possible, though sharp selection on the basis of molecular weight is not
a key characteristic of membranes. However, it is sufficiently sharp to provide a useful separation in
the case of blood, (haemofiltration) where blood is retained and low molecular weight materials pass
through the membrane.

Along with the change in particle size separation goes a change in basic characteristics of devices.
The essential feature in going from RO to MF is that the characteristic dimensions of the devices
become larger, as do the cross-flow velocities, and fluxes (see table 2.2.3).

Table 2.2.3 Typical dimensions and conditions in membrane filtration devices (the RO figure refers to
that of a typical spiral wound element, while the UF and MF figures refer to that used in hollow-fibre
devices). These figures are derived from devices designed to treat thin waters (i.e. systems with viscosity
close to that of water).

Technology Distance Between Cross-flow Flux
Membranes Velocity L/m2/hr
cm cm/s
Reverse Osmosis 0.05 10- 25 40 - 90
Ultrafiltration 0.1 25- 100 50 - 150
Microfiltration 0.15 100 - 300 100 - 200
Reverse Osmosis

Reverse osmosis has its roots in desalination of sea water, and brackish water, and to this end is now
widely used throughout the world. From this starting point, the use of reverse osmosis has extended
to process waters, where it can provide a reduction in dissolved solids, or reduce the load on
ion-exchange plants. The potentiality of membranes to dewater many food related products was
established and plants can be found treating anything from apple juice to soy sauce. One of the
attractive features of membranes is that the separation can be done under ambient conditions and
hence avoid the denaturing effects of heat. The electronics industry has found that the water quality
is one of the critical factors in obtaining high production yields (figure 2.2-1). As integration density
has increased, the water quality requirements have steadily risen [1]. A typical water treatment unit
for electronics applications may have up to 20 different stages of treatment, and very exacting
standards of materials of construction.
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Table 2.2.4 Some of the requirements for electronic-grade water Type E-1

Scale of  Resistivity TOC Si02 Bacteria
Integration MOhm.cm ppb ppb count/mL
64K-bit 15 1,000 30 1
256K-bit 17 200 10 0.1
1M-bit 17.5 100 5 0.05
4M-bit 17.5 50 5 0.01

Nanofiltration

During the 60's and 70's the focus of the reverse osmosis manufacturers was very much directed to
increasing rejection and or increasing the productivity. However, towards the end of the 70's the
idea of using a poorly rejecting RO membrane to soften water as an alternative to lime softening was
conceived. As the application developed so did the membrane design. In order to differentiate these
membranes from the traditional desalination membranes they were christened nanofilters.

Table 2.2.5 Nanofiltration applications

Application Feature

Softening Since multivalent ions like calcium and magnesium are more readily rejected than
monovalent ions like sodium, the permeate is relatively softer. While traditional RO also
reduces hardness, it requires higher pressures. Also, the recovery limit is higher for an
NF process since the concentration factor is lower.

Sulphate removal Oil extractions from undersea oil fields can be enhanced by pumping water into outlying
areas of the oil bearing strata to help displace the oil. Using natural sea water results in
precipitation of calcium and barium sulphate, causing blockage. Nanofiltration provides
high rejection of sulphate without the high pressures required for normal sea-water RO.
By reducing the sulphate concentration, the threat of precipitation is removed.

TOC reduction Waste water is being used on the West Coast of the USA to inject in aquifers (aquifer
recharge) to stop sea water intrusion. Nanofilters provide good reduction of TOC, while
allowing the majority of the salts to pass through.

Colour Removal  Natural and synthetic colours are often associated with low molecular weight species.
Some examples are removal of colour from dye-stuff effluents, brine regenerant recovery
from ion-exchange plants used to decolourise cane sugar, and re-use of glycol anti-freeze
by removal of coloured contaminats

Desalting High BOD wastes from food processing can be desalted, allowing the retained
carbohydrates and proteins to be further used in food production.

DBP removal Disinfection by-products (DBP) are often associated with the low molecular weight
components found in surface water supplies (i.e. fulvic, and humic acids)

Pesticide removal NF is an alternative to using granular activated carbon. Pesticides have molecular
weights in the range 200-400 and can be removed by a nanofiiter.

Lignin removal ~ Wash waters from pulp mills contain a high quantity of lignins. Nanofiltration provides
an effective method of removal.

Sugar Nanofilters largely retain sugars, but pass slats. Concentration of sugar solution by
concentration reverse osmosis leads to an increase in the salinity. Using a nanofilter means that sugar
concentration can be achieved without increasing the salinity.

As understanding and engineering of this new breed of membranes developed so have the
applications (see table 2.2.5)[2]. There are several large applications concerned with aquifer
recharge to prevent sea water intrusion. These plants use RO/NF to treat low grade waters (tertiary
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off-take from waste-water treatment works). A related application is in off-shore oil wells where
water is used to help abstract oil. If sea water is used the conditions are such that precipitation can
occur, By treating water with a nanofilter sufficient TDS can be removed to avoid the danger of
precipitation.

Ultrafiltration

One of the first major uses for ultrafiltration on an industrial scale was in the concentration of paint
that had been rinsed off cars during initial stages of electrophoretic painting. This technology is now
the established method of providing the primary coat of paint on cars. From this base UF is now
used in an ever increasing range of food processes. Traditional separation processes like evaporation
and freezing denature proteins and hence, alter the flavour and taste of food products. In contrast
membrane processes can operate at ambient or any desired temperature at which the membrane is
thermally stable. This makes membranes a particularly attractive method of separation in the food
and beverage industry. In a single process organisms and large macromolecules, which contribute to
haze, can be removed and produce a clear "cold sterilised” product. UF is now widely used in the
food and beverage industry (see figure 2.2-2 for examples of its use in the treatment of milk
products) [3]. Environmental pressure has focused interest in effluent treatment. Particular interest
has been in effluents which contain hazardous or valuable products. Membranes have been used to
recover and concentrate products (e.g. paint latex). In some cases the water recovered as part of this
process can also be re-used so giving the additional benefit of reducing water demand. Even where
the material recovered has no intrinsic value, concentration of it can make other treatment processes
more viable (e.g. biological treatment), and or reduce the volume of waste to be transported, and

thereby provide a cost saving.
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Figure 2.2-2 Membrane processes used or considered in the food industry for milk related products.
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Microfiitration

As a laboratory tool microfiltration has a long established history. As a process tool it is far less
mature. Its widest use is in clarification processes where a key aspect is frequently the "dirt holding"
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capacity. Recently though water quality requirements have driven interest in microfiltration for
treating water to remove chlorine resistant pathogens (e.g. Cryptosporidium parvuum).

Cryptosporidium Parvaum

The spotlight fell on this organism in 1989 when an estimated 400,000 people were infected in
Milwaukee. The organism is implicated in about 10 % of all gastro-inestinal illnesses, and can pose a
life threat for immuno-depressed people. With an infective dose of less than a 100 and a single infected
animal capable of producing 10" cysts per day it is clear that water treatment works have a severe
challenge when conditions are "right”. Matters are made worse by the fact that in the cyst form the
organism is chlorine resistant and suffers only limited deactivation during its passage along the
distribution network. The cysts are about 5 microns in size, which means that conventional filtration
does provide a substantial reduction. The attraction of membranes is that they should provide an
absolute barrier.

Extensive field trialling has been carried out in the Great Lakes area of the USA and a number of
large microfiltration plants are planned. North West Water, which had been trialling membranes in
the North West of England, selected microfiltration as the only way in which it could access
additional water supplies to meet drought conditions in the UK. In the space of 6 months it was able
to go from concept to operation for 80 MI/day plant (the largest of its type to date). The membrane
systems used are based on hollow-fibre and operate in dead end mode' . Accumulated solids are
removed through either air or water backwash. In France, Lyonnaise Des Eaux has decided to go
further and employ UF membranes. Again the preferred format was hollow-fibres. These operate in
cross-flow, and therefore there is a higher energy requirements.

M Strainer Ld MF Chlorinati >
Coagulant
i Sand Chlorinati 3
Filtration ME e
> Strainer —> MF NF Chlorinati —

Powdered Activated Carbon <€ ,

v

MF -————— | Chlorinati

Figure 2.2-3 Schematic flowsheets showing in various ways microfiltration is being evaluated for use in
potable water production.

A number of different microfiltration processes are being evaluated for large scale use by the water
utilities (see figure 2.2-2). In the case of good quality raw water, microfiltration with a strainer

The companies in this field are Memcor, USF Acumem, Zenon, Koch
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guard is sufficient (direct filtration). For slightly turbid waters some of the solids loading is being
removed and or size enlarged through a pre-treatment of coagulation/sand filtration. TOC is largely
untouched by microfiltration. For applications where the TOC is high and could give rise to high
levels of triholmethames (THMs), as a result of post chlorination, consideration is being given to
post treating the water by nanofiltration. In the US concern over the environmental impact of THMs
has led to the Disinfection By-Product Rule. An alternative approach to MF/NF is to add powdered
activated carbon before the membrane filtration stage and to use the membrane to recover and
recycle the material.

Energy Requirements

For low cost products, such as potable water, the energy demand is a key operating cost issue. A
rough estimate of the total power demand is given by the product of the feed flow rate and the feed
pressure Viz.

Energy = %(Flow Rate)x (Feed Pressure)

where 1 is a product of the motor and pump efficiencies. For applications which operate at low
recovery and high pressure such as sea water desalination (such systems operate at around 30 %
recovery) a significant amount of the energy remains in the reject stream. For such applications it is
worth recovering this energy by "recycling” the pressure energy to the feed. Up to 80 % of the
energy that might otherwise be lost can be recovered in this way.

Design

Most modern plants are designed by the use of a computer-aided-design tool. A key ingredient in
these designs is the operating flux. This is fixed either by past experience or pilot testing. From the
operating flux the membrane area required for a plant is readily calculated viz.

Membrane Area = (Production Rate) I (Operating Flux)

Sometimes designers and operators are attracted by designs based on high operating flux since it
reduces the membrane area, and, as a consequence, the capital needed. However, such over
optimism leads to rapid fouling and loss in performance, and higher operating costs as a result of the
higher operating pressure and additional membrane cleaning required.

Gas Separation [4]

One of the earliest commercial gas separation membranes was that based on silicone rubber. This
membrane was developed to produce enhanced oxygen for medical applications. The early 60s saw
the development of palladium coated materials for hydrogen recovery. This membrane provides the
highest purity hydrogen of any other commercial process [5]. In selectivity terms, this is one of the
exceptions to the rule that membranes do not provide high separation factors. The 70s saw
Monsanto develop a polysulphone hollow-fibre membrane (Prism). This membrane allows hydrogen
to be recovered from various chemical processes, most notably from the purge gas in the ammonia
process.

Another development, in the 80's, was the Generon process by Dow. This used the polymer
1,4-methylpentene, which was fabricated into hollow fibres with a 10 micron thick dense wall. The

2-7



MEMBRANE PROCESSES: A TECHNOLOGY GUIDE

small diameter of the fibres means that a lot of membrane area can be packed into a small volume
and this compensates for the relatively low permeability of the fibre. The principle use of this
membrane has been to remove oxygen from air. Membranes can readily remove 75 % of the oxygen
to provide 95 % nitrogen, which is sufficient for controlled atmosphere packaging and blanketing of
flammable chemicals.

The Prism Membrane

The membrane was made from poysulphone using a phase inversion process. This involves
dissolving polysulphone in a suitable organic solvent and, after extruding through an appropriate
spinnerel, quenching inte a non-solvent (usually water). By careful control of conditions an
asymmetric membrane could be made with one side forming a closed surface. As in reverse
osmosis, the surface layer provides the separation through a solution-diffusion mechanism. In
order to get high fliuxes, conditions are chosen to make the thickness of the membrane skin as thin
as possible. It was found that this created defects in a layer of polydimethylsiloxane (PDMS). This
plugged the leaks through the defects while only marginally reducing the permeation through the
polysulphone.

The majority of industrial membrane gas separations employ membranes with a closed surface that
achieves selectivity through the relative solubility and diffusivity of gases in the membrane material.
It is generally found that for permanent gases the selectivity order does not change with membrane
material. Changing material serves only to trade selectivity for permeability. Only when there are
specific interactions between the gas and the material can one obtain significant deviations from the
general trend.

Gas separation does not necessarily require a closed surface as is evident from the largest single
membrane application; for the last 30 years microporous ceramic membranes have been used to
effect the enrichment of uranium. Separation is achieved as a result of the fact that heavier molecules
travel more slowly than lighter ones. Thus, in any given time period they are less likely to enter a
pore and so separation can be achieved. The criterion for this is the average mean free path of the
molecules must be greater than the pore size. It can be shown that if this is the case then the
separability of two gases is proportional to the square root of their molecular masses. Other
mechanisms that can result in separation of gases are surface flow and capillary condensation in
pores.

In contrast with permanent gases, organic vapours generally have very much higher permeabilities
than nitrogen through rubbers. Some people have proposed to use this as a method of concentrating
organic vapours such as petrol, and cleaning fluids, e.g. trichloroethylene [6].

An estimate of the total power demand can be obtained from the the total molar rate passing through
the membrane and the pressure ratio across it, viz.

Energy = '—f,Z(Molar Flow Rate) x In{Pressure Ratio],

(R= Gas Constant, T = temperature in Kelvins, n =Pump efficiency). It can be seen from this
equation that a if there is a large pressure ratio there is a significant cost implication. The pressure
ratio also plays a significant role in limiting the selectivity that can be acheived. Hence, there is a
trade between energy and selectivity that determines the practical set of operating conditions for gas
separation with a given membrane

Some of the processes that have been developed are:-
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Nitrogen from air. Membranes can be used to provide 95-98 % N,, This gas is used to provide
controlled atmospheres for storage and shipment of fresh produce, food packaging, and blanketting
of flammable chemicals. The main advantages over pressure swing adsorption is that the membrane
plant is lighter and smaller.

Oxygen from air. Oxygen enrichment of air is widely used for home oxygen respiratory therapy.
The low selectivity of membrane materials has meant that large scale applications in combustion
have not been very attractive.

Ammonia purge gas, Refinery hydrogen recovery. The recovery of hydrogen from chemical
processes such as that in the ammonia process was one of the pioneering membrane applications
developed by Monsanto. The process operates with feed pressures as high as 140 bar.

Carbon dioxide, Enhanced oil recovery, Landfill gas. Carbon dioxide is a contaminant of natural
gas, and can be readily removed by using a membrane. In addition, other contaminants such as water
vapour and hydrogen sulphide are removed. Also carbon dioxide is pumped into dying oil reservoirs
in order to extend the life. This CO, eventually appears with the oil. The membrane process can be
used to remove the CO, and reinject the gas.

Uranium enrichment. Some extremely large membrane plants have been built to create enriched
uranium. The basis of this is a ceramic membrane, which can be used to separate the different
isotopes of uranium, which are made gaseous by reacting with fluorine to form uranium
hexafluoride, which is a gas. Separation is achieved through Knudsen diffusion which gives a
separation factor equal to the ratio of the square root of the molecular weights.

Helium recovery. Helium is easy to separate from natural gas by using membranes. A small market
exists for helium recovery in applications such as deep sea diving, and for its removal from natural
gas.

Water vapour removal. Water vapour passes through membranes extremely quickly, and a
water/nitrogen selectivity of 500 is readily achieved. Examples of its use are in the drying of
decompressed air and natural gas.

Solvent vapour recovery. During operation of solvent based processes, air frequently becomes
contaminated with solvent vapour. With environmental pressure increasing, there is a need to
concentrate and recover these contaminants. Some membranes have a high affinity for organics and
thus a significant concentration of the organics can be achieved. Membrane Technology and
Research (MTR) have piloted a number of trials looking at gasoline recovery, and concentrating
chlorinated hydrocarbons. More recently they have developed a process for concentrating monomers
such ethylene and propylene from nitrogen in polyolefin plant vents. In a two stage process they can
concentrate the monomers from 15 % to 95% which can then be re-used instead of flared.

2.3 Electrically Driven Processes
Electrodialysis [7]

Electrodialysis is a membrane process which removes ionic material from a solution by using
ion-selective membranes”. This is done by passing the solution between two membranes across
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which an electric field is applied. The electric field moves the ions towards the respective electrodes.
By using an anion permeable membrane on one side and a cation permeable on the other, ions can be
removed from one stream and concentrated in another (see figure 2.3-1).

Cation Exchange fMexibrare Anicn Exchange Membrane

Figure 2.3-] Diagrammatic cross-section of electrodialysis cell working on sodium chioride

Experimental work on electrodialysis started in the 30's for treatment of food related products, e.g.
fruit juice. In the 40's Meyer and Strauss developed the concept from a single to multiple
compartments (see figure 2.3-2). However, the separation units consisted only of a single cell, and
the membranes were not physically up to the job. In the early 50's MacRae developed suitable
membranes, and this opened up the commercial possibility of using electrodialysis. Several hundred
pairs of membrane are often placed in series.

Table 2.3.2  Some Manufacturers of Electrodialysis membranes/ technology

Electrodialysis Manufacturers

Aquatech Systems Corning (France) Tokuyama Soda
Asahi Chemical Co Graver Water US Filter/IWT
Asahi Glass Co fonics

Christ Negev Institute

The first large scale applications were for the production of potable from brackish water. This
technology is also widely used in Japan for the recovery of salt from the sea. The major use of
electrodialysis is to produce potable water from sea water and brackish waters. Estimates indicate
that there is more than 1000 ML/day of installed capacity. ED is widely used to partially desalt food
stuffs, e.g. milk, fruit juices, sugar, soy sauce. Industrially, ED is used to recover valuable
electrolytes such as silver and nickel.

The membranes used in electrodialysis systems are thick and non-porous, and structurally quite
different from that used in filtration processes. A key feature of ion-exchange membranes is that the
polymers bear large numbers of charged groups. This makes the membrane hydrophilic and
selective. Membranes which pass positive ions (cations) are called cation exchange membranes.
Similarly, those that pass negative ions (anions) are called anion exchange membranes.

These membranes are made from cation or anjon exchange materials. A cation exchange membrane is made
of a polymer with negatively charged groups, e.g. sulphonate, carboxylate. The negatively charged groups
allow cations to pass but inhibit the flow of anions (see section 2.8). Anion-exchange membranes work in
the converse way. An example of a positively charged group is a quaternary ammonium base cation.
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Figure 2.3-2 Schematic of electrodialysis stack. Typically, there are several hundred pairs of membrane

As with other membrane processes fouling is a common occurrence. Fouling problems can be
reduced in electrodialysis by a process called electro-dialysis reversal (EDR). The essential feature
of this is that the polarity of the stack is reversed. When the field is changed the concentrate and
diluate are reversed. The result is that deposits that have formed on the membrane redissolve and get
dispersed. The performance improvement usually more than counterbalances the additional cost of
the system.

There are four types of cell design

e Sheet flow - flow is introduced, between the two membranes, from one side of
a stack and allowed to flow to the other side. Flow velocities are typically 0.05
to 0.1 m/s.

* Tortuous path - in this design a winding channel with straps to improve
mixing is included in the compartment,. This type of design provides a long
liquid flow path and high flow velocities (0.1 to 0.5 m/s). As a consequence of
the higher velocities and longer path pressure losses are higher

& Unit cell - in this design the feed water is fed into the concentrate
compartment. Thus only water which transfers with the ions across the
membranes is withdrawn from this compartment.

s Spiral Wound - a relatively recent design which involves electrodes at the
centre and edge of a cylinder. These produce a radial electric field.

The major applications of electrodialysis are in demineralisation/concentrations of salts. The largest
applications are for water purification where electricity is cheap, concentration of sea water (Japan),
and cheese whey purification. Other smaller industrial applications include nickel recovery from
plating solutions, drug desalting, acid recovery from metal finishing solutions, and HF recovery from
glass etching solutions. As an example, a dilute acid stream of 1-3 % can be used to generate a
10-15 % acid stream by ED. Electrodialysis can be used to replace continuously an anion or a cation
species by using a stack madeup of all anion or all cation membranes respectively. Each alternate
compartment is fed with a solution to be processed, while the other compartments are fed with a
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relatively high concentration of the desired ion. An example of its use is in the sweetening of citrus
juices, where the citrate jons in the juice are replaced by hydroxyl ions from caustic. The third type
of application of electrodialysis is in metathesis in which a double decomposition reaction is carried
out with the simultaneous separation of the products; this is sometimes referred to as
electrometathesis. An example of such a reaction is the production of silver bromide and sodium
nitrate from silver nitrate and sodium bromide.

The energy required for electrodialysis is made up of the pump energy requirements of the various
streams and the electrical energy to transfer the ions across the membrane. For one gram equivalent
of electrolyte transported across the membrane the electrical energy required is

Energy = Mn*_F Joules/g. equivalent.

where AV is the voltage drop across a cell pair, and 7 is the current efficiency, and F is Faraday's
constant. On a metric ton (1000 Kg) this gives

. _ 0278 AVx F
Energy Consumed = T EW KW.h/tonne

where EW is the equivalent weight of the salt being processed. The voltage drop across cell pairs is
typically 0.5 to 2 V, while the current density is of the order of 500 A/n?’.

The key economic issues are the operating current density, and recovery targets. A phenomenon
called polarisation (see Chapter 6) sets an upper limit to the current density at which an ED unit can
operate effectively. For brackish water the limiting current density is of the order of 1000 A/n?’, but
this falls as the concentration is lowered. The degree of concentration that can be achieved is limited
by the amount of water which is transferred with the ions by osmosis, and electro-osmosis (typically,
about 100-400 ml/Faraday). Very low concentrations can be achieved in the diluate stream.
However, for water the economic lower limit is about 200 ppm, since electrical losses become too
severe on account of the high electrical resistance of dilute solutions. Other complications are the
management of the rinse stream of the electrodes, and fouling.

Chlor-Alkali

Sodium hydroxide (chlorine) is one of the major commodity chemicals of the world. The majority of
this is produced electrolytically from salt. Two processes which have been used for a long time in
the manufacture of this chemical are the mercury cell, and diaphragm cell. The idea of using a
membrane cell (see figure 2.3-3) developed in the early 50's but failed due to the lack of a suitable
membrane material to withstand the harsh chemical and thermal conditions needed.
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Figure 2.3-3 Schematic of membrane cell for production of chlorine and caustic.

As part of a NASA programme on fuel cells DuPont developed a separator based on PTFE which
was made hydrophilic by the attachement of a fluorinated side chain with a charged end group
(sulphonic acid®). The potential of this material for chlorine/caustic production was recognised and
prototype cells were evaluated in the early 70's. By the end of the 70's improvements in the material
meant that membranes provided a viable alternative. Since then a large proportion of newly installed
capacity has used membrane technology from one of a small range of companies (see table 2.3.3).

Table 2.3.3 Manufacturers of chlor-alkali systems

Asahi Chemical Co Hoechst-Uhde Orinzio DeNora
Asahi Glass Co Ionics OxyTech
Chlorine Engineers ICI ple The Electrosynthesis Co

The products of each of the three types of cell are very different (see table 2.3.4), and this has
economic implications beyond the manufacturing process. The membrane process is more efficient
than mercury amalgam cells but it produces caustic of lower strength. If the user requires 50 %
caustic then an evaporator will have to be installed, which will add to its cost, and increase the
energy demand. In terms of capital the diaphragm process is cheaper than the membrane process,
but requires the customer to be able to use low caustic concentration contaminated with salt. It can
thus be seen that a commercial decision to change has significant implications for customers.

While the development of membrane technology for the chlor-alkali market is a major success story
the nature of the process and its requirements mean that its use in other areas has so far been fairly
limited beyond the production of similar products, e.g. KOH.

Later, Asahi Glass developed a material with side chains that terminated in carboxylic acid. This gave high
current efficiency, but required high voltages to operate. at the thickness required. The solution was to form a
laminate of the sulphonic and carboxylic acid materials.
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Table 2.3.4 Comparative characteristics of cell systems
Cell type Features Product Quality
Mercury ¢ Expensive to construct
« Mercury needs to be reclaimed from waste
* Operates at 4.5 V 50 % caustic
+ 3.55 MWh/tonne Cl,

Diaphragm + Simple and inexpensive to construct
¢ Caustic contaminated with salt
+ Operates at 3.8 V 10 % caustic
* 3.0 MWh/tonne Cl,

Membrane e Cheap to construct and install
¢ Requires high purity brine
o Operates at 3.1 V 35% caustic
+ 2.5 MWh/tonne CI,

Bipolar [8]

The carly 80's saw the development and commercialisation of a process based on the bipolar
membrane. This membrane is a laminate of cation and anion exchange membranes. Its structure
allows the simultaneous production of acid and base, essentially by using electricity to split water
into hydroxyl, and hydrogen ions. Once produced at the interface between the anion and cation
exchange parts of the membrane the electric field conveys them away to separate compartments (see
figure 2.3-5). One consequence of this process is that water has to be supplied at a sufficient rate as
it is consumed. The tendency is for the membrane at the interior interface to become dehydrated.
This imposes a limit on the operational current density. The process has particular attractions in
locations where acid or base are difficult to ship in. In commercial arrangements some 200 sets of
exchange membranes are used.

NaCt

Anode

| l [ i
i ;
|

A\
Dituate ] l Dituate
Acd  Base
Figure 2.3-5 Schematic of 3 compartment cell used with bipolar membrane

Continuous Deionisation (CDI) [9]

One of the most recent process developments in electrically driven membrane technologies is
continuous deionisation (CDI) or electro-deionisation as it is sometime known. Commercial reality
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started in 1987, although the basic idea had been around a long time. As concentrations fall,
conventional electrodialysis becomes uneconomic since the ohmic resistance of water leads to
significant power demands. The CDI system combines electro-dialysis with ion-exchange to act as a
water polishing stage for RO or ED permeate. The essential idea is to fill the space between the two
ion-exchange membranes with a mixture of cation and anion exchange beads (see figure 2.3-6). This
reduces the ohmic losses. Its major use is in the production of high purity waters, and is finding wide
use in those industries which require such water, e.g. electronic, pharmaceutical industries.

Cachod: Anode

Dituate

Figure 2.3-6 Schematic of mechanism in EDI

2.4 Thermally Driven Processes
Pervaporation [10]

Pervaporation is unusual among membrane processes in that transport across the membrane is
accompanied by a phase change. The process involves contacting a liquid mixture on one side of a
membrane and then removing the permeate by a sweep gas or evacuation. The membranes used for
this are of the asymmetric variety like those used in reverse osmosis. Invariably, permeation through
the thin surface layer of the membrane is rate limiting, and hence, selectivity derives from the relative
solubility-diffusivity of the components through this layer. The evaporation at the downstream side
creates a substantial heat demand. This has to be provided by the feed through thermal conduction
across the film. Within limits, the selectivity is not significantly affected by the upstream or
downstream pressure [10]. Also, the upstream pressure has no effect on the transport rate. The
composition of the permeate gas is quite different from that predicted by equilibrium
thermodynamics. In the case of azeotropic systems, pervaporation allows one to break the azeotrope
without recourse to adding additional components (extractive distillation), or by lowering the
pressure (vacuum distillation).

The commercial processes developed by GFT in the early 80s are based on poly vinyl alcohol. In the
case of ethanol/water systems there is no azeotropic point, and the pervaporate and the gas phase
composition is water rich. This illustrates one of the important applications for pervaporation, which
is in the dehydration of alcohols and other solvents. Such capability stems from a high affinity and
diffusivity of water through such polymers. If a hydrophobic polymer such as silicone rubber is used
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then the opposite effect is achieved. i.e. the vapour composition is richer in the organics than water.
Thus, by selecting the membrane material it is theoretically possible to select the composition of the
gas phase permeating.

Short History of Pervaporation [11]

Research work on pervaporation dates back to the early part of the 20th century. The term
pervaporation was coined by Kober in 1917. Research by Binning et al in the late 50's using
cellulose acetate membranes and the development of commercial reverse osmosis membranes
stimulated further investigation. However, it was not until the early 80's that a pilot trial was
carried out. The initial work was on an ethanol/water application in Brazil. GFT provided the lead
Jor much of this early work. The membrane consisted of a polyvinyl alcohol dense film on a
polyacrylonitrile support. In the late 80's other companies developed membranes for
pervporation. Kalsep developed a tubular membrane and MTR developed a spiral wound element
Jfor work on concentrating volatile organic soivents.

Pervaporation has been successfully applied to the dehydration of solvents

® dehydration of ethanol, isopropanol, and other alcohols
® dehydration of ethylene glycol

Typically a stream with 5 % water will produce a permeate with 5 % organic. As the concentration
of water falls, the water flux through the membrane falls, and the percentage of organic in the
permeate rises. The ability of pervaporation to obtain such large selectivties has led to its use in
separating azeotropic mixtures of organic solvents:

* alcohols (ethanol, isopropanol, butanol)
* fetones

® esters (ethyl and butylacetate)

* pyridines

In general, such azeotrope breaking separations are done in combination with distillation,

The use of pervaporation to remove volatile organic compounds (VOCs), which occur in a variety
of waste waters has been considered. The principal advantage of the technology is that it can recover
VOCs in a more concentrated form than obtained by air stripping or carbon sorption. The economic
viability of VOC pervaporation depends on the feed concentration.. As concentrations fall so does
the flux. Consequently, the membrane area requirements increase making the process unattractive.
An ideal feed has between 0.1 and 5 % organics.

Membrane Distillation [12]

Like pervaporation, membrane distillation uses heat to drive the separation, but in this case the
membrane is microporous and is not wetted by the process liquid. The function of the membrane is
solely to keep the two streams apart and does not affect the vapour-liquid equilibrium of the
components. The most common form of membrane distillation is shown in figure 2.4-1 in which
liquid is in contact with both sides of the membrane.
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Figure 2.4-1 Schematic of direct contact membrane distillation

Another variant is "gap-gap" membrane distillation in which an air gap exists on the permeate side
and the vapour is condensed on an internal surface which is maintained cool. Some other variants
involve removing the vapour by sucking (low pressure membrane distillation) or by using a carrier
gas (sweeping gas membrane distillation) and condensing the fluid outside the module.

2.5 Concentration Driven Processes - Dialysis
Haemodialysis

In financial terms the medical application of membranes is the largest sector. The major requirement
is for small elements (typically with about 1 m* of membrane surface) to dialyse or filter blood, to
remove low molecular weight metabolite wastes such as urea, and creatine. The treatment was
developed during the 40’s by Kolff [13] and became accepted practice for dealing with chronic renal
diseases in the 60's. The dialysis unit is either a hollow fibre module or a plate and frame cassette
and contains about 1 m’ of membrane. In the case of hollow fibre devices® blood is passed along the
fibre lumen while a dialysate (typically a hypotonic acetate solution with a low potassium content) is
passed in counter current direction on the shell side (see figure 2.5-1). The units are either single use
or multiple use/single patient. In modern treatment, dialysis is frequently combined with
ultrafiltration (haemofiltration) at the start of dialysis which not only reduces the blood volume but
removes larger metabolites.

Dialysate

500 mL/min

Blood

Purified

200 mL/min

-

Figure 2.5-1. Schematic of haemodialysis unit. Blood is passed along fibre lumen, and solutes are
exchanged with diafiltrate

There are an increasing range of other membrane processes being used/developed in the medical
community. Further details can be found in [14].

4

The majority of devices come in the hollow-fibre format. A small number of plate and frame devices are also
made.
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Donnan, lon-exchange and other Dialysis Processes

Donnan dialysis exploits the fact that if a membrane inhibits the passage of ions of a particular
charge, then this allows the counter-ion to be exchanged with an ion of similar type across a
membrane. The exclusion can be due to the ion being too large to pass through the membrane (e.g.
dyestuff) or the membrane may be made of an ion-exchange material. This process can be used to
extract and concentrate copper from low grade wastes into sulphuric acid (see figure 2.5-2) [15].

Anion-exchange membranes do not provide good inhibition to the passage of hydrogen ions. This
feature can be exploited to extract acids from metal contaminated solutions (see figure 2.5-3 and
table 2.5.1)

Catton Exchange
Membrane
.
H
C ++
“
- ”Cu
[Dratysace

Figure 2.5-2 Schematic of the concentration profiles occurring in Donnan dialysis using a cation exchange
membrane which inhibits an anion from passing. Copper flows to the dialysate despite the negative
concentration gradient because there is a much larger electric field acting on it due to the accumulated
charge at the interface with the membrane.

Anion Exchange
Mombrane
Feed] Deatysate
s0” = fuso,
++ o T
Cu  Joso, ~O

Figure 2.5-3 In ion-exchange dialysis a weak anion-exchange membrane allows hydrogen ions to pass
while inhibiting metal jons. The net effect is to recover the acid in the dialysate.
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Table 2.5.1 Applications in ion-exchange dialysis identified in [16]

Applications Acids
Waste acids from pickling steel H,S0, HCI, HNO,, HF
Refining of waste acid from batteries H,80,
Separation and recovery in mining processes H,S0, HCl, H,PO,

Treatment of acid waste from Alumilite processing H,S0, HNO,
Waste acid from etching Al, Ti HCI
Waste acid from surface treatment in plating line H,80, HCL, HNO,, HF

Treatment of waste acid in deacidification, organic ~ H,SO, HCI
synthesis

Dialysis has also been used to remove alcohol from beer. The dialysate is water saturated with
carbon dioxide under 3 bar pressure [17]. The alcohol flows through the membrane faster than water
resulting in a reduction in alcohol. Some of the other low molecular weight species are also lost.

Gas Contacting [18]

A particular variant of dialysis is the transfer of volatile gases from one liquid to another. There are
many similarities with membrane distillation in that the membrane is hydrophobic and this leads an
air gap between the feed and dialysate. Since molecules diffuse significantly more slowly in liquids
than in gases such devices are invariably mass transfer limited in the liquid phase[19]. Applications
include deoxygenation, and decarbonation. Another application that has been proposed is the
removal of gases such as bromine from dilute salt solutions.

c.. T S ved M Cron

C

J
p.out

Pesmeate
Figure 2.5-4. Schematic of gas transfer

Most commercial devices utilise hollow-fibres due to their high surface area and simple design. As
well as removing gases these devices have been used to acrate systems without the injection of
bubbles which can introduce frothing [20].
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Chapter 3

PACKAGING MEMBRANES

Contents
3.1 Introduction
3.2 Plate and Frame
3.3 Spirals

3.4 Hollow Fibre Designs
3.5 Tubular Designs

3.7 Packaging Selection

3.1 iIntroduction

As applications evolve, a balance has to be maintained between optimising the product, which
improves the operational costs at the expense of specialisation, versus the benefits of utilising value
engineering which lowers the capital costs. In membrane systems this optimisation process takes
place at several levels:

* membrane

® packaging of membrane
* system

® process

This chapter looks at the second of these.

In much of the early laboratory work membranes were used in the form of flat sheets, but for
industrial applications of any scale the membrane has to be suitably housed in a manageable unit.
The structure of such a device has been a continual challenge, which requires balancing the
economic costs of a unit versus performance factors and operational factors, e.g. cleaning,
replacement There are four major types of packaging of membranes

* plate and frame
® spiral wound
*  hollow-fibre

® tubular
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3.2 Plate and Frame

In the early days membranes were made as simple flat sheets. The needs for large scale automated
the process and membrane is commonly manufactured as continuous flat sheets. Typically these
production lines are about 1 metre wide and lengths of several hundred metres are produced in a
single run. For electrically driven processes the plate and frame geometry reflects the needs of the
electrical field. Such design are also seem very natural extension of more conventional low pressure
"conventional" filtration designs. However, the high pressures that are required present considerable
engineering in order to avoid leakage. Companies like DDS (now part of Dow) and Dorr-Ofiver
were at the vanguard of the development of plate and frame designs[1]. As many as 100 membrane
sheets of membrane can be stacked into one element (see figure 3.2-1). The ability to separately
deal/monitor with each permeate line provided scientific and process options.

.. Permeate Outiet Support
IMembrane|
Membrane with support Feed

Figure 3.2-1 Schematic diagram of plate and frame devices.

One of the attraction of these devices are that they are easy to disassemble, sanitise, and replace the
membrane sheets. A particular advantage if membranes were damaged or fouling problems. The
down-side is that disassembling and re-assembling is a very labour intensive and time-consuming. A
practical difficulty was ensuring that during re-assembly all parts were positioned correctly so that
water tight seals are made. Despite these problems, in small scale high added value applications,
such as pharmaceuticals, and development work, these plate and frame devices are a useful tool. The
plate and frame design have also been found to be a useful vehicle in research and food application.
A more recent variant is the provision of the membrane in cassettes. It is important to recognise that
the cost of the membrane is minimal compared to the cost of a unit (< 5 %). For high pressure
applications such as sea water desalination the whole unit is placed in side a pressure vessel.
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Table 3.2.1 Commercially available plate and frames modules

Companies  Technolo Trade Name Basic Spacing Aream’

gy Element — mm  ponene  Device
Alpha-Laval, UF Membrane
DDS (Dow), RO, UF Membrane 0.7 35 - 42
Dorr-Oliver IOPLATE Cartridge 2-3 1.3 16
Gambro HD Cassette 1
Millipore UF,MF PELLICON  Cassette 0.5
Rochem MF Membrane
Rhone-Poulenc ~ UF Membrane 1.5 0.4 50
Sartorius UF SARTOCON Membrane 0.1

3.3 Spiral

The spiral wound design is one of the most favoured for reverse osmosis applications. This
preference stems from its practical convenience. Despite its complex internal design (see figure
3.3-1), it is easy to use, and is available in a large number of formats with different materials.

Porments Spacer

Figure 3.3-1 Schematic of a spiral wound element showing cut-away section of internals.

In addition spirals have a reasonably high membrane area per unit volume which means the size of
the pressure vessels and associated pipework and frames are less, giving an additional economic and
practical benefit. Spirals are also used in gas separation, nanofiltration, and ultrafiltration.
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Spirals - A history of rediscovery

One of the most striking things about spiral elements is their complexity of construction. Despite this
various inventors in different fields have come up with the spiral as a solution to the technical problems
that faced them. One of the earliest documented cases dates back to 1938 when William Groves [2]
patented a spiral wound dialysis device for use in cleaning dirty sodium lye created in the textile
industry. In the 40's Bauer and Curtis patented a disposable spiral filter for use in the automotive
industry[3]. An interesting feature of this was the use of a corrugated spacer design. In the early 50's
Tom Arden and George Solt patented a spiral wound electro-dialysis unitf4]. However, over 40 years
had to pass before the concept was commercialised. In the early 1960's, as companies sought to
commercialise the development of the reverse osmosis membrane, Gulf Atomic (now Fluid Systems)
produced a number of patents[S]-[7]. The convenience of the spiral was quickly recognised and this
opened up a wide vange of applications. In the 80's spiral wound elements were developed for
ultrafiliration applications involving low solids concentrations, such as pyrogen removal. Most
recently, a microfiltration spival- wound ceramic membrane, based on Ceramesh, has been trialed for
recovery of caustic.

Spirals can be viewed as a collection of plastics bags containing permeate spacers on the inside and
the active membrane surface on the outside, wound round a hollow mandrel (product tube), and
separated from each other by a feed mesh. On large RO elements many sets of leaves might have to
be attached and wound round the central product tube. The length of each bag (or leaf) is usually
between 1 and 1.5 m. If it were any larger then significant back-pressure losses would be incurred.
Typically for a 4" diameter element there would be 4 leaves, while for an 8" there could be as many
as 18.

Length = XY toches

i

Feed

——) —’ Reject
—— f—m Diameter = xy in 1/10th inches
— — 2

— —_—

T

Brine Seal Antl-telecoping device (ATD)

Figure 3.3-2 A size naming convention of spiral elements based on imperial measurement has developed
and is still widely used in the industry. Shown is a schematic for an RO element of size xyXY. The larger
sizes are 8040 (8" diameter, and 40" long), and 4040 (4" diameter, and 40" long). Elements are made as
-small as 1512 for domestic applications, and at least one manufacturer makes elements that are 60" long.
Elements are slightly smaller than the quoted values, and the measurements are there to indicate the size of
pressure vessel that would be suitable.

The details of the construction vary with each membrane and have to be tuned to the particular
application e.g. the permeate spacer required for a high pressure application is different from that for
a low pressure application. Interfacial membranes can be made which can withstand temperatures as
high as 80 C. However, to utilise them requires ensuring that all the components parts are also
compatible with such temperatures. Desal have developed a module to operate at 8¢ C (their
Durasan range), by replacing the materials with low temperature stability with high performance
polymers such as polysulphone. Another feature of spirals is the outer wrap. Small elements are
usually wrapped with polyethylene or PVC tape. Large elements tend to have an additional
wrapping of fibre-reinforced plastic (FRP). More recently, manufacturers have introduced a
"sanitary" design. This consists of an outer wrap of a mesh, and the brine seal has been removed.
The elements fit tightly into pressure vessels and only a small percentage of flow can by-pass the
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clement by flowing on the outside. However, the design does mean that there are no dead spots, and
all parts of the system can be chemically sanitised.

Compared to other membrane packages, the most noticeable difference is the complexity of the
design. A typical element is made from up to 11 different materials. Until fairly recently each element
had to be hand made. Despite these disadvantages the spiral wound element provides a convenient
way of packaging large amounts of membrane surface area into a single element, which can easily be
managed by one man. Its modular nature is that it is easy to assemble and refit the system.

In use the water is supplied to the device off-axis, and enters the feed channel. The membrane layers
area kept apart by a feed mesh, which is usually made from polypropylene.

)

750 ym

i Feed Channel
3
{ RO Membrane

4 150 pm

y Pesmeate Channel
300 pm

Membrane
Backing Cloth

Figure 3.3-3 Schematic of section through a reverse osmosis spiral highlighting channels and size scales.

The orientation of the mesh is important; and is usually positioned to make the water spiral its way
through. The narrowness of the spacing means that despite high velocities, the flow is not turbulent.
However, the presence of the mesh means that there are inertial pressure losses, and the pressure
drop is a non-linear function of the flow-rate, though usually over the small working flow-range a
linear approximation suffices for most purposes. RO elements are usually designed to take a
maximum pressure loss of 12 psi, which is small compared to the feed pressure. However, for large
systems with several stages and elements this can amount to a substantial pressure loss. For RO
spirals the feed mesh is typically 500 to 750 microns in thickness. In UF applications thicker spacers,
typically 2000 microns, are used for more concentrated solutions, e.g. food. Increasing the thickness
of the feed spacer does not change the cross-sectional area of the feed channel, and hence it has no
impact on the cross-flow velocity. However, it does reduce the viscous drag. Increased thickness
means that it is easier to handle feeds containing large particulates, and more viscous materials. The
major disadvantage of a thicker feed spacer is that for a membrane of a given size there is a
reduction in membrane area.
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Figure 3.3-4 Schematic of feed mesh on membrane surface. Typical spacing of strands is about 3 per cm.

A particular problem with the mesh type feed spacer is that material can build up around the fibres
where the shear velocities are low'. The applied pressure forces some of the water to pass through
the membrane and into the permeate channel. Once there, it spirals in towards the product tube and
exits through holes drilled along the product tube into a central hollow. The permeate channel is
kept open by a spacer which is usually a woven material, with deep channels. The permeate spacer is
usually a tightly woven material, since it has to withstand the hydraulic load and provide sufficient
support to prevent the membrane deforming into the channels. For water to flow along the permeate
channels requires a pressure. This "back-pressure” reduces the available head across the membrane
and hence produces a small reduction in the productivity and rejection. The resultant pressure loss
means that for most designs the length of the permeate channel is kept between 1 and 1.5 m. Ifit is
made too short then there will be a consequential reduction in available membrane area owing to the
width of the glue-lines. High pressure applications use a more tightly woven spacer to resist the
mechanical load, but this incurs a greater pressure loss for a given flow. Consequentially, for high
pressure designs shorter leaves are normally used. Thus, it can be seen that the design of a spiral
involves a large number of factors which have to be traded, and a balance sought that is appropriate
to the cost-performance equation.

To utilise a spiral requires it to be sealed in a pressure vessel. As the feed moves through the
clement, it will have a tendency to telescope it. To avoid this an anti-telescoping device (ATD) is
placed at the reject end of the element. Designs differ but all are essentially a solid plastic wheel with
holes for the reject to pass through. In order to avoid the water by-passing around the element a
seal, consisting of a rubber ring, is attached to the outside of the element at the feed end. In some
designs ATDs are fixed at both ends, differing in the fact that there is a groove in the outer rim of
the ATD to take a sealing O-ring.

The major cost of pressure vessels is in the end fittings. Thus, if more than one element is required,
then it makes economic sense to put them in the same pressure vessel. In this way up to 6 elements
can be packaged in a single pressure vessel (in a few cases 8 elements are used). Another advantage
of this arrangement is that when elements are to be replaced only one end cap needs to be removed
to enable access to the elements. The limit to the number of elements that can be used in series is set
by the requirement of having sufficient cross-flow for the last element in the series.

Osmonics have tried to overcome some of the problems of the feed mesh by using a corrugated spacer which
channels the flow directly through the device. This device reduces the problem of solids accumulation but
increases the polarisation problem.
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Figure 3.3-5 Schematic of 3 spiral elements in a single pressure vessel.

In addition to any operational limits on the membrane there are a number of limits determined by the
nature and form of the module element unit construction. They include

Maximum feed flow-rate

« Maximum pressure drop

« Maximum hydraulic pressure
Maximum temperature

The maximum feed flow-rate is set to give an acceptable pressure drop along the module at start-up.
During operation this pressure differential can increase due to fouling, and a maximum pressure drop
is set at which cleaning becomes necessary. Exceeding this limit can damage the element through
failure of the outer wrap. It can also cause damage to the ATDs which are there to stop the spiral
telescoping. As already indicated the hydraulic limit on a module is set by more than the membrane.
In particular the choice of permeate spacer, and product tube design determine the operational
limits.

The dimensions and flow rates in spirals mean that the flow is not turbulent. This however does not
mean that the pressure loss is a linear function of the feed flow-rate since there are inertial effects
associated with the path the water takes through the module. In general the pressure loss is related
to the feed flow rate by

AP =aQ+bQ?

where the first term is the viscous term, which varies with temperature, and the second term is an
inertial term. Usually, the range of flow-rates of interest are sufficiently narrow that a linearised
expression with an intercept can be used. A consequence of lowering the temperature is to increase
the pressure drop. In operation some of the fluid is removed as permeate while the feed flows along
the element, which consequently reduces the pressure loss. To obtain a slightly more accurate
estimate, which takes this into account, one can use the average feed side flow rate. Fortunately, in
actual designs such effects as this are accounted for in the design programmes provided by suppliers.

One important feature of spiral elements is that they are designed for a specific duty. Examples of
this can be found in the trade literature from spiral manufacturers (see table 3.3.1).
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Table 3.3.1 Some of the leading spiral wound manufacturers
Technology  Cc
RO Dow, Fluid Systems,Toray, Osmonics, Hydranautics

13

UF Membrex, Amicon, Osmonics, Hoechst

3.4 Hollow Fibre Designs

The basic design of a hollow fibre module is a bundle of fibres sealed at each end by an epoxy resin
plug, and the whole element encased in a PVC, or acrylic tube or a fibre re-inforced plastic. The
large commercial gas separation units use small hollow-fibres less than 100 microns in thickness, and
extending over several metres in length. RO elements also use small fibres but are usually shorter (1
to 2 m). In contrast, haemodialysis units use slightly larger fibres (200 microns) typically, about 25
cm long containing some 10,000 fibres. Ultrafiltration and microfiltration use even larger fibres to
meet the hydraulic and fouling demands.

ORI Prate

End Plate
{Product)

Product Header

Epoxy Tube Sheet

Figure 3.4-1Schematic of Permasep® hollow-fibre RO element. A particular feature of the device is that the
flow is from the outside into the lumen of the fibres where it is conducted to one of the ends. The large
elements are about 200 mm in diameter, and 1.5 long. (Courtesy of DuPont)

In concept the hollow fibre format is probably the most appealing, providing a very high surface area
per unit volume, with no spacers or meshes needed to support the membrane. A further advantage is
that, having no support fabric, the membrane can be backwashed. Not surprisingly, this design is
widely used with devices being available for reverse osmosis, gas separation, ultrafiltration,
microfiltration, and haemodialysis. Within this large range there are a variety of element designs.
One of the earliest hollow-fibre designs was DuPont's Permasep B9 and B10 medules for the
desalination of brackish and sea water respectively. The fibres used in these elements have an outer
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diameter of 85 microns, and a wall thickness of 21 microns, giving. a surface area per unit volume of
the order of 10000 m*/m’(see figure 3.4-1).

A single Permasep element contains 2.5 million fibres [8]. Flow is introduced along a central
mandrel and radiates outwards through the fibre bundle. At the outside the reject stream is
channelled along the element to exit from the same end that it enters. The flow through the fibre
bundle is laminar. The membrane permeability is significantly lower than that used in spiral or plate
and frame designs. This is because of difficulties in making defect free fibres and, even if better
quality fibres were available, there would be an increase in the amount of polarisation (see
chapter 6). Thus, the operating fluxes are significantly lower than that used in spirals, and this
off-sets some of the advantage that derives from the high specific surface area. The major practical
difficulty with these modules is the fineness of the spaces between the fibres which means that they
are vulnerable to fouling.

In contrast with RO, most UF/MF devices the feed flow passes along the fibre lumen and is
collected on the shell side of the device. Typically, for such applications fibres are 0.5 to 1.5 mm in
diameter. An exception to this is the microfiltration system developed by USF Acumem for
municipal water treatment works. In this design the flux is from the outside to inside the fibres just
as in RO modules.

Table 3.4.1 Approximate dimensions of various hollow-fibre membranes. Some manufacturers provide
information on the dimensions of the fibres while others prefer to quote the available membrane area in

a module.
Membrane  Manufacturer Product Material D (0] )] Wall
Process Name pm um Thickness
pm
GS Dow Generon PM 60 80 10
HD Baxter-Travenol CF Cuprophan 200 222 11
Gambro Lundia-10 Cuprophan 200 220 10
Kuraray KF EVAL 200 264 32
RO DuPont Permasep B-10 PA 42 85 22
Toybo Hollosep CTA 165
UF Amicon P8
A/G Technology PS 1,000
Membrex PAN
MEF Memtec PP 1,500 2,500 625
Acumem Megamodule PS 1,000 1,500 256

Hollow-fibre units dominate the haemodialysis market. Typically, the fibres used are some 200
microns in internal diameter, and have a wall thickness of between 8 and 20 microns. The elements
are about 25 cms long, and about 3 cms in diameter, and contain 1 - 1.5 m* of membrane area.
Blood passes down the central lumen while the dialysate passes through to the shell side in
counter-current direction.

The Prism gas separator provides yet another design of hollow-fibre element with the feed gas being

applied from the outside of the shell, and the product gases being removed from the lumens at the
ends of the element.
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One of the key factors that govern the design of these units is hydraulic pressure losses that occur in
getting the various streams into and out of an element. Losses not only reduce the flow-rate but also
the selectivity. Decreasing fibre sizes results in greater surface area per unit volume, but this is at the
expense of greater pressure losses. Irrespective of any fouling effects, it can be seen that there is a
minimum fibre internal diameter below which the system as a whole becomes less efficient.
Theoretical models have been constructed which look at optimal designs (HD - [9], [10], RO -
[11),[121,[13], GS-[14],MF -[15]).

3.5 Tubular Designs

Tubular modules have the largest dimensions of all membrane devices. To some extent they are an
extension of the hollow-fibre type with diameters ranging up to 25 mm. However, tubular modules
differ from hollow-fibre devices in that the membrane is invariably supported along its length and
packed in an array which might contain from 1 to 100 tubes. In these devices the membrane is
usually cast on the inside of a rigid porous tube. The feed flows down the centre of the tube, and
permeate flows through the walls where it is channelled to a side-port. The flow-rates used in these
tubes means that the flow is invariably turbuient.

Tubular membranes are widely used in food applications because of their capability of handling
difficult rheological systems, or fluids which contain large suspended solids (which might be
inconvenient to remove), or present difficult fouling problems. Although tubular membranes have
relatively low surface area per unit volume their simplicity means that they are easy to clean. Many
of the available systems are also designed with the capability of being cleaned at high temperatures.
The large diameter of the tubes means that the liquid hold up is high. A recent application of tubular
membranes has been in the removal of TOC from the supply of potable water in remote areas of
Scotland. The tubular membrane format means that no prefiltration is required despite the feed
turbidity. However, a mechanical cleaning method involving a foam ball has to be applied frequently.

\?’
)
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Figure 3.5-1 Hlustrated is a tubular system from PCIL The assembly consist of 18 stainless steel tubes which
houses tubular membranes of 12.5 mm diameter. The tubes are either 1.2 or 3.66 mm in length. The total
membrane surface area is 0.9 and 2.6 m’. Depending on end fitting the flow can be in series or in parallel.
(Courtesy of PCI Membrane Systems Ltd)

Another examples of a tubular membrane is shown in figures 3.5-2.
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Table 3.5.1. Suppliers tubular membranes

Manufacturer  Membrane Process Manufacturer Membrane Process
Kaxch UF/MF Nitto-Denko UF/MF
PCI RO/NF/UF

Figure 3.5-2 Lllustrated is an element for a single tubular ultrafiltration membrane with 1 inch diameter
made by Koch. (Courtesy of Koch Membrane Systems)

A particular variant of the tubular design is the ceramic monolith. In this case a bundle of tubes are
co-extruded to form one solid block of tubes. Selected tubes in the block can then be coated so that
a particular tube will act as a feed, or permeate line. The tubes are not necessarily circular in
cross-section, and can be square, circular or star shaped.

3.6 Packaging Selection

The use of the various formats varies with application and technology. Some of the more important
factors that drive selection are summarised in table 3.6.1.

Table 3.6.1 Factors that influence the choice of membrane module

» membrane availability » hold-up « flexibility

« fouling « ease of cleaning « maintenance

« suspended solids concentration « hygiene « serviceability

» dissolved solids concentration  « feed viscosity - cost

« polarisation » pressure drop « replacement cost

* experience

The different packaging types have different merits (see table 3.6.2). While inevitably the problem
can be reduced to one of cost ther is frequently a question of risk management with new processes.
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In practice one or other formats tend to dominate because of the demonstrated benefits that have
been proven. In many cases the end user is to some degree reliant on the system designer and past
experience.

Tabie 3.6.2 Advantages and disadvaniages of membrane packaging. The last column indicates the
technology which uses the various packaging types (technologies in brackets indicate its availability in
the specified format but it is not a major part of the market).

PACKAGE ADVANTAGES DISADVANTAGES TECHNOLOGY
TYPE
Flat Sheet « Wide choice of membranes « High cost D,ED
« Can be cleaned by dissassembly e Replacing membrane is time MF, UF
o Low energy requirement consuming (NF), (RO), (HD)
» Can have seal problems
Hollow-Fibre * Very compact system  Easily fouled with GS, HD
 Low liquid hold-up particulates UF, MF, RO
* Low capital cost * Not suitable for viscous
» Backflushable systems
» Limited range of products
available
Spiral » Low hold-up e Can have dead spots RO, NF,
Wound » Compact system « Cannot be backflushed (UF), (ED)

* Wide range of materials
» Wide range of sizes
* Low capital cost

Tubular + Can tolerate feeds with high « High energy requirement MF, UF, NF, RO
suspended solids « High capital cost
+ Can work with viscous and o Large space demand
non-Newtowian fluids « Dissassembly long
o Easy to clean mechanically « High hold-up

Usually one format dominates a particular application sector. However, there are exceptions such as
that for the electrocoat process in the automotive industry. Here both hollow-fibre, and plate and
frame designs are available.
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Figure 3.6-1 Hold-up volume for various membrane packages.

Hold-up is particularly important in high value added products such as drugs. The different
packaging types cover hold-ups which range two orders of magnitude. Equally in such applications
the ability to clean and rinse such device is also important.
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Chapter 4

PROCESS CHARACTERISATION
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4.1 Introduction

A membrane separation process can be characterised as having at least one input stream producing
at least two output streams of different compositions. Most commonly there is one input stream, as
shown in figure 4.1-1, but dialysis and sweep gas processes involve two input streams.

Feed -7

0 _r T

Figure 4.1-1 Schematic outline of membrane separation process (Q - flow rate, c-concentration).

Usually, one of the output streams is regarded as the product and the other as the waste. Which is
which depends on whether one is interested in recovering something in the feed, or removing
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something from the feed. The output stream that passes through the membrane is known as the
permeate, while the residual stream is referred to as the retentate, or concentrate, or reject stream..

Two key measures of performance are the productivity of a plant and the quality of the product, (i.c.
how good is the separation). Ideally, these performance factors are constant, but in practice they
change due to a variety of causes. This is one of the most critical and difficult problems in designing
a successful system.

Just how well a membrane system separates is expressed in a variety of ways depending on the
technology and application of interest:

Table 4.1 Measures of separation used in various membrane processes. The definitions of these
measures of selectivity are provided in section 4.3.

Separation Measure Membrane Technology
Rejection Reverse Osmosis, Nanofiltration, (Ultrafiltration)
MWCO Ultrafiltration, (Nanofiltration)
Log Reduction Microfiltration, (Ultrafiltration)
Nominal and Absolute Size Cartridge Filtration, Microfiltration
Beta values Cartridge Filtration
Clearance Haemodialysis
Selectivity Gas Separation

While the composition and mass flows are sufficient to describe the mass balance, additional
information is required to provide a full thermodynamic description, e.g. pressure, and temperature.

4.2 Productivity

One of the key economic questions regarding a plant is its production rate. This rate is made up of
the sum of the productivities of the individual elements. The productivity performance of an element
is usually quoted by a supplier at a particular benchmark set of conditions. Such productivity
however, should be considered as a quality control measure, rather than as an operating performance
measure, since a number of factors can serve to reduce the productivity. Indeed, in some pressure
driven applications, the productivity is independent of the feed pressure. In general productivity is a
function of the intrinsic permeability of the membrane, the operating conditions and the feed.
Experience from similar applications can usually provide a guide to the likely productivity, but in the
absence of such information it is essential to carry-out suitable pilot evaluations.

In some cases, (e.g. a flat sheet for a plate and frame system), the productivity is usually quoted as a
flux (production rate per unit area). Thus, from the required production rate one can calculate the
membrane area needed. As will be seen in chapter 6, many of the causes of the reduction in flux
show a direct dependence on the flux itself. For this reason it is always useful to know the flux rate
proposed. A high initial flux might lead to a long term fouling penalty. One particular issue that
needs to be taken into account is the difference between total membrane area and the active
membrane area. In all applications there will be some membrane that will not be available, (e.g.
boundary glue lines, end pots, spacer masking). These boundary areas can occupy up to 40 % of the
total area. Thus, if one is estimating the flux from the performance of an element it is important to
include only the active membrane area, otherwise, the predicted operating flux will be too low.
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Conversely, if the total membrane area is used to estimate the production rate then there will be a
significant overestimate of performance.

4.3 Product Quality/Selectivity

Membranes are rarely perfect and in processes which are concerned with rejecting material some
contamination of the permeate will occur, or in the case of recovering solutes, some material will be
lost in the permeate. Whether it is the concentration of a waste, the concentration of a drug, or the
production of pure water for cleaning electronic components, invariably, it is the concentration of
some component or components in the permeate which is used as a measure of product quality. A
feature of membrane processes is that the quality of the permeate strongly depends on the feed
concentration. Indeed, in most cases there is a linear relationship between the permeate
concentration and the feed concentration. For this reason, most measures of performance are
expressed as some ratio between the permeate and feed concentration.

The measure of the quality of separation is thus its selectivity of the process or membrane. A variety
of methods are used to connect the selectivities of membranes/elements with the applications for
which they are suitable. The relationship between these is provided either by models, or, more often
than not, by testing. In which case the benchmark values are a quality control measure of a
membrane. In an ideal world membranes designed for a similar duty would be tested under the same
bench mark conditions. That would allow the user to select on the basis of performance, cost etc.
However, the premise which lies behind this is that the benchmark performance of a
membrane/element will translate to the application conditions in the same way. The reality is far
more complex. Benchmark conditions are usually chosen so that they are relevant to the operation
of a particular element and provide a quality measure so that benchmark values can be linked to an
application. The extent to which one can compare membrane elements varies with the technology
field.

Rejection, Retention, Transmittance

In reverse osmosis and nanofiltration the membrane selectivity is usually quoted as a rejection (or
retention), and is defined in terms of the fraction of the solute in the feed that appears in the
permeate:

where ¢, is the concentration of the permeate and ¢, is the concentration. of the feed rejections are
usually quoted on a percentage basis. In benchmarking for RO sodium chloride is the most
commonly used solution, while in nanofiltration magnesium sulphate is preferred. For solution
mixtures the various solutes/ions have different rejections. Most ions have positive rejections, but in
a number of cases certain species (usually those involved with weak acids) can show a strong
negative rejection. In practice the rejecting properties of a membranes can be characterised through
any relevant measure of the composition. Common measures are :-

*  conductivity
e Uy
® refractive index
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e JOC

The most widely used measure in RO is conductivity, while UV and TOC are more commonly
applied for waste applications. Refractive index is widely used in food applications.

While in operational terms the rejection is usually the measure of key concern, it is the transmittance,
T, that is of greatest significance at a fundamental level:

T=1-R= cc_'f’ “32)

Molecular Weight Cut-Off (MWCO)

In ultrafiltration a popular measure of selectivity is the molecular weight cut-off. This is done by
measuring the rejection characteristics of either a mixture of molecules of differing molecular
weights (e.g. proteins) or a material with a range of molecular weights (e.g. dextrans). The feed and
permeate are then characterised using, for example, gel permeation chromatography (see figure
4.3-1).

Recorder Displacement { mv)

0 50 100 150 200 250
Retention Time

Figure 4.3-1 Gel permeation chromatography (GPC) profile of dextran solution in the range 10,000 to
156,000.

From the curve a rejection as a function of molecular weight. Making some assumptions as to the
relationship between molecular weight and retention, one can calculate the molecular weight cut-off
(MWCO) which is defined as the point at which 90 % rejection occurs. An alternative approach is
to challenge the membrane with a blend of polymers with a tight molecular weight range. One of the
most popular species for this are PEGs (polyethylene glycols)
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Figure 4.3-2 GPC profiles for a hollow-fibre with 2,000, 20,000, 400,000 polyethylene glycols. The time
axis can be equated to molecular weight through reference to the molecular weight of the polyethylene
glycols.

Figure 4.3-2 shows a schematic of a molecular weight cut-off curve. Membranes are sometimes
characterised as having diffuse or sharp cut-off depending on the width of the cut-off curve. The
ideal cut-off is often identified as a discontinuity. For reasons discussed in chapter 6 this ideal
appears unreal and will not be observed even if the membrane contained narrow distribution of

pores.
ideal
o Cutoff |
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1200 00D
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Figure 4.3-3 Different membranes have different molecular weight cut-off curves.

For nanofiltration, or tight ultrafiltration, simple molecules are sought for carrying out molecular
weight cut-offs. One of the commonest group of materials chosen for this purpose is the
polysaccharides (e.g. sucrose, glucose, raffinose). These materials have exact molecular weights and
thus a molecular weight cut-off can be determined. It is tempting to think of molecular weight
cut-off as a physical property of the membrane independent of the measurement method. However,
as with salt rejection the rejection properties are sensitive to pressure and cross-flow. Thus, it is
essential to carry all measurements out under the same operational conditions.
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Figure 4.3-4 Molecular weight cut-off for some nanofiltrations measured by challenging with a range of
sugars.

Log Reduction, Nominal and Absolute Size

Based on pore size considerations, membranes can provide an absolute barrier to the passage of
particles or organisms. An absolute membrane is therefore one which allows no passage of the
selected particles. If a specific size of particle is used then this allows one to give an absolute pore
size rating to a membrane. This nomenclature is popular in cartridge filtration. A slightly weaker
rating is based on nominal size. This is simply the size rating at which only 10 % of the particles at
the size rating in the feed pass through the membrane. It is clear that such a definition will be specific
to a particular challenge and method of evaluation.

In some cases membranes have an exceedingly high rejection e.g. greater than 99.99 % and yet the
exact value of the membrane's performance is still an issue. The integrity of the barrier therefore is a
critical question for producing a stream free from a particular pathogen. In such examples the
performance of a membrane is expressed in terms of log reduction.

log reductlonslogw( P r—— o 4.3.3)

concentration in permeate)
One of the issues in characterising filters with pathogens is that it is based on a number count.
Consequently, there is a lower limit to the concentration that can be determined, which depends on

the practical limit of the sample volume. As a result, all that can be said is that the log reduction is
better than a value.

Table 4.3.1 highlights log removal data obtained by Jacangelo and Adham [1], on 6 different
membranes (3 microfiltration, and 3 ultrafiitration) for a range of biological challenges. The log
removal values for the cysts (Giardia muris and Cryptosporidium parvuum) are set by the detection
limit for the particular challenge. E. Coli is much smaller than Cryprosporidium parvuum and yet its
reduction is orders of magnitude better, which is a consequence of the measurement method and not
an indication that E.Coli is better rejected than Cryptosporidium parvuum. With the exception of
UF-B (this membrane is believed to have a defect) the log removal values were limited by the
measurement method. As expected, the ultrafilters performed markedly better than the
microfiltration membranes when subjected to a virus challenge.
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Table 4.3.1 Shows log reduction measured on 6 different membranes (from Jacangelo and Adham,[1]).

Membrane Specific Flux  Cut-off Log removal
Rate, Giardia  Cryptospodium  Escherichia Pscudomonss  Virys
GFD/psi muris parvum Coli Aeruginosa
MF-A 28 0.2 ym >5.2 >49 >78 >82 <1
MF-B 45 0.2 pym >52 >49 >178 >82 <1
MF-C 13 0.1 ym >5.0 >438 >78 >82 <1
UF-A 26 500 kD >52 >49 >9.0 >82 12
UF-B 17 300 kD >5.0 >4.8 5.6 4
UF-C 9 100 kD >52 >49 >738 >82 >6

Beta value

A characterisation method that is widely used for cartridge filters is the beta value

__ Total number of particles farger than a given size in the influent

ﬁ = "Total number of particles larger than a given size in the effluent

Removal efficiency is also used to measure membrane performance. It is defined by.

% Removal efficiency = (%) * 100

(434

{4.3.4)

The relationship between beta, the removal efficiency and log reduction is illustrated in table 4.3.2

Table 4.3.2 Shows the relationship between three different measures of separation

B % Removal  Log Reducti
1 0 0
10 90 I
100 99 2
1,000 99.9 3
10,000 99.99 4
100,000 99.999 5

At a practical level cartridge filter manufacturers call the particle size at which the beta value is
about 10,000 (i.e. log reduction of 4) the absolute rating of the filter.

For these highly selective membranes a minor defect such as that caused by a trapped air bubble or
particle of dust during the manufacturing process can significantly reduce performance. As yet it is
not viable to validate all of the membrane surface, but instead the focus is on quality control
procedures to reduce the problem to a minimum. In addition to defects through the membrane there
are leakage paths which by-pass the membrane through the glue lines or around defective seals.
Based on size a reverse osmosis membrane should be an absolute barrier to a pathogen. However,
an extremely minor leak through the glue lines, which would not significantly effect the salt rejection

could be extremely significant when one focuses on the transmittance of pathogens.
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Selectivity

In the case of gas separation the separation is defined in terms of selectivity between components i
and j with respect to the molar composition (¢, ¢,, ¢;, .....)

_ (c,/cj)P

Qiyy = (c,/c,) i

4.3.6)

Clearance

Clearance is a term that has come to be used in the medical application of membranes, particularly
haemodialysis, and is defined by

CpCr
Qa= QF( = ) @37

where O, is the feed flow-rate, ¢ is the concentration of the constituent of interest, and the
subscripts f'and r refer to the feed and reject respectively.

If the exit concentration for a certain solute were zero, then the clearance would be equal to the feed
flow rate. If the exit concentration were half that of the inlet, then the clearance would be half the
feed flow-rate. In essence, the clearance indicates the virtual amount of feed that is being treated per
unit time.

4.4 Membrane Life

The initial productivity of a membrane is one thing, it is another to maintain that performance. In
heavy duty applications membranes may last as little as a few weeks, while in clean applications
membranes may last 5 to 10 years. In practice, there is always a compromise between the degree of
pretreatment, how intensively the membrane process is operated, the frequency of cleaning and the
membrane life. Nearly all membrane processes decline in performance over time-scales that vary
from a few minutes to several months. The causes of this decline are various and include amongst
others

+ temperature changes

« compaction

«  chemical degradation

« accumulation of foulants on the membrane surface
- precipitation on the membrane surface

In carrying out an economic assessment some allowance for fouling has to be taken into account. It
is the integrated productivity that is important.

4.5 Recovery, Stage Cut, Yield

The fraction of the feed which is treated is known as the recovery, Y (usually quoted as a
percentage), and is defined as the fraction of the feed that passes through the membrane,

Y= % 5.1
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While there is a frequent desire to treat all the feed, there are practical reasons why this cannot be
done. These include

«  Thermodynamic/Energy requirements
Phase separation (e.g. precipitation)

+ Rheological properties of retentate
Fouling

The energy/thermodynamic issues are exemplified in the reverse osmosis of sea water. The osmotic
pressure of sea water relative to pure water is of the order of 350 psi. If a system was run to give a
recovery of 67 %, the concentration would have risen by nearly three fold and so would the
required feed pressure. Given the usually low cost of sea water, and practical issues due to the high
pressure required, sea water RO is rarely run above 30 % recovery.

As water is removed from the feed stream, solutes concentrate, and this can cause some to become
supersaturated with a consequent precipitation. For solutes such as calcium carbonate, calcium
sulphate, and silica the operating limits are readily predicted by the system design programmes. For
more application specific inorganics and organics, one is usually reliant on pilot trials to identify the
potential problems. The key objective of calculations based on water analyses or pilot testing is to
determine the maximum recovery at which a system can be operated.

Particularly in food/biological systems the effect of removing water is to change the rheology of the
feed. Invariably materials get more difficult to pump as they progress through a membrane system.
At very high viscosities a number of problems arise

- generation of heat
degradation of material from shear stresses
+ Increasing concentration polarisation

Inevitably, there is a practical limit when the viscosity is too high, and the performance too low for
membranes to be used.

4.6 Volume Reduction, Concentration Factor

In waste applications, customers are most interested in the quality of the permeate and the degree of
volume reduction achieved. In the pharmaceutical industry the focus is usually on the recovery of an
ingredient, the concentration factor achieved is often a critical measure of performance. These
factors are not independent, but linked to how much water is recovered from the feed (recovery).
Indeed, for batch operation

_ Wfinah)
VR = Vinitiah Y 4.6.1)

Thus, a system with 80 % recovery represents an 80 % reduction in feed volume. As water is
removed from a feed the rejected components become concentrated. A mass balance shows that the
concentration factor, the rejection, and the recovery are linked via

_ C(final) _ e
CF= Clnitial) — 1+R (H/) 4.6.2)

If the membrane is ideal (i.e. R=1) this reduces to (see figure 4.6-1)
4-9
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- L
CF= o (4.6.3)
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Figure 4.6-1 Plot of concentration factor versus recovery for ideal membrane.

Thus, a 90 % reduction in volume (i.e. 90 % recovery) results in a concentration factor of 10, and
for a 99 % reduction in volume there is 100 fold concentration increase (see table 4.6.1) . In many
cases these levels of concentration cannot be sustained without inducing a phase separation. In batch
processing high volume reduction targets mean that the membrane will see extreme conditions in
terms of concentration, and fouling at the end of a batch cycle.

Table 4.6.1 Effect of recovery on concentration factor.

Recovery or Volume Reduction, %  Concentration Factor (Max)

50 2

90 10
95 20
99 100

One further complication is that the system rejection is less than the element rejection which in turn
is less than the membrane rejection. For a membrane with intrinsic rejection, r, that is independent
of concentration, the concentration factor for a single pass system is

CF= (lf—y) ’ “6.4)

These results can be used in equation 4.6.4 to compute the system rejection and the result of this is
shown in figure 4.6-2 for several different membrane rejections. The graph shows that the penalty
for increasing recovery is a fall in system rejection as a result of concentration increases within the
syste,. Thus, a membrane with an intrinsic membrane rejection of 90 % will only achieve 73 %
system rejection if a recovery of 95 % is used.
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System Rejection, %
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Figure 4.6-2 Calculated effect of recovery on system rejection in a single pass system for membranes with
various intrinsic rejections.

4.7 Membrane/Element Characterisation

The performance of an element depends on a large number of characteristics and most
manufacturers carry out a large number of tests during the development stage in order to optimise
the design. Packaging of the membrane inevitably leads to some degradation in performance (loss of
flux, loss of rejection). The art of the designer is to achieve the best possible balance of factors for
the intended use. Once made, elements go through a quality control procedure which involves
testing the element under a standard set of test conditions. Test conditions are generally chosen to
be indicative of those to be used in practice. A glance at the catalogues will reveal the test conditions
used by different manufacturers (see table 4.7).

While there is a degree of individuality about this, manufacturers use conditions that are indicative of
the end use e.g. a cellulosic RO membrane operates under quite different conditions from an
interfacial RO membrane. Not only do they operate under different conditions but the pre- and post-
treatment requirements are different. Thus, if comparison has to be done, it should not be whether
one membrane out performs another membrane under a chosen set of conditions, but whether the
final plant meets the performance requirements and whether or not it gives a better economic return.
Most RO manufacturers provide computer aided design tools which means that various designs can
be rapidly constructed and costs estimated. One important aspect of the performance of membranes
is the tolerance. In the case of RO the productivity tolerances can be as large as +/- 15 %. Such
variability has to be taken account of during the design process.
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Table 4.7 Some typical characterisation conditions used by various RO element manufacturers.

Type Company Product Conditions
Challenge Pressure Recovery Feed

Temp, pH
RO/Sea Water Dow FT30 32000 ppm NaCl 800 psi 15%  25C, pH-8
RO/Sea Water Desal Desal-3 32000 ppm NaCl 800 psi 5% 25C,pH=6.5
RO/Brackish  Desal Desal-3 2000 ppm NaCl 425 psi 15%  25C,pH=6.5
RO/Brackish  Hydranautics CPA2 1500 ppm NaCi 225 psi 5% 25C,pH=7
RO/Brackish  Dow Flux, Rejection 2000 ppm NaCl 225 psi 15% 25C,pH=8
RO/Brackish  Dow Flux, Rejection 2000 ppm NaCl 225 psi 15%  25C,pH=8
NF Hydranautics PVDI1 1500 ppm NaCl 150 psi 15%  25C,pH=7
NF Fluid Systems 700 ppm tap 109 psi 15% 25C, pH=7
NF Desal Desal-5 1000 ppm MgS04 100 psi 10% 25C
NF Dow NF 70 2000 ppm MgSO4 70 psi 15% 25C

4.8 References

1 JG Jacangelo and S S Adbam, "Comparison of Microfiltration and Ultrafiltration for Microbial Removal"
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Chapter 5

FUNDAMENTALS

Contents
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5.1 Introduction

Underlying every technology there is some basic science. With its extensive colloidal roots
membrane technology is no exception, and this chapter provides an appreciation of this. There is
inevitably a dilemma as to what should and should not be included and the decision must be a
personal one. We have been guided by those factors that impact significantly on the process of
separation. Wherever possible the various length scales, time-scales and forces that arise will be
quantified. The final part of the chapter provides an introduction to models of the transport of water
and solutes through membranes and explains how this gives rise to the selectivity that we exploit.
Through the large number of approximations that are apparent in the analysis it emphasises the
complexity of real systems, and hence provides an appreciation of the care that is needed in
extrapolating from such models without also taking into account supportive experimentation.

5.2 Osmosis

Osmotic phenomena plays a significant role in those membrane processes involving the selection of
low molecular weight solutes, i.e.

® reverse oSmosis,
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* nanofiltration,

8 clectrodialysis,

s dialysis,

* membrane distillation.

The presence of low molecular weight solutes in water depresses its vapour pressure. Thus, when
pure water is brought in to close proximity to a salt or sugar solution, water preferentially
evaporates from the pure water and condenses on to the solution. This transfer reflects a purely
thermodynamic difference between water in the two solutions. By using a membrane these solutions
can be brought very close together, and then the membrane provides a conduit for molecules of
water to pass between them. If the membrane is ideal (i.e. only water migrates across it) then
exactly the same result is achieved; water crosses the membrane to dilute the solution. This flow can
be made to stop by applying sufficient pressure to the salt solution (see figure 5.2-1). This pressure
equals the osmstic pressure generated by the solutes. If additional pressure is applied to the salt
solution then water can be made to flow in the opposite direction, hence the term reverse osmosis'.

(a) (b) (c) (d)

Pure Water ! Salt Solution

Membrane

Figure 5.2-1 Schematic illustration of the processes of osmosis ({a) and (b)) in which water flows through
the membrane from pure water to salty water until a pressure head is created (the osmtic pressure
difference). If a pressure is applied to the salt solution (figure (c)) the flow of water diluting the salt solution
will cease. Applying greater pressure results in reverse osmosis in which water flows from the slat solution
into the pure water (figure (d)).

For dilute solutions the osmotic pressure is expected to be proportional to the solute concentration,
and Van't Hoff showed that for an ideal solution

II= CRT-I—MW, (Van't Hoffs equation) (5.2.1)
where the concentration is in g/mL and MW is the molecular weight. This equation shows that

osmotic pressure

® increases linearly with concentration,
® decreases with increasing molecular weight,

® increases with temperature.

It is due to this that the term reverse osmosis originates despite the fact that many applications to which it is
applied the osmotic pressure is not a major factor. For this reason some authors prefer the term
hyperfiltration.

5-2
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The Van't Hoff equation is obeyed well for salts at concentrations typical of tap water. For typical
tap waters the osmotic pressure is usually less than 0.5 bar, while for sea water the osmotic pressure
rises to about 25 bar®. In this case feed pressures of the order of 55 bar are required to overcome the
osmotic pressure’ and provide reasonable fluxes. For feeds with a high osmotic pressure special
consideration must be given to what happens when the system is switched off. When the feed
pressure is turned off, the osmotic pressure across the membrane can drive a substantial flow of
water across it in the reverse direction. If this aspect is not designed out, then delamination of the
membrane can occur in spiral and plate and frame systems. Such osmotic pressure effects can also
trigger syphoning action if precautions have not been taken to prevent it.

The osmotic pressure of an aqueous solution is usually referenced to pure water. In a membrane
process it is the difference in osmotic pressure difference between both sides of a membrane that is
of significance. If a loose RO membrane (i.e. a nanofilter) is used, then a substantial amount of the
low molecular weight material passes through the membrane. In this case the relevant osmotic
pressure is the difference between the feed and the permeate. This is considerably less than that of
the feed relative to pure water. If van't Hoff's equation provides a good representation for the
osmotic pressure then the osmotic pressure difference is simply related to the feed by the rejection
ie.

ATl =T1,~TI, = RTI,. (5.22)
More generally for a multi-component system

All=%;RII; . (5.2.3)
For food and biological applications where concentrations can be high, significant positive deviations

are observed (see Figure 5.2-2). Such deviations are frequently modelled with a virial type
expansion:

H=AC{":12(1+~B—2;C+"")' (5.2.9)

The first virial coefficient can be related to entropic and enthalpic interactions, and can be either
positive or negative. Macromolecules can show strong deviations. Deviations from ideality are more
marked for long chained polymers than for compact proteins. These deviations are frequently
dependent on pH and ionic strength due to the charged state of the anionic, and cationic groups on
the protein. The non-linear characteristics of osmotic pressure can be important in food and
biological applications where concentrations can be substantial.

The rejection of solutes at the membrane surface results in a locally higher solute concentration. As a
result the osmotic pressure at the surface is higher than in the bulk. This serves to reduce the net
operating pressure across the membrane (pressure difference less osmotic pressure).

In batch applications of reverse osmosis the osmotic pressure ultimately limits the extent to which a
feed can be dewatered. In electrodialysis the osmotic pressure drives water across the membrane

z In imperial units 100 ppm of dissolved solids produces an osmotic pressure of about 1 psi.

3 The key driver for flux is the net pressure drop = pressure drop across membrane-osmotic pressure drop
across membrane

5-3
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from the dilute to the concentration stream and provides a practical limit to the level of
concentration enhancement that can be obtained.

Osmotic Pressure (MPa)

[+ 20 4 60
CONCENTRATION ("Brix}

Figure 5.2-2 Osmotic pressure of orange juice versus concentration as measured in°Brix [1]

5.3 Rheology

At its simplest level the rheology of the feed dictates how much energy is lost in getting the feed and
product to and from the membrane surface. An aspect which provides an additional level of
complexity in many membrane applications is that the rheological properties changes as it passes
through the membrane system as a result of increases in the bulk concentration as a result of
dewatering. This aspect not only appears along an element, but also between the bulk fluid and the
membrane surface, with an inevitable impact on the permeability and rejection characteristics. Thus,
assessing the rheological properties of a feed are a vital aspect in the process design, Fortunately, in
established applications the rheological properties are known and have been taken into account in
bothe the elements used and the system design.

Gases and dilute aqueous solutions behave as Newtonian fluids, for which the shear stress, 1, is
proportional to the shear rate, o:

t=70, (5.3.1)
where the constant of proportionality is the viscosity, 1. Viscosity is sensitive to temperature (see
table 5.3.1). For water a decrease of one degree Centigrade gives an approximate decrease of 2.5 %

in viscosity.

Table 5.3.1 The effect of temperature on the viscosity of water and air

Temperature, C Viscosity, (N s m?)
Air Water
0 1.72 * 10° 1.79 * 10°
20 1.82 * 10° 1.01 * 10°
40 1.91 * 10* 0.65 * 10°
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Variations in feed temperature have more impact than a change in pumping costs. Changes in
viscosity result in a change in membrane permeability. Thus, if the feed temperature varies between
10 and 20 C this could reflect in a 30 % difference in output! This benefit is usually recovered in
lower operating pressures since membrane plants are designed around an operating flux rather than
an operating pressure, for fouling reasons. Thus, a ten degree fall in temperature must be
accommodated by a 30 % increase in net pressure, if constant output is required. For this reason
reverse osmosis systems are designed around the minimum operating temperature rather than the
average. Where cheap heat is available it can pay to heat the feed prior to treatment

The presence of macromolecules in a solution leads to an increase in viscosity. At low
concentrations the viscosity is modelled with a virial type equation

ne@=n0)*(L+Mmlc+...). (5.3.2)

Higher concentrations give rise to a more rapid increase that is commonly modelled with an
exponential expression:

n(e) =n(0) expfac}. (5.3.3)

This concentration dependence has practical implications for the design of ultrafiltration and
microfiltration applications dealing with concentrated dispersions.

Concentrated suspensions like paint latex, and fermentation broths have complex relationships
between the shear stress and shear rate (see Blanch and Clark [2], Coulson and Richardson[3]). A
widely used equation to characterise such non-Newtonian fluids is the power law model in which the
shear stress is proportional to some power of the shear rate:

T=nc" (5.3.4)

where » is an empirical constant. When n <1 the fluid is shear thinning. In a shear thinning system
the ratio of the shear stress over the shear rate decreases with increasing shear rate, i.e. the apparent
viscosity decreases with shear-rate. This behaviour is a consequence of the shear breaking up the
structure between particles and or macromolecules in the fluid. Once the structure has been ruptured
it takes time to reform. As it does so the viscosity increases. Fluids like this are called thixotropic.
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Figure 5.3-1 shows the velocity and shear stress in the flow down a pipe for (a) Newtonian fluid and for (b)
a power law fluid with n=0.33.

The exponent in equation 5.3.4 has a significant effect on the velocity profile created when the fluid
passes down a duct lined with membrane (see figure 5.3-1). However, while the velocity profile
changes, the shear stress remains uniform across the duct, being maximum at the membrane surface
and decreasing linearly away from it till it reaches zero at the centre of the pipe.

One further complication that occurs in many colloidal concentrates is the appearance of a yield
stress

1=1,(¢) +no”, (5.3.5)

where 1, is a yield stress. The yield stress reflects that for some fluids when the concentration
reaches a critical value there is sufficient structure to resist a simple mechanical load, but will yield
once a sufficient shear stress has been applied (sometimes referred to as a Bingham plastic - see
figure 5.3-2). In operation the concentration varies rapidly near the membrane surface and this can
have significant impact on gel polarisation(see chapter 6).

SHEAR STRESS

Bingham plastic

Pseudo-plastic

Yield Stress

SHEAR RATE

Figure 5.3-2 Schematic of relationship between shear stress and shear rate for different fluid types.
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An example of a thixotropic fluid is illustrated in figure 5.3-3. As can be seen the viscosity is
extremely sensitive to the solids loading. These are significant factors in the design of both batch and
continuous plants.

Viscosity, Ns/m* Viscosity, Nsim® Viscosity, Ns/m*
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Figure 5.3-.3 Shows the rheological properties of a concentrated latex solution (40 %) as a function of
solids, "shear” rate and time.

In the context of the time-scale it should be noted that the residence time within a membrane
element rarely extends to minutes, and in many cases seconds provide a more meaningful measure.
The time-scale and the concentration gradients within devices means that care should be taken to
obtain rheological characteristics pertinent to the application and the membrane device. Also,
consideration of the type of pump and its impact on the fluid prior to processing need to be given.

The rheological properties impact on basic design issues such as
® the sizing of pipe work,
® selection of a pump,
* selection of element type, i.e. spiral, tubular,
® provision of cooling to remove the generated heat.

To do this requires an understanding of the rheological properties over the whole concentration
range of interest, and under the shear conditions employed.

5.4 Sedimentation

Gravitational forces are frequently exploited to separate macroscopic particles. In membrane devices
settlement of particles can cause problems like blockages of the spacers. With the exception of
tubular membranes some pre-treatment is necessary to remove coarse materials e.g. screens for
microfiltration, media filter for reverse osmosis.

Settlement is governed by the balance between the gravitational forces acting on the particles and
hydraulic drag resisting movement. The hydraulic drag on a spherical particle of radius, @, and witha
density difference of Ap, is given by Stoke's law. At steady state the force balance equations predict

2a% A
yy = ZLIPE

m (5.4.1)
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This equation shows that the settlement velocity gets smaller as the particles get smaller. Typical
values for these parameter (see table 5.4) show that the terminal velocity for most colloidal materials
is very small. As a consequence sub-microscopic particles move with the fluid. However, when the
fluid moves across an obstruction such as a fibre its inertia could move it out of the flow and impact
it on the fibre. Carrying out a dynamical analysis shows that the response time for the particle is
given by
2a%p

TE (5.4.2)
The equation predicts that the smaller the particle the shorter the response time. For colloidal
materials the response times are extremely rapid and far shorter than the short residence times that
the feed is in a module (see table 5.4).

Table 5.4 Variation of settling velocity, response time, and characteristic length scale for a colloidal
spherical particle in water with a density difference® of 300 Kg/m*

Particle Diameter  Settling Velocity  Response Time Length Scale

hm pm/s s am
0.1 0.0016 7.2E-10 1.2E-12
1 0.16 7.2E-8 1.2E-8
10 .16.35 7.2E-6 1.2E-4

100 1635 7.2E-4 12

The product of the terminal velocity and the response time provides a characteristic length scale,
which varies as the fourth power of the particle size. For colloidal materials this length scale is
sub-atomic indicating that other interactions such as electrostatics will dominate in the colloidal
domain.

This analysis suggests that provided adequate pre-treatment has been carried out to remove
macroscopic particles, deposition by sedimentation is rarely a significant process in membrane units
unless coagulation takes place within it.

A consequence of processes like sedimentation is to produce regions of high solids concentration.
Over time these regions consofidate, i.e. they develop mechanical properties such as a yield stress
(see equation 5.3.5) as the result of molecular interactions. Once such a structure has developed, it is
more difficult to remove, and provides the nucleus for further fouling. This is a reason why frequent
cleaning is more effective in maintaing performance, and enables easier removal of such deposits.

The density difference is between that of the particle and the average density of the system. In dilute systems
the average density is that of the fluid. Another correction to the settling formula is the effect of neighbouring
particles which modify the flow-field around the particle. This is frequently modelled by replacing the
viscosity by an apparent viscosity.

5-8
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5.5 Diffusion in Water, Gases, and Polymers
5.5.1 Brownian Motion

In the early part of the 19 century Thomas Brown studied a "strange” phenomenon where small
pollen grains where observed to translate and rotate randomly when placed in a fluid. This motion,
now known as Brownian motion, is common to all small particles. It was explained by Einstein in
1905 on the basis of thermal fluctuations resulting from the random collisions of the fluid with the
particle momentarily being imbalanced. These fluctuations become more significant as particles
become smaller. Brownian motion allows particles to migrate when there is a concentration
imbalance. It can be shown that for a spherical particle of radius a (Stokes-Einstein relationship)

_ kT
~ 6man

(5.51)

The measured values agree well with that predicted by the Stokes-Einstein equation except when
molecules are non-spherical (see figure 5.5-1). The important implication of Brownian motion is that
molecules can move significant distances in a second. For example a sugar molecule on average
diffuses about 20 microns in a second.
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Figure 5.5-1 shows diffusion coefficient for various molecules at 20 C. The line is that predicted by the
Stokes-Einstein equation assuming a density of 1300 Kg/m .

The Stokes-Einstein equation fails when the particles are not gloubular or there is a large number of
internal degrees of freedom.More generally it is found that

D=k MWy, (5.5.2)
where

B=1/3, for globular particles,

B=1/2, for random coils,

5-9
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B=1, Jor rigid coils.

In addition to the random translations particles also undergo random rotations. For non-rigid
particles there is an internal Brownian motion which causes it to continually change its
shape/conformation. This mechanism allows molecules to wriggle through microporous materials
which have pores smaller than the "effective" size of the molecule.

Table 5.5.2 Diffusion coefficient for various solutes in water at 25 C

Solutes MW  Diffusivity (m’s') | Solutes MW Diffusivity (m’ s™)
NH, 17 1.64 *10° Ethanol 46 0.84 * 10°
H,0 18 2.25*%10° Urea 60 1.38 * 10°

0O, 32 2.38 *10° Cl, 70 1.25 * 10°
Co, 44 1.92 *10° Sucrose 342 0.53 * 10°

552 Diffusion of Ions

Ions diffuse at different speeds (see table 5.5.3) and this has significant implications for reverse
osmosis and electrodialysis. Consider the diffusion of salt across a microporous membrane into pure
water. Since chloride ions diffuse faster than sodium ions, this could only be maintained if an electric
current was allowed. In the absence of an electric current, the charge must accumulate close to the
membrane interface and produce an electric field which slows down the chloride ions and speeds up
the sodium ions.

Table 5.5.3 Diffusion coefficient for various ions in water at 25 C (From Cussler{4])

Cations Diffusivity (m*s?) |  Anions Diffusivity ( m’ s™)
OH 5.28 *10° H* 9.31 *10°
Cr 2.03 *10° Na* 1.33 * 10°
CO» 0.92 * 10° K* 1.96 * 10°
NO, 1.90 * 10° Mg 0.71 * 10°
SO> 1.06 * 10° Ca® 0.79 * 10°

5.5.3 Shear Induced Diffusion

When particles are passed down a tube they are observed to migrate away from the walls to some
equilibrium distribution[5]. This movement has been attributed to the action of shear on the particle
creating a lift through the Magnus effect. From this mechanism and a balance of forces it has been
shown that the shear induced diffusivity for a 15 % solids suspension is given by

u

Dy =0.02%q % |4

, (5.5.2)

where dw/dx is the shear, and a is the particle radius. This equation shows that the dependency on
particle size is opposite to that of Brownian motion in that it increases with particle size.
Consequentially, there is going to be a critical size above which shear induced diffusion becomes
more significant than Brownian diffusion (see figure 5.5-2).

5-10
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Figure 5.5-2 Shows the Relative effects of Brownian and shear induced diffusion in a shear field.

The consequence of shear induced diffusion is that fouling is likely to be worst for feeds with
particles in the mid colloidal range.

5.5.4 Diffusion of Gases

Gases diffuse much faster in air than in water. Thus, in processes like gas contacting it is diffusion in
the liquid phase that is rate limiting.

Table 5.5.4 Diffusivity of oxygen, and water in air.

Temperature, Diffusivity (m’ s
C 0, H,0
0 17.9* 10 20.9 * 10°
20 20.3 * 10° 242 * 16°
40 22.7*10°¢ 27.7 * 10

As in water, molecules diffuse faster as the temperature increases (see table 5.5.4), and also the
heavier they are the slower the diffuse. The kinetic theory of gases predicts that the relative
diffusivity of two gases is given by

32 (L, 1
DeT y 2 R

The reason for this is that at room temperature and above each degree of freedom has the same
amount of thermal energy (equipartition theorem), and this means that the average velocity is
inversely proportional to the square root of the molecular mass. This can be used to separate gases if
the pore size is less than the mean free path (the average distance between collisions) - Knudsen's
diffusion, and is the basis of isotopic separation of uranium,
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555 Diffusion in Polymers

For reverse osmosis, gas separation, pervaporation, and electrodialysis separation is more than a size
affair. The dimensions of the small molecules and the "holes" in the polymer matrix are comparable.
However, the "holes” in the polymer matrix are dynamic. The transport of molecules across a
membrane is governed by the solubility of a component in the membrane, and the diffusivity across
it. This simple solution-diffusion mechanism was first expounded by Graham over 100 years ago
and works well for rubbery polymers. In the 50's Meares observed that the solution-diffusion
mechanism could not explain some of the data being obtained for glassy polymers[6]. Work on this
has led to the idea that there are two types of sites within the polymer matrix. One type has the
traditional Henry law adsorption and is freely mobile, while the other has a Langmuir type
adsorption characteristic and no mobility.

In some case there is a high affinity between an organic and the polymer with the result that the
organic uptake is extremely high and the polymer noticeably swells. This promotes the transport of
the organic. The details of the interaction and consequences in any system are complex. The graph
of Hopfenburg and Frisch [7] provides a useful aid to understanding to the various diffusion
phenomenon that can occur, and the physical changes that result in the polymer (see figure 5.5-3).
Further details and methods of estimating the permeability of gases through polymers can be found
in Krevelen and Hofzser [8]

TEMPERATURE

Caswe U
Pransport

Casel
Transport

PENETRANT ACTIVITY 1.0

Figure 5.5-3 Schematic showing diffusional processes in various domains of temperature-penetrant activity
affects diffusional processes (adapted from [7]) .

Substantial concentration enhancements have been demonstrated for trichloromethane and silicon
rubber and these have been used to achieve substantial concentration enhancements.

5.6 Electrical Double-Layer

When small particles are placed in an electric field they invariably move towards one or other of the
electrodes. This process, known as electrophoresis, is caused by the particles carrying a surface
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charge. This charge can originate in a number of ways. For example if the material carries a fixed
bound charge (e.g. sulphonated polystyrene), or the material is a metal oxide, hydroxide which can
ionise at the surface. Sometimes the largest contributor comes from adsorption of an ionic species
(e.g. a cationic surfactant) which has one end with a high affinity for the particle and the other
contains an ionisable group. If amphoteric materials are present then the original charged nature of
the materials can be completely masked. These effects also occur on a membrane surface and can
have considerable effect on the selectivity of charged species, particularly in the processes of
electrodialysis, reverse osmosis, and ultrafiltration.

If one analyses the potential field in the close vicinity of the membrane it is found that it is made of a
number of effects (see figure 5.6-1)

Solution Solution
i Dowble Layer l
Double Layer, . in mombrane Double Layer
in solution in solution

Figure 5.6-1 Schematic graph showing potential fields for a charged membrane in equilibrium with solution
(dotted line) and with solutes passing through (solid line).

These potentials are caused by variations in the space charge density around the membrane surface.
The strength of electrostatic charges is such that differences in charge cannot be sustained over large
distances, and neutrality has to be maintained over macroscopic distance (see figure 5.6-2).
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Normalised Concentration

Normalised Distance

Figure 5.6.2 Plot of normalised concentration for a monovalent salt solution against normalised distance
from membrane surface (Distance/Debye-Hickel screening length) with a surface potential of 125 mV,

calculated using the Gouy-Chapman model (see Hunter)®. The upper line represents the counterions, and the
lower line the co-ions.

The presence of a charge on a surface means that ions of similar charge in the water will tend to be
repelled, while those of opposite sign will tend to be attracted. The integrated charge in the layer will
counterbalance that on the surface of the particle. The size scale over which charge is non-uniformly
distributed is characterised by the Debye-Hiickel screening length and is given

hog= ,/% . (5.6.1)

where [ is the ionic strength:

“I1=1%,¢2, (5.6.2)
and provides a measure of the concentration of ionic species which emphasises the role of the higher
valency components. Increasing ionic strength improves screening of charges and thus reduces the
natural length scale over which charge is imbalanced (see figure 5.6-3). For a 2000 mg/L salt
solution (ie. a brackish water) has an ionic strength of about 0.035 mol/LL and this gives us a

screening length of about 2 nm. This has to be contrasted with an ultra-pure water with about 1
mg/L. of dissolved solids for which the screening length is 90 nm.

s Close to the membrane surface the finite size of the charged molecule, short ranges forces, and ordering of
the water molecules can result in a breakdown of the simple Gouy-Chapman model.
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Figure 5.6.3 shows the effect of ionic strength on the Debye-Hickel screening length.

For low surface potentials the local variation in co and counter ions contribute equally to balance the
surface charge. For high potentials though it is the counter ion that makes the dominant contribution
(see figure 5.6-2).

What this theory indicates is that increasing ionic strength improves the screening of the surface and
bound charges. As a result membranes which utilise charge effects for rejection will in general show
greater selectivity for charged species at low ionic strength.

Just as the double-layer exists outside the membrane, it also exists inside the membrane. The range
however, is much shorter since the dielectric constant is much lower there than in water. A further
complication occurs in ion-exchange membranes which are used in electrodialysis and reverse
osmosis membranes. The fixed bound charge of the ions produces a potential difference (Donnan
potential) between the inside of the membrane and the solution outside. If the bound charge density
is small it can be shown that

o RT_Px
Y (5.6.3)

where py is the bound charge density. Thus, if there is a negative bound charge density, there will be
a negative potential. This potential would serve to attract positive charges and repel negative
charges. Hence the selectivity of ion-exchange membranes, which are used in electrodialysis and
reverse osmosis. As the concentration increases the ions screen out the bound charge making the
membrane more transparent to negative ions. For a more in depth analysis the reader is referred to
the texts of Hellftisch [8), Schultz [9], and Hunter[10].
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5.7 Surface Interactions
5.7.1 Introduction

The interactions between a feed and a membrane has considerable bearing on both the potential of a
membrane to be used, and its life. The two major classes of interaction are

® those between the water and the membrane.
® those between the solutes in the water and the membrane.

A surface with a high affinity for water is called hydrophilic, while those with low affinity are called
hydrophobic (e.g. PTFE). Contact angle measurements provide a measure of the hydrophilicty of the
membrane surface. For applications like gas, contacting a hydrophobic surface is desirable, since it
will give rise to a high break through pressure. For applications like ultrafiltration a hydrophilic
surface is desirable. Solutes interact with the membrane in various ways e.g. hydrogen bounding,
coulombic interactions, van der Waals forces. Not surprisingly it is more difficult to characterise
fully all these interactions. One component which can be characterised, is the surface charge, which
can be inferred from measurements of the zeta potential. These molecular concepts provide a guide
to what might be happening, but the complexity that occurs in real systems, where a cocktail of
different organic molecules are present, means that for most part the assessment is qualitative.

5.7.2 Hydrophilicity/Hydrophobicity

At a thermodynamic level a microporous membrane would be preferred to be wetted if there is a free
energy gain. The free energy gain is given by the difference in the surface energy between the wetted
and unwetted surface:

AG =yaS~vsS = (Yo~ ¥s)S, 671
where vy is the surface tension between the polymer and the liquid, y; is the surface tension between
the solid and the air, and S is the internal surface area of the membrane. Now Young's equation
relates this surface tension difference to the surface tension of the liquid,y;, and the observed contact
angle 0. between the liquid and the polymer surface viz.

AG =v,c08(0,) S. (5.7.2)

Thus, when the contact angle is less than 90° the membrane would be prefer to be wetted, and not if
it is greater than 90° This free energy requirement can be translated into a pressure form

AP= —(%,) yicos8, = —';—’: cos8,, (5.7.3)

where ¥ is the pore volume and d, is the hydraulic diameter (see Appendix-H). For a membrane with
a simple parallel pore type structure this yields the equation

AP =-Zcosh,, 6.7.4)



MEMBRANE PROCESSES: A TECHNOLOGY GUIDE

which can be obtained from a force balance approach. It follows that for water to pass through a
hydrophobic material a critical pressure has to be exceeded. This pressure increases as the pore size
decreases (see figure 5.7-1).
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Figure 5.7-1 Pressure required to water to be forced through a highly hydrophobic (i.e. contact angle
=180°) membrane with parallel pores.

This analysis predicts that there is a critical contact angle which if exceeded means that pressure will
be required to push water through the membrane. In the case of the simple parallel pore type this
angle is 90°, but for the convoluted porous structures that occur in most membranes this critical
contact angle is significantly less. Only if the contact angle is less than zero will the membrane
surface be spontaneously wetted. In general the more hydrophobic a material is the greater is the
difficulty for water to penetrate the pores.

Table 5.7.1 Contact angles for various polymers.

Polymer Contact Angle
Polypropylene 83
Polysulphone 73
Cellulose acetate 60
Polyacrylonitrile 53

Most membranes are not monodisperse parallel pores. The surface porous structure can be
characterised by coating the membrane surface with a low surface a tension liquid, and then steadily
increasing the pressure to the other side. If one observes the mass flow rate of gas then initially it
increases uniformly with pressure. At a certain low pressures the mass flow rate increases more
rapidly. This is the point of breakthrough on the largest pores. As the pressure increases the smaller
pores open up and contribute to pathways. This continues till in theory the pressure is sufficient to
open up all the small pores. In practice the pressure that can be used restricts this method to
microfiltration and the top end of the ultrafiltration range.
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Figure 5.7-2 Graph showing the hysteresis effect that occurs when water is forced through a hydrophobic
material. The flow-pressure curve can be used to obtain a pore "size” distribution (porometry).

As a general guide the tighter the membrane in terms of its molecular weight cut-off the more
hydrophilic it is required to be. In order to utilise the more hydrophobic material manufacturers use
various methods to overcome these problems:

* Wetting agents are added to change the surface tension of the water e.g.

ethanol

* Surfactants are added to change the surface tension of the solid
* Chemically modifying the polymer surface to change its surface tension

characteristics

®  Over pressurisation

Over pressurisation is a technique sometimes used in RO type membranes if a wetting out issue is
suspected. An example of this is seen in figure 5.7-3 where the permeability of the membrane
increases as pressure is raised but stays approximately the same when pressure is reduced. This
hysteresis is associated not with the active layer of the membrane but the microporous support it sits
on. In practice the scope for using pressure spikes is limited by design of system. Also there are
element design issues such as the permeate spacers, product tubes which set mechanical limits for
the element. Occasionally, an element which is in use and under-performing will spontaneously
increase in flux. This increase is associated with a significant piece of the microporous structure

wetting out.
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Figure 5.7.3 Shows the variation in permeability of an RO membrane as the pressure is increased in
increments from 100 to 900 psi and then dropped back to 200 psi. The challenge solution was water with 500
ppm of common salt. Hysteresis is clearly evident, and is highlighted by plotting the data as permeability
against feed pressure (right graph). This highlights that the permeability of the membrane at 100 psi was
some 25 % of its maximum value. There is some evidence that the permeability of the membrane is pressure
dependent. This is assigned to reversible compression of pores within the ultrafiltration base and hence

&

decreasing the permeability.

The sensitivity of the pressures to the microporous structure has spurrned a technique for
characterising membranes, the bubble point method. The technique consists of wetting the surface of
the membrane with a non-reactive low surface tension liquid, and then steadily increasing the
pressure. At low pressures there is steady flow of gas due to diffusion. At a pressure called the
bubble point the gas flow rate increases more rapidly with pressure. This pressure is the pressure at
which gas displaces the fluid and is a measure of the maximum pore size. Further increase in
pressure open up more pores. The flow pressure curve can be used to get "pore size" distribution
(porometry). Some manufacturers use the characteristics of this pore size distribution as a method of
determining whether their production process is under control, and thereby maintain consistency
between different batches of membranes.

5.7.3 Surface Charge and Zeta Potentials

As discussed in section 5.6 the membrane appears as if it carries a surface charge. The potential field
created by this charge can attract or repel charged species in water. The nature of this surface charge
has been implicated in the fouling tendency of different membranes and its dependence on pH. Since
many biological fragments carry negative charges it is generally believed that having a membrane
with a negative charge is preferable.

The surface charge of a membrane can be inferred from measuring the zeta potential,£. This is done
by measuring the (streaming) potential, A¢, generated when flow is forced between two sheets of
membrane separated by a distance 2r, by a pressure AP. If the sheets are sufficiently far apart, then

M =([&]AP, (5.7.5)
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where € is the dielectric constant,njis the liquid viscosity, and x is the conductivity of the solution.
The essential physics of the situation is that the flow induced by the pressure gradient creates a
current due to the non zero charge density close to the membrane surface. In an open circuit the
charge accumulates at the ends. This charge produces an electrical potential and this in turn induces
an electrical current to flow down the centre of the device. At steady state this current is equal and
opposite to that flowing within the double layer. The same concepts can be applied to flow through
a microporous membrane. However, since the size scale of the double layer is comparable to the
pore size a correction has to be applied. Analysis [11] yields the equation

A =¢[ & | Fxr)AP, 5.7.6

where F{(x) is a complex function which approaches 1 when the gap is large and zero when the gap is
small.

Most membrane materials carry a negative charge. This might arise due to charge groups within the
material or weakly dissociating groups. For ceramic membranes surface reactions can occur
resulting in the material having a net charge. Such interactions are usually sensitive to the pH due to
hydrolysis of the various solution species. Most membrane materials carry a negative charge (see
figure 5.7-4). Negative charge is often seen as a good thing since many of the naturally occurring
foulants carry a negative charge as well as many types of bacteria. The negative charge gives rise to
a negative zeta potential. The equilibria are sensitive to pH, and hence so is the zeta potential. As the
pH falls the surface charge falls to zero. Typically, the zero point of charge is on the acid side. The
surface charge of the membrane however can be changed by adsorption of complex molecules from
the solution. Through such adsorption processes the characteristics of the membrane can be radically
altered.
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Figure 5.7-4 Zeta potential versus pH (adapted from [16]) for three commercial RO/NF membranes
5.74 Adsorption

A number of scientific investigations have looked at the adsorption of macromolecules onto
membrane surfaces and their role in membrane fouling. Of particular interest has been the adsorption
of proteins and surfactants. Adsorption of proteins usually involves conformational changes which
eventually lead to the protein unfolding and irreversibly adsorbing on the surface. The adsorption of
these materials can change the surface properties of the membrane. This can be used to advantage in
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that the membrane can be deliberately pre-treated to change the surface character of the membrane
and prevent subsequent fouling. The general view is that adsorption is worst on hydrophobic
surfaces. In practice, the problems of adsorption are resolved through selection of membrane
materials, cleaning frequency, and operation.

Bacteria readily adsorb on surfaces. If suitable conditions prevail then the surface of the membrane
provides a useful breading ground. This is a major concern for celiulosic membranes since the
material represents a natural food source. Another problem created by bacteria is that the sugary
residues that they excude help bind other particulate materials, creating an increase in both the
amount of fouling and the ease to which it can be removed.

5.8 Transport Models
5.8.1 Introduction

At the heart of membranes are the transport processes. These govern the separation and determine
their productivity. The theory of irreversible thermodynamics provides the framework for modelling
these processes. However, as in traditional thermodynamics one has to provide constitutive
relationships which relate to a molecular understanding of what occurs inside the membrane.

Two simple models are presented here, the first is for ultrafiltration of dilute systems, and the second
is for reverse osmosis. These models show how the selectivity is goverened by equilibrium factors
such as solubility and kinetic factors like diffusivity. Another observation is that the maximum
separation is achieved by driving the separation process as hard as possible; a result which is
common to all membrane processes. However, as will be seen in chapter 6 other processes
(polarisation) come into play, that overide this result, and limit both the productivity and selectivity
that can be achieved. At the end some experimental resuits are shown. These illustrate that the
models are insufficient to predict the detail that is frequently encountered, and the importance of
obtaining experimental data from field trials.

5.8.2 Filtration through Microporous Structures

In the absence of any concentration gradients the mass flow of water and solute (J, and J,
respectively) are simply related to the volumetric flow rate, J,, by

Jw ZCWJV, (5.8.1)
Js =5y, (5.8.2)

where ¢, and ¢, are the concentrations of the water and solute respectively. These equations also
apply to flow in a microporous medium. However, the solute concentration in the pores will not
equal that in the external environment. The first and most obvious reason for this is a size exclusion
(i.e. only particles less than the pore size can pass). Another factor is the so called excluded volume
effect®. As the size scale becomes smaller molecular effects will dominante. While in general the
details are complex it is clear that the ratio of the particle size to pore size will play a significant role.

For rigid particle this simply says that the particle centre cannot be closer to the surface than the particle
radius.

6
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At low concentrations the solute will partition itself between the surrounding medium and the pores
according to a linear relationship viz.

e = Be, (5.8.2)

where B is a partition coefficient for the solute between the external solution and the pores in the
medium. Size exclusion predicts that no particle above a certain size can enter a pore. A simple
excluded volume calculation predicts that

B~(1~%>2, a<R, (583

where g is the particle radius and R is the pore radius. Thus, the partition coefficient is expected to
give a much smoother characteristic than that expected on size exclusion alone. This has important
implications for polydispersivity of the pores in the membrane. It follows from Hagen-Poiseuille's
equation that the larger pores contribute much more to the flow than the smaller ones. Thus, if one
can idealise the structure by a distribution of pore sizes an average partition coefficient needs to be
used which is given by an expression of the form

{dR RénR) BlarR)

B= (5.8.4)

Jar &4n@

where n(r) is the number density of pores of radius r and the intregation spans all physical pore sizes.
It is often thought that engineering a membrane with a monodisperse porous structure will provide a
membrane with the best possible selectivity. What this analysis shows is that the benefits from
narrowing the pore size distribution is fairly limited due the broadness of the partition coefficients
dependence on pore size.

The effect of passing a solution through the medium by pressure will be to create a concentration
gradient on account of the partitioning. This concentration gradient will provide an additional force
to encourage solute particles to move through the membrane. Thus, the solute flux is made up of a
convective term and a diffusive term

dc(c"')
Js =PesJy - D=5 (5.8.5)
The concentration difference across the membrane produces an osmotic pressure difference which
will reduce the water flow. Hence the water flow equation is of the form

= A(% - ‘;—“) . (5.8.6)

Together with boundary conditions these equations can be integrated, and predict that the rejection
will satisfy

exp (+%L)
T 8.
[I~§'§ 1-exp (+%L) ] (5.8.7)

=132 _1_
R=l-7:=1
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As expected the equation predicts that in the limit of high volume flow the rejection tends to the
ideal value viz.

lim R = (1 - B) =R, (5.8.8)

Jy—r0

and at low flow rates the diffusive term drives the system to zero rejection (provided B = 0). As
required the equation predicts the rejection is ideal if there is total exclusion. In equation 5.8.7 the
feature that governs the rejection characteristics is the ratio of the convective flow to the diffusive
flow, which is a Peclet number:

=

Pe=Zt (5.89
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Figure 5.8-1 Shows the effect of Peclet number on rejection for a membrane with a limiting rejection of
90%.

This analysis shows that rejection can be increased to its maximum value by increasing the flux,
which in practice means increasing the operating pressure. However,this ignores what happened
above the membrane. As will be shown in the next chapter, driving the membrane hard leads to
concentration polarisation which reduces the selectivity of the membrane.

Some further insight can be obtained by using the Stokes-Einstein approximation for the diffusion of
colloidal particles (equation 5.5.1), and the parallel pore model for the flux (equation 1.4.1) in
equation 5.8.9. This gives

AP

=3 2
Pe=imer avs

(5.8.10)

This Peclet number is the product of three types of factor. The first is that associated with the
porous structure, the second with the particle, and the third with a thermodynamic factor. From the
thermodynamic factor it follows that increasing pressure will lead to an increase in rejection. A
number of conclusions follow from equation 5.8.10 which have wider generality. Firstly, the Peclet
number is independent of membrane thickness, i.e. the diffusional effects are not dependent on film
thickness”. A consequence of this is that the rejection is independent of thickness. Secondly,
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dramatic difference is expected for a membrane dealing with particles and pores 0.1 microns in size
and these which are 0.001 microns in size. Inserting some typical values® into equation 5.8.9 for
these two cases gives Peclet numbers of the order of 1300 and 0.001. Thus, as we descend from the
top of the colloidal range to the bottom, diffusion processes become more significant and will
modify the rejection behaviour predicted on a purely thermodynamic basis. This effect is illustrated
in figure 5.8-2
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Figure 5.8-2 Shows effect of the ratio of particle size to pore size on rejection. Dotted line indicates limiting
separation based on partition coefficient(equation 5.8.3). Solid line indicates rejection based on equation
5.8.7 for pores 0.2 nm in diameter (other paramelers taken as per example in text).

Now, as the pore size becomes smaller, the limiting cut-off characteristics becomes broader. The
effect of diffusion is to sharpen up the separation. Thus paradoxically the diffusive effects lead to a
sharper separation. More complex models which include hydrodynamic effects, wall interactions
arising from electrical double layer effects etc., boundary layer effects, etc. have been developed
[12][13].

This analysis applies to very dilute systems. As one drives the membrane harder the rejection of
solutes modifies the solution above the membrane producing a concentration polarisation. The
harder the membrane is driven the more significant is polarisation, and this is the subject of the next

chapter.

583 Transport Through Dense Films - RO

As the pores become finer and finer there comes a point when there is no continuous water conduit
through the membrane. Instead, we have a picture of water winding its way through a fluctuating

7 1t might be expected that a thicker film would be a better barrier. The argument for this stems from a model
of the membrane as a series of layers each with a finite probability of trapping a particle i.e. the membrane
acts more like a depth filter. Particles and membrane are seen as rigid objects. On this basis all particles
below a certain size would pass, and those above would not. The selectivity that is observed being derived
from the polydispersivity of the pores. While this percolation argument is sufficient for large particles,
diffusional effects dominate in the colloidal regime. As a result even if the pores were monodisperse they
would not have a discontinuous rejection behaviour. This feature becomes more significant as the size of the
particles and pores becomes smaller.

8 Porosity=0.6 , Pressure difference= 1 bar, Tempertaure =25 C
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polymer matrix. This is the domain of reverse osmosis. The concentration of water in the membrane
material depends very slightly on the hydrostatic pressure. This difference produces an internal
concentration gradient for the water to diffuse across. Similarly the solute molecules adsorb into the
membrane and diffuse across. The analysis given here is based on the work of Lonsdale, Merten and
Riley [16] and makes the basic assumption that the polymer can be modelled like a fluid in which the
water and solute adsorb (solution-diffusion model).

The basic equations are similar to that in ultrafiltration. The water flux and solute flux are
respectively given by

Ju = A(AP — ATT), (5.8.11)
J=BAc. (5.8.12)
Equation 5.8.11 shows that the water flux increases linearly with feed pressure. In contrast the
solute flux tends to a maximum value determined by the maximum concentration difference that can

be generated across the membrane (i.e. assume that the permeate contains no sugar). Formally, the
equations can be rearranged to give a simple expression for the solute rejection,

Rsl~§—j=1/[1+AP}_’CAnJ, (5.8.13)

where the characteristic pressure has been introduced:

B

P.= % . (5.8.14)
The characteristic pressure is a measure of the intrinsic selectivity being the ratio of the solute to
water permeability. The lower the characteristic pressure the better the rejection, which is consistent
with the relative effects of the salt and water permeability.

[Poyptot e |
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Figure 5.8-3 Measured data on an Optimem™ membrane tested with 2000 ppm NaCl solution at 25 C over a
range of pressures. The data has been fitted to a modified form of the LMR model which takes account of
leakage through micro defects in the coating [17]. In this case 0.7 % of the flow passes through the defects.
The calculated characteristic pressure for this data is 0.98 bar.

If the osmotic pressure is negligible it can be seen that equation 5.8.13 provides a simple scaling
formula for the rejection. Thus, once the rejection is known at one pressure it can be used to
calculate the rejection at any other pressure. When the osmotic pressure is not negligible and the
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rejection is not close to the ideal value then account has to be made for the osmotic pressure of the
permeate. Manipulation of equation 5.8.13 yields a quadratic equation with the solution

(1 1 fmmpc) ,‘ (n_ ﬁ-AP+P€) e AP
R.= 3 R (5.8.15)

The predicted behaviour of rejection and flux is shown in figure 5.8-4, 5.8-5
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Figure 5.8-4 Plots of rejection and flux versus pressure for membranes with various characteristic pressures.
In the flux graph it should be noted that even at pressures below the osmotic pressure of the feed (relative to
pure water) there is a flux due to the leakage of solute across the membrane.

Figure 5.8-5 Variation of rejection with pressure and characteristic pressure for a feed with osmotic
pressure of 2 bar relative io pure water, based on the LMR model.
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The graphs clearly show that only for an ideal membrane (£ =0) will there be no flow below the
osmotic pressure, but for real membranes there is some flow below it. The model also predicts that
for pressures below the osmotic pressure the maximum rejection will be less than that predicted for
an ideal membrane. These issues become significant in nanofiltration application where the osmotic
pressure of the feed is high relative to the operating pressure.

By applying irreversible thermodynamics to the flows within the membrane and matching those to
the external environment relationships between the macroscopic permeabiulity coefficients given for
can be related to the microscopic diffusion coefficients, viz.

A=D,F, 21 (5.8.16)

B=x.D. % (5.8.17)
where x.is the partition coefficient of the solute between the membrane and the water, d is the
thickness of the membrane (only the active layer), D is the diffusivity of water in the membrane, D,
is the diffusivity of the solute in the membrane, v, is the partial molar volume of water in the
polymer, and ¢, is the average concentration of water in the polymer. Thus

D, ¢f Xe
Po= Lol (5.8.18)

is a product of the relative diffusivity of the solute to that of water, the relative solubility of the
solute and the water, and a thermodynamic factor. The key features predicted by this analysis are
that

®  Flux increases uniformly with the net pressure difference across the membrane
® Rejection increases with pressure

® Rejection depends on concentration only through osmotic pressure effects

® There is no interaction between solutes

The pressure equation 5.8.15 allows a single measurement to predict the rejection behaviour at all
pressures, and over limited pressure ranges the equation provides an excellent basis for
extrapolation. The concentration predictions of the model are less satisfactory. Interfacial RO
membrane shows little concentration dependence over the concentration range 100 to 30,000 ppm,
other than that an osmotic pressure effect, and can be modelled reasonablly well with the LMR
model. On the other hand cellulosic and other charged membranes show substantial decreases in
rejection with concentration over and above that predicted. Deviations are most noticeable when
rejections are very much less than ideal which is often the case for NF membranes, and when reverse
osmosis is carried out with mixed inorganic solutes. This complexity stems from various effects,
bound charges on the polymer, different diffusivities of ions, ion-pairing etc. Figure 5.8-5 shows
how complex these effects become in a three component system.
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Figure 5.8-5. Graphs of flux, and rejection versus composition (Na, Mg, Ca} for an Optimem-C membrane.
The right hand corner is Mg. 4 notable feature is the sensitivity of the flux and rejection to small addition
of hard ions. Another interesting feature is that while calcium depresses the rejection the most, magnesium
depresses the flux the most.

More fundamental formulations have been developed, but their non-linearity and complexity means
that computational methods have to be employed. Most leading membrane manufacturers supply this
software to assist consultants and equipment manufacturers (Fluid Systems - ROPRO, Dow -
ROSA, USF Acumem - RO System Designer). However, because of the assumptions made in

obtaining the results the predictions made should be a starting point rather an end point of the design
process.

5.84 Gas Separation

The final transport model considered is that for gas separation of a two component ideal mixture.
The starting point for most models is that the component fluxes through a membrane are
proportional to their respective partial pressure differences, viz.,

Jy=d; (02 -p?). (5.8.19

where A is the permeability of component j, p, is the partial pressure for component j, and the
superscripts (f) and (p) indicate whether it refers to the feed or permeate respectively. This equation
is based on the solution-diffusion model and Henry's law for partitioning between the gas and the
polymer. One further assumption is required to calculate the permeate concentrations. This is that
the rate at which components are removed from the permeate side is proportional to their partial
pressures. It follows that the selectivity is given by (fora < 1)
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iy V(1= P sy
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where y,is the fraction of component 2 in the feed,

2

-l

b=F (5.821)
is the pressure ratio, and
4
a=2 (5.8.22)

is known as the "ideal" separation factor. In the limit of zero pressure ratio it follows from equation
5.8.20 that the selectivity equals the ideal separation factor, viz.

limoy, =a, and lim y, = —2%— if a<l. (5.8.23)
$—0 2 > I a(I*Yf)+.V/ 4 )

For economic reasons the pressure ratio is rarely chosen to be close to zero. The smaller the
pressure ratio the larger is the recompression costs (the power requirement varies as the log of the
pressure ratio). Consequently, the separation factor used will invariably be less than the ideal
separation factor. For example in the case of creating oxygen enriched air the practical pressure
ratios used are typically 0.2 to 0.4. As can be seen from figure 5.8-6 a material with a separation
factor of 2 barely reaches 30 %.

Oxygen
Concentration
%

Limiting
Selactivity

Pressure Ratio 09 49

Figure 5.8-6 Variation of fraction of oxygen in permeate versus pressure ratios for membranes with
selectivities of 2,4, and 8 from air (21% oxygen).

In practice even this is not achieved due to the other losses that occur when one-scales up the
problem to work on a module scale (see Hwang and Kammermeyer & [18] for details).
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Polydimethylsiloxane which has a separation factor of 2.2 has been used on the small scale for
producing enriched air for medical uses. However, for combustion applications a higher separation
factor is required, ideally something greater than 8. Unfortunately, any enbanced selectivity is nearly
always accompanied by a loss of permeability, and hence a significant increase in cost.

This analysis, like the two previous ones, indicate the full separation capability of a membrane is
never achieved, and that the actual separation is dependent on both this limiting value and the
pressure ratio at which it is operated.

5.9
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Chapter 6

POLARISATION

Contents
6.1 Introduction
6.2 Concentration Polarisation
6.3 Gel Polarisation/Flux Limitation
6.4 Polarisation in a Dialysis Process

6.5 Summary

6.1 Introduction

Polarisation is a phenomenon which is of major significance in cross-flow membranes. As the
productivity of a membrane increases, an inhomogenous layer develops on the input side of the
membrane. Eventually, this polarisation layer becomes rate limiting. Thus, to understand the design
and performance of membranes is very much about understanding polarisation.

In batch filtration a cake of rejected material develops on the membrane surface, and cross-flow
causes the cake layer to be continuously moved along the membrane device. A steady state is
reached, where the deposition rate due to filtration and that which is washed away balances. Under
these circumstances the flux of water through the membrane approaches a limit, rather than
continuing to fall as in direct filtration. Hence, the process can be used in a continuous method of
filtration. The key performance question is how much energy will be gained from the thinner cake
layer, and the consequential increase in permeability, versus the energy required to remove the
particles with a cross-flow.

As one descends down the particle size range the sharp divide between a deposit and solution
disappears and is replaced by a concentration profile. This phenomenon is known as concentration
polarisation. A characteristic of treating colloids is that at a sufficiently high concentration the
material at the surface can undergo a phase change to form a cohesive solid. The cake that forms is
often referred to as gel polarisation, on account of the high water content and mechanical properties
of the layer. These phenomena add an additional degree of complexity to the transport models
developed in chapter 5, and indeed in many cases dominate the process. Understanding polarisation
is therefore a key aspect to understanding why membrane / elements /systems do not reach their full
potential. Good element design minimises the worst excesses of polarisation, but they cannot
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remove it. By operating elements in certain ways performance can be improved, but at some
increased operating cost. Polarisation needs to be taken into account for all constituents in the feed.
For example, in reverse osmosis polarisation needs to be considered for both the small ionic species
and the large colloidal materials that are present in all feeds. This material gives rise to a fouling
layer which can have an additional impact on membrane performance. Thus, polarisation can impact
on membrane fouling and accelerate the need for cleaning. The problem of fouling lies not only in
the operation of the membrane but also in the feed. Even natural waters present a wide range of
different potential fouling factors, and the potential foulants from water provide a useful example
The management of these is a critical part of process design as we push the technology to its
practical limits.

Concentration polarisation forms quickly and can be seen as a reversible process. In contrast, gel
polarisation is frequently associated with slow irreversible changes, and this contributes to more
permanent fouling.

6.2 Concentration Polarisation

6.2.1 Introduction

The introduction of a cross-flow over a membrane surface removes depositing material from one
location and passes it on to another. If this is all that happens then there would not be much benefit,
since the accumulation of material would increase rapidly as one progresses down the membrane
channel with a consequential reduction in productivity. The resolution of this is that some of the
rejected material does not accumulate at the membrane surface, but diffuses back into the bulk flow
via Brownian motion, driven by the concentration gradient created between the surface and the bulk
flow. The concentration enhancement produced at the membrane surface is called the polarisation,
M. The effect is called concentration polarisation and is an important concept in membrane
processes (see figure 6.2-1).

Table 6.2.1 Typical conditions operating in membrane filtration devices operating in spiral, plate and
Sframe, hollow fibre elements

Property Units Conditions
1 2 3
Technology RO Ur MF
Cross-flow velocity, u mm/s 200 1,000 2,000
Hydraulic Diameter, d, mm i 1 1.5
Flux, J pm/s 83 220 420
Channel length, L mm 1,000 1,000 1,000
Axial Reynolds Number, Re 200 1,000 3,000
Wall Reynolds Number, 0.08 0.22 0.42

Because of its significance it has been extensively studied both theoretically and experimentally [1]
to [6]. The knowledge gained has meant that the worst excesses are usually avoided by good
element/system design, and correct choice of operating conditions. Ultimately though, concentration
polarisation limits the operability of membrane processes. These phenomena occur to different
extents in different membrane processes, and vary with application and membrane type. Only some
of the more salient points and conclusions will be addressed here. For simplicity, unless otherwise
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stated, the results refer to a plate and frame geometry, i.e. flow passing between two membranes
spaced a distance 2/ apart.

6.2.2 Concentration Polarisation in Laminar Flow

The balance between the convection processes bringing the solution to the membrane surface and
the back diffusion processes removing rejected material leads to the concentration polarisation layer.
The simple picture of polarisation portrayed in figure 4.2.1 is that adjacent to a membrane surface
there is a concentration polarisation layer of thickness, 5..

Buik Soiution Concentrate

: &

5

8
Diffusive Fiow

Figure 6.2-1 shows concentration of solute close to membrane surface increases in its proximity and there
is a balance between the material convected to the surface and that diffusing away.

Within this layer the balance of a convective flow to the surface and the back diffusion gives an
exponential concentration profile

o(2) = crexp {£(5. -0}, ©2.1)

where x is the distance away from the membrane surface, and J is the flux of water passing through
the membrane. The level of concentration enhancement at the membrane surface is known as
polarisation, M,

M=%2= exp{s.} . (6.2.2)

<

This indicates that the polarisation increases with increasing permeate flux rate, and increases with
reducing diffusivity. Since larger particles diffuse more slowly than smaller ones polarisation is
expected to be more significant in microfiltration processes than in reverse osmosis. In chemical
engineering a key concept is that of the mass transfer coefficient. In this problem the "mass transfer"
coeflicient is defined as the ratio of the diffusivity to the thickness of the boundary layer:

k=2=J/n(E)y=J/In(M) =  M=exp{Jk}. (6.2.3)
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Thus, in this model the polarisation is the exponential of the ratio of the water flux rate to the mass
transfer coefficient. The better the mass transfer coefficient the higher the flux that can be operated
at equivalent polarisation. By carrying out experiments in which the polarisation is measured as a
function of the flux values the thickness of the polarisation layer can be estimated if the diffusivity is
known.

This polarisation layer concept raises a number of questions

* How thick is the polarisation layer?

*  How does it vary along the channel?

s How does it vary with membrane process?
The picture conveyed by figure 6.2-1 of a mass transfer boundary layer which separates the bulk
fluid from the membrane surface is appealing but is insufficient to answer these questions. The

starting point to answering these questions requires the more complex model illustrated in figure
6.2-2.

Feed Concentrate
—_——-——

Bulk Solution

Concentration
Boundary
Layer

Permeate

Figure 6.2-2 shows the development of a concentration polarisation layer. The key characteristic is that the
concentration profile has a self-similarity varying in magnitude and thickness but maintaining its form.

As material is conveyed along the surface the accumulated material at the surface must increase,
since in addition to the matter being convected to the surface from the bulk there is the material
being tangentially pushed along. To accommodate this increase the boundary layer increases in
thickness as it evolves along the pipe. Consequently, the magnitude of the polarisation increases as
one progresses along the membrane.

In the most general case not only is the mass distribution evolving down the channel, but the velocity
distribution is also evolving. Eventually, the velocity profile will approach the familiar parabolic
profile (in faminar flow case)'. Concentration polarisation has many similarities with the momentum
transfer problem. In principle the development of both the momentum transfer and mass transfer
boundary layers should be considered together. It can be shown that the relationship between these

Since mass is being constantly removed at the walls there is in the more general case a modification to the
parabolic profile which has to be taken into account.

6-4



MEMBRANES PROCESSES: A TECHNOLOGY GUIDE

two boundary layer phenomena is governed by the Schmidt number, which is the ratio of the kinetic
coefficients for momentum and mass transfer

Sc = (6.2.4)

Sl

Typical values for Schmidt numbers are given in tableé 6.2.2, where for the particles the diffusion
coefficient, D, has been estimated from the Stokes-Einstein equation. This table indicates that in
liquids Schmidt numbers are very large, and hence it is expected that the relevant boundary layer
thickness will be quite different in these problems.

Table 6.2.2 shows values of Schmidt number for various materials.
Case Schmidt Number
Oxygen in air 1

Na ion in water 560
Sucrose in water 2,200
10 nm particle in water 23,300
100 nm particle in water 233,000

In the early stages of development the momentum and mass transfer boundary layers are related by
8c ~ 8, [Sc]™. (6.2.5)

Thus, with the exception of gases, the mass transfer boundary layer is very much thinner than that of
the momentum transfer boundary layer. It follows that for liquids the momentum transfer reaches a
fully developed range much more quickly than that for mass transfer. More formally the length scale
for the velocity profile to become fully developed in a channel is given by

2
L~ %5 = sReh, 6.2.6)
where /4 is half the channel spacing. Typical values indicate that, in laminar flow, the velocity
boundary layer is established within a centimetre or so of the entrance. Thus, the velocity profile is
usually well established before mass transfer even begins (most membrane devices have several
centimetres of inactive surface associated with glue lines or end pots). When the analysis is carried
out for concentration polarisation layer a similar looking formula is obtained.

2
Lo~ %% = LSc Re h. 627
The ratio of these two length scales is approximately the Schmidt number, which indicates for liquids
that the distance for the concentration profile to become established will vary from meters to
kilometres as one considers ions to particulates. It follows that with the exception of RO devices the
concentration profile rarely extends across the full channe! width in membrane devices, and only
boundary layer considerations need to be analysed. The various stages in the development of the
velocity and concentration profile are shown schematically in figure 6.2-3
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Figure 6.2.3 showing schematic of the various stages in the development of the velocity distribution and
concentration distribution along a hollow-fibre membrane.

The equations describing the developing region have been analysed, and these indicate that in the
early stages the thickness of the boundary layer is approximated by

i
SCE[ZOI;"‘]},

(6.2.8)

where z is the distance along the channel, and » is the average tangential velocity. This equation
shows that the thickness of the boundary layer

increases with decreasing cross-flow velocity

decreases with decreasing space between membrane surfaces
increases as the third power of the distance along the channel
is smaller for larger molecules

The latter two points are illustrated in figure 6.2-4.

Boundary Layer
thiciness, jm

¥ s

8

Distance, m

Figure 6.2-4 Shows how the boundary layer thickness increases with length along feed spacer for sodium,
sucrose, and particulates. This has been calculated for conditions I given in table 6.2.1.

Practically, the more important question is what happens to the polarisation. Detailed analysis of the
equations shows that the polarisation is given by a formula
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o Cw
M=Z=1+f9), (6.2.9
where f(€) is a montonically increasing function of

g=Lhe (6.2.10)

The various parameters in equation 6.2.10 can be grouped in to design factors, operating factors,
and physical properties of the rejected species. In particular it shows that for a 10 % increase in flux
one would have to make a 30 % increase in cross-flow velocity to maintain the same level of
polarisation.

In this asymptotic region no concentration boundary layer exists, and the value calculated for the
developing region overestimates the degree of polarisation’. In this asymptotic region the key
dimensionless group that governs the mass transfer is the Peclet number, the ratio of the convective
flux to the diffusive flux in that region.

Jh Convective Flux [ Jh
Pe == Po = SSREGNEIAX w2 E (6.2.11)
D Diffusive Flux D(cw—c‘/>/h D

Using the various formula for the boundary layer thickness, polarisation etc one can make
predictions for various cases. Such calculations have been done for reverse osmosis, and the results
summarised in table 6.2.3 .

Table 6.2.3 Shows the theoretical length scales for and a spiral wound element operating under typical
conditions (200 psi} and ignoring influence of spacer.

Case L, um L, m Sc, um M, Pe M,

Na 4 03 262 1.76 1.16 1.73
Sucrose 4 1.2 166 4.25 4.6 6.67
10 nm particle 4 12.8 76 184 48. 17.29
100 nm particle 4 128.4 35 11600 482. 161.87

The table shows that for small molecules such as sodium, and sucrose the boundary layer is fully
developed in standard devices’, while for larger molecules the boundary layer is in the developing
region and is more compressed, with the polarisation factor significantly larger.

While this analysis provides some quantitative predictions it is apparent in the complexity of real
devices that an analysis will not be so amenable. Nevertheless, it provides a useful limiting case and
through it one can understand some of the design issues. In particular, equation 6.2.11 shows that to
maintain the same state of polarisation the cross-flow velocity has to be increased at the third power
of the permeate flux, i.e. if we were to double the permeate flux we would need to increase the
cross-flow by a factor of eight! Thus, in going from RO to MF it will be inevitable that polarisation

z In the asymptotic region the polarisation definition has to be modified since no boundary layer exists. Instead

in the aysmptotic region polarisation is defined as the ratio of the wall concentration to the velocity averaged
concentration across the channel.

These calculations ignore the effect of the spacer. Measurements indicate that the spacer produces a
substantial benefit which is discussed in section 6.2.4
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will become more significant since the diffusivities will decrease by several orders of magnitude. This
degree of change cannot be accommodated by an increase in cross-flow velocities. One further
caveat to this is that for large particulates shear at the membrane surface enhances the back
diffusion.

6.2.3 Sherwood Number

The above analysis shows how different factors play a role in determining mass transfer in membrane
devices. In particular, the analysis emphasises that the usefulness of various dimensionless groups
can be used to provide simple scaling equations, and the importance of different operating domains.
In order to progress mass transfer problems when analytical solutions are not available chemical
engineers have used a particular dimensionless group to characterise it called the Sherwood number.
This number is defined in terms of the mass transfer coefficient.

Sh="2, 6.2.12)
In the developing region a boundary layer exists and the mass transfer coefficient is defined in terms
of the thickness of the boundary layer (see equation 6.2.3). Thus,

Sh=2, (6.2.13)
i.e. in the concentration developing region the Sherwood number is equal to the ratio of the
characteristic channel width to the boundary layer thickness. Thus, on entry the Sherwood number
is large, and steadily falls to an asymptotic value. In practice mass transfer measurements are made
over a fixed length of membrane which means that the measurement relates to the average value.
Thus when considering a device it is more useful to consider the average Sherwood number. In the
laminar flow case considered in the previous section it can be shown that the Sherwood number can
be expressed in terms of a number of other dimensionless groups viz.

Sh=1.988[Sc]’ [Re]’ [Gel>. (6.2.14)

This equation shows that the Sherwood number is related to the

® physical properties of the liquid and solute (Sc),
® the hydrodynamic characteristics (Re),
® the geometric features(Ge = dy/L).

Such a relationship could have been argued on dimensional grounds, and similar relationships are
found for other cases, but with different exponents. For problems involving more complex
characteristics the measured Sherwood must be related to the various dimensionless groups viz.

Sh=a [Rel°[SclP[Ge)F...... , (6.2.15)

where additional terms may be added which reflect for instance geometric features (e.g. features of
spacers). Once values of the exponents have been obtained from experiment these expressions can
be used to extrapolate to other conditions. This is most commonly done by observing how rejection
data changes with cross-flow conditions.
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6.2.4 Spacers, Turbulence Promotion, and Turbulence

In spirals, and plate and frame devices spacers are used to keep neighbouring membrane surfaces
apart. The effect of the spacers is to increase pressure losses, and to provide nooks and crannies for
deposits to build up. However, they also have a significant impact on mass transfer. In a study by
Schock and Miquel [4] they found that their data on a channel filled with a spacer could be fitted by
an expression of the form

Sh =0.0065 * Re®875 x §c025 (6.2.17)

Typical values calculated from this expression yield Sherwood numbers five times higher than that
for an empty channel ie. the spacer improves the mass transfer. Two features of Schock and
Miquel's equation is that it is independent of length, and the much higher Reynolds number
dependence that was derived in the concentration developing regime. The physical picture that is
proposed to explain these features is that as the feed passes over each spacer it partly "refreshes" the
concentration profile. The practical consequence of the spacer is that for RO spiral wound elements
the polarisation is much less than that for an open channel. Typically polarisation is expected to be of
the order of only 10-15 %. The turbulent promotional effects of spacers should be recognised as
quite distinct for devices which are operated at Reynolds numbers where turbulence is dominant, i.e.
as normally operated tubular membranes. The mass transfer benefits that derive from the spacers
have to be weighed against an increased pressure drop, and lost surface area.

In tubular membranes the flow conditions are such that the flow is invariably turbulent. The flow in
such devices follows a chaotic pattern, and while there is no constancy in the velocity, a time
average value exists. The constant fluctuations in velocity mean that diffusivities are enhanced.
While close to the membrane surface the velocity falls to zero, turbulence still encroaches into this
region. The concept of a concentration polarisation layer disappears and mass transfer is
homogeneous along the length of the pipe, i.e. polarisation becomes independent of its progression
down the membrane. Various analyses have been carried out using different models of turbulence
close to the wall boundary (surface renewal, Prandtl model). The expression which is most widely
used is [3]

Sh =0.024 [Sc]°? [Re]**™. (6.2.20)

The importance of polarisation and factors that influence it have been the subject of numerous
studies. A whole range of methods have been devised to improve or enhance it. For example, in
tubular membranes, which have a low surface area per unit volume, static mixers have been used to
deliberately disrupt the boundary layer and thereby improve mixing. The use of different types of
turbulence promoters an other methods of modifying the polarisation layer is an active area of
research, and new devices are continually being developed.

Equations like the above are often derived by analogy to the heat transfer equations. However, this
only holds when the transport processes follow a similar form. It is clear for large colloidal particles
(i.e. greater than 100 nm) shear on the particle considerably enhances the transfer back into the bulk
(see section 3.5). In these circumstances the Sherwood number is expected to be much greater than
that predicted by the above formulae.
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6.2.5 Impact on Rejection

In reverse osmosis and nanofiltration concentration polarisation can have a significant impact on the
rejection properties. This property is determined by the concentration at the membrane surface,
which due to polarisation is higher than that in the bulk. Consequently if the membrane rejection
properties are independent of concentration® the observed rejection, R, will be lower than the
measured one R , since polarisation has increased the concentration driving force. Now the
concentration polarisation is simply related to the ratio of the observed transmittance to the intrinsic
transmittance viz.

o _ cpley _ 1R,
T o T ocpfow T 1-Rp

(6.2.21)

This relationship can be used to obtain some of the exponents in any empirical dimensionless group
correlation. For instance, by measuring the rejection at various feed flow rates one can determine the
exponent for cross-flow velocity. Similarly, making measurements at a range of pressures allows one
to determine the flux exponent.

One caveat that must be considered in doing this is to note that the theory given in section 6.2.2 and
6.2.3 is related to ideal membranes. Extensions have been developed for non-ideal membranes. One
of the simplest approaches is to extend the exponential model described in section 6.2.2 to allow for
some solute transmittance. Solving the mass balance equation gives

(%) = (%) exp {$3.}. (6.2.22)

Concentration polarisation is a major effect in other membrane processes. Most notably in
electrodialysis. In these cases increasing the potential would be expected to increase the current.
However, if the membrane is driven too hard then these will be insufficient current carriers in the
polarisation layer near the membrane surface. As a result the impedance of the system would rise
rapidly.

6.3 Gel Polarisation/Flux Limitation

When -some colloidal materials are concentrated they become viscous and gelatinous. The simple
convection and back diffusion of matter no longer applies, and further concentration of colloidal
material stops. Instead, material accumulates and grows from the membranes into the bulk flow.
This fouling layer adds an extra hydraulic resistance to the permeate flow. This process continues
until the material arriving, at the fouling layer, through convection is balanced by the back-diffusion
into the bulk, i.e. the permeate flux falls owing to the additional resistance of the deposited material.
In the concentration layer above the fouling layer the solute distributes itself as before in an
exponential manner:

cg=cr exp{%éc}, (6.3.1)

where c,is the limiting concentration. Re-arranging shows that the limiting permeate flux is given by

¢ This is a reasonable approximation for most high rejecting membranes. Some membranes show a decrease in

rejection with concentration (eg cellulosic), and is particualrly noticeable for nanofilters.
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J=5D;ln(§—§) =k1n(ﬁ—j). (6.3.2)
The fouling layer is called gel polarisation, even though it may not strictly be a gel.

Equation 6.3.2 implies that the permeate flux is pressure independent and is determined by the
concentration of the feed, and the factors that determines the thickness of the concentration
polarisation layer. This formula implies that increasing the feed concentration will reduce the
permeate flux, and increasing the cross-flow velocity will increase the permeate flux. Experimental
work on a wide range of proteinacious materials has shown this result (see figure 6.3-1). One of the
most important prediction to note of equation 6.3.2 is that at high pressure the flux is independent

of the membrane, and instead a characteristic of the molecules and hydrodynamic conditions in the
feed channel.
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Figure 6.3-1 Schematic showing what happens to the concentration, velocity, and pressure close to the
membrane surface when a gel layer forms.

The model predicts that as the applied pressure increases the productivity will increase until the
concentration at the membrane surface reaches the gel concentration. At this point further increases

in pressure see no further gain in flux. If the feed concentration is increased then the onset of
gelation will be seen at lower pressures.

Biatt {6] provided an early demonstration of how concentration and cross-flow velocity alter the
productivity-pressure relationship in the way predicted by these models (see figure 6.3-2). His data
showed that the flux changes from a linear dependent function of pressure to a pressure independent
function as the pressure increases. The threshold for this transition varying with concentration and
cross-flow velocity.
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Figure 6.3-2  shows a schematic plot of the permeate flux as a function of the trans-membrane pressure,
and the effect of various processing factors on flux limitation.

The curves mapped out above are those obtained by steadily increasing the transmembrane pressure.
If once this is done, the pressure is lowered then it might be expected that the return curve would
superimpose on the initial curve. In practice, however, the permeate flux rates will be lower. This
hysteresis effect reflects kinetic issues associated with consolidated phases (see page 76 and
following of Cheryan, 1986,{13]). This situation occurs not only for inorganic phases, but also for
oils, and other organics.

Curves like that of Blatt have been observed in many applications, and emphasise the significance of
gelation, in membrane processes. The complexity of real systems is such that predictions must
largely be based on practical assessments.

Gelation is not the only mechanism that can cause the permeate flux to become pressure
independent. As solutes concentrate the solution viscosity can increase and can take on a
non-Newtonian character. This means that the shear conditions at the membrane surface are
significantly altered and lead to less transfer of material back into the bulk phase.

Another consequence of increasing concentrations at the membrane surface will be an increase in
osmotic pressure. While this will obviously be the case for small molecules it can also be significant
for much larger molecules on account of the high concentrations being generated (circa 50 %) and a
non-linear increase in the osmotic pressure curve with concentration.

The conclusion from this section is that there is a practical limit to the productivity that can be
achieved in any given system. The purpose of pilot testing is to identify this limit, since it provides
the basis of design and scale-up of such filtration systems.
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6.4 Polarisation in a Dialysis Process

An example of a membrane process which is totally dominated by polarisation is the transfer of a
volatile from one liquid stream to another across a membrane with an air gap. This is specific type of
dialysis that utilises microporous membranes such as polytetrafluoroethylene, or polypropylene. The
hydrophobicity of the polymers prevent the liquid bridging the gap, but allows volatiles to diffuse
across. The mass transfer rates for the extraction is limited by polarisation in the liquid layers, since
gaseous diffusion is a lot faster than aqueous diffusion. The process for a plate and frame device of
length L, configured for counter-current, a mass balance on an element gives the pair of equations’

ey

+dy v E'=—k(6‘g -c3) (6.4.10)
~dy v, %0:—2 =+k (Cx -¢2) (6.4.1b)

where d is the space between membranes, v is the velocity, and the subscripts 1 and 2 refer to the
two streams. The mass transfer coefficient k is the made up of three terms, viz.

1 R
T 00 hen TRl 6.4.2)

Because diffusion of a gas in a gas is very rapid compared to the diffusion of gases in liquid it can be
concluded that mass transfer is dominated by the diffusion in the liquid, i.e., the membrane exerts a
negligible resistance. The mass transfer coefficient is maximum at the entrances and least at the
centre. However, as can be seen from figure 6.4 the variation along the length is small. A useful
simplification is to take an average mass transfer coefficient.
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Figure 6.4 Variation of normalised mass transfer coefficient along length of dialysis unit.

From the analysis in section 6.2 it is clear that the mass transfer coefficient will vary with position in the
membrane.
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With this assumption the solution to these equations is readily obtained and shows that there is a
uniform concentration increase in one channel and a uniform decrease in the other channel. The
amount of volatile that is recovered (transferred) is given by

T (-8
Y= [m , (6.4.3)
where

_ _k =
a=zo, and = ) (6.4.4)

Inverting this equation gives
= in| =L
a=-13 ln[ 1—6}’]' (645

This equation can be used to calculate the mass transfer coefficient from measured recoveries. By
making measurements at various feed flow-rates the dependency on velocity can be quantified.
Equation 6.4.3 also provide a useful equation for design purposes.

6.5 Summary

This section has shown how in filtration devices cross-flow has a major impact on what happens
above the membrane surface, and how this impacts on both rejection and throughput of the
membrane. Although there are a large number of variables their effect can be characterised through a
small set of dimensionless groups, which provide methods of extrapolation [11]. However, it is
important to recognise the different dynamical regimes that can exist. In particular, between
molecular species, which are acted on by Brownian motion, and micron size particulates for which
shear plays the major factor in their migration (see section 5.5). It has also been shown that in MF
and UF concentration is an important factor. Too high a concentration or too low a cross-velocity
and throughput becomes no longer a function of pressure, but is a function of cross-flow velocity.

In design terms the variation of productivity with pressure is one of the most important practical
issues since it indicates that for any application there will be an optimum operating pressure and
working design productivities. ’

The other key point about such diagrams is to visualise them from a time perspective. In
concentrated systems the polarisation layer forms quickly, while in dilute systems the formation of
the layer may take a long time. In addition, once the layer has formed kinetic processes can take
place which lead to irreversible features, and the consequential fouling. For ease of removing foulant
this suggests there can be benefits in frequent cleaning to avoid consolidation of deposits. One
technique for managing this on unsupported membranes is backwashing [7]. As always the benefits
of back-washing have to be weighed against reduced efficiencies.

A key conclusion is that membranes have to be operated around a flux basis. If one exceeds this flux
one can get a short term benefit but with a long term penalty. For the production of potable water by
reverse osmosis, and similar applications, good estimates of the flux limits have been obtained by
experience from various feeds, and these can be a guide to new sites. However, expetience shows
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that sites vary. Thus the more critical the performance, and the more original the application, the
greater the need for on-site pilot trials [7].

The importance of polarisation is not limited to filtration processes. For example, polarisation is a
critical aspect of electrodialytic processes, where polarisation provides a limitation to the flux
densities that can be worked with. The full recognition of the significance of polarisation has driven
a large amount of research and developments to overcome the limitations it imposes. Developers
have experimented with different spacers, including static mixers [8], dynamical effects (i.e. pulsetile
flow) [9] [10] , moving the membrane surface, reticulation of membrane surfaces. The key question
is not can the limitations in traditional membrane devices be reduced but can this be done cost
effectively?

The most important consequence of polarisation and fouling is that membrane designs need to be
based around an operating flux, rather than an operating pressure. It is one of the key objectives of
pilot testing to determine what this flux is for all the variations in feed that it may encounter.
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Chapter 7

FouLING & CLEANING
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1.1 Leachables

7.1 Introduction

Fouling presents the most difficult challenge to the design and operation of membrane plants.
Fouling results in loss of productivity and loss of quality. The success of membrane technology is
critically dependent on how this single issue is dealt with. At one end of the spectrum are the
methods of prevention while at the other there are the methods of cure. While total prevention is
desirable it is not always achievable technically. The issue is not to stop fouling, but how to achieve
the best compromise between performance loss and additional cost; a balance which varies with
technology and application. In microfiltration a productivity loss of 90 % is quite acceptable, while
in reverse osmosis a fall of 40 % is unacceptable. The design of systems to minimise fouling and to
manage the changes that result is one of the most difficult aspects of membrane system design,
largely due to the variable nature, the complexity of the foulants, and their poor characterisation.

The time-scale over which performance is lost due to fouling varies from a fraction of a second to
many months. What can be said is that the harder a membrane process is run the faster will be the
decline. Not only is the decline faster but the cumulative production is less i.e. fouling is not simply
the cumulative deposition of material. The performance of membranes is recovered through physical
and chemical cleaning. Again, an economic balance has to be achieved between performance and the
costs of cleaning / element replacement. Fouling is more than the accumulation of particulate debris
at the membrane surface (see figure 7.1-2). Fouling occurs on and inside membranes, by deposition,
reaction, precipitation, and or microbiological processes.
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The art of good membrane/element/system design is to liberate the potential of membranes and
maximise the cumulative output, by minimising the effect of the various factors that influence the
loss making processes. To do this requires an understanding of the processes which limit this
realisation. These issues are complex and varied. Some simple models however exist and can
provide us with some useful insights which can help guide design and operation.

The starting point for understanding fouling in filtration systems is conventional filtration. At its
simplest level the fouling layer is seen as a stead build up of debris on the membrane surface to form
a cake. The flux through the membrane and cake is related to the pressure drop by Darcy's equation

dv

=1 -
J=3% T RatRc A 711

where K is the permeability (see Annex D), R is the hydraulic resistance of the membrane, and S is
the surface area. The latter is made up of the membrane resistance, R, and the cake resistance, R,
(these two are additive since flow is in series). Operating at constant pressure, the flow drops with
time due to the development of the cake. If the cake resistance increases uniformly with thickness

(i.e. no compression) equation 7.1.1 can be solved to give a formula for the volume of material
treated as a function of time:

)= SR%(—-Z’L-) (7.1.2

1+ /142

where r is the cake resistance per unit volume, and

_ k%
T= 35 (7.1.3)

is a characteristic time-scale. For times small compared to this characteristic time the membrane
dominates behaviour, while for long times the cake is the key factor. It follows that using a less
permeable membrane or lower operating pressure extends the time over which the membrane is the
dominating factor, as expected. It follows from equation 7.1.2 that

o~ SR%(%) = }f—m% t, 1 << T, membrane dominant (7.1.49)
V() =~ ﬂfﬁJ%_' =S Z—,g-t s t >> 1, cake dominant (7.1.4b)
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Figure 7.1-1 Shows how the flux (normalised to initial value) varies with time for conventional filtration with
a material producing an incompressible cake.
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Equation 7.1.2 provides a quantitative prediction of how the instantaneous flux falls with time (see
figure 7.1-1). In particular, it predicts that as the cake dominates the flux will become inversely
proportional to the square root of the filtration time.

In reality, there are a number of complications when treating colloidal materials. Firstly, the
membrane resistance also changes with time (most significantly in an initial period) due to absorption
of materials within its interstices. The second issue is that once colloids are concentrated they can
undergo irreversible changes to form a cohesive solid, which is more difficult to remove. As this
layer consolidates, its filtration characteristics will usually get worse.

- b ® & -
° \_

a
o ®

Figure 7.1-2 Schematic diagram showing some simple mechanisms of how particles affect performance, a)
ideal - no effect, (b) concentration of material at interface (polarisation), (c) material at interface
transforms, and forms a secondary membrane (gel polarisation), (d) adsorptive fouling - small solutes can
line surface of pores reducing flow, but can prevent particles from coalescing.

Concentration polarisation forms quickly and is a reversible process. In contrast gel polarisation is
associated with slow irreversible changes, and this contributes to more permanent fouling. Evidence
of these irreversible changes show up in continuous cross-flow processes as a flux decline, or in
batch processes as an increase in the batch time. Fouling with its eventual impact on performance is
a feature of nearly every membrane process. While good system design and appropriate choice of
membrane can reduce the worst excesses, three other aspects need to be considered

® Pre-treatment of the feed
® Physical cleaning
® Chemical cleaning
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7.2 Foulants and Fouling
7.2.1 Introduction

Fouling becomes significant when either productivity or rejection is lost. The most common causes
are a combination of deposition and adsorption of material in the membrane interstices, adsorption
of material on the surface, and in the most general sense, phase changes in colloidal material
immediately above the membrane brought about by the concentrating action of the membrane'. In
addition to these processes there are secondary processes such as biological growth, which can help
bind surface residues together and make them difficult to remove.

In general, the decline of performance can be assigned to physical, chemical, or biological processes
(see figure 7.2-1). By assessing the feed water from these three aspects it is possible to pre-treat the
feed so that the problems can be minimised. However, a cure for one problem can create a problem
of another sort e.g. chlorine can be added to contain biological growth problems but can create a
corrosion problem, and might chemically attack the membrane .

Different applications give rise to different foulants. A typical classification is to break down foulants
nto

+ Gelatinous Foulants - compressible/incompressible
Precipitates
+ Biological

Usually one of these factors will dominate the design problem.

BIOLOGICAL

CHEMICAL  Physochemicat T PHYSICAL

?voum:

- Figure 7.2-1. Diagram of the relationship between fouling materials (adapted from Walton [1])

A variety of formulas have been used to parameterise the loss of flux with time. A widely used form
is the power law expression which gives a scaling exponent

Sometimes the effect is not caused by the membrane but by some other process. For example chlorination
will precipitate heavy metals such as manganese. If insufficient time is given to precipitate such metals they
will disipate themselves on the membrane.

1
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O =X1)

As already discussed in the introduction, conventional filtration would predict an exponent of n =%.
Measurements on many different systems have given a wide variety of values ranging from 0.001 to
0.5. Under some conditions the flux increases with time. This effect is usuvally associated with
chemical attack, or with gradual wetting of the smaller pores.

7.2.2 Plugging and Coating

Two processes that can significantly affect the permeability of microporous membranes are coating,
and plugging. In "coating”, materials present in the feed prefer the environment of the surface. This
can occur on both the external and internal surface of the membrane. The consequence of this
coating is that the pores are reduced in size, and hence the permeability of the membrane is reduced.
By considering flow through cylindrical pipes it can be seen that the reduction of flow varies with
the fourth power of the pore size. Thus a reduction of 10 % in pore size will produce a 34 %
reduction in permeability (see figure 7.2-2).

100

% Reduction i Flow Rate

o 20 < 60 80 100
% Reduction it Pore Size

Figure 7.2-2 Effect of reduction in pore size on reduction in permeate flow rate

Another mechanism of loss of permeability is plugging of pores. This is particularly noticeable in
"clean" systems where the initial permeability is observed to fall slowly to a lower value. In essence
the time to come to a new steady state flux is a reflection of the number of particles in the feed, and
the number of pores in the surface of the membrane. The probability that a hole is plugged will
depend on the likelihood of a particle lodging in the appropriate pore. Since a perfect match between
the particulate and pore is unlikely then the consequence of plugging is a reduced flow-rate. Hence it
is expected that the flow-rate follows an expression of the form

Q= Qexp| L]+ QI(I - epo])

where t is a time constant. This time constant is expected to be inversely proportional to the
concentration of particles. Operating the membrane at higher pressures will mean that in any given
time the membrane sees more particles and thus faster loss of flux is expected. This characteristic is
most acute in asymmetric membranes.
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7.2.3 Particulate and Colloidal Fouling

During operation, particulate and colloidal material deposits itself on membrane surfaces. In natural
waters this material usually consists of a cocktail of materials such as iron, manganese, silicates,
silica, humics, and cellular debris. In process applications, contaminants such as pigments, cellular
debris, rust, etc. will find their way to the membrane surface. This unwanted debris occurs in all
membrane applications, and if not addressed will produce severe loss in performance. Membrane
system designers take various steps to deal with the problem

® pre-treatment of feeds (Filtration, dispersion)
¢ optimal selection of design parameters (e.g. high cross-flow, and low flux)
* chemical cleaning

The problems are most widely seen in reverse osmosis membranes. In the development of reverse
osmosis membranes a method was sought to characterise the fouling potential of water. Only two
methods are widely used to assess water suitability for RO applications. The first is turbidity. Most
manufacturers of membrane elements set a 1 NTU? upper limit. The second measurement is the Silt
Density Index. This was developed by DuPont devised to assess the pre-treatment requirements for
water to be processed by their RO hollow-fibre systems.

There have been a number of attempts to develop other methods, particularly to incorporate a
cross-flow characteristic, but as yet none have become established.

Silt Density Index (SDI) - ASTM D 4189
The SDI test consists of filtering the feed water through a 0.45 micron filter of
1350 mm? surface area, at a pressure of 30 psi. The feed pressure is set at 30
psi. The time for the first 100 mL to come through and the time required for
100 mL to come through after 15 minutes is measured. The SDI is

SDI, = 100*(1-t,/t)/T
where

t, - is time required to filter the first 500 mL of feed solutioun

t, - istime required to filter 500 mL of feed solution after

T - time of continuous filtration
Typically a time of 15 minutes is used, and it follows that the SDI must lie
between 0 and 6.6. In practice, the filtration rate can become so slow that it is
impossible to measure the flow rate at 15 minutes. In these circumstances (and
also if SDI>35) the time period, T, for the test is reduced. Typically a 5 minute
period might be used (SDI, ranges from 0 to 20) and in more extreme cases a |
minute time period (SDI; ranges from 0 to 100). The test conditions chosen for
the SDI are such that for the applications to which it applies it is the cake
resistance rather than the membrane that is dominant.

While there are clear shortcomings with the SDI, its long use by the membrane industry as a
preliminary guide for the quality of an RO feed water. While SDI is a useful characterisation of
fouling potential it is not sufficient. The general guide is that waters with SDIs less than 3 are
considered to be suitable for most RO applications, while values greater than 5 are considered to be
unsuitable without pre-treatment.

NTU stands for nephelometric turbidity unit (see appendix B)
7-6

2



MEMBRANES PROCESSES: A TECHNOLOGY GUIDE

By measuring the flow continually over a 15 minute period it is possible to calculate how SDI will
vary with the time period. The results of such a study are shown in Figure 7.2-3 for three types of
water. As would be expected the SDI value falls with time, as would be predicted by theory given in
the introduction. Interestingly the SDI figures obtained from a laboratory high purity water supply
system gave SDI figures which were worse than the tap water, indicating that the unit, has so often
happens, was not properly cared for. The water with the lowest SDI was a cooling water blowdown
which had been treated by cross-flow microfiltration (the SDI of the cooling water blowdown was in
excess of 40) and gave an SDI of less than 1. For low SDI measurements special precautions need to
avoid contamination issues e.g. from particles attached to the glass walls.

SDI value
20 20
CWBIMF
\ P
15) 15 | Miah Purty
\ Potable

TIME, mins

Figure 7.2-3 SDI, values calculated from data collected over 15 minute period for tap water, high purity
water supply, and a cooling water blowdown water that had been treated with cross-flow microfiltration.

Another useful thing to do when carrying out an SDI test is to examine the accumulated debris on
the membrane under a microscope or even better under an SEM. A whole range of particulates can
occur which derive from the source water (e.g. silts from surface waters), the treatment (e.g.
oxidation producing precipitates, coagulation) and delivery (e.g. Fe corrosion, bacteria ). Even
"clean” water can readily contain 100,000 particles/L. > 0.2 microns, and while in mass terms this
does not amount to very much it will become significant if unremoved. Typical municipal waters
rarely contain more than a few ppm of solids. While this might not appear to be much when one
considers how much fluid each square metre of membrane treats it will in a few days give rise to a
layer several microns thick. Fortunately, most of this material does not stay on the membrane surface
but gets washed out. However, the problem is made more difficult in elements which contain
spacers. In these devices there are dead spots around where the spacers contact the membrane
surface. Deposits can accumulate in and grow from these regions. An additional complication occurs
if cellular material is allowed to breed in these regions since they can help bind the particles together
making them more difficult to remove. More often than not, it is not the particulate matter that
creates the problem but the biological and organic material that builds up in these deposits which
make it difficuit to remove physically and sometimes chemically. Despite several shortcomings SDI
remains a popular method for quickly evaluating feeds, and setting pre-treatment requirements.
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7.2.4 Precipitates

In reverse osmosis the precipitation of inorganic salts poses an additional problem. This occurs
because by removing the water one is concentrating the salts and thereby creating a supersaturated
solution, ie. it is thermodynamically more favourable for the system to precipitate. The most
common precipitates to be generated when treating potable waters are

® calcium carbonate,

* calcium sulphate,

® silica.
Other phases that sometimes can form are

® barium sulphate

® strontium sulphate

® calcium fluoride

® calcium and magnesium silicates
There is a good theoretical understanding of precipitation, based on water quality and solution
thermodyanmics. The key factors which effect the solubility of these compounds is

® Temperature

e pH

*  Alkalinity

® Hardness

® Jonic Strength

However, for accurate predictions an analysis of the key constituents (see Table 7.2.1) is required.

Table 7.2.1 Measurements parameters required for feed water analysis for an RO application

Cations Anions Other
Feed Temperature (min,max,avg) C Na* Alkalinity- M Fe
Feed Conductivity uS.cm™ K’ SO Mn
pH Ca* NO; Si
TOC (mg/L) Mg" PO}
Turbidity NTU) Sr* F Cl,
Ba* O,

The solubility of ionic compounds is expressed through the solubility product, X . Thermodynamic
equilibrium is expressed by relating the solubility product to the activities of the solution species.
For example, in the case of barium sulphate equilibrium with a solution occurs when the solubility
product equals the product of the activities of barium and sulphate viz.

Ky = {Ba}{SO4} (7.3.1)

The solubility product is a thermodynamic property of the solid, and thus is independent of the
solution composition. However, the solution compoistion does effect the activity coefficient. For
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insoluble materials like barium sulphate a general increase in the solution composition (ionic
strength} can increase its solubility substantially. These factors are best calculated with computer
programimes.

Table 7.2.2 Solubility Product Data at 25 C (from Stumm and Morgan{2])

Compound pKsp AH
kcal/mol
Celesite  Strontium Sulphate 4.36 -1.71
Gypsum  Calcium Sulphate Dihydrate 4.58 -0.109
Calcite Calcium Carbonate 8.48 -2.297
Barite Barium Sulphate 9.97 6.35
Fluorite  Calcium Difluoride 10.6 4.69

Concentration polarisation exacerbates any problem associated with precipitation, since the extra
enhancement close to the membrane surface increases the potential for precipitation. Typically,
polarisation is expected to produce a 15 to 20 % concentration increase at the surface than at the
bulk in the worst spots in the system. Thus, precipitation is expected to occur at the surface in the
last element in the system, and propagate back down the system from there. While for particulate the
reverse is expected. In the initial phase, growth is limited by nucleation and available crystal surface
area. Once established though, the system becomes limited by supply. In material terms it is the
difference between the actual concentration and the saturated value that provides a measure of the
amount of material that will be deposited. In this respect more soluble compounds such as calcium
carbonate can provide a more sudden transformation from unfouled to fouled.

7.3 Fouling Remedies

7.3.1 Introduction

The successful application of membranes requires good management of fouling. Indeed one of the
main goals of pilot work is to identify and quantify fouling issues, and evaluate various approaches
that can be used to minimise it. Fouling is managed at the process definition stage by

® design of pre-treatment

* membrane selection

* system design

® specification of operational conditions
® defining cleaning procedures

Good system design minimises fouling problems but rarely eliminates it. The first line of defence is
the design of pre-treatment. Invariably a balance between the additional capital cost of pre-treatment
versus operating costs of cleaning (lost time, chemical costs, disposal charges). For an established
plant the options are less and concern physical and chemical procedures (see table 7.3.1). Physical
methods provide the main line of defence. Chemical methods are usually the last line of defence, and
carry the additional burden of supply and disposal of chemicals. Nevertheless if chemical cleaning is
required then it is important to design the pumps, storage vessels, valves etc. into the process
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Problems on fouling can be addressed at three levels:-

® design of pre-treatment
* design of membrane system

* operationally

In order to design a suitable pre-treatment for a filtration processes an assessment of the potential
foulants is required. In the case of reverse osmosis a water analysis can provide some indication of
the potential solids that might precipitate. Most manufacturers provide computer programs which
can calculate the extent of the problem. These programmes are needed so that all the various factors
that play a role can be taken into account, e.g. ionic strength, pH, composition changes. These
programmes though, are restricted to the common precipitates. Assessing colloidal fouling is far
more difficult. In the case of reverse osmosis the SDI method is widely used guide to whether
additional pre-treatment is required. In ultrafiltration and microfiltration the data largely comes from
pilot trialling.

Table 7.3.1 Summary of methods used to deal with fouling.

MEerHODS OF REDUCING FOULING

Physical Chemical

Pretreatment s Prefiltration o Jon-exchange

¢ Precipitation e Dispersant

» Coagulation s Disinfectants eg chlorine

* Floculation o Antiscalants

o Carbon sorption s pH adjustment
Design o Flow regime * Membrane materials

(laminar/turbulent) * Surface modification

e Element Design

o [nserts, roughness, reticulation

o Pulsetile

* Moving surfaces

o Combined field
Operation o Limit production rate » Cleaning frequency

* Maintain high cross-flow o Cleaning chemicals

s Periodic flushing

Mechanically clean

Through theoretical and practical studies element manufacturers and systems manufacturers have
derived the optimum balance between hydraulic losses getting the water to and from the membrane,

and fouling. In the case of reverse osmosis these design parameters are built into the computer
models.

Now the analysis given in section 2 shows that for both concentration polarisation and gel
polarisation the key factor is the ratio of the flux through the membrane to the mass transfer
coefficient. This formula can be examined in terms of design factors for the simple case of the
developing regime in laminar flow and in the absence of a spacer. This analysis shows that
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Jrk < [dy 1"

where V is the enclosed volume. Thus polarisation becomes smaller if the enclosed volume can be
reduced and or the separation distance can be reduced. Hence the interest in making small compact
devices. This benefit though has to be equated against any increase in hydraulic losses incurred by
pushing the liquid through a reduced volume.

Similarly, one can look at the problem in terms of operational parameters the flux and cross-flow
rate;

Jik « JIo¥

Thus, if 2 membrane is driven harder by increasing the pressure then rejection will fall. The equation
shows that increasing cross-flow can reduce the effects of polarisation on rejection. When analysed
from the total element there is clearly an optimum since increasing cross-flow means increasing
pressure drop and thus the back end of the element will operate at lower pressure which will
produce a rejection and flux penalty.

The formula can also be used to examine in terms of the application parameters:
Jlko D73 8

Thus polarisation is larger for more slowly diffusing materials (larger) and for more viscous
materials as expected. A consequence of the fact that viscosity decreases with temperature is that
increasing the temperature reduces polarisation.

From the analysis given earlier on polarisation it is apparent that for processes like reverse osmosis
the operational conditions will be set to minimise concentration polarisation factors, while
pre-treatment will be designed to remove the bulk of colloidal materials which could lead to a gel
layer. Since pre-treatment is not perfect, operational procedures can be used to remove these
particulates before they make their presence felt. This includes flushing, rinsing etc. In the case of
ultrafiltration and microfiltration the issue in many process applications is gel polarisation

One more insiduous fouling problem derives from life forms. The major issue is bacteria. Clearly, the
growth is controlled by the amount of nutrients that are convected along with the water. One of the
problems is not the bacteria, but the sugary sticky molecules they exude.

7.3.2 Pre-treatment Processes

The better the pretreatment, the better the operation of the membrane process. For the high purity
waters that are required for the electronics industry there can be up to 20 different process stages of
which membranes might provide one or more steps. Perhaps, more typically, there maybe half-dozen
stages in a typical large scale process application (see figure 7.3-1). As ever there are a variety of
different ways to achieve the effect

o Solids removal
®  Hardness reduction
®  Chlorine removal
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* pH adjustment

*  Pathogen removal
® Pyrogen removal
® Organics removal

In addition to these removal processes, there are processes which add chemicals in order to inhibit
precipitation, bacterial growth, etc. For example, the use of polyacrylics to sequestering calcium and
hence, to extend the recoveries to which RO can be used. Invariably, designs have to be customised
to meet the specific users situation eg the cost of discharging waste streams, the feed water
chemistry.

Potable

Supply, Screens Sodium

ﬁ Metabisulphite
Multimedia
Filter

€ Softner

Cartridge

Filtration I

< Reverse
Osmosis I
. X Purified
| Continuous | >

Deionisation Water

Figure 7.3-1 Schematic of operations used to create pharamaceutical grade water from a potable water
supply.

Filtration

Invariably, before any membrane plant there is some sort of pre-filtration or screen to remove
particulates that would block up the narrow spaces between membranes. The solution depends on
size. On the small scale, extensive use is made of cartridge filters. Frequently, there is a staged
reduction in size (e.g. 5 microns followed by a 1 micron device). For larger systems multimedia
filters are the primary methods of removing particulates. For microfiitration systems 50 micron
screens are all that is usually required. The recent developments of large low cost microfiltration
provide an opportunity to use the technology as a pre-treatment to reverse osmosis. While more
expensive than the multi-media filters the quality of the feed is substantial.

Coagulation

For large scale applications colloidal waters can be treated with alum or ferric salts. This increases
the size of colloidal matter, which is then removed in a clarifier or depth filters of some type.
Antiscalant

In reverse osmosis salts of hard ions (e.g. calcium carbonate, calcium sulphate, barium sulphate) can
readily precipitate. One method is to add a chemical which sequesters the hard ions. One of the early
chemicals used for this was hexametaphosphate. This compound binds hard ions. (e.g. Ca, Sr, Ba)
and heavy metal ions, (e.g. Fe, Mn) and makes them unavailable for precipitation. This group of
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compounds has now largely been replaced by polyacrylic type molecules (e.g. Flocon) which have
better performance.

Recently, companies have marketed products to combat silica precipitation. These usually involve
chemicals designed to either inhibit nucleation, or growth, and frequently contain a dispersant to
encourage separation.

Softener

In reverse osmosis the presence of hardness (i.e. calcium, barium, strontrium, magnesium) can lead
to precipitation within the elements as the salts are concentrated. One solution is to use a water
softener. This is certainly quite a convenient method on small to medium size operations. The major
problem is to insure that the system operates well and avoids breakthrough on the ion-exchange
beds. The important feature here is that with time the capacity of the beds fall Another problem is
that if a municipal supply is being used, then water quality can change dramatically as the
municipality switches sources, and this can lead to vastly different loads. Thus the performance of
the beds should be regularly checked.

Lime softening is popular in the water industry. This involves adding calcium hydroxide which leads
to the precipitation of calcium carbonate, which is then removed from the water. A small amount of
acid is then required to remove the threat of calcium carbonate precipitation within the reverse
osmosis unit.

PpH adjustment

pH adjustment is done either because of the pH stability of the membrane, (e.g. cellulosic
membranes can operate between pH 4.5 and 7.5), or to prevent precipitation of calcium carbonate.
The potentiality to precipitate is determined by calculating the Langelier index (essentially the
supersaturation) from the water analysis. Since carbonic acid is a weak acid, calcium carbonate will
increase its solubility with increasing acidity. Thus, the addition of sulphuric acid provides a simple
and cost effective method of dealing with the precipitation of calcium carbonate, particularly on
large scale operations. For some waters, however, sulphuric acid addition can increase the risk of
calcium sulphate precipitation. In these cases hydrochloric acid can be considered. If silica is present
and the pH is low and there is no calcium carbonate problem (i.e. saturation pH is very high) then
addition of alkali can improve its solubility.

Carbon Sorption

Activated carbon is a popular method of getting rid of organic carbon prior to small devices and
systems. For membranes which are sensitive to chlorine (e.g. FT-30) the carbon also serves to
remove chlorine.

Precipitation

A common problem in a number of waters is manganese and other heavy metal ions. One approach
to this is oxidation, often with air, which leads to precipitation. These precipitates can then be
harvested by growing on a suitable substrate. Another approach is to use chlorine, and then remove
it later in the process.



MEMBRANES PROCESSES: A TECHNOLOGY GUIDE

Sanitisation

The addition of low-levels of chlorine in the form of hypochlorous acid is widely used as a
disinfectant to inhibit the development of bacteria on the membrane surface. The extent to which it
can be used is dependent on the compatibility of the membrane to chlorine, operating conditions, and
warranties. One alternative to continuous chlorine dosing is intermittent chlorine dosing. In its
simplest form chlorine is dosed continuously and sodium metabisulphite is dosed periodically
downstream in excess of that required for chlorine.

uv

In the last 10 years ultra-voilet radiation has been seen as a convenient method of destroying
bacteria. To use it effectively requires feeds with low solids. Unlike chlorine there is no residual
disinfection, and colonies of bacteria can often be found post UV treatment feeding on the bacterial
residues created by the UV radiation. However, it is seen as a way of killing pathogens without the
need for chemicals. Hence the interest in its use for small domestic systems, and for tertiary off-take
discharges from waste water treatment works.

7.3.3 Design

For many applications the manufacturers of membrane elements have optimised their designs to
perform well for targeted applications. The key decision for the user or system designer is not the
details of the design but what element type to use.Once decided most manufacturers provide detailed
guidelines to equipment manufactures as to how these should best be configured. In the case of RO
most manufacturers supply design programmes to assist system designers. For ultrafiltration
applications the problem is more involved due to fouling.

The most widely used devices are those that simply pass the feed over the membranes surface. In the
case of tubular membranes the velocities and size scale is such that the flow can be turbulent. In
turbulent flows the scouring action from the turbulent eddies provides additional scouring, which
can be important to mitigate problems with high fouling feeds.

In addition to the conventional approaches a number of devices have been developed which exploit
other principles, to enhance the mass transfer coefficient. The question with these technologies is not
whether they will work, but will the processing benefit be sufficient to pay for the exira cost.

Moving Surfaces

As well as moving the fluid a number of inventors have considered moving the membrane surface
tangentially to the direction of flow. One of the simplest ways of doing this is to combine membranes
with centrifugal technology. Such an approach has been developed by Alfa-Laval.

Another approach is the use of counter rotating cylinders. When fluid is passed between the two
cylinders the rotation of the inner surface which contains a membrane sets up a stable set of vortices
enhancing the shear at the membrane surface (see figure 7.3-2).
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Permeate

Figure 7.3-2 Schematic of the "biodruckfilter” by Sulzer Corp.

A recent developments is the use of torsional oscillations by New Logic. The basic idea is the
introduction of torsional oscillations to tubular membranes. In a similar vein Pall have designed a flat
sheet stack of stainless steel sheets on which is mounted PTFE membrane. Torsional vibration occur
around the axis of the stack (Pallsep VMF). At the present time these systems seem geared to small
scale applications in which the added value in achieving higher solids concentration out-weigh the
higher capital cost.

Researchers report that the use of moving surfaces allows substantially higher fluxes to be achieved,
and applications can achive a higher level of dewatering. These benefits have to be weighed against
the higher capital costs of such devices.

Puisetile

A number of researchers have looked at the effect of applying a periodic pressure fluctuation in
addition to the fixed one. The response to the fluctuations is a velocity profile that is much flatter
than the familiar parabolic profile of Poiseuille flow. These fluctuations in velocity enhance the
back-diffusion process, and thereby allow higher flux conditions to be used. The penalty of course is
the extra energy required to transport the fluid through the device.

Another adaptation of the technique is to use a reticulated membrane surface(e.g. dimpled surface).
As pulses pass over the surfaces they create vortices which in turn help to scour the membrane
surface, and disturb sediment that has built up in quiescent parts of the device.

Reticulation

During the 70's Prof Bellhouse patented a novel way of exploiting pulsetile flow to enhance mass
transfer in the oxygenation and dialysis of blood. One of the features of the device was that the
membrane was reticulated. As the flow fluctuates, vortices generate in the membrane dimples,
enhancing the mass transfer [3].
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Combined Field

An approach that has shown various degrees of success in research laboratories is to combine
electric with pressure fields. Electrodes are so arranged that when the field is turned on they attract
solids away from the membrane surface into the bulk flow. Most commonly the electric field is
pulsed.

Summary

The effects of fouling depend on the membrane materials and how they are packaged. For new
applications it is essential to carry out pilot work to establish

® Decide on the membrane area required
* Define the range of operating conditions

¢ Establish the effectiveness of different cleaning methods

7.3.4 Operational

All manufacturers provide guidance as to the operating conditions in which their products can be
used (see table 7.3-2). These guidelines come from past experience of how different water types give
rise to different fouling problems, and what tolerance can be set for fouling before cleaning is
required. Manufacturers usually recommend a flux limit for a particualr application, and as the
membrane fouls one can increase the pressure to maintain constant production output. This can
continue until a pressure limit is reached.

Table 7.3.20perating limits recommended by Fluid Systems for design of RO systems

Feed Water Fhux Limit Fouling
GFD' L/m¥hr Allowance
RO permeate 51 87 0
Well water - deep 44 75 15
Well water - shallow 38 65 20
Surface water - lake 35 60 20
Surface water - river 31 53 25
Sea water - beachwell 35 60 15
Wastewater 26 44 30
Sea water - surface 27 46 25

! GFD = US Gallons.ft2.day’

Implicit in these operating conditions is an assumption of the pre-treatment that has been applied. By
improving the pre-treatment, €.g. by using a microfiltration pre-treatment instead of a multi-media
filter, it is possible to operate at higher production levels.

Cleaning is an intrinsic part of the definition of a membrane process because of the inherent problem
of fouling that continually challenges them. Left unchecked, fouling will lead to loss in process
efficiency and effectiveness which if left untreated will lead to an irreparable loss in performance.
Cleaning can allow one to maintain a higher productivity (see figure 7.3-4). However, frequent
cleaning brings a cost penalty of lost operating time, and chemical costs; work time will also make
the process unattractive. Thus, a balance has to be struck between cleaning procedures, loss of
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performance, operating conditions, and system design. This balance varies with application and
customer requirements. For example, in small applications, which need to be operated with a low
level of technical supervision will be designed with good pre-treatment, very safe operating
conditions (e.g. low pressure), and low recoveries. Such an approach brings a large cost penalty
which, if applied to many larger applications, could make the process unattractive. Chemical
remedies might have a lower capital cost, but this has to be weighed against a higher operating cost.
In practice, the process designer must look to design around the minimal performance anticipated
from the membrane in use.

With cleaning

Productivity

Without cleaning

Time

Figure 7.3-3Effect of cleaning on productivity.

The first consideration in the design process should be an assessment of the potential foulants. Data
for this comes from

® Past experience on similar applications

® Analysis of feed

® Pilot trials

From such an assessment it is possible to provide a process to minimise the fouling problem. The
options open are

* selection of operating conditions
& pre-treatment

* cleaning procedures and frequency.

There is no universal cleaning procedure since options will vary with application, membrane choice,
and customer requirements (e.g. disposal costs, discharge consents). An essential element in a new
application is both an analysis of the water, and an audit of the chemicals. This list should include
not only those that are used on a routine basis, but those that arise irregularly through cleaning
equipment etc. There is also a need for a general appreciation that membrane processes can be
sensitive to the unconsidered use of a chemical introduced upstream for cleaning equipment etc.

There are a variety of options available to clean membranes. In practice a combination of these will
be used which depends on system design and costs.



MewmprANES PROCESSES: A TECHNOLOGY GUIDE

Operating Conditions

One of the key decisions in designing a plant will be to select the design flux. This is invariably based
on past experience and or pilot trial results. Since no two feeds are ever the same there is always
some element of uncertainty. If too ambitious a flux is set, then the point at which cleaning is
required will soon be reached. If fouling does occur too rapidly one option would be to down-rate
the plant productivity. Alternatively, one could try to improve the performance of the pre-treatment
and or the cleaning process.

Another approach is to apply higher cross-flow velocity which gives better mass transfer. The
increase in the feed pump rate can reduce polarisation and hence fouling. The disadvantage of this
approach for a staged reverse osmosis system is that there is an increased pressure loss as one passes
down the system, with a consequent reduction in productivity and rejection. This problem gets more
severe as one moves up the molecular weight spectrum and hence plant designs move to multiple
pumps which in essence provide inter-stage boosting. The scope on RO systems is usually fairly
limited since they are designed close to the safe working limits

Flushing

Flushing is a widely used method for clearing settled or consolidated solids. The most common
method of implementation involves turning the feed pressure down while maintaining flow. The
dropping of pressure has the effect of increasing the reject flow, and thus can sweep deposits that
have built up in the ends of elements. With centrifugal pumps, lowering the pressure results in an
increased flow-rate. However, caution must be exercised to avoid applying a flow-rate that exceeds
the manufacturers limits. This is particularly important for spiral elements where a consequence of
exceeding the maximum flow-rate can be to burst the wrapping or telescope the element. Manual
flushing can be used on those systems which can be disassembled, but the cost both in time and
manpower is usually too costly to carry out on a routine basis except on small volumes, or research
applications.

Backflushing

Backflushing is another technique that is quite widely used where consolidated solids have formed.
This technique is limited to unsupported membranes like hollow-fibres.

For hollow-fibres, in which fouling has created a greater pressure loss down the fibre relative to that
through the membrane wall, a variant of the backflushing method can be used. In this case water
can flow through the membrane wall and then along the outside of the fibre and back through the
membrane.

Backwashing is a critical part of the large membrane systems now being put in for surface water
treatment. Memcor have successfully used air in their microfiltration technology, while USF use
water in their microfiltration product. Typically, these systems are backwashed every 15 minutes.
The water used for the backwashing is product water and consumes up to 10 % of production.
Usually, the backwash water is further treated so that water recovery figures are as high as 99 %.
Another variant reported is to use a 2 phase mixture like water and carbon dioxide.

For supported membranes the back-flow can lead to delamination of the membrane from its backing
cloth and this, ultimately,
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will lead to the membrane surface becoming damaged. Also spacers can cut into the membrane
surface due to the spacers cutting into the membrane.

Mechanical Scouring

If the device is amenable to it then mechanical scouring of the surface can be carried out, but care
has to be taken not to damage the membrane surface. In the case of tubular membranes PCI have
developed an automatic method which involves passing a soft rubber ball along the membrane tube
at periodic intervals. As it moves it disturbs deposits which get discharged with the reject.

Sterilisation/Sanitisation

Sanitisation is a process that reduces the number of microbial contaminants to safe levels as judged
by public health standards. Sterilisation is a physical or chemical cleaning process that destroys all
forms of life, and can be regarded as an extreme form of sanitisation. The most common methods for
achieving this are heat, and or an oxidant. This is one of the areas that ceramic membranes excel
over polymeric membranes. In addition to killing the micro-organisms it is essential to remove the
residues that can accumulate in membrane systems since they provide breeding areas for bacteria.
Thus, applications in the food and pharmaceutical industries usually employ a combination of
sanitisation and rigorous physical cleaning. The cleaing requirements in these industries as favoured
the simpler designs of elements with little or no dead space. The chemical sanitsers that have been
used

® Sodium hypochlorite <50 mg/L
* Hydrogen peroxide <200 mg/L

® [Ethylene oxide Used in haemodialysis

® Formaldehyde <5000 mg/L

* Gluteraldhyde <5000 mg/L.  Recent replacement for formaldehyde
Chemical Cleaning

While physical methods remedy the loss of performance they usually do not give a full recovery.
Also the speed at which fouling occurs usually becomes quicker after each successive clean.
Ultimately the only remedy left is chemical clean. The use of chemicals is less desirable but in some
areas like disinfection they are seen as providing the guarantor on other factors like cleaninless. To
meet these needs a number of manufacturers (see table 7.3.3) have developed special formulations
for the membrane industry. Some membrane manufacturers provide their own formulations, but
more frequently these are simply rebadged chemicals from the main suppliers.

Table 7.3.3 Suppliers of chemicals for pretreatment or cleaning of membrane elements

* FMC * Argo Scieintific & Pacific Aquatech ® Grace-Dearborn-Betz
* Ho * Heinkel ® King Lee ® BF Goodrich

A number of generic cleaners also exist (see table 7.3.4). These chemicals can sometimes be used
together or sequentially:

® gcids/bases
® oxidants

® enzymes
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® chelatants/sequesterants
® detergents

Pilot trials are an essential element for new applications. Indeed, along with identifying appropriate
operating conditions to avoid significant fouling, their purpose is to identify the key fouling
processes, and appropriate treatments. Pilot trials however do not mimic all the conditions of a full
scale plant, and thus there is still a level of uncertainty which must be guided by experience. Prior to
pilot trials it is sometimes useful to carry out simple laboratory tests. These can provide an
immediate indication of a chemical compatibility issue. However, since the treated volumes are
usually only small the effect of a low level contaminant might not show up in such tests, thus,
wherever possible, pilot testing is ultimately required.

Table 7.3.4 A selection of cleaners and sanitisers for membranes. It is essential to consult with
manufacturers as to the compatability of products with membrane and other components before use

Foulants Cleaner/Sanitisers

Generic Manufactured

Mineral scale (carbonate, & * HCI, pH3 ® Floclean' MC3
sulphate) 2% citric acid

Iron and manganese

1 % sulphuric acid

* 2 % sodium metabisulphite
0.5 % phosphoric acid

0.2 % sulphamic acid

0.5 % sodium metaphosphates

Silica ® 0.1 %NaOH, 0.1 % Na EDTA,
pHI2,30C
Organics, Silts, Biological ¢ % orthophosphate, 0.1 % & Floclean MC11
materials EDTA, 0.1 %SDS , pH9
* ] %NaOH
Polymers, latex products * MICRO? cleaner
Fats, Qils,and Greases ® [ % Teepol’GD53

® [ 9% ULTRA-SWIFT*
Microbial Growth

0.1 % sodium metabisulphite
200 ppm NaOCI, pH 8-10
200 ppm peracetic acid, pH7

! Floclean is a trademark of FMC (UK) Ltd

2 MICRO is a trademark of International Products Corp., NJ, USA

3 Teepol is a trademark of Shell Chemicals

4 ULTRA-SWIFT is a trademark of Hygene Laboratories Ltd. UK
Summary

On new applications the user needs to carry-out pilot trials to maximise the overall performance
from a membrane system. The aim of these tests is to
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* Assess which membrane type and packaging is appropriate.

¢ Define any pre- or post-treatments requirements.

® Decide on the methods of cleaning to be employed and the frequency of use.
* Decide which cleaning chemicals are to be used.

* Define the cleaning protocol(s) to be used,

7.4 Membrane Failure Mechanisms

Ocaasionally membrane processes fail. The causes of failure lie with the membrane materials, and the
application.

Thermal Failures

All materials have a temperature above which mechanical failure develops. The temperature limits of
cellulosic membranes is typically set at 35 C. Interfacial membranes have a higher temperature limit.
Typically, this is quoted as 45 C. This limit, however, stems not from the membrane, but from the
various materials that make up the membrane element, which highlights the fact that the temperature
limit is set by the weakest link. By carefully selecting materials Desalination Systems have been able
to make RO membrane elements that will operate in water at 80 C (Duratherm range). This is most
vividly illustrated for ceramic membranes. The membrane materials can withstand temperatures of
several hundred degrees, but the glues and seals usually employed result in much lower operating
limits.

Biological Failure

Membrane materials derived from a biological sources are vunerable to depolymersisation by the
enzymes generated from bacteria. Cellulosics are particularly vunerable to this sort of degradation.
The extent of the problem depends on the feed. If the feed is a rich source of nutrients frequent
sanitisation will be required. This is usually done with sodium hypochlorite either continuously or
periodically dosing it at low levels.

Chemical Degradation and Failure

The two most important chemical factors that create failure are attacks by acid/base, and
oxidation/reduction. Cellulosic membranes which are created by esterifying the hydroxyl groups on
cellulose have a limited pH stability range of 3 - 8. Outside this range they will rapidly hydrolyse
back to their native form and with it loose their properties. The pH stability of interfacials is vastly
superior to cellulosics. The upper pH limit of 12 for interfacials derives not from the active layer of
the membrane but from the backing cloth, which is made of polyester.

Glater and Zachariah [4] have investigated the effect of halogens on the DuPont polyamide
membrane. They concluded that halogen attack occurred on the aromatic rings by electrophilic
substitution. The effect of this is to change the nature of the hydrogen bonding forces within the
polymer.

The oxidative resistance of polymers varies widely. The resistance of a membrane is frequently
quoted as a total exposure tolerance which is the integrated amount of chlorine seen by the
membrane
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Chlorine Exposure (ppm-hrs) = [ Exposure Time (hrs) | * [ Chlorine Conc (ppm) |
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Figure 7.4-1 Hydrolysis rate of cellulose acetate versus pH of feed. Reprinted by permission of John Wiley
& Sons, Inc from reference [5].

However, this oversimplifies the chemistry of chlorine in water. Under normal conditions most of
tiec available chlorine is present as hypochlorous acid or hyochlorite ion (see figure 7.4-2), the
former of which has the greater biocidal effect. At low concentrations it is also important to
differentiate between total and available chiorine. This difference is largely made up of chloramines
which are formed by the reaction of ammonia with chlorine. The chloramines are much weaker
oxidants than hypochlorous acid. The failure mechanism varies with membrane type. and trace
transition metal ions such as Fe can catalyse the transfer process. The chemistry is also encouraged
by higher temperatures. This makes it hard to quote an absolute tolerance.
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Figure 7.4-2 Distribution diagram for 1 ppm of chlorine in the presence of (a) 50 ppm chloride, and (b) 5
ppm of chioride. Under normal pH conditions in natural water the predominant solution species is
hypochlorous acid. The amount of chlorine present is actually very small, but is significantly affected by the
chloride level, with high chloride levels significantly increasing the amount of chlorine present.

Chemical Compatibility

Chemical attack is not the only reason why a membrane might fail. If a molecule has a high affinity
between it and a polymer there will be uptake of the component by the solvent. the polymers of the
membrane and materials of construction and the feed application. The consequence of this is that the
materials may swell. This may be sufficiently large to dissolve them or to create physical damage.
While compatibility tables for polymers and "solvents” provide an indication of the individual they
do not tell us what may happen for a mixture. It is quite common for two non-solvents to act as a
solvent when mixed together.

Table 7.4 Compatibility of various membrane materials.

Membrane Material Type'
TFC CA PS PTFE
Alcohols v x v '4
Ketones x x x v
Ethers x x x v
Esters x x x v
Acids & Bases v x v v
Aliphatic hydrocarbons v v v 4
Aromatic hydrocarbons x v x 4
Halogenated hydrocarbons x x x v

! TFC= thin film composite, CA= cellulose acetate, PS= polysulphone,
PTFE=polytetrafluoroethylene

As ever, a balance has to be reached between the chemical compatibility required and other
properties. For example, although PTFE has exceptional chemical resistance, it is relatively weak
mechanically, and is very hydrophobic.
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Mechanical Failures

A feature noticed early on with cellulosic reverse osmosis membranes is that under pressure
permeability is slowly lost. This loss in performance appears to be associated with creep giving rise
to compaction of the microporous sub-layer [6]. The extent of the problem can be altered in various
ways, such as thermal or solvent annealing the polmer, using a polymer blend of acetates etc. These
procedures manipulate the level of crystallinity and water content, and hence the mechanical
properties of the membranes. However, increasing the level of crystallinity or reducing the water
content produces in itself a reduction in permeability. Thus, as ever, a balance has to be maintained.
The more modern polysulphone membranes do not suffer the same problem since the glass transition
temperature of these polymers is well above the temperatures at which the membrane are operated.

Some of the mechanical limits are not related to membranes but to the materials of construction. For
example in reverse osmosis three different types of permeate spacers are used depending on the
operating pressure. These structure differ in the degree of openness. For high pressure applications
the tight simplex structure is used since it provides the required mechanical support for the
membrane. The more dense structure of the permeate spacer means that there will be greater
pressure drop in the permeate channel. If the more open structure is used, then the pressures are
such that the membrane will be pushed into the permeate spacer, resulting in restriction of flow,
increase in pressure drop, and sometimes, mechanical damage to the membrane.

Another mechanical limit in spiral elements is the differential pressure that arises between the inside
of the element and the outside, due to the hydraulic losses which occurs when water flows through
the element. Ultimately, the generated pressure difference has to be taken up by the outer wrap. The
pressure generated is related to the maximum flow through the element, and the feed spacer.
Typically, in RO a 12 psi limit is set for each element, and 50 psi for a single stage of 6 elements.

For ultrafiltration and microfiltration backwashing is commonly employed to clean membranes. Such
a procedure cannot be used for flat sheet or spiral reverse osmosis membranes since the backing
cloth can delaminate from the membrane with a subsequent failure in the membrane. For this reason
systems which use such membranes have an operational limit of 0.35 bar (5 psi) back-pressure. This
has particular consequences for design when membranes fail.

In hollow-fibre systems fluctuations in pressure can result in the fibres breaking producing a slight
flux increase, but a substantial loss in performance. In these circumstances the flux rejection
trdae-off is described by the equation

Flux*Rejection = constant.

Summary

In order to minimise failures

*  Work within membrane limits and supplier guidelines.
* Avoid unecessary shocks, both thermal and mechanical.
® Do not let a system vegetate when process is stopped.

® Keep membranes moist
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* Make sure that no new chemicals are used in any of the preceding processes
without reviewing its potential impact on membranes.

7.5 Membrane Storage

A features of all process operations is that there are unscheduled failures when the membrane unit
will have to be turned off. Leaving a unit with a warm organically rich feed is inviting problems. The
key guidance here is to design the system so that the feed side of the membrane can be flushed with
water, preferably permeate quality water of low TOC, which more often than not is the permeate
water.

Whether in batch or continuous application, there frequently arises a scheduled period when the
system might be left unsed for a period of time. Leaving the membrane in contact with the feed can
be disastrous and might leave one with little choice but to replace elements. The problems that arise
are

* "Consolidation” of foulant

® Bacterial growth

* Fungal growth

The minimum requirement is usually to flush the feed thoroughly from the elements, usually using
permeate water. This could then be then followed by use of a disinfectant. A common treatment is
the use of a solution of sodium metabisulphite (typically 1.5-2 %) which is an oxygen scavenger. If
the membrane is to be left a very long time an osmotic inhibitor (concentrated solution that will
osmotically destroy bacteria, and other life-forms, (e.g. 20 % propylene glycol) might be required. A
common combination in reverse osmosis would be a mixture of sodium metabisulphite and an
osmotic inhibitor. It is essential before any such materials are used that these are validated for
chemical compatibility with suppliers. Historically, membranes have been stored with formaldehyde
(0.2 %) and latterly with gluteraldehyde. In recent years concerns have been raised about the toxicity
of these compounds. Thus, there has been a reduced tendency to use such materials, though they are
particularly good at destroying fungal material.

® Degassing

® Oxygen scavenger

» Disinfection

® (Osmotic inhibitor

® Fungicide
Some companies supply special formulations which address a number of issues simultaneously.
In summary, if membranes are to be left for any significant time then the user should

¢ Follow the guidelines provided by suppliers.

*  Replace the feed with a clean water with low organic content - permeate water
might suffice.

® If the membrane is to be left for several days consider the use of a disinfectant.
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® [If the membrane is to be left for longer periods consider the use of a bacteriostat
and fungicide.

7.6 Leachables

When first used the components of membrane elements invariably shed organic, and inorganic
residue related to their origins e.g. monomers, solvents, stabilisers, catalysts, wetting agents,
preservatives, adhesives. These residues which come-out with the permeate are of particular
importance in a number of industries

* potable water
* dialysis water

high purity water
® food processing

There is no common standard to which membrane elements are tested. Each industry, and each
country tend to have their own legislation. For example membranes to be used in the production of
potable water in the UK must satisfy the requirements of regulation 25 which is adminstered by the
Drinking Water Inspectorate (DWI). As such this is not a standard but a procedure which allows the
DWI to assess each product. In the US the local State EPA provides the permits to use a
technology. Results obtained by the supplier with the National Sanitary Foundation (NSF), and
independent organisation, can facilitate approval by the State EPA.
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Figure 7.6-1 Plot of permeate conductivity from an interfacial membrane element pressurised with high
purity water. The initial conductivity spike rapidly falls as salts are purged from the element. Magnification
of the low conductivity area (see inset graph) shows however that the decay is not uniform nor exponential.
The fluctuations are attributed to small areas of the membrane wetting out.

The components, which are simply in the interstices, are quickly flushed from the elements (see
figure 7.6-1). However, in spiral elements rinsing is slightly harder, since the transport regime on the
permeate side is more akin to a stirred tank reactor than plug-flow. In addition small areas of
membrane take time to wet-out (see inset graph in figure 7.6-1). However, the major problem comes
from components dissolved in the polymers. The release of these materials is governed by diffusion
with the polymer. This can lead to the release of organics at low levels for much longer times. For
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some membranes it can take more than a day for organic levels in the permeate stream to fall below
0.2 ppm. Another problem is that some parts of the membrane are not fully wetted out. As a result
small bursts of organics can be released from these areas sometime after the initial purge of material.

For critical applications the user should

7.7

10

12

13

o Establish the quality standard required in the critical stream

* Agree the period and methods required for conditioning/rinsing the elements with
the supplier

¢ In the absence of supplier information carry out an evaluation
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Chapter 8

FEASIBILITY, SCALE-UP & DESIGN

Contents

8.1 System Basics

8.2 Feasibility Studies

8.3 Pumps & Pump Selection
8.4 System Design

8.5 Operational Considerations

8.1 System Basics

8.1.1 Introduction

System design requires knowledge of the, membrane, the challenge, and the requirements of the
application. The first decision to make is how should the process be operated, batch, continuous, or
cyclically. The choice depends on a number of factors of which

®  scale,
® variability of feed,
*  demand cycle,

are the more important. Even once the mode of operation has been decided there is a considerable
choice in the elements to be used, the format of choice, and how they should be configured. These
different ways give rise to differences in

® performance

®  membrane area

® residence time

*  complexity
Ideally, for optimum performance independent control of pressure and cross-flow conditions is

desirable throughout the system. The discrete nature of the units, and the practical implications of
such a solution preclude this. The art of the system design is to reach the best compromise, and this
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varies with application, and technology format. In the following section details of the various types
of systems will be outlined along with their advantages and problems.

8.1.2 Batch Processes

Batch processing is preferable when either demand or feed is variable. The simplest type of system
is the open loop recycle system where the reject from the membrane is returned to the feed tank
(figure 8.1-1a). This process continues until the required volume reduction is achieved. A practical
problem with such a design is that the flow-rate and pressure are determined by the pump
specification. One way of achieving better control is to introduce a second pump and a closed
recycle loop (closed loop recycle), as shown in figure 8.1-1b. This system allows independent
control over the cross-flow and the pressure.

(@) {—-—Jo— (b) l ‘

Figure 8.1-1 Schematic of batch processes, with (a) there is an open loop recycle, and with (b) there is a
closed loop recycle

8.1.3 Continuous Processes

The simplest continuous system design is the single pass. The two extremes of this design are the
all in series, and all in parallel These designs illustrate some basic problems with designing
continuous systems. If the membrane area is placed all in parallel then there will be a low cross-flow
velocity, while if it is placed in series the cross-flow will fall through the system so the last elements
will be operated at low cross-flows. The maintenance of cross-flow is a key aspect of the membrane
process, particularly in the latter stages of treatment. Thus, a key aspect of continuous systems is
how to maintain reasonable cross-flow throughout the system.

For large systems the feed is generally passed over several stages of elements (multi-stage). In the
case of reverse osmosis plants a single high pressure feeder pump is used at the head of the plant,
and the banks are tapered in order to maintain the average cross-flow. Each bank may contain up to
6 clements in series. The general design guide line is that the outflow from one stage should not fall
below 50 % of the maximum inlet flow. This is done to ensure that polarisation effects in the latter
stages of the system are not signficantly different to that entering the system. Also it reduces the
quanitity of solids that would otherwise accumulate in the latter part of the system. To maintain the
appropriate levels of flow the system the cascade is tapered (see figure 8.1.2).



MeMBRANE PROCESSES: A TECHNOLOGY GUIDE

Figure 8.1-2 Schematic continuous process showing a 3-stage tapered design, popular in reverse osmosis
plants.

The flow guideline provide a simple way of estimating the number of stages required given a target
recovery (see table8.1.1). However, these values are only a guide. In particular they are based on
the assumption that the productivity of each element is the same. In reverse osmosis system there is
often a substantial pressure loss across each stage (up to 3.5 bar). This means that the latter stages
will tend to operate at lower production rates than might be expected and hence higher cross-flows
are achieved.

Table 8.1.1 Number of stages required for target recovery range for reverse osmosis process.

Recovery Target Number of Stages Required

0-50% 1
50-75% 2
75-875% 3
87.5-94% 4
12
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Figure 8.1-3 Graph shown how optimal degree of tapering alters depending on required system recovery.
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These continuous designs however are confined to relatively large systems. For small systems there
maybe insufficient elements to allow staging. This can be overcome by introducing a recycle in
which reject is fed back to the feed (see figure 8.1.4). Recycle like this saves adding an extra stage
e.g. if there are only enough elements to construct an a two stage design, but a three stage recovery
is required, then introducing recycle allows on to do this.

T Retentate
DA~

Permeate

Feed

Figure 8.1-4 Schematic of a continuous system utilising a recycle to maintain cross-flow conditions (feed
and bleed process)

Whilst recycle allows one to maintain better cross-flow conditions within the elements, there is bot