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Abstract

This thesis deals with a new possible nanofiltration process, where the objec-
tive is to remove sulphate ions present in trace amounts from a concentrated
magnesium chloride brine. Ideally, the nanofiltration membrane will retain the
divalent sulphate ions, whereas the monovalent chloride ions will pass through
the membrane. In spite of the increasing use of nanofiltration the separation and
transport mechanisms are not well understood and the retention models are not
very accurate.

The magnesium chloride concentration in the experiments varies from 0.1 to
5 molal, whereas the sulphate concentration changes between three levels, i.e.
0, 300 ppm and 3000 ppm. An extensive database containing experimentally
measured chloride and sulphate ion retentions and volume fluxes is established
using the Osmonics/Desal membranes Desal 5 DK and Desal G5. The effects of
Reynolds number, temperature and pressure are investigated.

The observed chloride retentions are relatively low, less than 10%, whereas the ob-
served sulphate retentions are somewhat higher, around 20-60%. Both ion reten-
tions decrease with increasing magnesium chloride concentration and increasing
temperature, whereas the ion retentions increase with increasing Reynolds num-
ber and pressure. The ions are believed to be separated by the dielectric exclusion
mechanism and both the chloride and sulphate retentions fit the Spiegler-Kedem
model and the finely-porous model nicely.

The observed volume fluxes decrease with increasing magnesium chloride concen-
trations, which can at least partially be explained by the increase in the viscosity,
the decrease in the water activity inside the membrane and the osmotic pressure
difference between the feed side and the permeate side of the membrane.

The concentration polarisation of the chloride ions decreases with increasing con-
centration and is negligible at 5 molal magnesium chloride concentration, but the
concentration polarisation of the sulphate ions is believed to be significant even
at this high magnesium chloride concentration level.
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Preface

“Better is the enemy of good”, Voltaire.

This thesis is submitted in partial fulfillment of the requirements for the degree
Doktor Ingenigr at Norwegian University of Science and Technology. The degree
also requires one full year of courses at graduate and postgraduate levels.

When doing basic research one can only plan for the activities not the results.
Sometimes the obtained results give important information and sometimes you
find yourself at a dead-end. New to the membrane science I stumbled and lost
focus several times before I after approximately a year found a useful track. The
thesis tries to reflect my thoughts around using membrane separation in concen-
trated electrolytes, where I in particular have stressed the subject of describing
the electrolyte solutions both qualitatively and quantitatively. Unfortunately, T
was not able to combine these results with membrane separation theories and the
discussion remains on a quantitative level.

The experimental measured fluxes and ion retentions became to a certain degree
very similar and much time and money could have been saved by using fewer
experiments. But at least now we know for sure how the fluxes and retentions
react when changing different operation parameters at high concentrations. I
think this thesis makes the starting point I wanted when I started my study, and
further, knowing what we know today the experimental plan would have looked
quite different from the one I followed, e.g. T would have had a stronger focus on
the membrane material and how to optimize this.

Since the results were obtained so late in my research period the thesis is written
as a monograph in order to finish the writing not too far behind the schedule.
However, some of the results were presented at the Euromembrane 2000 confer-
ence in Israel, where I had one oral presentation entitled “Direct measurements of
the concentration polarisation phenomenon” and one poster entitled “Retention
measurements in concentrated salt solutions”. Further, I have started to write
a series of articles, which will present the results discussed in this thesis. The
articles will be submitted to an international membrane journal.
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Chapter 1

Introduction

1.1 Motivation

As for other separation processes the objective of a membrane separation process
is to achieve a particular separation. The main component in a membrane sepa-
ration process is of course the membrane itself, which can be defined as a selective
barrier between two phases (Mulder 1996). The membrane must be semi perme-
able which means that the membrane should allow passage of one component and
hinder another due to physical and/or chemical properties.

The retention characteristics of nanofiltration membranes are placed between the
reverse osmosis and the ultrafiltration membranes, which gives the opportunity
to separate monovalent ions from divalent ones. Other substances with molar
masses higher than approximately 300 g/mol will also be retained. The fluxes in
nanofiltration are higher for a given pressure compared with the fluxes in reverse
osmosis, which gives a higher production rate and a more cost effective process
under the assumption that the same separation is achived. Nanofiltration has
become a popular membrane process during its approximately twenty years of
existence and has proved efficient in a large number of applications, e.g. in the
water and waste water treatments, the pharmaceutical industry, the agriculture
industry, food industry and so on. Due to its success in a great number of
different processes new nanofiltration applications are still searched for and its
limits is expanded in order to meet the future challenges, especially under harsh
conditions and difficult separation processes.
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In spite of the increasing use of nanofiltration the separation and transport mech-
anisms are not well understood and the retention models are not very accurate.
On the other hand, it is important to have a basic understanding of these mech-
anisms in order to develop better membranes and to operate the process under
optimal conditions, which can give lower membrane area, fewer membrane mod-
ules and an overall reduction in the costs.

This thesis deals with a new possible nanofiltration process, where the objec-
tive is to remove sulphate ions present in trace amounts from a concentrated
magnesium chloride brine. Ideally, the nanofiltration membrane will retain the
divalent sulphate ions, whereas the monovalent chloride ions will pass through the
membrane. The difficulties arise when the chloride ion concentration increases,
which gives a lower sulphate ion retention and a severe reduction in the volume
flux. The thesis tries to enlighten some of these problems and discusses different
aspects of the membrane separation process.

1.2 Main objectives

This work had two main objectives; 1) to obtain experimental measured fluxes
and ion retentions at high salt concentrations under different operation conditions
and 2) to bring clarity into the separation and transport mechanisms of chloride
and sulphate ions occurring in membrane separation of a concentrated magnesium
chloride solution containing traces of sulphate ions. The operation conditions
chosen cover a large area of possible values, which are interesting from both
an industrial and a scientific point of view. Possible separation and transport
mechanisms are sought for among the already existing theories for nanofiltration
and reverse 0smosis processes.

This work had at the beginning a third objective which was to develop a new
method to measure the concentration polarisation phenomena, since we were
worried about the significance of the concentration polarisation effect, especially
at high concentrations and multicomponent solutions. An apparatus using a new
method to measure the concentration polarisation was built, but the measured
concentration polarisation at low concentration was not satisfactory measured
and verified and the new method has not been applied at high concentrations
or multicomponent solutions. Most of the work with this apparatus has been
performed by two students, which did their diploma thesis on the subject.
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1.3 Thesis outline

The thesis consists of two parts, where the first part contains the following chap-
ters:

Chapter 2 is an introduction to the field of membrane separation and its ba-
sic definitions. A literature survey is also included in this chapter giving the
reported results regarding membrane separations of concentrated solutions and
some selected papers on the membrane permeation of chloride and sulphate ions.
It should be emphasized that the first part of this chapter is tended to readers
with limited knowledge of the membrane terminology.

Chapter 3 is a survey of the membrane transport theories and separation mech-
anisms in reverse osmosis and nanofiltration. The derivation of some of the
models has been shown in detail in order to show the principles behind the mod-
els, which are considered important from a historical point of view, or, to better
understand the underlying separation mechanisms in the models, or, to clarify
the assumptions the models are based on.

Chapter 4 starts with a short presentation of the liquid state and the unusual
solvent properties of water, followed by a discussion of ions in aqueous solutions.
To calculate the thermodynamic properties of concentrated solutions the Pitzer
ion interaction model has been chosen and the model is presented in some detail.
Some examples of the thermodynamic and physical properties have been given for
the pure magnesium chloride and magnesium sulphate solutions and their ions.

Chapter 5 gives a presentation of the apparatus, the chemicals, the membranes,
the procedures and the ion analysis used.

Chapter 6 shows all the measured fluxes and ion retentions and gives a short
discussion of their validity. The optimal process conditions in order to achieve
the best separation between chloride and sulphate ions are also discussed.

Chapter 7 discusses the experimental results in more detail using the theories
and models in Chapters 3 and 4. Possible transport and separation mechanisms
of concentrated salt solutions in membrane separation are suggested.

Finally, Chapter 8 concludes part one of the thesis and presents the most im-
portant results. Some directions for future work are also included here.
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The second part of the thesis contains only Chapter 9, which presents a new
direct method for measuring the concentration polarisation phenomenon. The
chapter stands “alone” from the rest of the thesis and consists of its own in-
troduction, presentation of the new method, results, discussion and conclusion.
Even if the concentration polarisation results obtained so far are limited and their
validity are a subject of controversy, the presentation of the method is included
in the thesis due to the new principles regarding the concentration measurements
in the boundary layer.

The thesis also includes the Appendices A-F, which contain supplementary
information and tabulated results.



Part 1

Retention measurements






Chapter 2

Membrane separation
processes

2.1 Introduction to membrane processes

The use of synthetic membranes in industrial separation processes is a rather new
method. The use of membranes got its breakthrough in the early 1960s when
membranes of a certain cellulose acetate mixture showed acceptable flux and
selectivity (Reid and Breton 1959). The efficiency of the membrane process was
further improved by the making of asymmetric membranes (Loeb and Sourirajan
1962). After these important discoveries the field of membrane separation has
grown and is today used in a wide range of applications, e.g. desalination, waste
water treatment and artificial kidneys.

The advantages of membrane processes compared to other separation processes
are in a general sense the low energy consumption; the process can be run contin-
uously; the process conditions are mild, e.g. low temperature; up-scaling is easy;
the membrane processes can easily be combined with other separation processes;
and, additives are normally not required (Mulder 1996). Concentration polarisa-
tion, membrane fouling, membrane lifetime, selectivity and flux are factors that
can limit or reduce the efficiency of the membrane separation processes.

Membranes can be classified in many different ways depending on what criteria
one chooses to use (Mulder 1996). A first division can be made between biological

7
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and synthetic membranes. The biological membranes can be further divided
into living and non-living membranes, where the first category are essential to
all life on earth. If we concentrate on the solid, synthetic membranes, which
are the most important types of membranes used in industrial applications, a
further classification of the membranes can be made based on the structure. The
membranes can be divided into symmetric and asymmetric, where the symmetric
membranes consist of only one layer, whereas the asymmetric membranes consist
of a dense toplayer supported by a porous support. A very important class of
the asymmetric membranes are the composite membranes, where the toplayer
and support are made of different polymer material. The dense skin layer is
responsible for the selectivity, whereas all layers contribute to the flow resistance.
The symmetric and asymmetric membranes can be further divided into porous
and non porous membranes, and while the porous membranes have physical pores
which transport the fluids, the transport in non porous membranes occur through
the membrane matrix itself.

Microfiltration, ultrafiltration, nanofiltration and reverse osmosis are all pressure
driven membrane processes which differ in membrane pore size. The pore diame-
ter in microfiltration membranes are in the range 100-1000 nm, in ultrafiltration
membranes 5-100 nm, in nanofiltration membranes 1-10 nm and in reverse osmo-
sis membranes below 1 nm. The microfiltration and ultrafiltration membranes
contain physical pores and are characterised as porous membranes, whereas the
characterisation of nanofiltration and reverse osmosis membranes as porous or
non porous is a subject of controversy since the pore diameter is very small. In
most cases an effective pore diameter can be determined from experiments and
used as a picture of the membrane pore size. The applied pressure differences
in membrane processes are proportional to the pore size. In microfiltration pro-
cesses the applied pressure difference is around 0.1 bar while in reverse osmosis
processes the pressure difference is typically in the range 60-100 bar.

In order to get a component to be transported through the membrane a driving
force is needed. The driving force can be a concentration difference, a tempera-
ture difference, an electrical potential difference or a pressure difference between
the feed or retentate side of the membrane and the permeate side of the mem-
brane (refer figure 2.1). For example, dialysis and membrane contactors use a
concentration difference over the membrane to create transport of the permeable
components; membrane distillation uses a temperature difference; electrodialysis
and membrane electrolysis use a electrical difference and microfiltration, ultrafil-
tration, nanofiltration and reverse osmosis use a pressure difference.
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The transport through the membrane is passive when it is along the gradient
of the force, while the transport is active when it is against the gradient of the
force. Active transport is only possible when energy is added to the system. The
system will reach equilibrium when the potential difference over the membrane
has become zero and there are no external forces. Systems at equilibrium are not
interesting in industrial applications since there is no net flow.

A simple schematic presentation of a membrane separation system is given in
figure 2.1. The feed or inlet stream enters the membrane module where some
components will penetrate the membrane and some will not. The stream leaving
the membrane system is called the retentate while the mass going through the
membrane is called the permeate.

E,C—» —» R, C

Figure 2.1: A schematic presentation of a membrane separation process showing
the feed (F), retentate (R’) and permeate (P).

A simple mass balance over the membrane system gives
F«xCp=R*C,+ PxC, (2.1)

where the F', R’ and P are the feed, retentate and permeate mass flows and C,
C, and C), are their concentrations, respectively. The efficiency of the membrane
separation process is given by the retention coefficient defined by
Cr—GCp —1_ &
Cy Cy
In most cases the separation of a solute from a solvent will lead to a phenomenon
called concentration polarisation, i.e. the concentration at the membrane surface
is higher (or lower) than the concentration in the bulk stream. In such cases an
intrinsic retention coefficient is defined as
Cm —Cp
Cm

R= (2.2)

C,
Ring = —1- 22 (2.3)
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where C), is the concentration at the membrane surface on the feed (or retentate)
side.

2.2 Mass transfer through asymmetric membranes

2.2.1 General considerations of mass transfer in membrane pro-
cesses

In order to understand the separation processes and obtain better efficiency dif-
ferent transport mechanisms and models have been proposed and developed.
Transport models based on a phenomenological description and models based
on a proposed mechanism such as the sieve mechanism, the wetted surface mech-
anism, the solution diffusion mechanism, the preferential sorption capillary flow
mechanism and electrostatic interactions, will be thoroughly discussed in chap-
ter 3. However, some aspects about the membrane separation process can be
discussed in general terms as follows.

Figure 2.2 shows how the concentration (or chemical potential) can vary through
an asymmetric membrane. The mass transfer has to be considered in different
regions which are from left to right; feed or retentate bulk region, concentration
boundary layer at the retentate side with thickness d., membrane surface region
at the retentate side, membrane skin layer with thickness [, surface region be-
tween the skin layer and support layer, membrane support layer with thickness
lo, membrane surface region at the permeate side and the permeate bulk region.

The concentration of the solute rejected by the membrane will gradually increase
near the membrane surface and a concentration boundary layer is formed. At
steady state conditions the convective and diffusive transport through the bound-
ary layer equals the solute transport through the membrane, and the film theory
discussed in section 2.2.2 gives an exponential concentration profile in this region.
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It exists an equilibrium at the membrane surface between the concentration just
outside and the concentration just inside the membrane surface. The ratio be-
tween the two concentrations is called the partition coefficient!. Part of the
separation effect can in some models, e.g. the solution diffusion model described
in section 3.3.4, be explained by the difference in solute and solvent partition
coefficients. Since the two surfaces in asymmetric membranes consist of two dif-
ferent materials, the partition coefficients at the retentate side and the permeate
side of the membrane are most likely different.

Several phenomena occur inside an asymmetric membrane. Most of the sepa-
ration occurs in the dense skin layer and therefore the concentration profile in
this layer is steep. The transport is caused by diffusion, convection or another
expected transport mechanism. Since the flow resistance is high the skin layer
should be as thin as possible in order to increase the permeability. Most proba-
bly the solubility of the solute in the skin layer is different from the solubility in
the support layer and a partition coefficient exists between the two phases. The
partition coefficient shown in figure 2.2 is greater than one, i.e. the solubility in
the support layer is greater than the solubility in the skin layer. The support
layer acts as a support for the skin layer and will not contribute much to the
separation. The concentration profile will be flat and the transport mechanism is
believed to be convective pore flow. The concentration profiles in the membrane
shown in the figure are linear but this may not be the case in real membranes.

The final region defined in figure 2.2 is the permeate bulk with constant concen-
tration at steady state conditions.

A complete mass transfer model should include the changes in the chemical po-
tential profile in all regions, but in practice some simplifications have to be made
since it is difficult to obtain parameters for the intermediate region between the
two membrane layers and for the skin and support layers alone. In this study,
the mass transfer model will include the concentration boundary layer on the
retentate side, the surface region at the retentate side, the membrane skin layer
with a thought modified membrane thickness I3, the membrane surface region at
the permeate side with the same partition coefficient as the retentate side and
a well mixed permeate bulk region. The simplified model is shown with dashed
line in figure 2.2.

!Other common names for the partition coefficient are solubility or distribution coefficient.
The partition coefficient can be defined as the ratio between the solute concentration inside and
outside of the membrane, K5 = ¢, /Cm, where ¢, is the concentration just inside the membrane
surface whereas (), is the concentration just outside the membrane surface.
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Retentate Membrane Permeate

Figure 2.2: Concentration profile through an asymmetric membrane. The solid
line gives the profile for the full mass transfer model while the dashed line is a
simplified model.

2.2.2 Concentration polarisation

The main idea of a membrane process is to separate a component from a mixture
of components by having a semi permeable membrane that allows some com-
ponents to pass through the membrane while other components are prohibited.
The latter components will accumulate near the membrane surface and a concen-
tration gradient is formed. The increase in the concentration at the membrane
surface is referred to as concentration polarisation and will influence the separa-
tion process in several ways. First, an increase in the concentration polarisation
will give a reduction in the driving pressure difference since the osmotic pres-
sure increases, and second, the solute flux is increased since the concentration
difference over the membrane increases. Both effects will give an increased solute
concentration in the permeate and thereby a lower separation efficiency (Jonsson
and Boesen 1984, Rautenbach and Albrecht 1989).

In concentrated solutions the concentration polarisation may cause supersatura-
tion of the liquid at the membrane surface, which may lead to precipitation on
the membrane surface with the possibility of pore blocking. This will of course
influence the product quality and production rate.
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Special models have been developed to calculate the concentration polarisation
phenomenon, e.g. the film model, the gel model, the osmotic pressure model,
the boundary layer model and different filtration models (Mulder 1996). The
film model is widely in use and is a good starting point when investigating the
phenomena occuring in the concentration boundary layer, and some details of
the model will be given (Mulder 1996, Jonsson and Boesen 1984).

C,

Bulk

Concentration
boundary layer, J,

m_ _Membrane

Figure 2.3: Mass transfer in the concentration boundary layer and through the
membrane.

Figure 2.3 shows the concentration profile near the membrane surface at steady
state conditions. The convective and diffusive transport through the film equals
the solute transport through the membrane giving the mass balance

JUC’—I—DE:JU Cp (2.4)
dzr

where the J, is the volume flux, (), is the concentration in the permeate and D
is the diffusion coefficient. The boundary conditions are

r=0 = C=0Cp (2.5)
r=06 = C=C)

where the ¢, is the concentration boundary layer thickness. Equation 2.4 can be
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rearranged and integrated to give

Cm — C, )
1 m P — v vVe 2‘
o [cz,—-cy,] D 27)
or
Cm - Cp JfU 50 J’U
P _ = - 2.
C,—C, exp<D> exp(k> (2.8)

where D /0. = k is the mass transfer coefficient. Introducing the definition for the
intrinsic retention coefficient given in Equation 2.3 and rearranging, Equation 2.8
can be written

Cm _ exp(Jy/k)
Cb B R’int + (1 - Rmt) eXP(Ju/k)

(2.9)

which is called the concentration polarisation modulus. Equation 2.8 can be
presented in a linearized form (Jonsson and Boesen 1977, Jonsson and Boesen

1984)
1-R 1- R’int J’U

and since the mass transfer coefficient normally is a function of the Reynolds
number this equation can be written

1-R ]-_Rint J’U
) = -~ nt 2.11
In < 7 > In < Rl > + bRea ( )

where «a is a parameter giving the dependency of the Reynolds number on the mass
transfer coefficient (approximately 0.33 for laminar flow and 0.75-0.8 for turbulent
flow). If In((1 — R)/R) is plotted versus J,/Re® at constant volume flux and
different velocities a straight line should be obtained from where the concentration
at the membrane wall can be determined from the intercept with the ordinate
axis. An estimate of the mass transfer coefficient can now be obtained if Equation
2.8 is used together with the experimentally obtained concentrations and volume
fluxes. The main problem with this method is to do the measurements in such a
way that the intrinsic retention is constant (Jonsson and Boesen 1984).

The mass transfer coefficient can also be calculated from correlations found in
the literature. The general correlation is given by

d
Sh = a Reb Sc¢° % (2.12)
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where Sh = kdy,/D is the Sherwood number, Re = dpvp/n is the Reynolds
number, Sc¢ = n/pD is the Schmidt number, d, = 4 (area)/(wetted periphery) is
the hydraulic diameter and a, b, ¢c and d are constants. Further, D is the diffusion
coefficient, v flow velocity, L is the length of the channel, p is the density and
n is the viscosity. In this study the coefficients given by Mulder (1996) will be
used in order to approximate the mass transfer coefficients. For laminar flow in
a channel the mass transfer correlation becomes

Sh = 1.85 (Re Scdy, /L)% (2.13)
while for turbulent flow it is

Sh = 0.04 Re®™ 5033 (2.14)

Gekas and Hallstrgm (1987) have given an extended summary of different mass
transfer correlations based on Sherwood, Schmidt and Reynolds numbers under
turbulent cross flow. They also discussed the effect of different variables such as
changes in viscosity and diffusion coefficients due to the concentration polarisation
layer, membrane surface roughness and flux through the membrane (porosity
and suction), and suggested several modifications of the correlations when they
are used in membrane separation processes. In general, Gekas and Hallstrgm
concluded that roughness increases the friction factor and hence the mass transfer
coefficient, whereas the porosity of the membrane enhances the mass transfer
coefficient, stabilizes the laminar flow and changes the limit where the laminar
flow changes to turbulent flow approximately from a Reynolds number of 2300
to a Reynolds number around 4000.

The effect of flux on the mass transfer coefficient has been studied by several
authors (refer Gekas and Hallstrom (1987)) and Bird et al. (1960) have derived
a simple relationship between the mass transfer coefficients with and without
suction at the walls based on the static film theory. The relationship reads

k; = o
T T cap(—Ju/k)

(2.15)

where kj, is the mass transfer coefficient in channels with wall suction. Brian
(1966) compared the theoretical results from an eddy diffusivity model and the
film model and found that these models are identical and an expression for the
concentration polarisation can be written

Cm — C’p J’U 1 2/3
——— = € — = 2.1
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where v is the cross-flow velocity and f/2 is the Fanning friction factor. The
equation has been successfully used by Sherwood et al. (1967) and is valid for
low fluxes (approximately in the range 5 % 10°% — 5% 1075 m/s) and Schmidt
numbers in the range around 600-800. Thomas (1973) has also discussed how
the flux influences the mass transfer coefficient in reverse osmosis and found the
relationship

k1, = EReo'06Re%‘r’ScO'42 (2.17)

ko V2
where Re, is the Reynolds number at the membrane wall, which is calculated
using the pore velocity?. The relationship was derived using salt solutions, high
fluxes (> 10~* m/s) and Schmidt numbers around 600.

2.3 Literature survey

In this work a concentrated salt solution is defined as a solution having a con-
centration higher than 1 molal or 1 molar, and with this in mind only a few
publications have been found which discuss the separation of concentrated salt
solutions by membrane technology. On the other hand, the literature treating the
membrane separations of sodium chloride and to some extent sodium sulphate,
magnesium chloride and magnesium sulphate is enormous. This section presents
the articles found covering membrane technology and concentrated salt solutions
and some of the articles giving experimental results on the separation of chloride
and sulphate ions in nanofiltration and reverse osmosis.

2.3.1 Membrane separations of concentrated salt solutions

Stegen et al. (2001) developed a radial distribution model of ions in pores with a
surface charge. The model is applied to a Nafion sulfonic layer and the membrane
surface charge and pore diameter have been estimated from sorption data of the
sodium ion. Using a sodium chloride brine (consisting of 3 molar sodium chloride
and trace amounts of the ions sulphate, magnesium and iron, amongst others)
the radial pore concentration profiles have been calculated. The results showed

2The volume flux can be used instead of the pore velocity when the surface porosity of the
membrane is high. The surface porosity is defined as the total area of all the pores divided by
the total membrane area.
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that near the negative membrane surface a competition between the positive ions
takes place, whereas the negative ions are preferably located near the center of
the pore. Both the sodium and magnesium ions showed a local maximum in the
concentration profile.

Freger et al. (2000) worked with separation of concentrated lactic acid (2% w/v)
and sodium chloride (up to 17% w/v) mixtures on aromatic polyamide nanofil-
tration membranes. The retention of the salt was generally low, whereas the
lactate retention was maximal at neutral pH and decreased with increasing salt
concentration and temperature. The flux was found to decrease with the salt
concentration and increase with the temperature. Freger et al. explained the
temperature effect on the flux with an increase in the activation energy and the
salt concentration effect with a shrinkage of the skin layer due to a reduction in
the water activity or by a screening of the repulsion effect of the fixed charges
which increases with the number of ions, or both of these. The reduction in
lactate retention with increasing temperature was explained by an increase in
the sorption of lactate/lactic acid by the membrane, since neither the charge
repulsion nor the sieve mechanism show any temperature dependency.

The same strong decrease in the flux as the salt concentration increases were ob-
served by Nystrgm et al. (1995) using 0.1-20% sodium chloride solutions and aro-
matic polyamide and substituted poly(vinyl alcohol) nanofiltration membranes.
The flux decline was believed to be caused by the osmotic pressure and to some
extent the viscosity of the solution since both quantities increase with the salt
concentration. The salt retention decreased strongly with the salt concentra-
tion, being less than 10% for solutions with concentration higher than 5%. The
sodium chloride retention is somewhat lower than the magnesium chloride reten-
tion at equivalent chloride concentrations, a result Nystrom et al. related to the
difference in the hydrated ion sizes of sodium and magnesium ions and to the
differences in the specific binding to the membrane surface.

Turek and Gonet (1996) discussed the use of nanofiltration and reverse osmosis to
remove divalent ions from coal-mine brines containing around 129 kg/m3 total dis-
solved solids (TDS). The composition of the coal-mine brines was mainly sodium
chloride, but also some calcium, potassium and sulphate ions were present. Differ-
ent membranes from Nitto-Denko, Osmonic, Dow and Desalination gave different
retentions, which were in the area of 90-95% for the sulphate ions, 75-80% for
the magnesium ions and 70-75% for the calcium ions.

Friebe and Moritz (1994) investigated the electrical properties and the distri-
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bution coefficients for a thin cellulose acetate membrane for different 1 molar
salt solutions. The membrane resistance differed in several orders of magnitude,
whereas the dielectric constant differed considerably for different salt solutions.
The mean distribution coefficient of sodium chloride and sodium sulphate among
other salts were experimentally measured at 1 molar concentration and differed
by an order of magnitude. The general conclusion was that an increase in the
partition coefficient was found for increasing ionic radius and decreasing valency,
which supports the theory of dielectric exclusion.

Bontha and Pintauro (1994) formulated a molecular-level equilibrium partition
coefficient model to fit the single and multi component ion adsorption by a Nafion
117 cation exchange membrane. The model predictions fitted the experimental
results at 0.1-1 molar alkali chloride solutions well, and as the total salt con-
centration in the bulk increased the membrane ion concentration also increased
giving a lower salt retention.

Sabbatovskii et al. (1993) showed experimental results for 1 and 2 molar sodium
chloride and 1 molar calcium chloride solutions. They used a polyethylene polyamine
and polyethylene imine reverse osmosis membrane with polyester backing. The
flux and selectivity decreased with increasing ionic strength, where the flux is at
least an order of magnitude lower than the pure water flux and the retentions were
around 10-30%. In their theoretical discussion Sabbatovskii et al. used a capillary
osmotic counterflow model without concentration polarisation and their model
predictions were good. They also claimed that the electrochemical separation
meachanism is not working at these high concentrations and that the separation
should be explained by a structural mechanims or the possibility of making ion
pairs which have a lower retention. Sabbatovskii et al. have also measured an
effective pore size which is dependent on the concentration and explained the
decrease in pore size with increasing concentration by a reversible compaction of
the selective layer due to the difference in osmotic pressure. Finally, Sabbatovskii
et al. have estimated the diffusion coefficents inside the membrane from the re-
tention coefficients and found a significant decrease, in some cases two orders of
magnitude, compared with the bulk diffusion coefficients.

Tsuru et al. (1991b) used a negatively charged reverse osmosis membrane with
skin layer of sulfonated polyether sulfone and polysulfone backing to separate
single electrolytes at different concentrations up to 1 molar. The retention of
pure sodium chloride, potassium chloride, magnesium chloride, calcium chloride,
sodium sulphate and magnesium sulphate solutions decreased with increasing
concentration, where the retention of the chlorides became less than 10% at 1
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molar and the retention of the sulphates ended up around 80% at 0.1 molar.

Both Berezkin et al. (1991) and Aitkuliev et al. (1984) reported separation results
in various electrolytes using reverse osmosis membranes (poly(ethylene terphtha-
late), glass and cellulose acetate) and concentrations changing from 1075 to 1
molar. The selectivity decreased when the electrolyte concentration increased,
e.g. the salt retention decreased from 99% to 1% when the sodium chloride con-
centration changed from 1073 to 1 molar. The effect of pH, membrane pore size
and pressure on the selectivity were also discussed.

Pusch (1980) reported the retention of ions in a multicomponent solution (ternary
and quaternary) using different cellulose acetate reverse osmosis membranes and
derived a model based on the irreversible thermodynamics. The ion retentions
and the fluxes were measured as a function of the salt concentration and operating
pressure using sodium chloride and sodium sulphate or nickel chloride and nickel
sulphate or ammonium chloride or ammonium sulphate. The chloride concen-
tration was varying, whereas the sulphate concentration was held on a constant
level.

Heyde et al. (1975) measured the partition coefficients for cellulose acetate reverse
osmosis membranes and different single electrolyte solutions at concentrations in
the range 0.05-2 molar. Temperature, pH, concentration, electrolyte type and ion
pairing influenced their experimentally measured partition coefficients. Further,
the partition coefficients were related to the fixed charge of the membrane, the
dielectric exclusion mechanism, the ion pairing which diminish the first two ef-
fects due to lower effective charge and the membrane swelling or shrinkage which
influcence the effective dielectric constant of the membrane. The reported par-
tition coefficients for sodium chloride, sodium sulphate and magnesium chloride
decreased, whereas for magnesium sulphate it increased with increasing concen-
tration. The partition coefficient for sodium chloride increased with temperature
at low concentrations but at a concentration of 0.1 molar this tendency changed
and the partition coefficient decreased with temperature. The partition coeffi-
cient for magnesium chloride decreased as the temperature increased. Magnesium
chloride was also found to shrink the cellulose acetate membrane. In general,
Heyde et al. concluded that at higher concentrations the dielectric exclusion of
ions become dominant, and that the partition coefficients of ions decrease with
increasing solute charge and increase with increasing ionic size.

Govindan and Sourirajan (1966) and Agrawal and Sourirajan (1969) reported
separation experiments for 12 different inorganic and two organic solutes using re-
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verse osmosis cellulose acetate membranes. Both the flux and retention decreased
with increasing concentration, and in terms of their solute transport parameter,
D/KJ{, sulphate had a lower transport parameter than chloride by an order of
magnitude for both sodium and magnesium salts. Agrawal and Sourirajan (1970)
extended the analysis to mixed salt solutions with a common ion.

2.3.2 Membrane permeation of chloride and sulphate ions in sin-
gle and mixed electrolytes

Afonso and Pinho (2000) found for a composite nanofiltration membrane that the
salt retentions are in agreement with the Donnan exclusion principle and that
the membrane effective charge depends on the salt nature and concentration.
For a given set of operation conditions the salt retention in single electrolyte
solutions increased following the order magnesium chloride, magnesium sulphate
and sodium sulphate. The higher retention of magnesium sulphate compared with
the retention of magnesium chloride was explained by an increase in the anion
charge density and hence membrane anion repulsion. Equivalently, the higher
retention of sodium sulphate compared with the retention of magnesium sulphate
is due to the decrease in the cation charge density which will give less attractive
forces between the ions and the membrane. Further, Afonso and de Pinho related
the decrease in the salt retention when the salt concentration increases to a cation
shield effect on the membrane’s negatively charged groups which increase with
increasing salt concentration. This effect will be more evident for the chloride ion
compared to the sulphate ion since the latter has a higher charge density. Another
interesting observation done by Afonso and de Pinho is that the measured salt
retention for low Reynolds numbers decreases as the operation pressure increases.

Dey et al. (2000) measured the selectivity of two nanofiltration membranes with
single and mixed electrolytes. For single electrolyte solutions sodium sulphate
had retentions around 95% whereas sodium chloride had retentions around 60%.
In mixed solutions of chloride and sulphate ions the chloride retention declined
and the decline is greater with increasing molar ratios of sulphate to chloride ions
in the feed.

Ernst et al. (2000) measured the zeta potential and the retention of a polyether-
sulfone nanofiltration membrane in single salt solutions of sodium sulphate and
potassium chloride. In the case of sodium sulphate they found that selective
adsorption of sulphate ions gave an increase in the salt retention at low concen-
trations (up to 1073 molar), whereas a further increase in the salt concentration



2.8 Literature survey 21

gave decrease in retention due to specific adsorption of sodium ions. The latter
gave a shift in the isoelectric point to higher pH values with increasing sodium
sulphate concentration and the zeta potential turned positive at high concentra-
tions. In the case of potassium chloride no preferential adsorption of the ions was
observed and the electrostatic properties of the membrane were only affected by
the dissociation of the surface groups.

Xu and Leburn (1999) investigated the effect of pH, ionic strength and solute
type on the separation by a charged nanofiltration membrane and single salt so-
lutions. When pH was less than 5.5 and the membrane was positively charged,
the increasing salt retention order was sodium chloride, sodium sulphate and
magnesium chloride; when pH was greater than 9.0 and the membrane was neg-
atively charged, the increasing retention order was magnesium chloride, sodium
chloride and sodium sulphate; and when the pH was in the range 5.5 to 9.0 the
increasing retention order was sodium chloride, magnesium chloride and sodium
sulphate. When the membrane is charged the retention results can be explained
by the Donnan exlusion mechanism whereas in the intermediate pH region the
retention results can be explained by a steric or sieve mechanism.

Schaep et al. (1998b) and Schaep et al. (1998a) investigated the influence of ion
size and charge on different nanofiltration membranes. The use of a polysulfone
membrane with zirconia as backing material showed a retention behaviour that
can be explained by the Donnan exlusion mechanism when comparing the salts
sodium sulphate, calcium chloride and magnesium sulphate. For a positively and
a negatively charged polymeric nanofiltration membranes with effective pore size
around 0.4 nm, the increasing salt retention sequence was found to be inversely
proportional to the salt diffusion coefficents in water, i.e. sodium chloride, mag-
nesium chloride and sodium sulphate. For a negatively charged membrane with
twice the pore size compared with the other two membranes the increasing salt re-
tention sequence magnesium chloride, sodium chloride, magnesium sulphate and
sodium sulphate, was explained by the Donnan exlusion mechanism and hence
determined by charge effects. Further, Schaep et al. suggested that for higher
concentrations (up to 0.75 eq/1) the retention is mainly determined by the anion
charge, whereas the charge of the cation seems to be less important.

Schaep et al. (1999) analysed the salt retention results further and combined
them with the Donnan steric partitioning pore model and the Nernst-Planck
equations and evaluated the effective membrane charge density. They showed
that the membrane charge density is not constant and depends very much on
the salt and its concentration due to ion adsorption onto the membrane material,
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and the ion adsorption could be described by linear isotherms. For membranes
made of sulfonated polyethersulfone, cellulose acetate and polypiperazine amide
magnesium salts can lead to positive membranes. Later, Schaep et al. (2000)
showed with adsorption experiments that the change in the effective membrane
charge can not be explained by an ion adsorption mechanism alone. Tsuru et
al. (1991b) also calculated the effective membrane charge for both a negatively
charged reverse osmosis membrane with skin layer of sulfonated polyether sulfone
and polysulfone backing. The effective membrane charge increased with the bulk
concentration and varied with the type of electrolyte.

Peeters et al. (1998) performed retention measurements with single salt solutions
of calcium chloride, sodium chloride and sodium sulphate solutions on 21 differ-
ent polymeric nanofiltration membranes, and showed that the membranes could
be divided into two different categories depeding on separation mechanims, i.e.
membranes where the retention is determined with a Donnan exclusion mecha-
nism and membranes where the retention is determined by differences in diffusion
coefficients between the salts.

Sata et al. (1998) measured the change in permselectivity between sulphate and
chloride ions through an anion exchange membrane with the hydrophilicity of
the membrane. The observed increase in the transport number of sulphate ions
relative to the chloride ions when the membrane was made more hydrophilic is
explained by an increase in the uptake of sulphate ions in the membrane rather
than changes in the ions’ mobility, since an increased water content of the mem-
brane will enhance the solubilitiy of the strongly hydrated sulphate ions and not
so much the non-hydrated chloride ions. The hydrophilicity of the anion exchange
membrane is therefore an effective way of controlling the permselectivity.

Saracco (1997) used a electrodialysis application to separate different cation and
anion pairs. When separating sulphate from chloride and keeping the sulphate
concentration constant, the separation was enhanced by decreasing the applied
current density and increasing the chloride concentration. The results were found
to follow a combined solution-diffusion and kinetic model.

Tsuru et al. (1991a), Tsuru et al. (1991b) and Bowen and Mukhtar (1996) re-
ported experimental results of the separation of ions in reverse osmosis and
nanofiltration, and fitted the data to the extended Nernst-Planck equations. Cel-
lulose acetate, polyethersulfone and sulfonated polyethersulfone membranes were
used and the mixed electrolyte experiment was carried out at constant total con-
centration. In the case of sodium chloride and sodium sulphate the sulphate
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retention was constant whereas the chloride retention decreased as the concen-
tration of sulphate increased. In the low flux region the chloride retention became
negative. A decrease in the total concentration led to increase in all retentions
(both chloride and sulphate). The results were the same for a mixture of sodium
sulphate and sodium hydroxide but in solutions containing sodium choride and
magnesium chloride and magnesium chloride and hydrogen chloride the mag-
nesium retention was more or less constant whereas the sodium and hydrogen
retentions decreased but never became negative. Good model predictions were
obtained.

Jonsson and Benavente (1992) and Benavente and Jonsson (1993) measured the
salt retention, the membrane potential, the diffusion and the electrical resistances
in both a composite membrane and its polysulfone porous backing using sodium
chloride, sodium sulphate, magnesium chloride and magnesium sulphate single
salt solutions. They found that 92% of the total flux resistance was due to
the selective skin layer and comparing the results of sulphate salts to chloride
salts showed that in the skin layer the sulphate ions had a lower specific solute
permeability than the chloride ions (about 50%), whereas there were practicaly
no differences in the solute permeabilities in the porous layer.

Marinas and Selleck (1992) used two reverse osmosis membranes to separate
multicomponent electrolyte solutions containing sulphate, chloride, magnesium
and sodium with a maximum total concentration of 0.9 molar, in additon to trace
amounts of sodium hydrogen biselenite (up to 90 ppm), sodium selenate (up to
90 ppm) and sodium nitrate (up to 30 ppm). Both membranes removed selenate
whereas the first membrane (aromatic poly(ether/urea)) gave better retention
for nitrate and the other membrane (aromatic with free carboxylic gropus) gave
better retention of biselenite. Marinas and Selleck suggested that magnesiun
sulphate will move through the membrane as an ion pair rather than ions since the
ion pair constant increases due to lower dielectric constant inside the membrane.
The retention of magnesium sulphate decreased as the chloride concentration
increased.

Higa et al. (1990) and Higa et al. (1991) investigated the ion permeation in
charged membranes and multicomponent electrolyte solutions with emphasis of
the membrane charge density dependency. Their theoretical models based on
the Donnan equilibrium and Nernst-Planck equations gave good predictions of
the experimental results. They concluded that the counterion with the highest
valence is the most important for ion permeation in multicomponent solutions
and that the direction of multivalent ion transport changes with charge density.






Chapter 3

Separation and transport in
nanofiltration and reverse
OSIMOSIS

3.1 Classification of the transport models

Membrane transport models have been derived from two independent approaches.
The first category of models assumes a separation or transport mechanism and
calculates the fluxes according to these mechanisms. The second category of
transport models is based on the theory of irreversible thermodynamics, also
referred to as non-equilibrium thermodynamics (Soltanieh and Gill 1981).

In the first category of transport models the physico-chemical properties of the
membrane itself and the solution are part of the transport models and knowledge
about such properties are important. For example, the model can be dependent
on one or several of the quantities: the porosity, the tortuosity and the pore size
of the membrane, the membrane solubility and the diffusivities of the components
involved in the process. If the parameters involved in the model are known, a
prediction of the membrane separation can of course be obtained.

The second category of transport models treats the membrane as a black box
and assumes that the transport processes are slow and close to equilibrium. The

methods based on the irreversible thermodynamics are considered as more fun-
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damental models than the mechanistic models and are particularly useful when
coupling between the transport of each component occurs.

In some cases a further classification of the transport models can be appro-
priate and a distinction between discontinuous and continuous models is made
(Soltanieh and Gill 1981). The discontinuous models appear when no information
about the membrane is available and all gradients are replaced with difference
quantities. On the other hand, if structural information about the membrane
exists, transport models can be applied on a local level within the membrane and
the models are called continuous.

3.2 Irreversible thermodynamics

This section is not meant to be a complete introduction to the field of irreversible
thermodynamics, but to give readers new to the topic an introduction and others
a short revisit to the basic equations. The reader is refered to e.g. Prigogine
(1955), Lakshminarayanaiah (1969), Haase (1969) or Soltanieh and Gill (1981)
for more details.

3.2.1 Dissipation function and flux equations

The total entropy will increase in an irreversible process, whereas in a reversible
process there will be no change in the total entropy. The entropy production
in an irreversible process gives a dissipation of energy, i.e. energy is lost. Since
transport through a membrane is an irreversible process, entropy is produced.
The entropy production can be calculated from the dissipation function, ¢’, which
is given by the equation

dS
o =T =) X (3.1)

where J; and X; are the conjugated fluxes and forces, respectively, T' is the
temperature, S is the entropy and ¢ is the time. The membrane is used as a
frame of reference and all fluxes are given relative to the membrane. The transfer
of heat and electrical charge with appropriate conjugated forces must also be
included in the dissipation function.
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An important assumption in the irreversible thermodynamics is to assume that
the system can be divided into several subsystems, where each subsystem is not
far from local equilibrium. A linear relationship between the fluxes and forces
can be assumed when the system is close to equilibrium, i.e.

Ji =Y LijX; (3.2)
j

where the sum includes all forces X; acting in the system, whereas L;; is the
phenomenological coefficients. For instance, in a system with three components
the flux equations can be written as

J1=—L11Vpu1 — L12Vus — L3V (3.3)
Jo = —Lo1 Vg — LaaViug — Loz Vg
J3 = —L31 V1 — L3aViug — L3z Vg
where the chemical potential of the components are used as forces. The main
coefficients, L;;, relate the conjugated forces and fluxes, i.e. give the contribution

of a component on its own flux. The coupling or cross coefficients, L;;, give the
contribution from the force of one component on the flux of another component.

According to Onsager (Onsager 1931a, Onsager 1931b) the coupling coefficients
are related to each other with the equation

Lij=Lj 4,j=1,2 .., kandj#i (3.6)

which is called the Onsager Reciprocal Relations (ORR) and reduces the number
of coefficients in the model. Further, since the entropy in an irreversible process
must increase, Equation 3.1 must be positive-definite, i.e. ¢’ > 0, which gives
the two additional restrictions to the phenomenological coefficients

Li; >0 (3.7)
and
LiiLyy > L, (3.8)

In other words, the main coefficients must be positive or zero and the coupling
coefficients are limited in magnitude to the square root of the product between
the corresponding main coefficients.
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3.2.2 Kedem-Katchalsky model

One of the first membrane transport models based on the irreversible thermody-
namics was developed by Kedem and Katchalsky (1958). This model has been
widely used, discussed and modified by many authors (Kargol 2000) and the
derivation of the Kedem and Katchalsky equations will be presented in some de-
tail. Kedem and Katchalsky started with a two component system in which two
solutions of the same solvent and solute are separated by a membrane. Using the
index w for the solvent (water) and s for the solute (salt), the dissipation function
can be written!

¢ = T + JsAps (3.9)

where the fluxes and the change in the chemical potentials are one dimensional
and perpendicular to the membrane. The chemical potential is defined by

wi(T, P) = pd(T, P°) + RT'Ina; + V;(P — P°) + 2, F¢ (3.10)

where u? is the chemical potential at the standard state, T' is the temperature,
P is the pressure, R is the gas constant, a; is the activity of component 7, V; is
the partial molar volume of component 4, z; is the valency of component i, F' is
the Faraday constant and 1 is the electrical potential. If the membrane is not
charged the electrical potential term, z; Fy, may be omitted and the chemical
potential difference of water over the membrane can then be written

Appy = V(P2 — P) + RT(Inay 2 — Inay1) = V(AP — An) (3.11)

where Equation 4.22 in Chapter 4 is used to correlate the osmotic pressure with
the solvent activity. 1 refers to the feed side of the membrane, whereas 2 refers
to the permeate side. A similar expression can be obtained for the chemical
potential difference of the solute over the membrane

Aus = VS(PZ — Pl) —+ RT(IDGS’Q - lnas,l) (312)

To simplify this expression further one has to assume dilute solutions in order to
use the van’t Hoff equation

m =vCsRT (3.13)

!Kedem and Katchalsky (1963) showed that in a system containing ions the appropriate
dissipation function becomes ¢’ = JuApw + JsAus + IE, where E is the electromotive force
acting in the system. In the absence of an electric current, i.e. I = 0, the dissipation function
simplifies to ¢’ = JwApw + JsAus. The derivation shown here are based upon the latter
dissipation function in order to arrive at the famous Kedem-Katchalsky equations.
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where v is the number of ions in the salt molecule?. The second part of Equation
3.12 will then become

1 Csl 051—052 ACS 1 Aﬂ'
—Ap? = A(lnag) =1 = = = — 3.14
RT :U‘s (na' ) n 052 Cs Cs RT Cs ( )
where
— Cs1— Cy
Oy = —2——2 (3.15)
3,1
In (05,2)
and the chemical potential difference of the solute finally becomes
— A
Apy = VAP + 6” (3.16)

S

Substitution of Equations 3.11 and 3.16 into Equation 3.9 gives after some rear-
rangement the dissipation function

¢ = (JuVuw+ JV)AP + <§ — Jw7w> AT (3.17)

S

From this expression it is adjacent to define the total volume flux, J,, by

Jy = JuV + IV (3.18)
and the diffusive flux, Jy, by
Jg= Js _ TV (3.19)
d — 65 wV w .

with conjugated forces AP and Am, respectively. The dissipation function can
now be written

¢ = J,AP + JjAm (3.20)
with corresponding flux equations

Jy = L11 AP + LisAn (321)
Jg = Lot AP + LosAm (322)

2The van’t Hoff equation for electrolytes is © = iCs RT where i is dependent on the degree
of dissociation. For strong electrolytes that are completely dissociated ¢ becomes equal to the
number of ions, v, formed from one molecule of the electrolyte.
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Ly is called the hydrodynamic permeability of the membrane? and is normally
written L,. Further, the reflection coefficient, o, is defined as

Lo

_ 3.23
o (3.23)

o=
and is a measure of the selectivity of the membrane or, more precisely, its solute
retention property. If o equals 1 there is no solute transport and the membrane is
an ideal semi permeable membrane, if o equals 0 the membrane has no selectivity
and no separation takes place, and, if the value of ¢ is between 0 and 1 the
membrane is not completely semi permeable and there is some transport of the
solute.

Js is a more practical quantity than J; to work with and a new expression for J
can be obtained if Equation 3.19 is solved with respect to J;. If the water flux
Jw is replaced by Equation 3.18 the following relationship can be found between
the solute, diffusive and volume fluxes

Js(1 =V Cy) = (Jg+ J,)C (3.24)

If V,C, < 1 the solute flux expression can be simplified to

Jy = (Jg + Ju)Cs (3.25)

The volume flux given in Equation 3.21 can be rewritten using the definitions of
the hydrodynamic permeability and the reflection coefficient, whereas the solute
flux given by Equation 3.25 can be rearranged using Equations 3.21 and 3.22 to
substitute J, and Jy, respectively, and Equation 3.26 to eliminate the pressure.
Finally, the Kedem-Katchalsky equations are obtained

Jy = Ly,(AP —oAn) (3.26)
Js wAT + (1 —0)J,C (3.27)

where

LyLay — L2,
w = P22 12 7

T (3.28)

is the solute permeability at zero volume flux

“o <AL:T>JU:0 (329

3Water permeability is another common name in aqueous solutions.
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The coefficients, Lp, o and w can easily be determined from experiments (Mulder
1996). The hydrodynamic permeability coefficent, Lp, is the slope in a pressure-
water flux diagramme. The determination of the other two parameters demands
a rearrangment of Equation 3.27 to yield

Js
AC,

C,
AC,

=vRTw+ (1 —0)J, (3.30)
where the van’t Hoff equation 7 = vRT'C; has been used to replace the osmotic
pressure difference. A plot of J;/AC; against J,Cs/AC, will have a slope equal
to 1 — o and the intercept with the .J;/AC;s-axis will be equal to vRTw.

Pusch has developed a retention-volume flux relationship based on the Kedem-
Katchalsky model (Pusch 1977a, Pusch 1977b). He starts with the definition of
the retention coefficient

Cp Js
R=1-—=1- 3.31
Cr CrJy ( )
and uses Equation 3.27 to replace .J; and obtains the expression
wAT + (1 —0)J,C
R=1- 3.32
Onl (3.32)
which can be further rearranged into
(1-0)C; Ly 5\ Cs L,Aw
R=1-—7"—"—-—F- — 3.33
Cr L, °)Cr J, (3:33)

when Equation 3.28 is used to replace w. This equation shows that when .J,
increases the retention reaches an asymptotic value of R* expressed by

(1- 0)65100

R® =1-
Cr

(3.34)
where 65,00 is the mean salt concentration at infinite volume flux. Soltanieh and
Gill (1981) have shown that Css = Cp in the high flux limit which means that
R* =~ o. Using these two results and the assumption Am =~ mpR, where mp is
the osmotic pressure on the feed (retentate) side, Push obtained

1 1 [LQQ

S o

Lpﬂ'f 1

3.35
R 7, (3.35)

A plot of 1/R versus 1/J, will give a straight line with the intercept equal to
1/R> and the slope equal to (Lgy/L, — (R*)?)L,mr/R™.
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3.2.3 Spiegler-Kedem model

In the derivation of the Spiegler-Kedem model the starting point is the same as
for the Kedem-Katchalsky model, but the generalized forces are now given as
differential rather than differences (Spiegler and Kedem 1966). The differential
analogous to the forces in Equations 3.11 and 3.12 can be written

dpy v AP dp,
i (Vw e + I ) (3.36)
dps = dP  dut

- = —|Vs— - 3.37
dz ( *dx + dz > (3:37)

where the term pf = RT Ina; and z is a length coordinate perpendicular to the
membrane surface. The concentration dependent part of the chemical potential
of the solvent can be expressed in terms of the osmotic pressure by Equation 4.22
in Chapter 4 and becomes dué, = —V ,dr. The concentration dependent part of
the chemical potential of the solute can also be expressed in terms of the osmotic
pressure by Equation 3.14 and becomes du§ = dr/cs. The differential forces then
become

diw (= dP dr

dr (Vw dz d:):) (3:38)
dps — dP 1ldrw
s (Vs ot dm) (3.39)

The applied pressure and the osmotic pressure difference are in most cases of the
same order of magnitude and since the partial molar volume of the solute is very
much smaller than 1/cs, Equation 3.39 can be simplified into

des 1dm
— TS — 3.40
dx cs dx ( )

The local flux equations of the solvent and the solute can now be written
A dpis
Jv = Ly |—— Lis | — 3.41
w 11 < I > + L2 < I ( )

A dpis
s = L - L — 42
J 21 < I ) + Loo < I ) (3.42)

For dilute solutions the approximation V,, &~ 1/¢,, is reasonable and when Equa-
tions 3.38 and 3.40 are substituted for the chemical potentials the flux equations
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become
— dP L21 Cy dm
w = —L1Vy|l——-[1—-=—"—)— 4
J uV [d:}: ( Ly cs> dx] (3.43)
L2 L d L —
Jy = ( 21 22) Oy 22 5V (3.44)
csLt Cs dz L1V

If the approximation J,V,, = J, is made, a comparison between Equation 3.43
multiplied on both sides with V,, and Equation 3.26 will give an expression for
the local reflection coefficient

ol A (3.45)

Further, the volume flux equation can be written

dP dm
=P | —=— —c— 4
gy h <dx Ud:v) (3.46)
where
P, =LV, (3.47)

is the local hydrodynamic permeability of the membrane. The solute flux in
Equation 3.44 can be simplified into

L2 L22 dm
Js ~ 2L _ —— 4 (1 = 0)csJ, 3.48
<CSL11 CS > dx + ( U)CS v ( )

and using the van’t Hoff equation the solute flux expression becomes

d
I, ~ —Psﬁ (1= 0)esdy (3.49)

where the local solute permeability, P;, is defined by

72
p, = IiT <L22 L21> (3.50)

Cs Ly

A further comparison between the flux equations from the Kedem-Katchalsky
model and the Spiegler-Kedem model gives the following relationships between
their parameters

P,

L

(3.51)
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and

P
w = ~RTAz (3.52)

where Az is the membrane thickness.

A retention-volume flux relationship for the Spiegler-Kedem model can be derived
using the expression J; = J,Cp and assuming constant local solute permeability,
P;, reflection coefficient, o, and fluxes J; and J,. Equation 3.49 can then be
integrated over the membrane between the boundaries z = 0, ¢; = ksCr (feed or
retentate side) and z = Az, ¢; = ksCp (permeate side) to give

Jy(1—0)Az Cpo
P " (op —Cr(l - a)) (3.5

After introducing the definition of the retention coefficient, R = 1— g—;, and some
rearrangements the salt retention curve can be written
(1 _ e—Jv(l—a)A:::/PS )O’

R= 1 — ge—Ju(l—0)Az/P;s

(3.54)

where o and P;/Ax are two unknown parameters.

3.2.4 Extended Nernst-Planck equation

The development of the extended Nernst-Planck equation is given by several
authors, e.g. Schlogl (1964), but it is not until the last decade that its popularity
has increased as part of the Donnan-steric-pore model, refer Section 3.3.9. The
extended Nernst-Planck equation is a great simplification of the equations in
irreversible thermodynamics, and still the model takes into account the diffusion,
the migration and the convection mechanisms of the ion transport. The derivation
given below is taken from Dresner (1972) who also thouroughly discusses the work
of Schlogl.

Starting the analysis with n ions, water (solvent) and the membrane as the n + 2
thermodynamic components the flux equations in a frame of reference fixed with
respect to the membrane and in an irreversible thermodynamic notation, can be
written

dit d .
Ji=— ;w; ZL;k% i=wlo,n (3.55)
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where the index w refers to the water (solvent). If the flux equation of the water
(1 = w) is used to eliminate the dpu,,/dz-term and the water flux is assumed to be
equal to the total volume flux, .J,, = J,, the flux equations for the n ions become

- d
Ji=— ; L;k% + BiciJ, (3.56)

where
L. L' L
Lip = L}, — 2wk —1,, and Bic; = —*
L L
ww ww

(3.57)

The factor 8; was introduced by Dresner (1972) to take into account the influence
of the membrane, creating greater generality into the flux equation compared to
the equations given by Schlogl (1964) who negleted the membrane as a thermo-
dynamic component and indirectly used 8; = 1. For example, if an interaction
exists between the counterions and the membrane charges the motion of the coun-
terions will most likely be slower than the motion of the water molecules and the
factor Beounterion Will be less than 1.

To simplify Equation 3.56, Schlégl (1964) assumed that the ions only interact
through the electrical field and not directly by collision or by affecting the motion
of the water molecules. This implies that all the off-diagonal elements of the
matrix L;; will be equal to zero. Further, Schlogl used the general diffusive flux
expression

Aﬂi ~ ﬁRTACi

Ji = Ly; ~ 3.58
: " Az Az ¢ ( )
and compared this with the Ficks first law

Ag;

Ji = DiA—xZ (3.59)

and obtained the following equation for the main phenomenological coefficients
Dic;

Lii ~ f{zTZ (360)

Using the chemical potential given in Equation 3.10, where the activity has been
replaced by the expression a; = «;¢; and the pressure term has been neglected,
the extended Nernst-Planck equations can be written

; dnvy; zie;DF dip
%% Dy - Y Biei 61
T RT g TPt (3:61)

where the fluxes are dependent on the sum of contributions from the diffusion
(first and second term), migration (third term) and convection (fourth term)
mechanisms, respectively.

Ji = —D;
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3.2.5 Summary of the irreversible thermodynamic models

The phenomenological coefficients, L;;, are dependent of the concentration to
various extent (Kedem and Katchalsky 1958, Spiegler and Kedem 1966, Jagur-
Grodzinski and Kedem 1966, Soltanieh and Gill 1981), which gave the motivation
for introducing the three alternative coefficients, L,, ¢ and w in the Kedem-
Katchalsky equations. The coefficients in the Spiegler-Kedem model are even less
dependent of the concentration (Spiegler and Kedem 1966) since the equations
have been derived integrating the transport equations on a local level inside the
membrane.

The models based on the irreversible thermodynamics presented are based upon
the assumptions that the ORR are valid and that the transport is a function of
the chemical potential difference only. When large pressure and concentration
gradients across the membrane exist the application of the linear law is limited
and for membrane processes the validity of the local equilibrium condition is
questionable, which means that the ORR may not be true. Further, in many
membrane processes the contribution of convection to the transport of compo-
nents is significant and should be included in the transport models.

The derivation of both the Kedem-Katchalsky and the Spiegler-Kedem models
assumed dilute (or ideal) solutions, i.e. the activity equals the concentration
and the van’t Hoff equation is valid. The extended Nernst-Planck equations are
derived using the assumptions that the total volume flux equals the water flux and
that the components only interact through the electrical potential. In solutions
with high concentration and low retentions at least the first of these assumptions
will fail.

Jagur-Grodzinski and Kedem (1966) have extended the Spiegler-Kedem model
to apply also for asymmetric membranes and derived relationships between the
overall reflection coefficient and the overall permeability of the membrane and the
individual reflection coefficients and permeabilities of the skin and the support
layers.
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3.3 Transport models based on separation mechanisms

3.3.1 Friction model

The friction model was introduced in order to give the phenomenological coeffi-
cients in models based on the thermodynamics of irreversible processes a physical
interpretation (Spiegler 1958). The friction model was later modified to apply for
reverse osmosis and ultrafiltration membranes (Spiegler and Kedem 1966) and to
include the effect of absorbed water onto the surface of the pores (Belfort 1976).

The model is based on the law of friction which balances the driving forces for
any component in steady flow by the frictional forces exerted on it by the other
components. The membrane itself is also regarded as a component, but usually
the membrane is the reference component and its velocity is set equal to zero. The
frictional forces are proportional to the mean relative velocities of the components,
i.e.

Fij = fij(ui — uy) (3.62)
where f;; is the friction coefficient between the components ¢ and j, u; and u;
are the mean velocities of the same components. If the total system consists of

a membrane, water and salt, the total force acting on the water and the salt
molecules can be written

E, :(Cs/cw)fsw(uw _Us) +fwm(uw _Um) (363)

F :fsw(us - Uw) + fsm(us - Um) (364)
where the coefficient f,; has been replaced according to the force balance c; f;; =
¢jfji and the membrane is used as reference, i.e. u, = 0. The relationship
J = wc can be used to introduce the solvent and solute fluxes and after some
rearrangement the fluxes can be expressed as

g, =om +df wnp 4 J WU E, (3.65)
Js =fswcclwcs Fw + (fwmcw ':lfswcs)cs Fs (366)

where d = fonfwmCw + fsmfswCs + fswfumCw- The total volume flux, J, =

Vwdw + Vsds, is a more convinent property than the water flux and can be

written in terms of frictional forces and coefficients as

(fsm + fsw)cgjvw + fswcwcsvsF 4 (fwmcw + fswcs)csvs + fswcwcsvw
d v d

Jy = F

(3.67)
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The next step is to replace the forces F,, and F; with the thermodynamic forces
given in Equations 3.38 and 3.40 and compare the results with the equations
given by the Spiegler-Kedem model, Equations 3.46 and 3.49. The following rela-
tionships between the frictional coefficients and the phenomenological coefficients
o, P, and P, can be obtained after some tedious rearrangments (Belfort 1976):

1 _ CS/Cs,b 1+ (fwm/fsw)(vs/vw)
c=1 \|:Cw/Cw,b:|A|: 1+ (fsm/fsw) :| (3-68)
excluvsion kinetic

Cw 1 1+ fsm/fsw ]
Ph = 3.69
" Cgl,b |:fwm:| |:1+fsm/fsw(1+fws/fwm) ( )
~——— —~—
exclusion kinetic
Cs ]-/fsm :|
P, =2RT 3.70
|:Cs,b:|A|:1+fsw/fsm ( )
excluvsion kir;e:tic

where Cjj, is the bulk concentration of component 7. In the derivation of these
equations dilute solutions and high retention membranes are assumed, which
gives the simplifications V¢, = 1, Viycy > Ves and ¢s < ¢y The derivation
has been simplifed further by using sodium chloride as salt, giving V,/V,, ~ 3/2.
Even though Equations 3.68, 3.69 and 3.70 are based upon several assumptions,
some general remarks about the criteria for an efficient desalting membrane can
be made.

First, note that the expressions for the coefficients o, P, and P have been divided
into two dimensonless terms. The exclusion terms depend on the partition coeffi-
cients or the concentration ratios, while the kinetic term depends on the friction
coefficients. In order to achive a good separation, o should be close to unity. This
can be obtained if the ratio between the partition coefficients, ks/ky, is small,
which means that the membrane have larger solubility to water than to salt, and
if the friction coefficients fulfill the statements fgp, > fim and fgn > fsw, which
means that the friction between the salt and the membrane must be much larger
than both the frictions between the water and the membrane and the friction
between the salt and the water.

If the exclusion part of Equations 3.68, 3.69 and 3.70 is equivalent to a solution
part and the kinetic part is equivalent to a diffusion part, Mulder (1996) points
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out that even in the concept of irreversibel thermodynamics and friction models,
the selectivity is considered in terms of a solution-diffusion mechanism, which is
discussed Section 3.3.4.

3.3.2 Maxwell-Stefan approach to mass transfer

Krishna and Wesselingh (1997) give an extensive presentation of the generalized
Maxwell-Stefan approach to mass transfer in multicomponent solutions. In the
Maxwell-Stefan approach the diffusion of different species in a multicomponent
solution is dependent on the forces acting on the molecules and the corresponding
force balances have similarities with the previously discussed friction model.

The Maxwell-Stefan analysis for mass transport inside porous structures and un-
der the influence of external body forces, i.e. valid for membrane transport pro-
cesses, summarizes into the transport equations (Krishna and Wesselingh 1997)

G

~ RT

G

N T

— By F

n
- Z x]]\geM?N] + Djevzxifs (3.71)
j=1 i M
where the terms on the right hand side correspond to the contribution from the
concentration and pressure parts of the chemical potential, the viscous flow due
to the pressure gradient and the electrical potential gradient, respectively. z; is
the mole fraction and the modified viscous selectivity factor, o}, is defined by the

equation

n DeMS
o = a; + ij DZAA{[S (; — ) (3.72)
j=1 ij

where «; is the viscous selectivity factor. The viscous selectivity factor is in-
troduced to give the membrane a semi permeable character, where a; > 1 for
solutes traveling near the center of the pores, whereas «; < 1 for solutes strongly
adsorbed onto the membrane wall and «; = 0 for solutes that cannot penetrate
the membrane matrix. The permeability constant By is a characteristic of the
membrane and can, for some geometries, be calculated from theoretical consider-
ations, e.g. By can be calculated from Poiseuille flow through a cylindrical pore
to yield

By=r2/8 (3.73)
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where 7, is the membrane pore radius. The effective diffusion coefficients DeM S
represent the effective Knudsen diffusion coefficients and can be calculated from

62& 8RT

DeMS —
T 3 wM;

(3.74)

where € is the membrane porosity, 7 is the membrane tortuosity and M; is the
molecular weight. The effective diffusion coefficients ijM 5 are the effective bi-
nary pair diffusion coefficients in the membrane and can be related to the corre-
sponding free space values by the equation

DgMS = DM o (3.75)

Here DZ]‘;[ 9 is the binary Maxwell-Stefan diffusivities in free space which can be
calculated from the Ficks diffusion coefficients D;; using the relationship

D;; =D}°T (3.76)
where T' represents the thermodynamic non-ideal effects calculated by

alny;

Fij = 52'9' + xl—ax
J

(3.77)

d;j is the Kronecker delta which equals 1 when 4 = j and 0 when 4 # j.

Krishna and Wesselingh (1997) have also indicated which terms in Equation
3.71 that will have significant contributions to the fluxes in different membrane
separation processes. In reverse osmosis the Maxwell-Stefan transport equation
reduces to

V P=—&— 3.78
RT vT P — RT \Y Die]]\\;s ( )
whereas in ultrafiltration it can be simplified to
By N;
—oe— P = —"_ 3.79
D Dgf* &7

3.3.3 Sieve model

One of the first models presented to explain the separation of a solute from a
solvent with the help of membranes is the sieve model discussed among others
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by Banks and Sharples (1966) and Applegate and Antonson (1972). The model
is based on the assumption that the membrane consists of a large number of
parallel capillary tubes in which the flow is given by the pure pore flow, i.e. the
Hagen-Poiseuille equation

_ e“r2 AP
Y 8T Az

(3.80)

where €* is the surface porosity, r is the pore radius, 7 is the viscosity, 7 is the pore
tortuosity, AP is the transmembrane pressure and Az is the membrane thickness.
The solute molecules are retained by the membrane by a sieving mechanism,
where the pore diameter is less than the solute diameter. Pores of different
diameters must exist for membranes with partial retention of the solute, where
some of the pores are large enough to allow solute molecules to pass through the
membrane.

Several different sieve model equations exist depending on the assumptions made
(Banks and Sharples 1966). If the membrane exists of two types of pores, where
the smallest pores only pass solvent molecules, whereas the largest pores pass
both solvent and solute molecules, the sieve model becomes

Jy = k‘l(AP—ATr)-I—kQAP (381)
J, = koCpAP (3.82)

where the flow in the largest pores are controlled by the pressure difference, AP.
The flux equations can be combined with the definition of the retention coefficient
and the relationship Amw = R, in order to obtain an expression for the retention
coefficient following the sieve mechanism

ki + (b + ko) AP — [(kimg 4 (k1 + ko) AP)? — 4k TR AP]Y/?

R 2k17TR

(3.83)

3.3.4 Solution-diffusion model

The solution-diffusion model was introduced by Lonsdale et al. (1965) and is
based on the assumptions that both the solvent and the solute are dissolved in
the membrane matrix and transported through the membrane by diffusion. The
membrane is considered to be a homogeneous nonporous layer and the transport
of the solvent and the solute molecules are uncoupled.
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To derive a suitable set of equations, Lonsdale et al. (1965) started by assuming
that the water flux can be given by the Ficks first law

d

Jyy = —Dyy 2w (3.84)

dx
where D,, is the diffusion coefficient of water inside the membrane. If the
membrane-water solution obeys Henrys law, the chemical potential can be written
dpy = —RTdInc,, = —RTdey, /¢y, and Equation 3.84 can be written

Dycy dppy . Dy Ay

J = ~
v RT dzx RT Az

(3.85)

where the last approximation is valid for small changes in the chemical potential
of water. Finally, the chemical potential can be substitued by the expression
given in Equation 3.11 and the water flux expression can be written

chwvw

Tv = "pTAz

(AP — Am) = L,(AP — Am) (3.86)
A corresponding equation can be obtained for the salt flux when the transport
through the membrane is purely diffusive

dc Cp—Cpgr

— ~ —D,k, s

s = _Ds
J dx

= K3(Cr — Cp) (3.87)
where kg is the distribution coefficient (or solubility coefficient) and Kj is the
permeability of the solute. The distribution coefficient relates the concentration
in the membrane given by a lowercase ¢ with the concentration just outside the
membrane given by a uppercase C, ¢ = kC, and is normally assumed independent
of the concentration. If the equations for the water and salt fluxes, the defini-
tion of the retention and the equation Am = Rmpg are combined, the retention
expression becomes (Banks and Sharples 1966)

R={AP + np+ Ko/L, — [(AP + 7 + K3/ L,)? — 4mr AP]Y?} )21y, (3.88)

The diffusion and solubility coefficients, and hence the permeabilitiy coefficients,
are concentration dependent in non-ideal systems (Mulder 1996). E.g. the diffu-
sion coefficients can be calculated from

dlna;
D;=Dp; | —— 3.89
' T <dln ci> ( )
where Dr; = u;RT is the thermodynamic diffusion coefficient and wu; is the

mobility of component 3.
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3.3.5 Solution-diffusion-imperfection model

The solution-diffusion-imperfection model given by Sherwood et al. (1967) is an
extension of the solution-diffusion model. The solution-diffusion-imperfection
model adds a pore flow contribution to the water and solute fluxes, taking into
account pores or defects in the membrane that have no separation effects. The
equations for the total water and salt fluxes will be

Ny = Jy + K3sAPC,= L,(AP — Ar) + K3APC,, (3.90)
N, = Js + K3APCgr = KQ(CR — Cp) + K3APCg (391)
The water permeation velocity, ., can be obtained by dividing both sides of

Equation 3.90 with C\,,. Assuming the water permeation velocity to be equal to
the total permeation velocity, the total solute flux can be written

Ng = 4, Cp (3.92)
and the flux equations in 3.90 and 3.91 can be written in terms of permeation
velocity

Uqy = Kl(AP - Aﬂ') + K3AP (393)
1, Cp :KQ(CR—CP) + K3APCpg (3.94)

Equations 3.93 and 3.94 can be used to obtain an expression for the retention as
a function of the pressure

R :{WR+K2/K1 +AP(1 +K3/K1) —

(7r + Ko/ K1 + AP(1+ K3/K}))? — 47 AP)'/?} /27p (3.95)

The main disadvantage with this model is that the K;-parameters are concentra-
tion and pressure dependent (Soltanieh and Gill 1981).

3.3.6 Highly-porous and finely-porous models

The solute molecules are transported by diffusion in the solution-diffusion model
and in the solution-diffusion-imperfection model the solute molecules are trans-
ported partially by diffusion and partially by convection (viscous pore flow).
Whereas the solution-diffusion-imperfection model assumes the existence of de-
fect pores which are responsible of the viscous flow, the highly-porous model as-
sumes that the solute transport is a combination of both the diffusion and the
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convection mechanisms in the same pores and that separation is achieved when
the pore concentration differs from the feed concentration (Merten 1966). Fur-
ther, the coupling between the transport of the solute and the solvent molecules
are only through the viscous flow.

The total volume flux, J, = €*u, follows the Hagen-Poiseuille equation and the
solute flux can be calculated by

Ny =cou+ J; (3.96)

where €* is the surface porosity, u is the velocity of the pore fluid, ¢; is the
concentration (per unit membrane volume). In Equation 3.96 the c;u-term gives
the convective part of the solute flux, whereas the .J;-term is the diffusive part of
the solute flux and is given by Fick’s first law. If the total solute flux is assumed
constant, Ny = e*uC), Equation 3.96 can be integrated to give the concentration
profile of the solute through the membrane. The integration constant can be
determined using the the boundary condition at the feed side of the membrane,
z =0, ¢s = kL.Cg, and the concentration profile becomes

N N
s =—+ <kgC - —> exp <ﬁ> (3.97)
U u Dy

The boundary condition at the permeate side of the membrane, x = TAz, ¢; =
k!Cp, can be used to find an expression for the retention coefficient
Cp Klexp(urAz/D)

R=1—-—=1-
Cr k' — e* + e* exp(ur Az /D)

(3.98)
where 7 is the tortuosity of the membrane.

In the finely-porous model the pores in the membrane are too small to allow
unrestricted viscous flow, ¢.e. significant friction exists between the membrane
pore walls and the solute molecules (Pusch 1977a, Pusch 1977b). The friction will
affect the diffusion process in the pores and the diffusive solute flux expression is

modified to yield
Ous \ des
Ty = ugwes | — (222 2 4 R (3.99)
Ocs ) dz

where w4, is the mobility of the solute in the membrane and Fy,, is the frictional
force acting between the solute and the membrane. The frictional force can be
written

Fop = _fsmus = _fsmNs/Cs (3100)
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In dilute solutions (Ous/dcs) = RT/cs and the diffusive solute flux expression
becomes

_ RT% _ fsm
fsw dx fsw ’

The diffusive flux term, Jg, in Equation 3.96 can be replaced by Equation 3.101
and the total solute flux in the finely-porous model becomes

gy (3.101)

des ¢
N,=-D, ,— + — .102
P e + bu (3.102)
where
RT fsm
D, = and b=1+ 3.103
©F fS’LUb fS’LU ( )

The factor b gives the influence of the membrane on the solute molecules and both
the diffusive and convetive contributions in the total solute flux expression are
reduced by this factor. The finely-porous model is identical to the highly-porous
model when b equals 1 and the friction between the solute and the membrane
becomes negligible.

When the total solute, Ny = e*uC),, permeation velocity, u, and the coefficients b
and fs, are constant, Equation 3.102 can be integrated with the same boundary
condtions as for the highly-porous model to give the concentration profile and
the retention coefficient of the solute, hence

_ Nib N (k,Cr — ki Cp)exp(uz/bD, s)

3.104
Cs u 1 — exp(urAz/bD, ) ( )
and
Cp klexp(ur Az /bD, 5)
h e ' , 3.105
Cr kil — be* 4 be* exp(urAx/bD, ) ( )

Jonsson and Boesen (1975) used a similar finely-porous model, but based the
model on the pore volume rather than the total membrane volume. Jonsson and
Boesen assumed that k), = kI and used the relationship bD, s = Ds,, where
Dy, is known, and obtained good estimates of the unknown parameters be*/k;
and 7Ax/e* from retention versus volume flux data of different sugar solutions.
Jonsson and Boesen also compared the finely-porous model with the solution-
diffusion-imperfection model and found that the parameters of the finely-porous
model are concentration independent, whereas the parameters in the solution-
diffusion-imperfection model are concentration dependent, although both models
fitted the data equally well.
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3.3.7 Interactions between ionic solutions and charged surfaces
and the Donnan exclusion mechanism

A charged surface in an electrolyte solution will affect the distribution of the
nearby ions so that ions with an opposite charge of the surface will be attracted
towards the surface, whereas ions with the same charge as the surface will be
repelled off. The charge distribution in the solution leads to the formation of
what is called the electrical double layer. According to the Gouy-Stern model,
the electrical double layer consists of the Stern layer with thickness § and the
Gouy (diffusive) layer with infinite thickness as shown in Figure 3.1. For practi-
cal reasons the thickness of the diffusive layer is set equal to the inverse Debye
length, 1/k, defined later in this section. Over the whole system the electrical
neutrality condition still applies and must be fulfilled. The reader is directed to
e.g. Hunter (1981) or Mgrk (1994) for more details about the electrokinetic phe-
nomena in general and to Pihlajaméki (1998) for the applications to membrane
characterisation.

The variation of the electrical potential can be described by Poisson’s equation
(Mgrk 1994)

/

Vi = -

€nE

(3.106)

where V is the Laplace operator, 1) is the electrical potential, p’ is the volumetric
charge density, ¢ is the permittivity of vacuum and ¢ is the relative permittivity
or the dielectric constant of the solution. The volumetric charge density can be
calculated by the equation

p = Z €z nj (3.107)
i
where n; is the local ion concentration (number of ions per unit volume). The

local ion concentration is dependent on the electrical potential and is given by
the Boltzmann’s equation

n; = ndexp(—ze /kT) (3.108)

where n{ is the ion concentration far from the charged surface (bulk concentra-
tion). If Equations 3.106, 3.107 and 3.108 are combined the Poisson-Boltzmann
equation is obtained

2 € 0
Ve coe El zin; exp(—ziep [kT) (3.109)
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Debye and Hiickel simplified this expression further by assuming a small electrical
potential and obtained

Vi) = k% (3.110)
with the one dimensional Cartesian solution

P =" exp(—kKx) (3.111)

which is called the Debye and Hiickel approximation. Here 7™ is the electrical
potential at the charged surface and

4re? Y niz? 12 8me? Nypuy 12 7172 (3.112)
k=|—=——+—2+ =(—— .
eoekT 1000egekT

is the Debye parameter. The molal ionic strength, I, is defined by Equation 4.35
in Chapter 4.

The inverse Debye parameter is the distance from the charged surface to the point
in the solution where the electrical potential has dropped to 1/e of the surface
potential*. The inverse Debye parameter can be taken as an approximation of
the electrical double layer thickness.

The electrical field near a charged surface will create a stationary plane inside the
double layer which is called the surface of shear. The surface of shear separates
the solution near the charged surface into a stationary phase and a phase moving
with the external flow. The electrical potential at the surface of shear is called
the zeta potential ®>. The application and measurements of the zeta potential
in the characterization of membranes are thoroughly discussed by Pihlajamaki
(1998).

When the electrolyte concentration increases the Debye length decreases and
makes the electrical double layer more compact. F.g. in a 0.1 molal magnesium
chloride solution the Debye length becomes approximately 5 nm, whereas in a
5 molal magnesium chloride solution the Debye length becomes approximately
0.5 nm, which is of the same size as a hydrated ion. When the surface potential
is high®, or when the electrolyte concentration is moderate to high, most of the
change in the electrical potential will occur in the Stern layer (Mork 1994).

*When the Gouy-Stern model is used the inverse Debye parameter is more precisely the
distance from the Stern plane at position § to the point in the solution where the electrical
potential has dropped to 1/e of the Stern potential, see Figure 3.1.

5 Also referred to as the electrokinetic potential.

200 mV is in this context a high potential (Mgrk 1994).
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Gouy (diffusive) layer

Figure 3.1: Ilustration of the Gouy-Stern model and the distribution of ions near
a charged surface (Mork, 1994).

In both charged and uncharged membranes the interaction between the membrane
and the ions can affect the partition coefficient and hence the separation. When
a charged membrane is in contact with an electrolyte solution the counter-ions,
which have the opposite charge as the membrane, will have a higher concentration
in the membrane compared to the solution, whereas the co-ions, which have the
same charge as the membrane, will have a lower concentration in the membrane.
The concentration difference generates an electrical potential difference in order
to maintain electrochemical equilibrium between the membrane and the solution.
This potential is called the Donnan potential, ¥p, and can be calculated by
equation (Mulder 1996, Peeters et al. 1998)

bp =9P™ —4p = filn (%) (3.113)

where a; is the activity of ion 7 in the bulk solution just outside the membrane
and a" is the activity of ion ¢ in the membrane. Equation 3.113 has been derived
using the definition of the chemical potential given in Equation 3.10 and setting
the chemical potential in the bulk solution equal to the chemical potential in
the membrane phase. The Donnan potential will attract counter-ions, whereas
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co-ions will be rejected.

Lakshminarayanaiah (1969) has combined Equation 3.113 with the electro neu-
trality conditions in the solution and in the membrane and obtained the following
expression for the partition coefficient of the co-ions in a binary solution

o cB _( 125|Ch >|ZB/|ZA
B

" Cp \|zales + |zmlem

(3.114)

where ¢, is the concentration of the membrane fixed charge, z,, is the valence
of the membrane charge and the uppercase C' is the concentration outside the
membrane whereas the lowercase c¢ is the concentration inside the membrane.
Equation 3.114 shows that the co-ion partition coefficient is dependent on the
salt concentration, the fixed charge concentration in the membrane, the valence
of the co-ions and the valence of the counter-ions, e.g. an increase in the salt
concentration in the solution and a decrease of the membrane fixed charge will
give an increase in the concentration of the co-ions in the membrane and hence
a lower retention.

3.3.8 Space-charge and fixed-charge models

The models used in the transport of ions through electrically charged membranes
are based on either the space-charge or the fized-charge theories (Hagmeyer and
Gimbel 1999). The space-charge theory was developed by Morrison and Osterle
(1965) and several models have been developed and discussed (Smith and Deen
1983, Westermann-Clark and Anderson 1983, Vonk and Smit 1983, Yaroshchuk
and Vovkogon 19944, Yaroshchuk and Vovkogon 1994b, Shenase et al. 1995, Wang
et al. 1995b). The starting point is the Poisson-Boltzmann equation given by
Equation 3.109 and the ion concentrations and the electrical potential may change
both in the radial and the axial direction in the pores. The transport of ions
are normally described by the extended Nernst-Planck equation, whereas the
volumetric flow is calculated by the Navier-Stokes equations. The most serious
disadvantages of this model are the complex mathematical calculations and the
parameters that are difficult to estimate. Yaroshchuk (1995) has given a thorough
presentation of the space-charge model in relation to other theories and discusses
the optimal separation conditions of ions in Yaroshchuk (2000a) and Yaroshchuk
(20000).

The fixed-charge theory was proposed by Teorell (1935) and by Meyer and Sievers
(1936) and is known as the Teorell-Meyer-Sievers (TMS) model. The TMS model
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assumes uniform distribution of fixed charges in the membrane and is a special
case of the more general space-charge theory. Several transport models have been
derived using the fixed-charge theory in combination with the extended Nernst-
Planck equation and the Donnan equilibrium potential (Tsuru et al. 1991a, Tsuru
et al. 19916, Wang et al. 19954, Wang et al. 1995b, Wang et al. 1997, Peeters et
al. 1998, Bowen and Mukhtar 1996, Bowen et al. 1997, Bowen and Mohammad
1998a, Hagmeyer and Gimbel 1999, Schaep et al. 1999). The Donnan-steric-pore
model (Bowen et al. 1997, Bowen and Mohammad 1998a) will be discussed in
some detail in Section 3.3.9 to show the principles of these models.

Wang et al. (1995b) have compared the space-charge and the TMS models and
found that the TMS model agreed well with the space-charge model when the
pore radius is much smaller than the Debye length, i.e. the radial electrical
potential is more or less constant due to double layer overlap in the pore. Bowen
et al. (1997) have shown how the radial electrical potential varies at different pore
diameters and electrolyte concentrations and concluded that at small pores (less
than 2 nm) and low concentations (less than 0.05 molar) the use of the simplified
TMS model is justified.

3.3.9 Donnan-steric-pore and hybrid models

Bowen et al. (1997) and Bowen and Mohammad (1998a) derived the Donnan-
steric-pore model (DSPM) based on the fixed-charge model and the extended
Nernst-Planck equation. They also modified the diffusion, convection and dis-
tribution coefficients by introducing steric hindrance factors to describe the in-
teraction between the penetrating molecules and the membrane pore walls. All
variables are defined in terms of radially averaged quantities.

The transport through the membrane is calculated using the extended Nernst-
Planck equation given in Equation 3.61, which can be rearranged to yield the
concentration gradient

dci Jv ZiCZ'F d'L/J

(Ko — O p) — °v
i~ D, Bieti = CiP) = oy
where the fB;-parameter has been replaced by the convective hindrance factor,
K; ., and the relationship J; = J,C; p has been used to replace J;. Further, if no
net current is transported through the membrane, i.e.

> Ji=0 (3.116)

(3.115)
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an expression for the electrical potential gradient can be found, reading
Nz
i > 5 (Kieci — Cip)

- == (3.117)

dx F n
2.,
Wzlzicz

1=

The hindrance factors and the modified diffusion coefficients have been reviewed
by Deen (1987) and an appropriate set of definitions are given by the equations

Kia=K '(\0) K;.=(2-3)G(\0) (3.118)
D;=K;aDi (3.119)
where
K1\, 0) = 1.0 — 2.30\ + 1.1542% + 0.224)3 (3.120)
G(X,0) = 1.0 4 0.054\ — 0.988)\2 + 0.441)\3 (3.121)

are the enhanced drag and the lag coefficient of a spherical solute moving inside
a cylindrical pore, respectively. The steric factor, ®, takes the finite size of the
solute into account and is defined by the equation

d=(1-))? (3.122)

where

Ts

A= (3.123)

Tp
rs and 7, are of course the radiuses of the solute and the membrane pores, re-
spectively.

Equations 3.115 and 3.117 can be integrated between the boundary conditons
z=0 Cz == Ci,m and r=Ax Cz == Ci,p (3.124)

where C;,, and C; p are the feed and permeate concentrations just outside the
membrane. The concentrations inside the membrane can be found if the elec-
tro neutrality conditions in the bulk solution and inside the membrane are used
together with a modified Donnan partitioning equation. The electro neutral-
ity conditions in the bulk solution and inside the membrane can be expressed
respectively as

n n

d zCi=0 and Y ze;=-Xg4 (3.125)

=1 =1
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where as before the C; is the concentration in the bulk solution, ¢; is the con-
centration inside the membrane and —X is the effective volumetric membrane
charge density, which is assumed constant throughout the membrane. The Don-
nan equilibrium can also be modified to take steric effects into account and can
be written

YiCi z
= eap [~ 2 A 12
Tooe = eap (A ) (3.126)

)

where the steric factor ® has been introduced.

The DSPM assumes the membrane to have pores (a heterogeneous membrane) in
contrast to the hybrid model (HM) also discussed by Bowen et al. (1997), which
assumes the membrane to be homogeneous. The HM differs from the DSPM only
in the definition of the convective hindrance factor, K; ., which in the HM model
becomes

Ki.=G(),0) (3.127)

since the velocity profile through a homogeneous membrane is not fully developed
in contrast to the velocity in membranes with pores.

3.3.10 Preferential-sorption-capillary-flow mechanism

The preferential sorption capillary flow mechanism was first proposed by Kimura
and Sourirajan (1967) and is based on a generalised capillary-diffusion model
for the transport of solute, whereas the solvent transport is proportional to the
applied pressure. The transport equations become

Ny = Lp(AP — An) (3.128)
Dsks

N, = (Cr —Cp) (3.129)
Az

where Az is the membrane thickness and Dsks/Az is the solute permeability
factor dependent both on the concentration and the pressure (Soltanieh and
Gill 1981). The mechanisms responsible for the separation are partially surface
phenomena and partially by caplillary flow. An important assumption is that
the membrane pores are only a few times bigger than the permeating molecules
in order to enhance the importance of the membrane surface. The separation
of different components occur when the membrane has a preferential sorption of
one of the components, which will make the region close to the membrane rich
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in this component so that only this component can have acess to the membrane
pores.

In order to explain the physico-chemical criteria responsible of the separation
Krasne and Eisenman (1973) suggested that the selectivity of the membrane
was related to the relative free energy of interaction between the ions and the
membrane. The free energy was written

AAG = AG; — AGp (3.130)

where AG1 and AGp is the free energy of ion-solvent interactions at the interface
and in the bulk solution, respectively. The free energy of ion-solvent interaction
can be expressed by the Born equation (Dickson et al. 1975, Dickson et al. 1976)

1 1 A

where r; is the ionic radius, A is adjustments to the ionic radius, E' = 1/2N,(z;e)?
(1 —1/ey), N, is the Avagadro number, z; is the ion valence, e is the electronic
charge and ¢, is the dielectric constant of the solvent. The solute permeability
factor can then be related to the free energy of interaction by the equation

n

= C*exp [Z(—AAG/RT)i

i=1

Dsk’ls
Az

(3.132)

where C* is a membrane constant depending on the pore distribution. When
(—AAG/RT) is positive energy is required to bring the ion from the bulk solution
to the membrane surface, i.e. ions are rejected by the membrane, whereas when
(—=AAG/RT) is negative the ions are attracted to the membrane.

Two other separation mechanisms should also be mentioned, which are the wetted
surface mechanism and the desalination mechanism proposed by Luck (1984).
The wetted surface or water clustering mechanism was proposed by Reid and
Breton (1959) and further developed by Orofino et al. (1969). In this mechanism
water adsorbs to the membrane through hydrogen bonds and hinders the solutes
from entering the pores. The water molecules pass through the membrane by
moving from a wetted site to another, whereas the solute molecules can only
pass through the membrane by displacing water molecules from wetted sites, a
process which requires much energy and therefore is unfavorable. On the other
hand, Luck (1984) showed that the water structure inside desalination membranes
differed from the water structure in the bulk solution, where the “modified” water
structure inside the membrane makes the ion solubility lower and hence make
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separation possible. Ions which solve easily will have a lower retention compared
with ions less solvable, e.g. sulphate ions have a higher retention than chloride
ions due to their higher hydration energy.

3.3.11 Dielectric exclusion mechanism

Based on the ideas of Sourirajan Glueckauf (1967) introduced the mechanism
of dielectric exclusion into the context of membrane separation. The basis of
the mechanism is that the membrane matrix will interact with the penetrat-
ing molecules and make the dielectric constant of the solution different from
the dielectric constant in the bulk solutions. In most cases the dielectric con-
stant within a membrane will be lower than the dielectric constant of a bulk
solution, 4.e. the molecules are more oriented due to the electric field of the
membrane. The dielectric constant will affect the solubility of the solutes and
the difference in the dielectric constant between the bulk solution and the mem-
brane will have influence on the partition coefficient. Several authors have dis-
cussed and used the basic principles of the dielectric exclusion theory (Parsegian
1969, Hodgson 1970, Bean 1972, Dytnerskii et al. 1972, Dresner 1974, Heyde
et al. 1975, Glueckauf 1976, Kornyshev et al. 1989, Min and Im 1990, Marinas
and Selleck 1992, Starov and Churaev 1993, Bontha and Pintauro 1994, Friebe
and Moritz 1994, Hagmeyer and Gimbel 1998) as summarized by Yaroshchuk
(2000b), who also gives a thorough presentation of the dielectric exclusion theory
and discusses some of its interpretations.

To interpret the dielectric exclusion theory into a mathematical model Bontha
and Pintauro (1994) added an extra term to the definition of the chemical po-
tential given in Equation 3.10 and yielded

i (T, P) = pd(T, P°) + RT Ina; + V(P — P%) + 2, Fyp + ApyaG;  (3.133)

where AjyqG; is the hydration Gibbs free energy change associated with the
transfer of an ion from vacuum to a given solution, which in this case is either
the bulk solution or the membrane phase. The distribution of the ions between
the membrane and the bulk solution can be found when the chemical potential
in these two phases are set equal and all activity coefficients are assumed to be
equal to 1, i.e.

B wFy AR Gi— A} G\ nFy AW
—exp< BT T = exp T T (3.134)
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which can be compared to the Donnan potential given in Equation 3.113. Equa-
tion 3.134 shows that there are two terms that control the distribution of ions,
i.e. the Donnan potential due to the charge of the membrane and the difference
in the dielectric constant”. Born’s model can be used to calculate the hydration
energy

22 1 1
AW = 216 (———) (3.135)

8meor; \ € €p

where r; is the ionic radius and ¢, and €, are the dielectric constants of the
bulk solution and the pore solution, respectively. However, Parsegian (1969),
Glueckauf (1976) and Marinas and Selleck (1992) have shown that the dielectric
constant of the membrane itself must be taken into account and suggest

22 [1 |1 : 2
AW = 2% 0= —+w<1—6—m> (3.136)
8megr; | € €p  Tp/Ti€m €p
where €, is the dielectric constant of the membrane. Hagmeyer and Gimbel

(1998) use Born’s model and let €, be a fitting parameter also including the
effect of the membrane.

The presentation of the dielectric exclusion mechanism will end with the expres-
sion for the salt retention derived by Glueckauf (1976), which assumed spherical
pores and obtained

e?2? (1-a)Q
2e0epkT 1) + i Q

R=1—-exp|-— (3.137)
where @ = (€, — €m)/€m, €m is the dielectric constant of the membrane material,
€p is the dielectric constant of the solution in the membrane pores, r, is the pore
radius, r; is the radius of the ion, a = 1 — (1 + ﬁ2rz2,)*1/2, and, k is the inverse
Debye length defined by Equation 3.112.

3.4 Extensions to multicomponent solutions

The transport models derived for multicomponent solutions are often mathe-
matically complicated and involve many interaction parameters. The general

"Equation 3.134 can in more general terms be written ¢;/C; = exp(—Wioi/ET), where Wiot
is the excess hydration energy. The problem that arises is to define an expression for the Wio:
that can be used in practical calculations (Kornyshev et al. 1989).
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irreversible thermodynamic approach presented in Section 3.2 can be used, but
the model consists of a large number of phenomenological coefficients, L;;, which
also depend on the solute concentrations. The extended Nernst-Planck equation
described in Section 3.2.4 provides a major simplification of the irreversibel ther-
modynamic flux equations and reduces the number of parameters by including the
solute-solute interaction in the electrical potential. Both the Kedem-Katchalsky
model (refer Section 3.2.2) and the Spiegler-Kedem model (refer Section 3.2.3)
have been extended to multicomponent solutions (Galey and Bruggen 1970, Boe-
sen and Jonsson 1978, Vonk and Smit 1983). On the other hand, the Maxwell-
Stefan model is already applicable in multicomponent solutions, but the model
suffers from the lack of relevant parameter data. Other models extended to multi-
component solutions are the solution-diffusion model (Soltanieh and Sahebdelfar
2001) and the preferential-sorption-capillary-flow model (Rangarajan et al. 1985).

A generalization of the Kedem-Katchalsky model has been given by Galey and
Bruggen (1970) and Vonk and Smit (1983) and the solute fluxes can be written

J; =¢(1—0y)Jy + wamg (3.138)

where w;; is the solute permeability also including the solute-solute interaction
and o; is the reflection coefficient. The equation is valid in dilute solutions under
isothermal conditions. Equation 3.138 can easily be extended to the Spiegler-
Kedem model in multicomponent solutions which becomes (Boesen and Jonsson
1978, Vonk and Smit 1983)

J; =ci(1 —03)J, Z PZJ d (3.139)

where P;; is the solute permeability. In a two-solute system Vonk and Smit (1983)
derived the following expression for the retention coefficient
0ij(1 = Fij)

R: =
' 1-— UijFij

i~ (3.140)
where
Fyj = expl=JoAz (1 —045)/Pi] i~ (3.141)

and 7 ~ j means that the equation for component j can be obtained by switch-
ing the indices. o;; is an effective reflection coefficient, which also includes the
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interaction effects between the solutes. Also Boesen and Jonsson (1978) derived
a retention expression in a two-solute system and found the relationship

P\ (0, — R)J, (Cir o
Ri=R)— (2 ) L V(2L ~ 3.142

where R? is the retention in the single solute solution. Small fluxes were assumed
in the derivation of this equation.

Soltanieh and Sahebdelfar (2001) wrote the multicomponent flux equations in
the solution-diffusion model as

J’U = LP(AP - Aﬂ'tot) (3143)
and
Ji =Y Kij(Cjr - Cjp) (3.144)
7j=1

where K;; is the permeability including the solute-solute interaction. As for the
other models an expression for the retention can be found (Lonsdale et al. 1974)

K;; Cir
0 0 0 )

Pusch (1980) used the irreversible thermodynamic approach and derived simpli-
fied flux equations and an equation for the retention coefficients

n

11 P R;
— = R/ MR 3.146
R;  R¥® +j§ R®J, R; (3-146)

where R?° is the retention at infinite volume flux (J, — 00).

3.5 Concluding remarks

This review has shown that many possible separation mechanisms exist in a mem-
brane separation process, and the separation may be a product of one or several
of these mechanisms. Some of the mechanisms have proven useful in a particular
set of conditions, whereas other mechanisms are less dependent on the condi-
tions in the process. When the situation around a new process is investigated,
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all separation mechanisms should be considered and regarded as possible, until
experimental evidence points out the most likely mechanism(s).

Except for the Maxwell-Stefan approach, all transport equations are only valid
in dilute solutions, but in many cases the equations have proven useful even if
the concentrations are not “dilute”. This assumption is necessary in order to
derive at practically and mathematically feasible solutions and any attempt to
extend the transport equations to concentrated solutions have ended at the point
where the assumption of dilute solutions are made. Anyway, the Pitzer model has
been discussed in some details in Chapter 4 in order to calculate the osmotic and
activity coefficients in concentrated solutions, which will be useful in discussing
the concentration versus the activity.



Chapter 4

Electrolyte solutions

4.1 The liquid state

Liquids are more difficult to deal with than gases or solids since there is neither
complete disorder nor complete order in the molecular structure (Laidler and
Meiser 1982). To make quantitative models the liquid state can be considered
either as a nonideal gas or a disordered solid, where the first approach is better
at temperatures near the critical point of the liquid whereas the latter approach
is better at temperatures near the melting point. None of the approaches are
good since the relative positions and orientations in liquids are difficult to define,
which also means that it is difficult to calculate the macroscopic properties from
the molecular interactions, i.e. the partition function for the liquids is usually
hard to formulate.

Liquids exhibits some short range order but no long range order in the structure.
The short range structure can partially be described by the radial distribution
function, which specifies the number of entities found, on the average, at a specific
distance from a particular point or entity. In liquids the short range order exists
only over a few atomic or molecular diameters, and this distance decreases with
increasing temperature.

Other factors required to fully describe the structure in liquids are the coordina-
tion number which is the mean number of nearest neighbors to a molecule, and

the angular correlation between the nearest molecules (Conway 1981). Also, in

59
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liquids making hydrogen bonds, such as water, the amounts of broken and bent
hydrogen bonds present in the liquid can provide useful information.

The structure of liquids is dependent on the nature and strength of the inter-
molecular forces, which come into play when molecules approach each other close
enough. The intermolecular forces can be separated into ion-ion, ion-dipole,
ion-induced dipole, dipole-dipole, dipole-induced dipole, dispersion and repulsive
forces. The first five types of forces occur when ions or dipoles are present in
the liquid, while the dispersion forces are the result of a sudden unsymmetrical
electron distribution in the electron cloud of a molecule which makes the molecule
momentarily dipolar. This new dipole will induce a nearby molecule into another
dipole and attraction between the dipoles occurs. The dipoles are in rapid fluctu-
ation due to the rapid motion of the electron cloud, but on average the molecules
experience an attractive force. Repulsive forces occur when two molecules are so
close together that their electron clouds overlap, which will reduce the shielding
effect of the nucleis and hence create a repulsive force between the molecules.

The relationship between the force and the potential energy between two molecules
can be written
dE,

F= o (4.1)
where F is the intermolecular force, F, is the potential energy and r is the distance
between the molecules. The potential energy is set to zero when the molecules
are separated by an infinite distance. The different intermolecular forces have
different strength due to the different amounts of electrical charges involved and
the forces decrease with different powers of the reciprocal distance between the
interacting molecules, e.g. ion-ion forces depend on r~2, ion-dipole forces depend
on r—3 , jon-induced dipole forces depend on r—°, dipole-dipole, dipole-induced
dipole and dispersion forces depend on r~7 and repulsive forces depend on r—'3
(Laidler and Meiser 1982).

4.2 Structure and solvent properties of water

Water is in possession of some unusual properties such as low density with cor-
responding high free volume, maximum density at 277 K, relatively high boiling
point, high surface tension and high dielectric constant (Conway 1981). These
properties are a result of the hydrogen bonds formed between water molecules.
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The HOH bond angle in the water molecule is 105° and the separation of a neg-
ative charge on the oxygen atom and a positive charge on each of the hydrgen
atoms makes the water molecule an electric dipole. This strongly favours the
making of hydrogen bonds in three dimensions.

The high dielectric constant of water is an effect of 1) the large dipole moment
of the water molecule, 2) the availability of an electron lone pair on the oxygen
atom that can act as an electron donor, and, 3) the high polarisation factor or
high tendency to orient the molecules in response to an applied electric field. The
high dielectric constant makes water a unique solvent for polar molecules and for
salts which dissociate into ions.

The number density function' for water found by X-ray diffraction experiments
is shown in Figure 4.1 (Narten et al. 1967). Since the number density is zero
up to 250 pm, this distance can be regarded as the effective molecular diameter
of the water molecule. Further, the relative density becomes one above 700 pm
which means that there does not exist any structural order above this distance.
The sharp peak located at a distance of 290 pm indicates the presence of the
nearest neighbours, and when the number density is integrated over the volume
shell at this distance, the coordination number becomes 4.4 molecules. This value
is actually valid in the temperature range 277-473 K.

The structure of ordinary ice has also been determined by X-ray diffraction
(Laidler and Meiser 1982). The O-O distance is found to be 276 pm and each
water molecule is surrounded by four other molecules in a tetrahedral arrange-
ment. In this ice structure there are no molecules corresponding to the peak at a
distance of 350 pm found in the number density function for liquid water (refer
Figure 4.1). In fact, this distance locates interstitial sites from each oxygen atom,
and it seems reasonable to conclude that when ice melts some of the molecules
move into these sites. This partial collaps of the tetrahedral structure when ice
melts gives a contraction in the volume of about 9% (Laidler and Meiser 1982).

Several different mizture and continuum models have been used to calculate the
structure and the thermodynamic properties of water, but the most promis-
ing model compared with X-ray data is given by molecular dynamic simulation
(Conway 1981). Results from molecular dynamic simulations are still improved
by more sophisticated models of the intermolecular forces and details in the struc-

!The number density, p(r), relates to the radial distribution function, g(r), by the equation
p(r) = g(r)dr/4nr’dr = g(r)/4nr?, and gives the number of atoms per unit of volume of a
particular shell dr at distance r from a particular point.
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Figure 4.1: The relative number density as a function of distance calculated from
X-ray diffraction experiments for water at 4 and 100 degrees Celsius. pg is the
number density at large distances. From Narten et al. (1967).

ture of water are still discussed in the literature (Chialvo et al. 1998). Conway
(1981) concludes that the structure of liquid water can be visualized “as a ran-
dom, defective and highly strained network of hydrogen bonded molecules, filling
space rather uniformly”.
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4.3 TIons in solution

4.3.1 The dissolution process of an ionic lattice

A salt consists of ions in a crystal lattice with a defined structure where the ions
are held together by ionic forces. A spontaneous dissolution of the ionic lattice
into dissolved ions usually occurs when a salt is mixed with water, and this
process can be discussed in terms of the Gibbs energy of dissolution and hence
the enthalpy and entropy of the dissolution process. The dissolution energy of
an ion depends on many factors where the most important are the ion size; the
ion charge; the sign of the charge; the locations of the charge bearing atoms in
large molecules; the number of solvent molecules that can have direct access to
the ion; the dipole and quadrapole? moments of the solvent molecules; and, the
dielectric properties of the solvent (Conway 1981).

In a Born-Haber energy cycle the dissolution energy of the ions, AH, can be
related to the energy of the crystal lattice formation, AH,; and the hydration
energy of the ions, AH},4. The Born-Haber enthalpy cycle can be written

M*(g) + X~ (g)
Athd
AI'Iloat

MX(s) M*(aq) + X~ (aq)

AH,

where g refers to the gas phase, aq to the aqueous phase and s to the ions in the
crystal lattice. The enthalpy balance can then be written

AH, = AHpyq — AHyy (4.2)

where both the enthalpy of crystal lattice formation and the enthalpy of hydra-
tion of ions in water are large negative quantities which give a relatively small
enthalpy of the dissolution process, approximately in the range +42 kJ mol~!

2The water molecule also forms a quadrapole moment because it actually consists of two
points with negative charge (two electron lone pairs on the oxygen atom) and two points of
positive charge (the two hydrogen atoms). The quadrapole moment is the electrical analogy to
the moments of inertia (Millero 2001).
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(Conway 1981). This means that when ions dissolve in polar solvents they return
to approximately the same energy state experienced in the crystal lattice due to
large energy interactions between ions and surrounding polar solvent molecules.

A simple model to interpret the thermodynamics of ions in solution was given by
Max Born (Laidler and Meiser 1982), who considered the solvent as a continuous
dielectric and the ion as a conducting sphere. The energy change when transfer-
ring the ion from a gas phase into a solvent equals the electrostatic Gibbs energy
of hydration which can be calculated from Born’s equation

0 0 0 22e® (1

AGhyq = Ges — G, (vacuum) = Smeor <E — 1) (4.3)
Here es means electrostatic, z is the valence of the ion, e is the electric charge,
r is the radius of the ion, ¢ is the permittivity of vacuum and e is the dielectric
constant of the solvent. Born’s model is a rather simple model which does not
include that the solvent molecules close to an ion will orient themselves and that
the dielectric constant of the solvent will decrease nearby ions. More sophisticated
models are therefore now in use (Conway 1981). However, in a plot of Gibbs
hydration energy in water versus z2/r, the Born’s model shows good agreement
with measured energies for univalent ions whereas the model predictions get worse
when the ion charge increases and the ion radius decreases. Further, Born’s model
has been improved by changing the dielectric constant of the solvent close to ions.
Indeed, the agreement between measured energies and calculated values from the
model for divalent ions become better when the dielectric constant of water is
decreased from 78 to 2 (Laidler and Meiser 1982). In other words, Born’s model is
very dependent on the local values of the dielectric constant and the assumption
of treating the solvent as a continuum is not good.

The dielectric constant of a liquid is related to the tendency of the molecules
to orient themselves in an electric field. Near ions a very high electrical field
exists and this field causes almost complete orientation of the solvent molecules.
The dielectric constant falls off to a value of approximately 2 when the solvent
molecules get fully aligned, an effect known as dielectric saturation (Conway
1981). These arguments also apply for charged interfaces, e.g. membranes, where
the dielectric constant can very rapidly fall from its normal bulk value to a much
lower value close to the interface and, of course, inside a membrane.

Since the dielectric constant is a macroscopic property of a continuum liquid,
the term dielectric constant near ions and interfaces should be regarded as a
local effective polarizability parameter to describe the condition near the ion or
interface. Since much of the Gibbs energy of hydration calulated from Born’s
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model is accounted for very close to the ion, i.e. 50% of the hydration energy is
accounted for in the water layer with a thickness of one ionic radius whereas 83%
of the hydration energy is accounted for in the water layer with a thickness of six
ionic radiuses, it depends on the changes in the local dielectric constant. This
means that an appropriate choice of the dielectric constant is of great importance
when considering ionic solutions and hydration processes. Hasted et al. (1948)
have measured the dielectric decrement in different aqueous solutions and some
values are given in Table 4.2 at the end of this chapter. The ionic dielectric
decrement values are additive and the dielectric constant of the solution can be
calculated from the relationship € = €, + 28.c when the concentration is lower
than 2 molar.

4.3.2 Hydration number, the Frank and Wen model and Gur-
ney’s hydration co-spheres

The hydration number? of an ion in a solution is a widely used quantity to char-
acterize the ion-solvent interaction present, but it is a controversy quantity due to
its vague definiton and the relatively large differences between estimated values.
Even if the hydration number is conventionally defined as the number of water
molecules associated with an ion in the solution, problems arise when trying to
decide which water molecules are satisfactorily associated and which are not.
Bockris has given a useful definition of the hydration number and divided the
hydration sphere into a primary and a secondary hydration layer (Conway 1981).
The water molecules in the primary hydration layer are rather permanently as-
sociated with the ion and move along with it as one entity, whereas the water
molecules in the secondary layer are more loosely affected by the ion and will not
move along with it.

Several different experimental methods are available to measure the hydration
numbers of ions. Methods used are statistical calculations from a distribution
function, calculations from transport properties such as mobility measurements,
calculations from measured thermodynamic properties such as activity coefficient,
entropy, partial molar volume, compressibility and dielectric constant, and, from

3Conway (1981) makes a difference between the hydration number and the coordination num-
ber and defines the latter in terms of geometrical considerations and the hydration number in
terms of the fraction « of the coordination number which have different properties compared with
the properties of the bulk molecules. For strongly hydrated ions the hydration number equals
the coordination numbers, while for weakly hydrated ions the hydration number approaches
zero whereas the coordination number can still be a definite number.
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spectroscopy measurements such as nuclear magnetic resonance (NMR). More
details about each method are given in Conway (1981).

An illustrative example of the wide range of hydration numbers obtained by differ-
ent methods is given by Burgess (1988), who listed the reported hydration number
obtained by different methods for the magnesium ion in aqueous solutions. The
reported hydration numbers are in the range 12-14 for transport number mea-
surements; 10-13 for mobility measurements; 8 for conductivity measurements;
9 for diffusion measurements; 13 for entropy measurements; 5 for activity coeffi-
cient calculations; and 6 for calculation of the NMR peak areas. Marcus (1997)
has tabulated averaged and recommended hydration numbers for a large number
of ions and the values for the ions Mg?*, C1~ and SOi* are given in Table 4.2 at
the end of this chapter.

Another useful model of the solvent structure around ions in solutions was given
by Frank and Wen (1957) and a sketch of this model is shown in Figure 4.2a.
The Frank and Wen model distinguishes between three different zones around an
ion in solution; 1) a hydration layer with ordered structure of water molecules,
2) a disorder layer where the water molecules are more randomly oriented than
in ordinary water, and, 3) a bulk region where the ion has no influence on the
water molecules.

Hydration layer Ton

rimary hydration
layer
/Overlap region

Bulk solution @

Secondary —”

Disorder layer hydration layer

(a) (b)

Figure 4.2: (a) The Frank and Wen model consisting of three zones. (b) Overlap
between two Gurney hydration co-spheres.

Gurney (1960) treated ions in solution in terms of co-spheres, where the co-sphere
around an ion was limited to those solvent molecules having an interaction energy
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with the ion above a certain level, e.g. k7. For most ions the co-sphere radius
would approximately be 2 or 3 water molecules. The probability that two co-
spheres will overlap increases when the concentration increases. The solvent
trapped between two spheres will be influenced by both ions, but when the ions
are of the same sign the influence will to some extent vanish and release unbound
water. The principle of Gurney’s hydration co-sphere overlap is shown in Figure
4.2b. The critical concentration, Cg [mole/dm?], at which Gurney co-spheres
just overlap can be calculated using the equation

1

Ca = Na(2rg)?

(4.4)
where N4 is the Avagadro number and r¢ is the radius of the Gurney co-sphere.
The latter is the sum between the ionic radius and the thickness of the hydra-
tion layer. If the co-spheres are arranged in a cubic lattice and the hydration
layer thickness is set equal to the diameter of one water molecule, the critical
concentration for sodium and magnesium ions is approximately one molar.

4.3.3 Ion association

Strong electrolytes were first assumed to be fully dissociated in solutions, but
deviations from amongst other the Debye-Hiickel-Onsager conductivity equation,
have led to the conclusion that this assumption may not be strictly valid (Laidler
and Meiser 1982). So, even if most strong electrolytes in water are highly dis-
sociated (a = 0.90-0.99) there can be a significant degree of ion pairing at high
concentrations.

The strong electrostatic attraction between positive and negative ions makes it
possible for pairs of ions to become associated in solution. The bonds between
ions that have formed such ion pairs must be distinguished from covalent bonds,
since the latter bond type are permanent whereas in ion association there is a
constant interchange between the ions forming the ion pair and the ions which
are unassociated in the solution. Ion pairs are normally divided into three types
(Conway 1981); 1) solvent separated ion pairs where the hydration sphere of
the anion and cation are more or less retained (refer Gurney co-sphere overlap),
2) solvent shared ion pairs where some of the associated solvent molecules are
released and where at least one solvent molecule is shared between the ions, and,
3) contact ion pairs in which the ions are in direct contact with each other.

Based on the Boltzmann equation, Bjerrum (refer Laidler and Meiser (1982))
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derived an expression which gives the critical distance between two ions where
the ions form an associated ion pair held together by coulombic forces. The
electrostatic potential energy at this distance rg is four times the mean kinetic
energy per degree of freedom in the case of two univalent ions, and the probability
that the ions are associated is significant. The Bjerrum distance, rp, can be
calculated from the equation

ZeZa€>

= e 4.5
8megekT (4.5)

B
where z; is the valence of the cation and anion, e is electrostatic charge, ¢j is
the permittivity of vacuum and e is the dielectric constant of the solvent. If the
dielectric constant of water at 298 K is used this distance becomes 0.358 nm for
two univalent ions, 0.716 nm for one univalent ion and one divalent ion and 1.432
nm for two divalent ions. A lower dielectric constant will of course increase these
distances.

4.3.4 Structure making and structure breaking ions

The importance of solvent structural effects in the entropy of electrolyte solutions
was first investigated by Frank and Robinson (1940) and Frank and Evans (1945),
and led to the classification of ions as structure makers or structure breakers.
Several different quantities can be used as criteria for classification, giving more
or less the same result.

Frank and Robinson (1940) calculated the relative partial molal entropy of water
in solutions which is defined as the difference between the actual partial molar
entropy of water in a solution, S,,, and the pure solvent entropy at its standard
state, SO. This quantity was used to predict the net structure effect in solvents
when ions were added since an increase in the relative partial molal entropy of
water will be equal to a breaking of the water structure and vise versa. Frank and
Robinson showed that small ions like the magnesium ion have a small structure
breaking tendency, especially compared with larger ions such as the sodium ion,
and the results both for sodium chloride and sodium sulphate and for magnesium
chloride and magnesium sulphate indicated that the sulphate ion has a smaller
disruptive effect on the water structure than the chloride ion. The latter conclu-
sion is related to the tetrahedral shape of the sulphate ion which rather easily
fits into the water structure.

Later, Frank and Evans (1945) discovered the importance of the structural effects
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in the entropy of electrolyte solutions and introduced the term structural entropy.
Except for small ions, such as lithium and fluoride which has a decrease, the
increase in the structural entropy indicates that most ions have a net structure
breaking effect. This change in structure can be related to a change in the fluidity
or viscosity* of a solution and is measured by the B-coefficient of the Jones-Dole
equation for the viscosity given by

=14 Ao+ Byet ... (4.6)

Thw

where 7 is the viscosity of the electrolyte solution, 7, is the viscosity of the water
and c is the concentration given in molar. If the B, -coefficients are positive the
viscosity will increase and equivalently the fluidity will decrease and the ion is
classified as a structure maker. From the B -coefficients listed in Table 4.2, the
magnesium and sulphate ions are structure makers, whereas the chloride ion is
a structure breaker. The same ion classification can be obtained by using the
fluidity elevations, Ay, given in Table 4.2 and measured by Bingham (1941).

Kaminsky (1957) discussed the temperature dependency of the B-coefficients of
single ions in the temperature range 288-315.5 K. The magnesium ion has a
positive and decreasing B-coefficient with increasing temperature, the sulphate
ion has a positive and increasing value, whereas the chloride ion has a negative
value which turns positive around 303 K.

Marcus (1997) classifies the ions as structure makers or breakers by using the
average number of hydrogen bonds in which a water molecule participates, Gp,
and calculates the change in this number by an empirical model for the structural
entropy. From Table 4.2, the magnesium ion can be regarded as a structure
maker, the chloride ion is a structure breaker, whereas the sulphate ion is classified
as a structure breaker. The classification of the sulphate ion is barely significant
due to the accuracy of the method used.

4.3.5 Effect of increasing the electrolyte concentration

Generally, as the concentration increases the amount of free bulk water avail-
able for hydration decreases, a situation clearly demonstrated by calculating the
number of water molecules per ion in divalent-univalent salts which becomes 185
water molecules for a 0.1 molal solution, 18.5 water molecules for a 1.0 molal

“The fluidity, ¢ is defined as the reciprocal viscosity, 1, i.e. ¢ = 1/7.
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solution and 3.7 water molecules for a 5.0 molal solution. This leads to a compe-
tition over the water molecules between the ions and as a consequence the water
activity decreases. This is the same as an increase in the osmotic coefficient as
shown in Figure 4.3. For strongly hydrated ions, such as magnesium and sul-
phate ions, there is no free water at 5 molar solution. Bockris and Saluja (1972)
measured the adiabatic compressibilities of several chloride salts and calculated
the hydration number per salt as the concentration changed. The results for
magnesium chloride are shown in Table 4.1, and the general conclusion is that
the hydration number per ion will decrease as the concentration increases.

Table 4.1: Total and ionic hydration number (HN) for magnesium chloride as
function of concentration at 298 K, from Bockris and Saluja (1972).

C [mol dm~3] Total HN HN Mg?t HN CI-

0.05 12.8 10.1 1.4
0.09 12.3 9.7 1.3
1.05 10.1 8.1 1.0
2.11 8.4 6.8 0.8
4.22 6.1 5.1 0.5

The same effect was obtained by Stokes and Robinson (1973), who considered
the hydration number as a distribution of successive stages, and showed how the
distribution of hydration number to lithium chloride changed from a hydration
number of 5 at 1 molal solution to a hydration number with a normal distribution
around an average value of 2.5 at 20 molal solution. The results from molecular
dynamic simulations with 0.55 molal and 2.2 molal sodium chloride solutions
show a significant formation of a second hydration shell and a significant increase
in the primary hydration number as the concentration decreases (Conway 1981).

The loss of free water with increasing concentration and the increase in probability
that Gurney hydration co-spheres will overlap, results in an increase in the salt
activity which is shown as an increase in the salt activity coefficient, see Figure
4.3. This increase in the activity coefficient is determined by the ion-ion coulombic
forces and the ion-solvent interactions due to a change in the solvent activity®.

®The fundamental Gibbs-Duhem equation for a solution nsdps + nwdp, = 0, consisting of
ns moles of solute and n,, moles of solvent and where p is the chemical potential, which relates
the activities of the solvent and the solute in a solution.
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4.4 Thermodynamics of concentrated electrolytes

This study has dealt with high electrolyte concentrations where the solutions are
far from ideal and the activity coefficients are far from one. The thermodynamic
properties at high concentrations can be modeled by a number of theories (Loehe
and Donohue 1997). In this study the Pitzer model was chosen due to its sim-
plicity and the wide variety of exsisting parameters. In the first sections some of
the fundamental equations defining the thermodynamic properties of interest are
given, while the Pitzer model is described in Section 4.4.5. The theory and the
equations are taken from Pitzer (1995) unless stated otherwise.

4.4.1 Gibbs energy and definition of the chemical potential

One of Gibbs definitions given in 1875 is the equation defining what is now known
as Gibbs energy

G=U-TS+PV=H-TS (4.7)

where G is the Gibbs energy, U the internal energy, T the absolute temperature, S
the entropy, P the pressure, V the volume and H the enthalpy. If this equation is
differentiated and the internal energy, dU = dq+dw = T'dS — PdV , is introduced,
the well-known thermodynamic relationship

dG = —SdT + VdP (4.8)

is obtained. On the other hand, expecting the Gibbs energy to be dependent on
the temperature, pressure and the mixture composition, the general differential
can be written as

oG oG oG
== T — P ; 4.
1 (8T> Pn; ar <3P> Tni w Z <3"i>P,T,nj¢i an (9

i

n; is the number of moles of component 4. If Equations 4.8 and 4.9 are compared,
the following relationships can be found

oG oG
—S = (8_T> .- and V = (a—P>T’ni (410)

Further, the chemical potential can be defined as

oG
g PTmn;#n;
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and the Gibbs energy can be expressed as

dG = —SdT + VdP + > puidn; (4.12)

)

4.4.2 Definitions of the activity, activitiy coefficient and osmotic
coeflicient

The chemical potential can be written
pi — ¥ = RT Ina; (4.13)

where u? is the chemical potential at the standard state and a; is the activity of
component i. The activity can be divided into two parts

a; = vim; (4.14)
where +; is the activity coefficient and m; the concentration given in molality.

When m; — 0, a,; — m; and 7,,; — 1. This means that an ideal solution
has the activity coefficient 1 and the activity is given by the concentration. The
activity of the solvent (water, w) can in ideal (or very dilute) solutions be written

S\
(A

=z, =14+ - 4.15
v = Tw * 1000/, (4.15)
and the logaritmic activity can be approximated
S S m
1 =—In[1 : >t 4.16
now ==\ U 50070, 1000/M,, (4.16)

To deal with the problem that the solvent activity is very close to one in dilute
solutions one defines the practical osmotic coefficient

1000/M,

S
(A
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where a,, and M, are the activity and molar weight of the solvent. The practical
osmotic coefficient, ¢, is distinguished from the rational osmotic coefficient, g,
which is defined in terms of mole fraction as

Inay, = glnay, (4.18)

If Equation 4.17 is used to substitute the solvent activity, the chemical potential
of the solvent given by Equation 4.13 simplifies to

_ RTM,,
o — 1) = RT Inay, = 1000 RTM.¢ Zmz (4.19)

4.4.3 Osmotic pressure

A simple illustration of the osmotic pressure is given by a system containing
pure solvent on one side and a solution on the other side of a semi permeable
membrane. The membrane allows passage only of the solvent. If the pressure is
the same on both sides of the membrane, the chemical potential of the solvent is
less in the solution and solvent will flow through the membrane into the solution,
a phenonenon commonly known as osmosis. The solvent flow will change the
pressure in the solution and hence the chemical potential until equilibrium can
be attained. This equilibrium can be written

O O
P
op W+ g, dm

and inserting (O, /OP)r = V4 and dln f,, = dp,,/RT, where V,, is the partial
molar volume and f,, is the fugacity of the solvent, gives

dppy =0 = (4.20)

0=V,dP+ RTdn f, (4.21)
which can be integrated from reference pressure P° to pressure P to give

P — P)V
a, =2 = = LWV (4.22)
7 RT
Further, substitution of Equation 4.17 gives the osmotic pressure in terms of the

osmotic coefficient

RTM,
W:P—P0:¢><7_M>Zmi (4.23)
1000V 4, ) 4

Thus, the practical osmotic coefficient, ¢, is a factor correcting the approximate
expression to the true osmotic pressure.
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4.4.4 Activity and osmotic coefficients in terms of Gibbs excess
energy

A useful framework of equations is derived based on the definition of the excess
Gibbs energy. This energy is defined as the difference between the actual Gibbs
energy and the Gibbs energy of an ideal solution taken at the same temperature,
pressure and composition, ¢.e.

GF(T, P, z;) = G(T, P,z;) — G'(T, P, ;) (4.24)

where the superscripts E and ¢d mean excess and ideal, respectively. Taking the
pure components at the same temperature and pressure as the reference states,
the excess Gibbs energy for a mixing process can be written

GE = AninG — Apin G (4.25)
ApmizG'™ can be expressed as

AmizGld Z i (1 ) + M (o — :Uow)

(4.26)
= RTan’ Inm; — 1)

i

The last equation is valid when using the expression for the solvent activity given
in Equation 4.16. Further, by using the defintions given in Equations 4.13 and
4.19, a similar expression for the A,,;»G can be found

ApizG = Z nz Hi + zn (Mw - Mow)

zi:ni In(yim;) — ¢ (1000/M > Zmz]

Remembering that m; = n;/n, - 1000/M,,, the last expression can be further
simplified into

(4.27)
= RT

AmicG = RT Y n; [In(y;m;) — ¢] (4.28)

i
Then, finally, substitution of Equations 4.26 and 4.28 into Equation 4.25 gives

GEm
Wy RT

= Zm (1—¢+1Iny) (4.29)
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where n; = m;-w,, and w,, is the amount of solvent in kilograms. The superscript
m states explicitly that the Gibbs excess energy is given in the molal system.
The osmotic and activity coefficients can now be defined by differentiation of the
GP™_expression, giving

-1 Em
(p—1)=- <Z ml> <8(GTZJRT)>TP”_ (4.30)

Invy; = (M (4.31)

on; >T,P,ww,nj¢i

4.4.5 Semi empirical equations (Pitzer model) for the activity
and osmotic coeflicients

To calculate the osmotic and activity coefficients from Equations 4.30 and 4.31 a
model of the Gibbs excess energy is needed. The most acknowledged and practical
model is the Pitzer ion interaction model, proposed by Pitzer (1973). The Gibbs
excess energy is written

GEm 1 1
—— =wof(I) + — Y Nij(Dnminj + — > pijeningni (4.32)
RT Wy “—= wg, =
X ijk
and applies for a solution containing w,, kg of solvent and n;, n;, ... moles of

solutes. The function f(I) is dependent on the ionic strength, temperature and
solvent properties and takes care of the long-range electrostatic forces and is given
by

ATA
f= —T¢ In(1 + bI'/2) (4.33)

where b is a universal constant with a value of 1.2 kg'/?mol~!/2 and Ay is the
Debye-Hiickel parameter defined by

1 (20 N4py 1/2 e2 3/2
Ay =5 (4.34)
3 1000 dregekT

N, is the Avagadro number, p,, is the solvent density, e is the electronic charge
[C], € is the permittivity in free space, € is the dielectric constant, k is the
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Boltzmann constant and 7" is the absolute temperature. The ionic strength, I, is
defined by

1
I= 3 Zmﬂ? (4.35)
7

where m; is the molality of species ¢ with valence z;.

Aij is also a function of ionic strength and expresses the short-range forces between
species 7 and j.

Finally, the triple particle interaction, p;jx, is included, which is taken as a con-
stant at a given temperature. It is also neglected when all the components are of
the same sign due to mutual repulsion preventing short-range effects.

Only combinations of the X's and p's are allowed in order to get measurable
variables. A set of appropriate definitions are:

Ve Vg

B, = )\ca + 2—%)\@0 + 2—Vc>\aa (436)
Zel z
Qoo = Aeer — 2_;)\00 - gcc,)\c’c’ (437)
3
Cog = = (Mcca + Mcaa) (4.38)
2\ z 2q
3z 3z
Yecra = Opbecra — —C,Ucca - _cﬂc’c’a (4-39)
Ze Zet

with corresponding definitions for @, and 4q/c.

These expressions can be put into Equation 4.32 and the concentrations can be
changed into molalities (m; = n;/w,,), which would give the following equation
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for the Gibbs excess energy

GEm
W RT f( -I-QXC:%:mcma

B, + (Z mczc> Cea
c

+ Z chmc’ 20, + Z ma"/)cc’a]

c>c a (440)
+ Z Zmam; 20, + Z mc"/)aa’c]

a>a' c

+ 2 Z Z My MeAne + 2 Z Z My MaAng + -
n C n a

where the subscripts ¢, ¢ and n stand for cation, anion and neutral components,
respectively. Further, the neutral-neutral interactions and 3-particle interaction
involving a neutral component are omitted.

Equation 4.40 can be combinded with the defining Equations 4.30 and 4.31, and
give expressions for the osmotic and activity coefficients:

(-1 = —(Smi)~" (LEo/ED

)szani
A, T3/2
- ZQ_mi (HZ)W + S mema(BE + ZC,y)
i e (4.41)
+Z chmcl (éfc’ + Z mawcc’a)
a

c<c!

Y S mamg (@2, + 5 mcwm»)

a<al

A(GE™ /RT)

1n7M = ( onnr )T,P,ww,ni7éM

= Z%/[F + Z ma(2BMa + ZCMa) + Z mc(2<I)Mc + Ema'(/}Mca) (4'42)
a c a

+Z Zmama¢Maa’ + zpm Z Z mcmaCca
a

a<a! c



78 Ch.4 Electrolyte solutions

8(GP™ /RT)

Inyyxy = ( nx )T’P’ww,n#x

= 22F +3 m:(2Bex + ZCex) + Y. ma(2®x0 + > metbexa)  (4.43)
(64 a (64
+Z Emcmc’wcc’X + |ZX| Z Z MM Ceq
c<c! c a
where
F=f"4+Y"Y "mm,Bly+ Y > meme®hy + > > memgl,  (4.44)
c a c<c! a<a’

Here the contributions of any neutral components are omitted. B’ and ®' are
the ionic strenght derivative of B and ®. Further, the following expressions are
valid:

L, 1'/2 2 1/2

7 = Zml|zz| (4.46)

BY, = B, +IB., (4.47)
¢
Cea = ﬁ (4.48)
The parameter B is given by
Beo = B + Bl g(an I'?) + B g(aaI?) (4.49)
and it’s derivative
B, = B (anI'?) + B3 g (') (4.50)

For uni-uni and uni-di valent ion pairs aq = 2.0 kg'/2 mole /2 and /ng) =0,
while for di-di valent (and higher valencies) electrolytes o = 1.4 kg'/? mole~"/2
and ap = 12.0 kg!/2 mole~ /2. Further, the function g is given by

2[1 — (1 4+ z)exp(—x)]
2

g(w) = (4.51)
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and it’s ionic strength derivative

1—(1+2z+2%/2)exp(—2)
3

g (z) = -4’ (4.52)

X

Substitution of Equations 4.49, 4.50, 4.51 and 4.52 into Equation 4.47, gives

BY, = ) + Bl eap[—an I'?] + ) eapl—anI'?] (4.53)

The parameter @fj where 75 are either two different cations or two different anions
is given by

Y = Dy + 1P}, (4.54)
where
@ij = oij + Eoij(I) (4.55)

The parameter 60;; is an adjustable parameter in the model, while the EOU is
dependent on the ionic strength and accounts for electrostatic unsymmetrical
mixing effects. It also depends on the charges and equals zero when the two
interaction ions have the same charge. This gives the derivative of ® equal to

q);j = Eoéj (4.56)
The parameter ¥ 0;; is defined by
P, = (le]> [J(l"ij) - 1J(ﬁﬁii) - lJ(ﬂﬁjj) (4.57)
471 2 2
where
Tij = 6zisz¢I% (4.58)

The ionic strength derivative of ¥ 0;; equals

- (G7#) (o) = 1/27 (@) = 1/27(z)]

The function J contains the short-range potential and is very complicated. Tt
can be approximated with numerical expressions, i.e. (Pitzer 1975)

J(x)

T
4+ 538L exp[—0.012020-528]

(4.60)
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This equation is straight forward to differentiate, remembering that z is also a
function of I.

To sum up, the Pitzer model depends on the following adjustable parameters:
ng), Bg,ll), Bég) and CZ, for each ¢ — a pair called the main parameters, and, 6;;
for each ¢ — ¢’ and a — a' pair and ;j;, for each ¢ — ¢ —a and a — o' — ¢ pair
called the mixed parameters. All parameters including neutral components are

omitted, but details about contribution from neutral solutes are treated in Pitzer
(1995).

Recently the Pitzer model has been extended to apply also inside membranes
as proposed by Stegen et al. (1999), where also the influence of the membrane
has been taken into account. The fixed charged groups of the membrane are
considered as ions of concentration m,,, and the activity coefficients inside the
membrane can then be calculated by

Y= Fpivzer (MY, ooy MY, M, Fshielding) (4.61)

where m" is the ion concentrations inside the membrane and fspiclding corrects
that the membrane charges perform a shielding effect upon each other. In order
to use the model the Pitzer parameters have to be determined from experimental
adsorption results and at this point very few literature data exist5.

4.4.6 Temperature and pressure dependency

The temperature dependency of the thermodynamic properties are usually in-
cluded in the Pitzer ion interaction parameters. Each parameter is given as a
temperature dependent function and both the shape of this function and its pa-
rameters are determined from experimental results and curve-fitting. As can
be seen from Appendix A, different functions apply to different electrolytes and
different ion interaction parameters.

The pressure dependency of the activity coefficients could also be included in
the Pitzer model, but since there is only a limited number of volumetric param-
eters available in the literature, this has not been done. Instead, from classical

®Stegen et al. (1999) have calculated the Pitzer parameters for a sulphonic DuPont membrane
and a sodium chloride - sodium hydroxide solution.
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thermodynamics the pressure dependency on activity coefficients can be written

<81n7i> :Vi—V?o (4.62)
T

opP RT

where V; is the partial molar volume at a given temperature, pressure and con-
centration, and V?o is the partial molar volume at the same temperature and
pressure but at infinte dilution”.

"Pressure correction in the activity due to the change in reference state has been omitted,
for details see Pitzer (1995).



82 Ch.4 Electrolyte solutions

4.5 Properties of MgCl, and MgSO, solutions

4.5.1 Calculated osmotic and activity coefficients

Mean activity® and osmotic coefficients for magnesium chloride and magnesium
sulphate solutions were calculated using the Pitzer model described in Section
4.4.5. The results are given in Figure 4.3, where the model predictions at 298 K
are compared with literature values from Lobo and Quaresma (1989). As can be
seen, the model predictions are good.

An increase in temperature will give a decrease in both the activity and osmotic
coefficients which can be seen in Figure 4.3. The effect of increasing the temper-
ature is especially large at high salt concentrations.

4.5.2 Pressure dependency on activity coefficients

The pressure dependency on activity coefficients is given by Equation 4.62. Data
for the partial molar volumes for magnesium chloride and magnesium sulphate
solutions as function of concentration, temperature and pressure are given by
Surdo et al. (1982) and Millero et al. (1982), and pressure corrections to the
activity coefficients calculated from the Pitzer model at one bar can be estimated.
Figure 4.4 shows mean activity coefficients at 1 and 50 bars at 298 and 318
K, respectively, and only at high magnesium sulphate concentration a minor
difference can be observed due to the increased pressure. Therefore, the pressure
dependency has been omitted when calculating the acitivity coefficients.

4.5.3 Phase diagrams for the system Mg-Cl-SO,-H,0

Phase diagrams for the system Mg-Cl-SO4-HoO at different temperatures are
shown in Figure 4.5 (Wood 1975) and Figure 4.6 (Pabalan and Pitzer 1987). At
298 K (Figure 4.5) the stable solid phase of magnesium sulphate changes from the

8If one molecule of an electrolyte dissolves into v = v, + v_ ions, where vy is the number
of positive ions and v_ is the number of negative ions, then the mean activity coefficient, v+,
can be calculated from v4+ = ('y:fr 4Y=)Y/¥, where v4 and y_ are the activity coefficients for the
positive and negative ions respectively.
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Figure 4.3: Mean activity and osmotic coefficients as function of concentration for
magnesium chloride (left) and magnesium sulphate (right) solutions. Literature
data from Lobo and Quaresma (1989).
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Figure J.4: Mean activity coefficients as function of concentration calculated for
1 and 50 bars at 298 and 318 K for magnesium chloride (left) and magnesium
sulphate (right) solutions.

hepta hydrate (epsomite) at low and intermediate magnesium chloride concen-
trations, through the hexa hydrate (hexhydrite) to the mono hydrate (kiserite) at
the highest magnesium chloride concentrations. The phase diagram at 308 K in
Figure 4.6 also shows a shift between different solid magnesium sulphate hydrates
when the concentration of magnesium chloride increases, whereas at 273 K the
only solid magnesium sulphate present is the hepta hydrate. The phase diagrams
for the higher temperatures, 348 and 373 K, show that the only stable phase is
the mono hydrate. At the temperatures considered in this section magnesium
chloride precipitates as a hexa hydrate (bischofite).

The solubility of magnesium chloride in a pure magnesium chloride solution in-
creases when the temperature increases, changing from approximately 5.5 molal
at 273 K to approximately 7.8 molal at 373 K. The solubility of magnesium
sulphate in a pure magnesium sulphate solution increases with increasing tem-
perature until a maximum value of approximately 5.1 molal at 348 K. A further
increase in the temperature gives a lower solubility of magnesium sulphate.

The highest concentrations used in this study are 5 molal magnesium chloride
together with 0.04 molal magnesium sulphate (3000 ppm sulphate). For both
temperatures, 298 and 343 K, the concentrations are in the soluble area of the
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Figure 4.5: Phase diagram for the system Mg-CIl-SO4-Ho O at 298 K, from Wood
(1975).

phase diagram, but at the highest temperature the solution is closer to the solu-
bility line. In this worst case scenario a moderate concentration polarisation of
either of the two salts near the membrane surface can induce supersaturation and
precipitation of solid minerals.

4.5.4 Viscosity, density and diffusion coefficient for pure MgCl,
and MgSO, solutions

Density, viscosity and diffusion coefficients for pure magnesium chloride and mag-
nesium sulphate solutions are shown in the Figures 4.7 and 4.8, where the data
are from Lobo and Quaresma (1989). No magnesium chloride density data at
343 K was found in the literature, but the density data at 323 K is successfully
fitted by the equation

H>O,T
pr = ,02981(1027 (4.63)
PH>0,298K

where the pagsi is magnesium chloride density at 298 K and this model is also
assumed to be valid at 343 K. The magnesium chloride viscosity is successfully
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Figure /.6: Phase diagram for the system Mg-CIl-SO4-H2 O at 278, 308, 348 and
373 K, from Pabalan and Pitzer (1987).

fitted by the equation

nr = nmor e (4.64)

where A is a temperature dependent parameter and m is the concentration given
in molal. Predicted magnesium chloride densities and viscosities at 323 and 343
K are shown as solid lines in Figure 4.7. The density and viscosity of water at
different temperatures can be found in Lide (1990).
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Figure 4.7: Density, viscosity and diffusion coefficient for magnesium chloride
solutions, from Lobo and Quaresma (1989). The density (Equation 4.63) and the
viscosity (Equation 4.64) solid lines are model predictions.
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Table 4.2: Physical properties of the Mg**+, Cl~ and SOZ_

10ns in aqueous solutions.

Mgt  Cl- SOy~ MgSOj
Teryst [pm]! 65 181 290 -
Thya [pm]' 428 332 379 -
n'? 9-14 24 3-10  15.33
nprimary1 6 - - -
Ngecondary 8 - - -
AHpyq kJ mol 12 -1949  -367  -1035 -
ASpya [J K7 mol™')? -331  -75 200 -
AGpyq [kJ mol1)? -1838  -347  -1090 -
A% [em? Q7! mol~!? 106.1 764 160 -
D® (1072 m?2s7 12  0.706 2.032 1.065 -
S¢ [dm3 mol=3]* -24 -3 -7 -
B, [dm? mol ]2 0.385 -0.005 0.206 -
AGp? 0.78 -0.61 -0.21 -
Ay [Pa ! s 1P -36.5 028 -204 -

L Conway (1981)
2Marcus (1997)

3 Millero (2001)
4Hasted et al. (1948)
5Bingham (1941)






Chapter 5

Experimental

5.1 Apparatus

5.1.1 Laboratory test unit

Experiments were carried out on the laboratory test unit shown schematically in
Figure 5.1. The unit was built especially for this study, and due to the rather
tough experimental conditions caused by the high temperature and the high salt
concentration, thorough considerations were made when choosing materials. In
addition the project had limited funds, so a trade off between costs and inertness
of the materials was done.

The module consists of a feed tank (total volume 35 dm®) with a heater (Watlow
screw plug immersion heater, material Inconell 600, effect 2 kW) and a water
heat exchanger, a pump (Hydra-Cell G10 XD, engine effect 3 kW), a bypass line,
and a membrane flat-sheet cell. The membrane cell was placed inside an oven
(Memmert ULE 600) to give good temperature control. The bypass line was
controlled with a needle valve (Whitey union bonnet valve) and the main line
was controlled with a back pressure valve (Tescom). To prevent corrosion the
total area of steel in contact with the solution was kept at a minimum by using
Teflon tubes, a feed tank made of glass fibre with an inside layer of vinyl ester
and all parts made of steel were of quality stainless steel (SS316) or better.

91
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Figure 5.1: The laboratory test unit consists of (1) a feed tank, (2) a heater,
(8) a pump, (4) a bypass line, (5) a temperature transmitter, (6) a computer,
(7) a pressure transmitter, (8) an oven, (9) a membrane flat-sheet cell, (10) a
weight balance, (11) a back pressure valve, (12) a flow meter and (13) a water
heat exchanger. Temperature, pressure, flow rate and flux were automatically
measured and the data stored in the computer.

The pressure transmitter (Keller type PR21, 0-100 bar, current output 4-20 mA)
and temperature transmitter (PR type 5333A1, Pt-100, 0-100°C, current out-
put 4-20 mA) were placed upstream of the membrane cell, while the flow meter
(Flomid-MC, Tecfluid, electro magnetic flow meter, 0-20 dm?/minute, current
output 4-20 mA) was connected to the main line downstream the membrane cell.
The accumulated permeate was weighed on a balance (Explorer, Ohaus, capacity
0.00-410.00 grams).

The pressure, temperature, flow rate and flux were automatically measured and
the data stored in a computer. The Field Point data acquisition system from
National Instruments was used together with the program Labview. The process
variables were normally sampled six times per minute. The computer also con-
trolled the temperature by switching the heater on or off. Figure 5.2 shows the
data file for one of the experiments where the temperature was 70 degrees Cel-
sius and the flow rate at first was 1 dm?/minute then changed to 4.5 dm?/minute
after 1.75 hours.

The experimental conditions were limited to a maximum pressure of 100 bar,
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maximum temperature of 75 degrees Celsius and a maximum flow rate of 12
dm?/minute due to the material properties and capacity of the pump.

180 ‘
160 %wa n""‘ ° -
140 1

120 1
i
by

100 - N

80 1

. "

L,.W - B

20 N

0 0.5 1 1.5 2 25 3 3.5
Time [h]

Figure 5.2: Logged experimental properties from one of the experiments. The
computer did siz measurements/minute. The four data series are; A: flow rate
[dm? /min], B: pressure [bar], C: temperature [°C] and D: flux [g/m?s].

5.1.2 Flat-sheet membrane cell

The membrane cell was a cross-flow flat-sheet stainless steel (SS316) membrane
cell, which was specially designed and made for this study. A few sketches are
shown in Figures 5.3, 5.4 and 5.5. The total active membrane area was 60 cm?
(60 mm x 100 mm), and membranes with dimension 85 mm x 145 mm were cut
from a larger sheet delivered from the membrane producer.

The channels perpendicular to the flow direction at the entrances in Figure 5.3,



94 Ch.5 Ezperimental

distribute the feed to either side of the inlet or collect the fluid at the outlet.
These channels are constructed to give a low pressure drop and therefore a flat
velocity profile, giving quantitatively the fluid velocity along the cell wall to be
at least 90% of the velocity in the middle of the cell when going from the inlet
to the outlet. Figure 5.4 shows among other things the channels that collect the
permeate below the membrane and the membrane support. A porous sintered
metal plate in stainless steel (SS316) was used as a membrane support. The
placement of this membrane support and the gasket sealing the membrane and
the membrane cell, are shown in Figure 5.5.
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Figure 5.3: The top plate of the cross-flow flat-sheet membrane cell. All lengths
m mm.
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Figure 5.4: The bottom plate of the cross-flow flat-sheet membrane cell. All
lengths in mm.
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Figure 5.5: The profile of the cross-flow flat-sheet membrane cell showing the

feed, the retentate and the permeate flows and the placement of the gasket and
the membrane support.
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5.2 Chemicals

The salt solutions were made of magnesium chloride from Prolabo (p.a. quality)
and magnesium sulphate hepta hydrate from Merck (p.a. quality). The solvent
was deionized water with conductivity less than 2 uS/cm and pH 7.

5.3 Characterization of membranes

Desal 5 DK and Desal G5 membranes from Osmonics/Desal were used in the
study. Desal 5 DK is a nanofiltration membrane and Desal G5 is a tight ultra-
filtration membrane. Both membranes are composite membranes consisting of
several layers as shown in Figure 5.6. The photos are taken at magnification 300
after virgin membrane pieces had been soaked in a dye solution for five minutes
and cut with a razor blade. Four visible layers can be seen for both membranes;
a non-woven backing, a porous support and two skin layers (skin layer and skin
layer support). From similar photos with dry membranes the thickness of the lay-
ers have been measured and the results are given in Table 5.1. According to the
supplier both membranes have polyester backing and a polysulfone intermediary
layer. The skin layers are proprietary, but the literature suggests that the skin
support of the Desal 5 DK is a sulfonated polysulfone with a ultrathin skin layer
of polypiperazineamide (Petersen 1993, Manttari 1999), while the skin layers of
Desal G5 are made of an aromatic polyamide polymer (Palacio et al. 1999).

The water permeability, L, is defined as the coefficient relating the water flux
and the pressure. This can be written as

Jw = L,AP (5.1)

where J,, is the water flux and AP is the transmembrane pressure. The measured
water fluxes plotted against the pressure for new membrane samples are shown
in Appendix B, Figures B.1-B.6. The slopes are determined by a least square
method and the calculated permeabilities for each sample are given in Tables
B.1 and B.2. The averaged water permeabilities at 298 K and 343 K and their
standard deviations are also shown in Table 5.1. The Desal 5 DK permeability at
298 K is around 50% higher than the values reported by the membrane producer,
while for the Desal G5 the measured permeability is twice as high as the value
reported by the supplier.
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Figure 5.6: Cross-section photos (magnification 300x) of a: Desal 5 DK and b:
Desal G5 membranes. The membranes were soaked in a dye solutions for five
minutes before cut with a razor blade.

The conctact angle hysteresis in water has been measured for both membranes.
The measurements were done at the Laboratory of Technical Polymer Chemistry
in Lappeenranta, Finland, using a vertical rod technique based on the Wilhelmy
plate method. Small membrane pieces were put on a glas rod with diameter
2 cm and moved vertically up and down with a speed of 1 mm/minute, giving
the receding and advancing angle, respectively. A video camera magnified the
three phase (membrane, water and air) contact angle and the dynamic angle was
measured. More details about the method and apparatus are given in Palacio et
al. (1999).

The measured contact angles are given in Table 5.1, and since the values are
lower than 90 degrees the membranes are characterized as hydrophilic. Since
the values for Desal G5 are higher than the values for Desal 5 DK, Desal G5 is
more hydrophobic than Desal 5 DK. Palacio et al. (1999) reported advancing and
receding contact angle values for Desal G5 equal to 73 and 35 degrees, respectively,
which are in good agreement with the angles found here.

At the Laboratory of Technical Polymer Chemistry in Lappeenranta, Finland, the
streaming potential for both membranes were measured and the zeta potential
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was calculated using the Helmholtz-Smoluchowski equation

AU, _€€0(
AP N

(5.2)

where ( is the zeta potential, AU, is the streaming potential, ¢y is the permittivity
of free space, € is the dielectric constant, 7 is the viscosity and X' is the electrical
conductivity. Two different flat-sheet membrane modules were used to measure
the streaming potential through the pores and the streaming potential along the
surface of the membranes. Details about the method and the apparatus used are
given in Pihlajaméaki (1998). The measurements were done at 25 degrees Celsius
and 1 mM potassium chloride solution. The pH was adjusted in the range 2.5-7
by adding potassium hydroxide or hydrogen chloride in small amounts and the
streaming potential was measured at five different pressures in the range of 0.1-1
bar. The measured streaming potentials were plotted versus the pressures, and
the slopes were used to calculate the zeta potential from Equation 5.2.

The zeta potentials measured along the surface of the Desal G5 membrane are
more or less equal to the potentials measured through the pores which can be seen
in Figure 5.7. The zeta potentials are sligthly negative giving a small negative
charge on the membrane in the pH range 2.5 - 7. The two measured zeta potentials
for the Desal 5 DK membrane show different trends since the potentials along
the membrane gets positive below pH 4, while the potential measured through
the pores stays negative in the pH range covered. The zeta potentials measured
along the membrane surface for the Desal 5 DK membrane agree well with the
values reported by Hagmeyer and Gimbel (1999) for low pH, whereas above pH
5 Hagmeyer and Gimbels values are more negative than the values found here.
The zeta potentials found through the pores for the Desal G5 membrane follow
qualitatively as well as quantitatively similar experiments done by Nystrgm et al.
(1989) on sulfonated polysulfone membranes, where the measured zeta potentials
are stable at -5 mV in the pH range 3-7.

The molecular weight cut off (MWCO) of the Desal 5 DK membrane has been
measured by Comstock (1989) and the pore radius has been calculated from ex-
perimental results from Wang et al. (1995a) and Bowen and Mohammad (1998a).
The MWCO and the corresponding pore radius for the Desal G5 membrane are
given by Palacio et al. (1999). All parameters are given in Table 5.1.

Further, the ratio of membrane thickness over the effective porosity of the mem-
brane, Ax/Ag, is a useful parameter which can be calculated from the Hagen-
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Figure 5.7: Measured zeta potential (a) along the surface and (b) through the
pores for the Desal 5 DK and Desal G5 membranes.

Poiseuille equation

r2AP

o = Sl Ar) (5:3)

when the water permeability, L, = J,,/AP, the pore radius, rp, and the viscosity,
71, are known. Using the reported values for the permeability, pore radius and
viscosity, values for the Az/Aj-parameters have been calculated and the results
are shown in Table 5.1. The result for the Desal 5 DK membrane is of the same

order as the values reported by Wang et al. (1995a) and Bowen and Mohammad
(1998a), which are in the range 2-4 pm.
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Table 5.1: Characteristic parameters of the membranes.

Desal 5 DK Desal G5
10° L2 [m3/m? s bar] 3.5 +0.5 1.0 +£ 0.1
10° L3*X [m?/m? s bar] 1.11 £ 0.03 0.19 + 0.01
Ouds [°] 52 & 3 69 + 3
Orec [°] 23 + 2 33 + 2
MWCO [g/mol] 200-300! 20002
r, [nm] 0.4-0.63 2.822
Az /Ay [pm] 1.0 108
Membrane thickness Ax [pm](dry) =185 ~200
Backing thickness [pm)] ~95 ~90
Support thichness [pm] ~80 ~100
Skin support + skin thickness [um] =10 ~10

! Comstock (1989)
2Palacio et al. (1999)

3Wang et al. (1995a), Bowen and Mohammad (1998a)
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5.4 Procedures

5.4.1 Pretreatment of new membrane samples

All new membrane samples were wetted in water for 2.5 hours at 25 degrees
Celsius and 20 bar, followed by half an hour at the same temperature and 40
bar. The water flux was then measured at different pressures (5, 10, 15, 20 and
40 bar), 25 degrees Celsius and Reynolds number between 1000-3000.

The retention characteristic of the membrane was measured after half an hour
running using a 0.1 m magnesium chloride solution at 25 degrees Celsius, 30
bar and Reynolds number 1000. If the retention of the membrane sample varied
from the retention measured on previous samples, the membrane sample was
rejected. The salt concentration was determined by conductivity measurements
(712 Conductometer, Metrohm, error + 0.8%) and the calculated retention for
the membrane samples are given in Tables B.1 and B.2 in Appendix B.

5.4.2 Experiments

A detailed operation procedure of how the experiments were carried out is given
in Appendix C. At each temperature and flow rate level the pressure was changed
in a random order to prevent statistical systematic errors. All reported values
of temperatures, flow rates, pressures and fluxes, are averaged values from 15-20
measurements, and from the same measurements the standard deviations to the
sampled properties were calculated.

The elapsed time from a change in the feed concentration until a new permeate
concentration has stabilized, can be defined as the response time to the mem-
brane cell. The response time was measured for different magnesium chloride
concentrations and is shown in Figure 5.8. As the figure shows the response time
is independent of the concentration and equals 50 grams accumulated permeate.
The time from a change in the experimental conditions to a sample in the per-
meate can be taken, was set to be one and a half of the response time, that is 75
grams of permeate.

After the experiments were finished and the system was emptied, the apparatus
was washed three times with 10 litres of deionized water. This normally gave
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a conductivity in the third water less than 50 pS/cm, and the water flux at
different pressures (5, 10, 15, 20 bar) was measured at 25 degrees Celsius. After
the experiments with the highest concentration (5 molal), a fourth wash was
needed to give a satisfing conductivity in the water.
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Figure 5.8: Measured conductivity in the permeate as a function of accumulated
permeate when the feed was changed from water to a magnesium chloride solution.

5.4.3 Ton analysis

The chloride ion concentration was measured by the method of Mohr, i.e. precip-
itation of silver chloride. The accuracy in the determined chloride concentration
was found to be better than 0.5%. This value is calculated from more than 50
samples that have been tested with 2 or more titrations.

The sulphate ion concentration was measured gravimetrically by precipiation of
barium sulphate. The accuracy of the sulphate concentration was found to be



5.5 Overview of the experiments 103

better than 3% when the concentration was around 300 ppm and better than
1% when the concentration was around 3000 ppm. The standard deviations were
calculated from 10 different samples with concentrations around 300 ppm and
11 different samples with concentrations around 3000 ppm, which were tested
twice. The analysis was performed by SINTEF, Inorganic Process Chemistry
and Analysis.

The magnesium ion concentration was measured with atomic absorption spec-
troscopy with a Varian apparatus, model 400. The samples were diluted until
the magnesium concentration was in the range 5-20 ppm. The accuracy of the
magnesium concentration was found to be better than 1%, by calculating the
standard deviation for 4 different samples that were tested twice. SINTEF Inor-
ganic Process Chemistry and Analysis performed the analysis.

The pH was measured by a pH meter from Metrohm (model 744) with error +
0.05 pH units. The measurements was done directly in the samples when the
magnesium chloride concentration was equal to or less than 1 molal, otherwise
the samples were diluted ten times with deionized water (pH 7) before the pH
were measured and the pH in the original samples calculated.

5.5 Overview of the experiments

An overview of the experimental conditions is given in Table 5.2. For each ex-
perimental condition, that is for a given magnesium chloride concentration, mag-
nesium sulphate concentration, temperature and Reynolds number the flux and
ion retentions were measured at 5-7 different pressures. The pressure varied in
the range 5 to 55 bars. Most of the experiments are done both on Desal 5 DK
and Desal G5 membranes. In addition, one experiment with 1.0 molal magne-
sium chloride concentration and Desal 5 DK membrane was done with a sulphate
concentration of 175 ppm.

All obtained results and accurate process variables are given in Appendices D
and E, while the water flux measurements are shown in Appendix B.
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Table 5.2: The experimental conditions are given by combinations of the flow rate
and concentrations at each temperature level. The fluxes and the ion retentions
are measured at 5-7 different pressures (in the range 5-55 bar), and most of the
experiments have been done both on Desal 5 DK and Desal G5 membranes.

T=298 K cargct, (] 01 1.0 25 50
C502- [ppm] 0 0 0 0
300 300 300 300
3000 3000 3000

Reynolds number | 1000 1000 1000 750
4500 4500 2500

T=343 K cumgci, [m] 1.0 2.5 5.0
CMgs0, [Ppm] 0 0 0
300 300 300
3000 3000
Reynolds number 1000 1000 750

2000 2500 1500
4500 5000 2500
10000




Chapter 6

Measured fluxes and 1on
retentions

The aim of this chapter is to give the reader a quick overview of all the results.
The measured fluxes and ion retentions are shown in Figures 6.1-6.13. Each figure
presents the measured data for a given temperature and magnesium chloride
concentration. The first column shows the results for pure magnesium chloride
solution, while the other columns show the results after addition of small amounts
of magnesium sulphate. The first row shows the measured total volume flux, the
second row shows the chloride ion retention, the third row shows the sulphate
ion retention and the fourth row, if any, shows the magnesium ion retention. All
data are plotted as function of the pressure. The figure captions also contain the
identification number of all membrane samples used to produce the data shown
in that figure and further information of each membrane sample can be found in
Appendix B.

All raw data can be found in the Appendices D and E. The fluxes given in
the appendices have been divided by the density of the permeate and the factor
1000 to convert the flux values from g/m?s to m3/m?2s. The retentions have been
calculated using Equation 2.2 in Chapter 2 and the experimentally measured feed
and permeate concentrations.

105
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The standard deviation in the retention values has been calculated combining the
standard deviations in the measured ion concentrations'. The standard deviation
of the chloride concentration is 0.5% of the value, of the magnesium concentration
better than 1% of the value and of the sulphate concentration better than 3% of
the value when the sulphate concentration is around 300 ppm and better than
1% of the value when the sulphate concentration is around 3000 ppm. Calculated
standard deviations of the retention values are shown as error bars in the figures.
The standard deviation of the flux values are estimated to be less than 5% of the
value.

6.1 Measured fluxes and ion retentions using Desal 5
DK membranes

The fluxes and ion retentions obtained using the Desal 5 DK membrane are given
in the Figures 6.1-6.7. The figures show that the total volume flux is linearly
dependent on the pressure in all cases. Some very small deviations from linearity
can be observed at 1 molal magnesium chloride concentrations, high temperatures
and high pressures and the deviations are believed to be pressure compaction,
refer Section 6.6.

The figures show that the temperature has a considerable positive effect on the
volume flux. When the temperature increases from 298 K to 343 K, the flux
increases approximately 5 times. On the other hand, the magnesium chloride
concentration has a large negative influence on the total volume flux. At 298 K
the flux at 5 molal decreases approximately to 1/15 of the flux measured at 1
molal, whereas at 343 K the same flux ratio is 1/8. Further, neither the Reynolds
number nor an addition of magnesium sulphate show any significant effect on the
total volume flux.

The total volume flux plot for the pure magnesium chloride solution in Figure 6.3
shows a large difference between the measured fluxes at Reynolds 1000 and 4500
using the membrane sample DK-R3 and values measured at Reynolds number
2000 and 10000 using the membrane sample DK-R9. The retention results also
show that the membrane sample DK-R9 is much tighter than membrane sample

!The standard deviation s, of a function y can be calculated from the equation

Sy = \/(3%%3001)2 + (a%%sw)2 + ..., where z1, 2, ... are the variables with standard deviations

Sz1y Swoy - -
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Figure 6.1: Measured fluxes and ion retentions using 0.1 molal magnesium chlo-
ride solutions, temperature 298 K and Desal 5 DK membrane samples DK-R3 in
the first column, DK-R4 in the second column and DK-RG6 in the third column.

DK-R3. This difference was the reason that a quality test was introduced to test
the permeabilities and the retention characteristics of each membrane sample
before it was used in experiments.

The chloride and sulphate ion retentions obtained using 0.1 and 1 molal mag-
nesium chloride solutions and laminar flow are constant or slightly decreasing
when the pressure increases, while at turbulent flow the retentions increase to a
maximum limiting value with increasing pressure. The chloride retentions at 2.5
molal magnesium chloride concentration are weakly increasing with increasing
pressure whereas the sulphate retentions are independent of the pressure. At 5
molal magnesium chloride concentration both ion retentions are independent of
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the pressure. Both the chloride and the sulphate ion retentions seem to decrease
when the temperature increases from 298 to 343 K, and further, the results indi-
cate a decrease in the retentions when the chloride concentration increases. The
effect of Reynolds number vanishes at high magnesium chloride solutions, refer
Section 6.4.

The sulphate retention point at 175 ppm sulphate concentration, Reynolds num-
ber 1000 and pressure 5 bar in Figure 6.2 has a strange placement compared
to the other retention patterns at this magnesium chloride concentration and
most likely something has gone wrong in the laboratory. The statistical analysis
discussed in Section 6.4 also indicated that something was wrong with this point.

cMgc|2 =1m Csoi’ =175 ppm csoj’ =300 ppm Csoi’ = 3000 ppm
10 10 10 10
N’G‘
£
(2]
€
w5 5 5 5
=4
=
p=}
[
0 0 0 0
0 50 0 50 0 50 0 50
15 15 15 15
=
510 10 10 10
<
2
2 5 5 5 5
|
O
0 0 0 0
0 50 0 50 0 50 0 50
Pressure [bar]
60 60 60
=
* Re=1000 c
O Re =4500 £40 40 40
[0]
©
20 20 20
o<
o)
]
0 0 0
0 50 0 50 0 50
Pressure [bar] Pressure [bar] Pressure [bar]

Figure 6.2: Measured fluzes and ion retentions using 1 molal magnesium chloride
solutions, temperature 298 K and Desal 5 DK membrane sample DK-RS.
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Figure 6.3: Measured fluxes and ion retentions using 1 molal magnesium chlo-
ride solutions, temperature 343 K and Desal 5 DK membrane samples DK-
R3 (Re=1000/4500) and DK-R9 (Re=2000/10000) in the first column, DK-R6
(Re=1000/4500) and DK-R8 (Re=2000/10000) in the second column and DK-R6
(Re=1000/4500) and DK-R8 (Re=2000/10000) in the third column.
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Figure 6.4: Measured fluxzes and ion retentions using 2.5 molal magnesium chlo-
ride solutions, temperature 298 K and Desal 5 DK membrane samples DK-R1 in
the first column and DK-RJ in the second column.
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Figure 6.5: Measured fluzes and ion retentions using 2.5 molal magnesium chlo-

ride solutions, temperature 343 K and Desal 5 DK membrane samples DK-R1 in
the first column and DK-RJ in the second column.
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Figure 6.6: Measured fluzes and ion retentions using 5 molal magnesium chloride
solutions, temperature 298 K and Desal 5 DK membrane samples DK-R1 in the
first column, DK-R5 in the second column and DK-R6 in the third column.
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Figure 6.7: Measured fluzes and ion retentions using 5 molal magnesium chloride
solutions, temperature 348 K and Desal 5 DK membrane samples DK-R1 in the
first column, DK-R5 in the second column and DK-R6 in the third column.
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6.2 Measured fluxes and ion retentions using Desal
G5 membranes

The results obtained using the Desal G5 membrane are given in Figures 6.8-6.13.
As for the Desal 5 DK membrane, the total volume flux is linearly dependent on
the pressure. Some small deviations from linearity occur at high pressures and
are most likely caused by further pressure compaction of the membrane sample
at high temperature.
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Figure 6.8: Measured fluzes and ion retentions using 0.1 molal magnesium chlo-
ride solutions, temperature 298 K and Desal G5 membrane samples G5-R2 in the
first column, G5-R5 in the second column and G5-R6 in the third column.

A strange pressure-flux behavior can be seen in Figure 6.10 at 1 molal magnesium
chloride concentration and temperature 343 K. First, at the 300 ppm sulphate
level, Reynolds number 2000 and 50 bars, a sudden jump up in the flux value oc-
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curs with a corresponding jump down in the ion retentions. Normally this would
indicate a discrepancy or a hole in the membrane sample, but the next data series
at Reynolds number 10000 show the initial pressure-flux and retention patterns.
The same membrane sample was later used in the experiments with 3000 ppm
sulphate concentration and the flux and the retention values at 298 K shown in
Figure 6.9 were values comparable to the results with 3000 ppm sulphate concen-
tration, whereas at temperature 343 K the permeability has increased drastically
and the retentions are considerably lower compared to the values obtained with
a different membrane sample.

The total volume flux increases approximately by a factor 2.5 when the tempera-
ture increases from 298 K to 343 in 1 and 2.5 molal magnesium chloride solutions.
The Desal G5 membrane is completely impervious at 298 K and a magnesium
chloride concentration of 5 molal. At 298 K the flux at 2.5 molal decreases ap-
proximately to 1/4 of the flux measured at 0.1 molal, whereas at 343 K the flux
at 5 molal decreases by a factor 1/8 of the flux at 1 molal. Further, the mea-
surements show that neither the Reynolds number nor an addition of magnesium
sulphate has significant effect on the total volume flux.

Both the chloride and the sulphate ion retentions increase and reach a limiting
value when the pressure increases. The retentions increase when the Reynolds
number increases, but the effect of the Reynolds number vanishes when the mag-
nesium chloride concentration increases. Both the chloride and the sulphate
retentions decrease when the magnesium chloride concentration increases. The
magnesium retentions shown in Figure 6.8 have values between the chloride and
sulphate retentions, whereas in Figure 6.13 the magnesium retentions equal the
chloride retentions.

Since transport of the most permeable component is enhanced by the presence of
a less permeable component in multicomponent solutions, the former component
can experience negative retention values at low fluxes. Figure 6.9 shows that the
only negative chloride retention values obtained occur in a 1 molal magnesium
chloride and 0.003 molal magnesium sulphate solution.

The chloride retention point at 35 bar and Reynolds number 4500 in Figure 6.8
and the point at 30 bar and Reynolds number 1000 in Figure 6.9 show large
deviations from the rest of the data series and are most likely outliers where
something has gone wrong during the analysis.

The measured total volume flux using Desal 5 DK membrane is much higher com-
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pared to the flux measured using Desal G5 membrane. On the other hand, both
the chloride and the sulphate retentions are higher for the Desal G5 membrane
compared to the Desal 5 DK membrane.
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Figure 6.9: Measured fluzes and ion retentions using 1 molal magnesium chloride
solutions, temperature 298 K and Desal G5 membrane samples G5-R9 in the first
column and G5-R10 in the second and third columns.
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Figure 6.10: Measured fluzes and ion retentions using 1 molal magnesium
chloride solutions, temperature 343 K and Desal G5 membrane samples G5-
R2 (Re=1000/4500) and G5-R9 (Re=2000/10000) in the first column, G5-R5
(Re=1000/4500) and G5-R10 (Re=2000/10000) in the second column and G5-
R7 (Re=1000/4500) and G5-R10 (Re=2000/10000) in the third column.
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Figure 6.11: Measured fluzes and ion retentions using 2.5 molal magnesium chlo-
ride solutions, temperature 298 K and Desal G5 membrane samples G5-R1 in the
first column and G5-R8 in the second column.
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Figure 6.12: Measured fluzes and ion retentions using 2.5 molal magnesium chlo-
ride solutions, temperature 343 K and Desal G5 membrane samples G5-R1 in the
first column and G5-R8 in the second column.
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Figure 6.13: Measured fluzes and ion retentions using 5 molal magnesium chlo-
ride solutions, temperature 343 K and Desal G5 membrane samples G5-R1 (one
of the data series at Re=1500) and G5-R2 in the first column, G5-R6 in the
second column and G5-R8 in the third column.

6.3 Verification of the results

In experimental work there is always a possibility of making random and system-
atic errors and precautions should be made in order to avoid random errors and
to remove the systematic errors.

The high salt concentrations were believed to have influence on the flow meter
and the flow was measured manually at each magnesium chloride concentration
level to check that the flow meter measured the correct values. No evidence
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of concentration influence was found and the manually measured flow values
corresponded with the values measured by the flow meter within the limits of
uncertainties. The temperature transmitter and the pressure transmitter were
calibrated by their producers and are believed to measure the temperature and
pressure correctly. To eliminate any systematic errors in the weight balance the
fluxes were calculated from the difference between two weight measurements.

The standard deviations in the ion retention and the flux values were calculated
from several independent measurements as described in Chapter 5. It should be
noted that the calculated standard deviation of the magnesium concentration is
only based on duplicated measurements for four different samples, which from a
statistical point of view is a small number of samples.

In two experiments the magnesium ion concentrations were determined in order
to check the electro neutrality condition ) ¢;z; = 0. The magnesium reten-
tions are shown in Figures 6.8 and 6.13 and in the case of 0.1 molal magnesium
chloride solution the calculated sums of concentration-valence products equal ap-
proximately -0.005 £ 0.02 molal both in the feed and the permeates, whereas at
5 molal magnesium chloride solution the sums equal approximately -0.3 £ 0.2
molal. In the first case the electro neutrality condition is fulfilled whereas in the
latter case it is not. Neither the presence of inpurities or an error in the sulphate
ion concentration can be responsible for such large negative deviations, which
leads to the conclusion that an underestimation of the magnesium ions or an
overestimation of the chloride ions may be the cause.

The determination of the equivalence point in Mohr’s method corresponds to
a slightly overestimation of the chloride concentration. The influence of this
overestimation in the chloride concentration will increase when the chloride con-
centration in the samples increases and it has been estimated to be less than
0.001 molal at 0.2 molal chloride concentration and approximately 0.1 molal at
10 molal chloride concentration. The sums of the concentration-valence products
at high magnesium chloride concentration become approximately -0.2 &+ 0.2 mo-
lal after the chloride concentration has been corrected, and the electro neutrality
condition is fulfilled within the limits of uncertainties. It should be pointed out
that there still seems to be a systematic negative deviation in the calculated
sums. Most likely the magnesium ion concentration is underestimated, but this
effect has not been quantified. The overestimation of the chloride concentration
affects both the feed and the permeate solutions equally due to the high chlo-
ride concentrations in the permeate and the calculated chloride retentions will be
unaffected.
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The reproducibility of the points measured twice in an experiment is good, re-
fer Figure 6.1 for several examples of overlapping points. The reproducibility of
the experiments are also good, e.g. the two retention series for the pure magne-
sium chloride solution at Reynolds number 750 in Figure 6.13, but there are also
some deviations in the results, e.g. the retention results for the pure magnesium
chloride solution in Figure 6.3.

The ion retentions have also been modified by the equation

Rt
Rimod = Robs RY ave (61)
sample
where Réample is the salt retention measured in the test experiment for each new

membrane sample and R, is their average. The salt retentions from the test

experiments are given in Appendix B. Only small corrections in the retention
values were obtained, whereas the patterns of the modified versus the unmod-
ified retentions were the same. The multivariate statistical analysis discussed
in Section 6.4 and in Appendix F also shows that there is no significant differ-
ence between the modified and the unmodified retention values and the following
discussion will use the unmodified retention results.

6.4 Multivariate statistical analysis

A preliminary multivariate statistical analysis has been performed in Appendix
F. It should be emphasized that the models used are only dependent on the
main variables (temperature, Reynolds number, chloride concentration, sulphate
concentration and pressure) and the terms containing the main variables squared
and the main variables two factor interactions. The models presented in the
appendix are the models giving the best fit to all the data without any further
classification, i.e. better models can be obtained if the data are first divided into
smaller data sets, e.g. into two data sets which contain the results at high and
low temperature, respectively.

The analysis shows that most of the predicted retentions are too low and the
models can only explain around 65-70% of the variation in the observations. The
analysis indicates that for Desal 5 DK membrane the separation between the chlo-
ride and sulphate ions will be enhanced by a low Reynolds number and low pres-
sure since the pressure has almost no influence on the sulphate retention whereas
the chloride retention increases when the pressure increases. Both the chloride
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and sulphate retentions will increase when the Reynolds number increases but
the Reynolds number also has a strong negative effect on the sulphate retention
through the interaction with the chloride concentration and should therefore be
kept as low as possible. The statistical results can be misleading and comparing
the statistical analysis results with the retention results given in Figures 6.8-6.13,
show that both the chloride and sulphate ion retentions are independent of the
Reynolds number and pressure at 5 molal magnesium chloride concentration. The
conclusion is that at high magnesium chloride concentration the process should
be operated at high pressure in order to increase the production rate, whereas the
control of the Reynolds number is not important and can be set to any convenient
value.

The results for the Desal G5 membrane give no clear difference between the
models for chloride and sulphate ions, but there are indications that an increased
chloride concentration has a stronger negative effect on the chloride retention
than on the sulphate retention.

6.5 pH measurements

The measured pH values are tabulated in Appendices D and E. The pH was
around 5 in the 5 molal magnesium chloride feed solutions and increased to
approximately pH 6.5 when the magnesium chloride concentration decreased to
0.1 molal. In some experiments the pH in the feed had a tendency to increase
during the experiments. The pH in the permeate are more or less the same as in
the feed and no general relationships have been found with the pressure or the
order the experiments were carried out.

In the pH range 5-7 the Desal 5 DK and Desal G5 membranes both have a small
negative zeta potential with little variation, as can be seen from figure 5.7, chapter
5. This means that the membrane materials are more or less equally charged for
all experiments and eventually any differences in the effective surface charge must
come from specific ion adsorption.
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6.6 Water flux measurements

The measured water fluxes are shown in Appendix B, Figures B.1-B.6. Some of
the membrane samples show only the new water flux pressure relationship because
the membrane samples had a tendency to break during the washing procedure
due to fluid back stroke from the back pressure valve placed just downstream the
membrane cell, refer Figure 5.1, Chapter 5.

The measured water fluxes for the DK-R1 membrane sample show that the initial
water flux is fully recovered 24 hours after the experiment with 2.5 molal solution.
The decrease in the water fluxes after the experiments with 2.5 and 5 molal
solutions are concurrent. The same decrease in the water flux can be seen for
DK-R4 and DK-R5. The DK-R6 membrane sample shows no decrease in the
water flux after experiments with 0.1 molal solution and temperature 298 K, but
after the experiment with 5 molal solution and 343 K the water flux drops. The
DK-R8 shows a small increase in the water flux compared to the initial values
after an experiment with 1 molal magnesium chloride solution and the water flux
maintains the same level even after 10 days of storage in deionized water. The
DK-R10, DK-R11 and DK-R12 have only been run with water but the water flux
at 343 K has also been measured. The water flux measured after some time (1-3
hours) at 343 K and high pressure shows a decrease compared to the water flux
measured immediately after reaching 343 K. Further, the water flux measured at
298 K immediately after cooling shows an equivalent drop compared to the initial
water flux.

The results for the Desal G5 membrane samples show the same trends as the
Desal 5 DK membrane. The measured water flux decreases after experiments
with 1, 2.5 or 5 molal magnesium chloride solutions run at high temperatures,
whereas the water flux does not change when the experiments have been run at
low temperatures. The water flux experiments show similar decreases in the flux
values at both high and low temperatures.

The observed water flux decrease for both membrane types is most likely caused
by the high temperature and the high pressure which the membranes experience
during the experiments. The decrease seems to be reversible, i.e. the initial water
flux is recovered after the membrane sample has been stored in deionized water
for some time (approximately 24 hours).



Chapter 7

Discussion of separation
mechanisms and transport
models

7.1 Concentration polarisation

7.1.1 Mass transfer coefficients

All discussion of the separation mechanisms and transport models in membrane
separation processes are normally based upon a model of the concentration po-
larisation phenomena, since it is the concentration near the membrane surface
that is important in order to determine the real retention characteristics of the
membrane. Several authors have tried to measure the phenomena using both
indirect and direct methods as discussed in Chapter 9. No general, reliable direct
method exists so far and the predictions of concentration polarisation is based
upon indirect methods, where the film theory presented in Section 2.2.2 can be
used.

The bulk and permeate concentrations and the volume fluxes have been mea-
sured experimentally, whereas the mass transfer coefficient must be estimated by
some sort of correlation before Equation 2.8 in Chapter 2 can be used to cal-
culate the concentration near the membrane, C),. As a first approximation the

125
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correlations relating the mass transfer coefficient to the Reynolds number and
the Schmidt number given in Equations 2.13 and 2.14 for laminar and turbulent
flow, respectively, can be used, where the density, viscosity and diffusion coef-
ficient of magnesium chloride solutions can be found in Figure 4.7, Chapter 4.
Figure 7.1 shows the intrinsic retentions calculated using the mass transfer coef-
ficients k, calculated from Equation 2.13, k/2 and 2 x k at different magnesium
chloride concentrations, temperature 298 K and Reynolds number 1000 (750 at
5 molal). The intrinsic retentions calculated from the mass transfer coefficients
k/2 and 2 x k are shown in order to see the effect of using a wrong mass trans-
fer coefficient. There seems to be a considerable concentration polarisation at
concentrations below 2.5 molal and hence the intrinsic retention differs from the
observed retention given in Chapter 6. Further, there seems to be no significant
concentration polarisation at 5 molal magnesium chloride concentration. How-
ever, the most striking result is that the intrinsic retentions depend so heavily
on the mass transfer coefficient, which means that an accurate determination of
the mass transfer coefficient is of major importance in order to get the right con-
centration at the membrane surface and the real retention characteristics of the
membrane.

The calculated concentration polarisations using k/2 at 0.1 and 1 molal magne-
sium chloride concentrations and high fluxes are not feasible, since the concen-
tration at the membrane surface exceeds the saturation concentration and solid
magnesium chloride should precipitate. No solid material was observed on the
membrane and neither was there observed any decrease in the flux due to pore
blocking, so the mass transfer coefficients obtained from Equations 2.13 and 2.14
can most likely be taken as a lower limit. This statement is further supported
by the mass transfer coefficient calculated using the linearized equation given in
Equation 2.11 and using the data in Figure 6.3. Different In((1 — R)/R) versus
Jy/Re® curves were constructed at constant pressure and at either laminar or
turbulent flow. Since the curves were made of only two points each, which of
course will give a perfect linear line, and varying intrinsic retentions, the deter-
mination of the mass transfer coefficient by this method is not very polite and
the results must be used with care. Even so, approximately 15 mass transfer
coefficient estimates were obtained using all the pressure levels and sulphate con-
centration levels, and the results indicated that the mass transfer coefficients at
1 molal magnesium chloride and temperature 343 K are approximately twice as
large as the mass transfer coefficients calculated from the Sherwood correlations
in Equations 2.13 and 2.14.

Also, one should remember that the Sherwood correlations for the mass transfer
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coefficient are developed for non-porous duct flow and do not take into account
that the flux will enhance the mass transfer coefficient (Gekas and Hallstrom
1987). According to the presentation in Section 2.2.2 several modifications of
the mass transfer coefficient and the film model exist and the presentation of the
intrinsic retentions given in Sections 7.1.2 and 7.1.3 shows the calculated intrinsic
retentions from these different models. As can be seen from Figures 7.3-7.10 large
variations in the intrinsic retentions calculated from the different models occur.
The results will be discussed in more detail in the next two sections.

Since the magnesium sulphate concentrations were low, the density and the vis-
cosity of the mixed solutions have been approximated by the density and viscos-
ity of the equivalent pure magnesium chloride solutions in the calculations. The
worst case for this assumption is at 0.1 molal magnesium chloride and 0.032 molal
magnesium sulphate, but as Figures 4.7 and 4.8 show the density and viscosity
of the pure magnesium chloride and magnesium sulphate solutions at these low
concentrations are very similar and close to the pure water values. The magne-
sium chloride diffusion coefficients are set equal to the values given in Figure 4.7
and any interaction with the magnesium sulphate is neglected. The density and
viscosity values of the magnesium chloride as function of the concentration at 343
K are shown in Figure 4.7, but since no data of the diffusion coefficients at 343
K was found in the literature, a simple relationship based on the Stokes-Einstein
equation was assumed (Reid et al. 1987)

(7.1)

which relates the diffusion coefficient at 298 K to the wanted diffusion coefficient
at temperature T when the viscosity at both temperatures is known.

To calculate the concentration polarisation of the sulphate ions the same pro-
cedure was used. The main problem is to estimate the diffusion coefficient of
magnesium sulphate in different magnesium chloride solutions. As a first ap-
proximation the diffusion coefficient of magnesium sulphate was set equal to the
value that corresponds to a magnesium sulphate concentration equal to the mag-
nesium chloride concentration in the solution under investigation, e.g. at 5 molal
magnesium chloride the diffusion coefficient of magnesium sulphate was set equal
to the value 3 * 107'% m?/s at 5 molal magnesium sulphate, refer Figure 4.8 in
Chapter 4.

Since the mass transfer coefficient depends on the diffusion coefficient, the dif-
fusion coefficient of the magnesium sulphate will have a great influence on the
calculated intrinsic retention of the sulphate ions as shown in Figure 7.2. In the
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0.1 molal magnesium chloride solution and 300 ppm sulphate concentration a
diffusion coefficient ten times higher than the value found from Figure 4.8 will
decrease the calculated intrinsic retention drastically, whereas a diffusion coeffi-
cient twice the literature value will increase the intrinsic retention (at Reynolds
number 1000 the intrinsic retention become equal to 100%).

The physical properites such as density, viscosity and diffusion coefficient, will
vary across the boundary layer as the concentration near the membrane in-
creases. Gekas and Hallstrgm (1987) have discussed several different correction
factors to account for changes in the physical properties and propose the fac-
tor (Sc/Scy)?1t, where Sey, is the Schmidt number calculated with the physical
properties near the membrane surface. The correction factors calculated using the
concentration polarisations at 0.1 and 2.5 molal and the model given by Bird et
al. (1960) became around 0.999 and compensation of the mass transfer coefficient
of this kind will therefore be neglected.
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Figure 7.1: The intrinsic magnesium chloride retentions at different magnesium
chloride concentrations showing the effect of different mass transfer coefficients.
Ezperiments are done at temperature 298 K, Desal 5§ DK membrane and Re=1000
(750 at 5 molal). (-) intrinsic retention calculated using the mass transfer co-
efficient, k, from Equation 2.13, (..) intrinsic retention using k/2, and, (-.)
intrinsic retention using 2 * k.
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Figure 7.2: The intrinsic sulphate retentions calculated from the model of Brian
(1966) using different magnesium sulphate diffusion coefficients at Re=1000 (left)
and Re=4500 (right). Ezperiments are done at 0.1 molal magnesium chloride
concentration, 300 ppm sulphate concentration, temperature 298 K and Desal 5
DK membrane. (*) observed retention, (-) intrinsic retention using Dyrgso, =
6% 10 19m2 /s, (...) intrinsic retention using 10% D, and, (.-.) intrinsic retention
using D /2.
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7.1.2 Calculated MgCl, intrinsic retentions

This section presents the calculated intrinsic retentions of the chloride ions using
different magnesium chloride concentrations, 300 ppm sulphate concentration and
the Desal 5 DK membrane. Figures 7.3 and 7.4 show the results at 298 K, whereas
Figures 7.5 and 7.6 show the results at 343 K. For each set of observed retentions
the intrinsic retentions are calculated from different models, where the dotted
lines give the intrinsic retentions calculated using k£ from Equations 2.13 or 2.14,
the dashed-dotted lines give the intrinsic retentions calculated using Equation 2.15
(Bird et al. 1960), the dashed lines give the intrinsic retentions calculated using
Equation 2.17 (Thomas 1973), and the solid lines give the intrinsic retentions
calculated using Equation 2.16 (Brian 1966).

The figures show that the intrinsic retentions calculated by the Sherwood corre-
lations given by Equations 2.13 or 2.14 and the intrinsic retentions calculated by
the model of Thomas (1973) predict a very strong concentration polarisation, the
intrinsic retentions calculated by the model of Brian (1966) predict a more mod-
erate concentration polarisation, whereas the results from the model of Bird et al.
(1960) predict only a modest concentration polarisation. A main problem with
the model of Bird et al. is that the concentration polarisation at lower Reynolds
numbers are lower than the concentration polarisation at higher Reynolds num-
ber, which is the opposite of what is expected from all theories. The difference
between the models decreases when the Reynolds number increases and there is a
slight decrease in the concentration polarisation when the temperature increases.
The concentration polarisation also decreases with increasing magnesium chloride
concentration.

Since the different concentration polarisation models give very different answers
the remaining problem is to choose the most reasonable model. For low con-
centrations and low Reynolds number the model of Thomas (1973) and the use
of the Sherwood correlations give far too high concentration polarisation values.
It is hard to believe that a membrane with 2% observed retention should have
an intrinsic retention around 80-90%. The model of Brian (1966) also predicts
unreasonable high intrinsic retention values at high fluxes (around 40%), whereas
the predicted concentration polarisations of the model of Bird et al. (1960) sound
more reasonable (around 5%), but this method gives higher concentration polar-
isation values in the turbulent region than in the laminar region as stated before.
If one ought to choose one model the model of Brian (1966) is recommended,
since the validity region of this model fits best the conditions in the experiments.
The model of Brian is valid in the flux range 5+ 1075 — 5 x 10~°m/s, whereas the
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fluxes in the experiments vary in the range 1+ 107% — 1.5% 10~*m/s, which means
that the highest fluxes exceed the limits of the models where we also observe the
least reasonable intrinsic retentions. Further, the model of Brian is reported to
be valid in the Schmidt number range 600-800, whereas the Schmidt numbers in
the experiments varied in the range 200-10000. The Schmidt number of the 0.1
and 1 molal magnesium chloride solutions, where we find the highest intrinsic
retentions, were around 790-980, which should match the validity region of the
model well.

The Desal G5 membrane shows the same general trends in the intrinsic retentions
as the Desal 5 DK membrane, but the concentration polarisations are much lower.
Hence, the intrinsic magnesium chloride retentions will also be lower. For exam-
ple, using the model of Brian (1966) at 298 K, 30 bar and 0.1 molal magnesium
chloride concentration the calculated concentration polarisations of Desal 5 DK
membrane were 1.56 and 1.22 at Reynolds numbers 1000 and 4500, respectively,
whereas for the Desal G5 membrane the concentration polarisations were 1.08
and 1.04, respectively. Normally, one would assume that the intrinsic retentions
of the Desal G5 membrane were higher than the intrinsic retentions of the Desal
5 DK membrane, since the observed retentions of the Desal G5 are slightly higher
than the observed retentions of the Desal 5 DK. On the other hand, the fluxes
of Desal G5 are also smaller than the fluxes of Desal 5 DK, which points in the
direction of higher concentration polarisation since the mass transfer coefficient
will be less enhanced, but Aitkuliev et al. (1984) argued that the concentration
polarisation vanishes when the fluxes become low. Again the concentration po-
larisation models have problems in explaining the expected results.

The discussion has shown that there exists no good model prediction of the
concentration polarisation phenomena and the calculated values are unreliable.
However, at high magnesium chloride concentrations, i.e. 5 molal, the concen-
tration polarisation seems to vanish and the Reynolds number has less effect on
the retention. This is of course an indirect effect of the low retention found at
high concentrations. Further, it seems resonable to take the flux into account at
least at the lower concentrations where it is high.



7.1 Concentration polarisation 133

0.1m MgCI2 im MgCI2
100 100
Re=1000 L Re=1000
80 e 80
g v - -7
S 60 ‘. 60 L
g = —
Q . Ve
@ 40 40 -
| /
o
20 20
0 0
0 15 0 10
100 100
Re=4500 Re=4500
80 80
X
5 60 60
=
o]
© 40 40
1
o
20 20
0 0
0 15 0 10
Flux [10~° m®/m?s] Flux [10~° m®/m?s]

Figure 7.83: Calculated intrinsic chloride retentions at different Reynolds numbers,
magnesium chloride solutions (0.1 and 1 molal), constant sulphate concentration
(800 ppm), Desal 5 DK membrane and temperature 298 K. (*) observed reten-
tions, (...) intrinsic retentions calculated with k from Equations 2.13 or 2.14,
(.-.) calculated intrinsic retentions from Bird et al. (1960), Equation 2.15, (-
-) calculated intrinsic retentions from Thomas (1973), Equation 2.17, and, (-)
calculated intrinsic retentions from Brian (1966), Equation 2.16.
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Figure 7.4: Calculated intrinsic chloride retentions at different Reynolds numbers,
magnesium chloride solutions (2.5 and 5 molal), constant sulphate concentration
(300 ppm), Desal 5 DK membrane and temperature 298 K. (*) observed reten-
tions, (...) intrinsic retentions calculated with k from Equations 2.13 or 2.14,
(.-.) calculated intrinsic retentions from Bird et al. (1960), Equation 2.15, (-
-) calculated intrinsic retentions from Thomas (1973), Equation 2.17, and, (-)
calculated intrinsic retentions from Brian (1966), Equation 2.16.
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Figure 7.5: Calculated intrinsic chloride retentions at different Reynolds number,
1 molal magnesium chloride solution, constant sulphate concentration (300 ppm),
Desal 5 DK membrane and temperature 343 K. (*) observed retentions, (...) in-
trinsic retentions calculated with k from Equations 2.18 or 2.1/, (.-.) calculated
intrinsic retentions from Bird et al. (1960), Equation 2.15, (- -) calculated intrin-
sic retentions from Thomas (1973), Equation 2.17, and, (-) calculated intrinsic

retentions from Brian (1966), Equation 2.16.
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Figure 7.6: Calculated intrinsic chloride retentions at different Reynolds number,
magnesium chloride solutions (2.5 and 5 molal), constant sulphate concentration
(300 ppm), Desal 5 DK membrane and temperature 343 K. (*) observed reten-
tions, (...) intrinsic retentions calculated with k from Equations 2.13 or 2.14,
(.-.) calculated intrinsic retentions from Bird et al. (1960), Equation 2.15, (-
-) calculated intrinsic retentions from Thomas (1973), Equation 2.17, and, (-)
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calculated intrinsic retentions from Brian (1966), Equation 2.16.
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7.1.3 Calculated MgSO, intrinsic retentions

This section presents the calculated intrinsic retentions of the sulphate ions using
different magnesium chloride concentrations, 300 ppm sulphate concentration
and the Desal 5 DK membrane. Figures 7.7 and 7.8 show the results at 298 K,
whereas Figures 7.9 and 7.10 show the results at 343 K. For each set of observed
retentions the intrinsic retentions are calculated from different models, where the
dashed-dotted lines give the intrinsic retentions calculated using Equation 2.15
(Bird et al. 1960), the dashed lines give the intrinsic retentions calculated using
Equation 2.17 (Thomas 1973), and the solid lines give the intrinsic retentions
calculated using Equation 2.16 (Brian 1966). The intrinsic retentions calculated
using only the Sherwood correlations in Equations 2.13 or 2.14 are not shown
since they all were close to 100%, unless in a few cases where they followed the
trends of Thomas’ model.

The figures show that the intrinsic retentions calculated at laminar flow conditions
by the model of Thomas (1973) predict a very strong concentration polarisation,
the intrinsic retentions calculated by the model of Brian (1966) predict a more
moderate concentration polarisation, at least at low fluxes, whereas the results
from the model of Bird et al. (1960) predict only a modest concentration polari-
sation. The same problem with the model of Bird et al. (1960) occurs here, since
the model predicts a lower concentration polarisation at laminar flow compared
with the concentration polarisation at turbulent flow, which is not physically cor-
rect. The difference between the models decreases when the Reynolds number
increases and there is a slight decrease in the concentration polarisation when
the temperature increases. The concentration polarisation also decreases with
increasing magnesium chloride concentration and a small decrease in the concen-
tration polarisation is also observed with increasing sulphate concentration at low
magnesium chloride concentration, whereas at high concentration the opposite is
true'.

Again one can observe unreasonable high calculated intrinsic retentions at low
Reynolds number, where the observed retentions are quite low, whereas at turbu-
lent flow the three models seem to approach each other. The calculated sulphate
intrinsic retentions using the Desal G5 membrane are lower than the correspond-
ing intrinsic retentions calculated using results for the Desal 5 DK membrane.

As for the calculated magnesium chloride intrinsic retentions the results of the

!The results using the 3000 ppm sulphate concentration are not shown.



138 Ch.7 Discussion of separation mechanisms and transport models

sulphate intrinsic retentions are uncertain. The concentration polarisation of the
sulphate ions are much lower at high magnesium chloride concentration, e.g. the
concentration polarisation modulus of the sulphate ion was equal to 14.5, 10.9,
1.4 and 1.06 at laminar Reynolds number, 298 K, 300 ppm sulphate concentration
and 0.1, 1, 2.5 and 5 molal magnesium chloride concentration, respectively. In a
worst case scenario the sulphate concentration at the membrane surface becomes
0.156 molal (approximately 10000 ppm sulphate) using the results calculated at
5 molal magnesium chloride and 3000 ppm sulphate concentration. If this value
is compared with the phase diagrams given in Figures 4.5 and 4.6 in Chapter
4, one can see that at 298 K the concentrations are far from any saturation
concentrations, whereas at 348 K the sulphate concentration is closer to the
saturation concentration and the boundary where the precipitation of kiserate
occur.
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Figure 7.7: Calculated intrinsic sulphate retentions at different Reynolds num-
bers, magnesium chloride solutions (0.1 and 1 molal), constant sulphate concen-
tration (300 ppm), Desal 5 DK membrane and temperature 298 K. (*) observed
retentions, (.-.) calculated intrinsic retentions from Bird et al. (1960), Equation
2.15, (- -) calculated intrinsic retentions from Thomas (1973), Equation 2.17,

and, (-) calculated intrinsic retentions from Brian (1966), Equation 2.16.
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Figure 7.8: Calculated intrinsic sulphate retentions at different Reynolds num-
bers, magnesium chloride solutions (2.5 and 5 molal), constant sulphate concen-
tration (300 ppm), Desal 5 DK membrane and temperature 298 K. (*) observed
retentions, (.-.) calculated intrinsic retentions from Bird et al. (1960), Equation
2.15, (- -) calculated intrinsic retentions from Thomas (1973), Equation 2.17,
and, (-) calculated intrinsic retentions from Brian (1966), Equation 2.16.
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Figure 7.9: Calculated intrinsic sulphate retentions at different Reynolds num-
bers, 1 molal magnesium chloride solutions, constant sulphate concentration (300
ppm), Desal 5 DK membrane and temperature 343 K. (*) observed retentions,
(.-.) calculated intrinsic retentions from Bird et al. (1960), Equation 2.15, (-
-) calculated intrinsic retentions from Thomas (1973), Equation 2.17, and, (-)
calculated intrinsic retentions from Brian (1966), Equation 2.16.
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Figure 7.10: Calculated intrinsic sulphate retentions at different Reynolds num-
bers, magnesium chloride solutions (2.5 and 5 molal), constant sulphate concen-
tration (300 ppm), Desal 5 DK membrane and temperature 343 K. (*) observed
retentions, (.-.) calculated intrinsic retentions from Bird et al. (1960), Equation
2.15, (- -) calculated intrinsic retentions from Thomas (1973), Equation 2.17,
and, (-) calculated intrinsic retentions from Brian (1966), Equation 2.16.
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7.1.4 Osmotic pressure difference over the membrane with and
without concentration polarisation

The osmotic pressure has been calculated using Equation 4.23 in Chapter 4, where
the osmotic coefficient has been calculated using the Pitzer model described in
the same chapter. The osmotic pressure differences have been calculated using
both the bulk and the membrane surface concentration calculated from Brian’s
model and the results are shown in Figures 7.11 and 7.12, which give the results
at 298 and 343 K, respectively. The concentration polarisation effect on the
osmotic pressure difference is relatively small at 0.1 molal magnesium chloride
solution, large at 1 molal magnesium chloride solution, whereas the effect at
2.5 and 5 molal magnesium chloride solutions are moderate. The effect of the
concentration polarisation reduces at higher temperatures. Figure 7.13 shows
the osmotic pressure as a function of the magnesium chloride concentration. The
increase in the osmotic pressure with increasing concentration is enormous. The
osmotic pressure differences observed at 5 molal magnesium chloride follow no
particular curve and can probably be explained by the uncertainty in the chloride
determination, since a small error in the chloride concentration will give a large
error in the osmotic pressure and hence a large error in the osmotic pressure
difference.



144 Ch.7 Discussion of separation mechanisms and transport models

30 30
0.1m MgCl,_, Re=1000 1m MgCl_, Re=1000
25 o 2 25 g 2
20 20
3
=15 15
[
<
10 10
5 M 5
0 ¥ ek He 0
0 5 10 15 0 5 10 15
30 60
25 50
20 40
g
=15 30
5
<
10 20
5 10
2.5m MgCIz, Re=1000 5m MgCIz, Re=750
0 0
0 1 2 3 4 5 0.2 0.3 0.4 0.5
Flux [10"5 m3/mzs] Flux [10_5 m3/m2s]

Figure 7.11: The osmotic pressure difference at different magnesium chloride con-
centrations, 300 ppm sulphate concentration, 298 K and Desal 5 DK membrane.
(*) without concentration polarisation, and, (o) with concentration polarisation
calculated from Brian’s (1966) model.
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Figure 7.12: The osmotic pressure difference at different magnesium chloride con-
centrations, 300 ppm sulphate concentration, 343 K and Desal 5 DK membrane.

(*) without concentration polarisation, and, (o) with concentration polarisation
calculated from Brian’s (1966) model.



146 Ch.7 Discussion of separation mechanisms and transport models

1200

T
* 298 K
O 343K

1000 -

800

600 -

7 [bar]

400

200

0 | | | | | | | | |
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
MgCI2 concentration [m]

Figure 7.13: The osmotic pressure in different magnesium chloride solutions with
300 ppm sulphate calculated using Equation 4.23 and the Pitzer model described
in Chapter 4.
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7.2 Flux measurements

7.2.1 Observed volume flux reduction with increasing MgCl, con-
centration

The reduction in the volume flux as function of the pressure and the magnesium
chloride concentration is shown in Figure 7.14. The volume flux at 0.1 molal
magnesium chloride concentration is equal to the pure water flux at 298 K for both
membranes, whereas for the other concentrations a significant reduction in the
volume flux compared with the pure water flux is observed. Several explanations
for this flux reduction with increasing salt concentration have been proposed in
the literature. Nystrom et al. (1995) related the flux reduction to the osmotic
pressure difference, whereas Freger et al. (2000) related it to either the reduction
in water activity or to the increased screening of the repulsion effect of the fixed
charges in the membrane.

According to the Hagen-Poiseuille equation given in Equation 3.80 the volume
flux will decrease when the viscosity increases and a correction to the water
permeability coefficient can be calculated using the expression

Lp,solution = Lp,w T (72)

Nsolution

where the L, is the water permeability measured in pure water. Further, a
correction of the water activity on the permeability can be calculated using the
water activity in the bulk solutions. Setting the water activity in pure water
equal to 1, the corrected permeability coefficient becomes

= Lpw—2"a, (7.3)

’ Tlsolution

L;;,solution
where a,, is the water activity in the actual solution. Figure 7.15 shows the
predicted fluxes using the Hagen-Poiseuille equation with the corrected perme-
abilities, where the water activity in different magnesium chloride solutions are
given in Table 7.1. The solid lines are the observed fluxes versus the observed
fluxes and deviations from this lines means that the predictions are either too high
or too low. In the 0.1 molal magnesium chloride solution the predictions fit the
observed volume fluxes nicely, whereas at higher concentrations the predictions
are too high. In both the 2.5 molal magnesium chloride solution and especially
in the 5 molal magnesium chloride solution the correction of the water activity
improves the predictions, but there are still effects not accounted for. The water
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Figure 7.14: Volume flux reduction using the Desal 5 DK (left) and Desal G5
(right) membranes at different temperatures and Reynolds number 1000 (750).
(-) water permeability, (*) 0.1 molal MgCly, (x) 1 molal MgCly, () 2.5 molal
MgCl, and, (¢) &5 molal MgCl,.

activity used in the corrections are calculated in pure magnesium chloride solu-
tion and the interaction with the membrane is not taken into account, which of
course may alter the predictions. It is reasonable to think that the presence of
the membrane will lower the water activity even more and improve the volume
flux predicitons further.

From the discussion in Section 7.3.4, the parameter 7Az/e* is decreasing with
increasing salt concentration, which means that the effective membrane thickness
decreases. This parameter can also be found in the Hagen-Poiseuille equation,
refer Equation 3.80, and if it decreases the volume fluxes should also decrease,
which will improve the volume flux prediction even further.
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The difference in the osmotic pressure between the feed side and the permeate
side is affecting the real pressure difference over the membrane, and the volume
flux can be calculated using equation

Jy = Ly(AP — A7) (7.4)

The osmotic pressure differences have been calculated using the Pitzer model
described in Section 4.4 and discussed in Section 7.1.4. Figure 7.16 shows the
observed fluxes and the predicted volume fluxes with and without concentration
polarisation at different magnesium chloride solutions. The results at 5 molal are
not shown, since the osmotic pressure differences varied very much and was be-
lieved to be caused by titration error, see discussion in Section 7.1.4. The volume
flux predictions using the osmotic pressure difference without the concentration
polarisation fit the observed fluxes best at the 0.1 molal magnesium chloride so-
lution. The results at 1 molal magnesium chloride fit the volume flux predictions
using the osmotic pressure difference with the concentration polarisation surpris-
ingly well, whereas at 2.5 molal the best volume flux predictions are the ones
without concentration polarisation.

The fluxes measured using the Desal 5 DK are much higher than the fluxes
measured using the Desal G5 membrane, even if the pore diameter of the Desal 5
DK is much lower than the pore diameter of the Desal G5 membrane, refer Table
5.1. This difference in flux is due to the higher surface porosity of the Desal 5
DK membrane and the Desal 5 DK membrane is also more hydrophilic than the
Desal G5, which will increase the water flux.

Table 7.1: Water activity in different magnesium chloride solutions calculated
from the Pitzer model described in Section 4.4.
CMgCla [molal] 0.1 1 2.5 5

Gy 0.9956 0.9575 0.8106 0.4811
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Figure 7.15: The predicted and observed volume fluzes at different magnesium
chloride concentrations, 298 K and Desal 5 DK as a function of the observed
volume fluzes. The solid lines are the observed fluxes versus the observed fluzes
and deviations from this lines means that the predictions are either too high or
too low. (-) observed volume flux, (o) predicted volume fluxz from the Hagen-
Poiseuille equation with viscosity correction, (*) predicted volume fluz from the
Hagen-Poiseuille equation with viscosity and water activity corrections.
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Figure 7.16: The predicted and observed volume fluzes at different magnesium
chloride concentrations, 298 K and Desal 5§ DK as a function of the observed
volume fluzes. The solid lines are the observed fluzes versus the observed fluzes
and deviations from this lines means that the predictions are either too high or
too low. (-) observed volume flux, (*) predicted volume fluxz from the Hagen-
Poiseuille equation with viscosity, water activity and omsotic pressure difference
corrections, (o) predicted volume flux from the Hagen-Poiseuille equation with
viscosity, water activity and osmotic pressure difference corrections, where the

osmotic pressure difference is based on the concentration polarisation model of
Brian (1966).
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7.2.2 Splitting the volume flux into water and salt fluxes

The mass fluxes at different magnesium chloride concentrations using the Desal
5 DK membrane at 298 K are shown in Figure 7.17, where also the salt and
the water mass fluxes are shown. The figure illustrates that with increasing
salt concentration the salt flux share of the total mass flux increases and the
assumption that the volume flux equals the water flux fails.

Further, the number of water molecules per ion inside the membrane has been
calculated as a function of the bulk salt concentration and the result is shown in
Figure 7.18. At the 5 molal magnesium chloride solution the number equals 3,
which means that the ions only partially have filled hydration shells, refer Table
4.2.
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Figure 7.17: The total, salt and water mass fluxes as function of the pressure and
different magneisum chloride concentrations at 298 K. (x) total mass fluz, (O)
water mass flux, and, (o) magnesium chloride mass fluz.
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Figure 7.18: The number of water molecules per ion inside the membrane as a
function of the magnesium chloride concentration calculated from the water and
salt fluxes measured in experiments with pure magnesium chloride solutions.
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7.3 Transport models in single MgCl, solutions

7.3.1 Election of transport models

The observed retentions will be used in the estimation of the model parameters,
since the determination of the concentrations at the membrane surface and hence
the intrinsic retentions are so uncertain. This will especially influence the results
where the concentration polarisation is believed to be significant, i.e. at low
concentration and in the laminar flow region. The discussion in the following
sections will focus on the results obtained using the Desal 5 DK membrane at
298 K and 300 ppm sulphate concentration, unless stated otherwise. In the
calculations the influence of the sulphate ions on the chloride ions are neglected,
since no evidence of the contrary was found in Chapter 6. The discussion of the
sulphate ion retentions is postponed until Section 7.4.

The flux and retention results presented in Chapter 6 were fitted to the differ-
ent transport models presented in Chapter 3. The fitting results of the sieve
model, Glueckauf dielectric exclusion equation and the solution-diffusion model
were not good and the obtained models did not predict the retention patterns
satisfactorily. The solution-diffusion-imperfection model gave reasonable results
in the 0.1 molal magnesium chloride solution and the turbulent flow, but at the
other concentrations the model predictions became only vertical lines giving the
average retention. On the other hand, the Spiegler-Kedem model, the Pusch’s
model and the finely-porous model gave good models, which fitted the observed
retentions nicely.

7.3.2 Retention predictions using the Spiegler-Kedem model

The observed magnesium chloride retentions were fitted using the Spiegler-Kedem
equation given by Equation 3.54 and the parameters o and P;/Az were found
using a non-linear least square regression procedure. The results for different
magnesium chloride solutions are shown in Figure 7.19 and the calculated ASR-
values? are very small and of the order 2 % 1076.

2The averaged square resdidual (ASR) can be used as a measure of how good the model
prediction is. The ASR can be calculated from the formula ASR = 1/n3", (Yobs — Ypred)?,
where n is the number of observations.
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Figure 7.19: The observed and predicted chloride retentions using the Spiegler-
Kedem model at different magnesium chloride concentrations, 298 K and Desal
5 DK membrane. Observed retentions at Reynolds number: (3) 750, (*) 1000,
(¢) 2500, (o) 4500, and, (-) model predictions.

The local reflection coefficient, o, is approximately equal to 0.03 at laminar flow
and 0.1-2.5 molal magnesium chloride concentrations, whereas it increases to 0.3
at 5 molal. At turbulent flow the coefficient equals 0.07 at 0.1 and 2.5 molal,
whereas at 1 molal magnesium chloride concentration the reflection coefficient is
0.11, probably due to the increased retention observed for this membrane sheet. If
we focus on the laminar results it seems that something happens to the membrane
process when the concentration changes from 2.5 molal to 5 molal, i.e. the
membrane increases its salt reflection. First of all, this could be a result of bad
model estimation, since we have very low retentions and a very small flux region
at the highest concentration, which makes the parameter estimation uncertain.
For example, the limiting retention predicted by the model obtained at 5 molal
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is 25%, whereas the other models predict a retention around 4%.

If the increase in the reflection coefficient is real, it would be interesting to see
what could be the reason according to Equation 3.68, which relates the reflection
coefficient to an exclusion term and a kinetic term. The increase in the reflection
coefficient can be caused by a decrease in the salt partition coefficient or an in-
crease in the water partition coefficent, but most likely both of these coefficients
are close to one. This leads to the conclusion that the change in the reflection co-
efficient is due to changes in the friction factors, where the friction factor between
the membrane and the salt must increase more than the friction factor between
the water and the membrane when the concentration increases.

The local solute permeability increases with increasing concentration at laminar
flow, whereas at turbulent flow it is constant at 1 and 2.5 molal and twice as
large as it is at 1 molal magnesium chloride. The permeability divided by the
membrane thickness is equal to 4 * 107° m/s at a concentration of 5 molal and
Reynolds number 750, which is also the value at the 1 and 2.5 molal solutions
and Reynolds number 4500. The increase in the solute permeability with the
concentration can be explained by increasing the friction factors between the salt
and the membrane and the salt and the water. The salt partition coefficient will
also increase with increasing concentration.

7.3.3 Retention predictions using the Pusch model

The magnesium chloride retentions were fitted using the Pusch’s equation given
in Equation 3.35 and the parameters Ry, and (Lga/L, — (R®)?)L,mr/R>® were
found using a non-linear least square regression procedure. The results for 0.1,
1 and 2.5 molal magnesium chloride solutions are shown in Figure 7.20 and the
ASR-values are very small and of the order 2 « 107°. The prediction at 5 molal
magnesium chloride concentration was not good and is not shown.

The (Lag/L, — (R®)?)L,mr/R™® became negative at 0.1 molal magnesium chlo-
ride concentration and a Reynolds number of 1000, whereas the coefficients at
all the other conditions was of the order 10~* with the highest values at a con-
centration of 2.5 molal. The infinite retentions were 1.9, 3.7 and 3.8% at 0.1, 1
and 2.5 molal solutions and a Reynolds number of 1000, respectively, whereas
the infinite retentions were 9.0, 12.9 and 24.0% at the same conditions and a
Reynolds number of 4500 (2500 at 2.5 molal).
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Figure 7.20: The observed and predicted chloride retentions using the Pusch model
at different magnesium chloride concentrations, 298 K and Desal 5 DK mem-
brane. Observed retentions at Reynolds number: (*) 1000, (o) 2500, (o) 4500,
and, (-) model predictions.

7.3.4 Retention prediction using the finely-porous model

The magnesium chloride retentions were fitted using the finely-porous model
given in Equation 3.105 and the parameters TAz/e* and be* /ks were found using a
non-linear least square regression procedure. The results for different magnesium
chloride solutions are shown in Figure 7.21 and the ASR-values are very small
and of the order 2 * 1075, The magnesium chloride diffusion coefficient varied
with the concentration as shown in Figure 4.8. The model estimation at low
concentrations and laminar flow gave negative model coefficients which can not
be explained physically. Again it should be emphasized that we are using the
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observed retentions in the regression analysis, which can give strange values in
the theoretical models. The results at Reynolds number 1000 and 0.1, 1 and 2.5
molal are therefore omitted and the discussion will focus on the results at higher
Reynolds number were the error in not taking the concentration polarisation into
account is less.
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Figure 7.21: The observed and predicted chloride retentions using the finely-
porous model at different magnesium chloride concentrations, 298 K and Desal 5
DK membrane. Observed retentions at Reynolds number: () 750, (¢) 2500, (o)
4500, and, (-) model predictions.

The estimated parameters are given in Table 7.2, where the parameter TAz/e*
decreases and the parameter be*/ks increases with increasing concentration. The
surface porosity is constant and independent of the salt concentration, there-
fore the decrease in the 7Az/e*-parameter indicates a decrease in the effective
thickness of the membrane, which can be regarded as a membrane shrinkage as
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discussed by Freger et al. (2000) and Heyde et al. (1975). Freger et al. proposed
that the shrinkage of the membrane was caused by either a reduction in the water
activity inside the membrane or a screening of the repulsion effect of the fixed
charges in the skin layer, or a combination of these.

The increase in the be* /ks-parameter is due to either an increase in the salt par-
tition coefficient or an increase in the b-factor defined in Equation 3.103. The
salt partition coefficient will most likely increase and approach 1 as the salt con-
centration increases, whereas the b-parameter increases when the friction factor
between the salt and the membrane increases, which is reasonable when the con-
centration increases. Also a reduction in the friction factor between the salt and
the water molecules will give an increase in the be* /kg-parameter, but most likely
this friction factor will also increase, but not as strongly as the friction factor
between the salt and the membrane.
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7.4 Multicomponent solutions

7.4.1 General remark about the multicomponent models

The discussion of the multicomponent models will concentrate on the Donnan-
steric-pore model decribed in Section 3.3.9 and the use of single salt versions of
the Spiegler-Kedem model, the Pusch’s model and the finely-porous model. The
models discussed in Section 3.4 can not be used since we have not done any pure
magnesium sulphate experiments.

7.4.2 Ton retention prediction by the DSPM

The effective membrane charge can be calculated from an iteration procedure
using the Donnan-steric-pore model described in Section 3.3.9 and the pure mag-
nesium chloride retention results, where the membrane charge and the membrane
thickness are used as the iteration variables. The iteration procedure did not con-
verge to any stable values for any of the magnesium chloride solutions used. The
membrane surface charge density can, on the other hand, be estimated assuming
that it is close to the electrokinetic charge density at the plan of shear, which
is related to the zeta potential by the equation (Hunter 1981, Hagmeyer and
Gimbel 1998)

O¢ —

0.5
2e0ekT Z ciNy [e:rp <— Z};;C) - 1] ] (7.5)

which gives the effective volumetric membrane charge as

—20,

X, =
d rpF

(7.6)

From Figure 5.7 in Chapter 5, the zeta potential for the Desal 5 DK membrane
at pH 6 is around -5 mV, which gives an effective membrane charge equal to -15
mol/m?>.

The retention of the membrane was calculated by the DSPM using the measured
permeate concentrations and the fluxes at different magnesium chloride solutions,
300 ppm sulphate concentration, Desal 5 DK and 298 K, where the effective
membrane charge and the membrane thickness were set to reasonable values. The
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procedure integrates from the permeate side through the membrane to the feed
side, where the bulk concentrations are calculated using the Donnan exclusion
potential. It was found that the effective membrane charge had little or no
influence at all on the calculated retentions, whereas the results varied with the
membrane thickness or equivalently the diffusion coefficients. An example of
the concentration profile through the membrane is given in Figure 7.22, where
the feed sulphate ion concentration increases with increasing flux. The retention
predictions given for different magnesium chloride solutions are shown in Figure
7.23, from where we can see that the sulphate retention predictions are not good.

In order to better explain the sulphate retention results, some calculations were
done varying the pore radius and using both the crystallic and hydrated radii
given in Table 4.2. There was no significant difference in using the crystallic radii
compared with the hydrated radii, whereas a decrease in the pore radius of course
led to higher retention values for all ions, but it did not improve the sulphate
model predictions.

Since the membrane charge did not have any effect on the retentions, the use
of the DSPM in multicomponent solution is of less value, since the coupling
between the ions is related to the electrical potential. Further, as for all the
other models the DSPM is only valid in dilute solutions, which is not the case in
these experiments.

7.4.3 The use of the Spiegler-Kedem, Pusch and finely-porous
models in multicomponent solutions

The observed sulphate retentions were fitted using the Spiegler-Kedem equation
given by Equation 3.54 and the parameters o and P;/Az were found using a
non-linear least square regression procedure. The results for different magnesium
chloride solutions are shown in Figure 7.24 and the calculated ASR-values in the
turbulent flow region are small and of the order 1 % 1073, whereas the model
predictions at laminar flow and low concentrations are not so good.

The local reflection coefficient at turbulent flow decreases with magnesium chlo-
ride concentration, whereas for the local solute permeability only a small decrease
is observed. The sulphate permeability values are an order of magnitude lower
than the chloride permeabilities, which can be explained by a lower partition co-
efficient and a higher friction factor between the sulphate ions and the membrane
compared to the friction factor between the chloride ions and the membrane.
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0 0.5 1 1.5
Membrane thickness [m] x10°°

Figure 7.22: The calculated concentration profile through the membrane at 5 molal
magnesium chloride solution, 300 ppm sulphate concentration, 298 K, Reynolds
number 4500 and Desal 5 DK. (- -) chloride ion concentration, (-.) magnesium
ion concentration, and, (-) sulphate ion concentration.

The observed sulphate retentions were fitted using the Pusch’s equation given
in Equation 3.35 and the parameters Ry, and (Lga/L, — (R®)?)L,mr/R>® were
found using a non-linear least square regression procedure. The results for 0.1, 1
and 2.5 molal magnesium chloride solutions are shown in the Figure 7.25 and the
ASR-values for the turbulent flows are small and of the order 1%x10~3. The predic-
tion at laminar flow and the results at 5 molal magnesium chloride concentration
were not good and are not shown.

The (La2/L, — (R®)?)L,mr/R™® became negative at laminar flow conditions,
whereas the coefficients at the turbulent conditions were of a magnitude lower
compared with the corresponding chloride values discussed in Section 7.3.3. The
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Figure 7.23: The ion retention predictions calculated from the DSPM. (*) ob-
served magnesium ion retentions, (¢) observed chloride ion retentions, (o) ob-
served sulphate ion retentions, and, (-) model predictions.

infinite retentions at turbulent flow increased to a limiting value of 55%. The
values at high magnesium chloride concentration are measured at considerable
lower fluxes and an extension of the model to the infinite flux limit will of course
be more inaccurate when only a small range of the flux is used to make the
models.

The finely-porous model was also used to fit the observed sulphate retention
data, but in this case the TAx/e*-parameters found in the chloride regression
analysis discussed in Section 7.3.4 were used and held constant at each magnesium
chloride level. This means that all the information of the sulphate ion retention
should be hidden in the be*/ks-parameter. The finely-porous model is given
in Equation 3.105 and the parameter be*/ks was found using a non-linear least
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square regression procedure. The diffusion coefficient for the sulphate was set
equal to the value that corresponded to a magnesium sulphate concentration equal
to the magnesium chloride concentration in the actual solution. The results for
different magnesium chloride solutions and turbulent flows are shown in Figure
7.26 and the ASR-values are small and of the order 1 % 1073,

The sulphate be*/ks-parameters are given in Table 7.2 and one can see that
the parameter increases as the magnesium chloride concentration increases. The
increase in the be*/ks-parameter is due to either an increase in the sulphate
partition coefficient or an increase in the b-factor defined in Equation 3.103. The
sulphate partition coefficient will increase when the salt concentration increases
because the retention decreases, whereas the b-parameter will decrease since the
friction between the sulphate ions and the membrane will most likely decrease
due to the shielding effects of the increasing and very high chloride concentration
and at the same time the friction between the sulphate and the rest of the salt
solution will increase.

Table 7.2: The estimated TAx/e*- and be*/ks-parameters in the finely-porous
model as function of magnesium chloride concentration and 300 ppm sulphate
concentration at 298 K and Reynolds number 4500 (2500 at 2.5 molal and 750
at 5 molal).

CMgcl, [molall 0.1 1 2.5 5

TAz/e* [10° m] 431 246 1.19 0.85
(be* /ks) ngcus 1.075 1.129 1.131 1.395
(be* /Es) g =2 1.820 2.004 1.963 8.077

(be* [ks) g0/ (be* [ ko) hger, 169 177 174 579
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Figure 7.24: The observed and predicted sulphate retentions using the Spiegler-
Kedem model at different magnesium chloride concentrations, 300 ppm sul-

phate concentration, 298 K and Desal 5 DK membrane.

Observed retentions

at Reynolds number: (3) 750, (*) 1000, () 2500, (o) 4500, and, (-) model

predictions. Note that there is no prediction line at 1 molal and Re=1000.
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Figure 7.25: The observed and predicted sulphate retentions using the Pusch
model at different magnesium chloride concentrations, 300 ppm sulphate con-
centration, 298 K and Desal 5 DK membrane. Observed retentions at Reynolds
number: (*) 1000, (¢) 2500, (o) 4500, and, (-) model predictions.
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Figure 7.26: The observed and predicted sulphate retentions using the finely-
porous model at different magnesium chloride concentrations, 300 ppm sulphate
concentration, 298 K and Desal 5 DK membrane, when the parameter TAzx/e*
estimated for the chloride retentions are held constant at each magnesium chloride

level. Observed retentions at Reynolds number: (3) 750, (¢) 2500, (o) 4500, and,
(-) model predictions.
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7.5 Separation mechanisms

The interaction between the ions and the membrane is discussed in Section 3.3.7
and the Donnan potential is belived to be one of the separation mechanisms in
nanofiltration of salt solutions (Peeters et al. 1998, Hagmeyer and Gimbel 1998,
Nystrom et al. 1995). The Donnan potential has been successfully applied in
many salt systems as part of the Donnan-steric-pore model (Peeters et al. 1998,
Hagmeyer and Gimbel 1998, Bowen and Mohammad 1998b), and Peeters et al.
(1998) found that the 15 membranes they investigated could be divided into two
categories, where the retention in the first type of membranes followed a typical
Donnan exclusion mechansim, whereas in the second type of membranes the
retention was determined by both Donnan exclusion and size effects. However, the
concentration in all these systems has been very low compared to the magnesium
chloride concentration discussed here. On the other hand, Sabbatovskii et al.
(1993) claimed that the electrostatic separation mechanisms vanish at higher
concentrations and related the retention characteristics to structural mechanisms
or to ion pairing.

It is a well-known fact that the Debye length will decrease and the surface charges
will be more effectively shielded with increasing concentration. Bowen et al.
(1997) have shown how the electrical potential varies across a membrane pore with
pore diameter and concentration, and, at 0.1 molar sodium chloride a significant
decrease in the potential across the pore was found. The retention calculations
of the Donnan-steric-pore model discussed in Section 7.4.2 also showed no effect
of the membrane charge, which was varied between -150 - +150 mol/m?. But
even if the membrane charge has no or little effect on the separation at higher salt
concentrations, the membrane itself will merely due to its presence have influence
on the activity of the ions and the water.

Since it has been difficult to use any analytical expressions for the dielectric
exclusion mechanism, the discussion will focus on the qualitative effects seen
from the Born’s model in Equation 3.135. From this equation one can see that
the separation of an ion is caused by the difference in the dielectric constants in
the membrane pore and in the bulk solution and valence and radius of the ion,
i.e. higher valence and bigger ion give better separation of the ion. The decrease
in the retention when the concentration of magnesium chloride increases can be
explained by the decrease in the dielectric constant of the bulk solution, which
at really high concentrations will approach the dielectric constant of the solution
in the membrane pores. The separation between the chloride and sulphate ions
will then of course be a result of the different ionic radiuses and valences. The
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effect of temperature is difficult to predict, since the dielectric constants at higher
temperatures will most likely be higher due to the higher water activity at a given
concentration, which may level out the inverse temperature dependency.

The original preferential-sorption model presented by Sourirajan (1963) suggested
that the retention of a membrane could be correlated with the Gibbs adsorption
isotherm

r 1 dvy

¢~ Rl (7.1
where T is the surface excess concentration and < is the surface tension. Also
Heyde et al. (1975) discussed the validity of this simple correlation and were
surprised how well it worked. The surface tension of magnesium chloride and
magnesium sulphate at 393 K can be found in Lide (1990) and the surface tension
for both salts are linear dependent with the concentration and the dvy/dc-slope
of the magnesium chloride is 1.5 times higher than the slope of the magnesium
sulphate. This means that the chloride ions will have a larger partition coefficient
than the sulphate ions (Friebe and Moritz 1994).

The surface potential at the air/water interface of different salts is given by Con-
way (1977) and reprinted in Figure 7.27. The surface potential gives information
about the surface structure of the fluid and the orientation of the water and
ion molecules near the interface. The figure shows that the surface potential of
magnesium chloride is negative and decreasing with concentration, whereas the
surface potential of magnesium sulphate is positive and increasing with concen-
tration. The surface potential can be related to the hydration energies, where
smaller hydration energies give greater decreases in the potential, and the conclu-
sion is that the sulphate ions will have a greater hydration energy than the chlo-
ride ions and according to the separation mechanisms proposed by Luck (1984),
the sulphate ions should be better retained than the chloride.
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Figure 7.27: The change in the surface potential plotted as a function of the salt
concentration (Conway 1977).



Chapter 8

Conclusions

8.1 Main results

This thesis has focused on the separation of sulphate ions from concentrated
magnesium chloride solutions using nanofiltration. The magnesium chloride con-
centrations varied from 0.1 to 5 molal, whereas the sulphate concentration took
three levels, i.e. 0, 300 ppm and 3000 ppm. An extensive database containing
experimentally measured chloride and sulphate ion retentions and volume fluxes
has been established using the Osmonics/Desal membranes Desal 5 DK and Desal
G5. The effect of Reynolds number, temperature and pressure has been investi-
gated, and the experimental results are in qualitative agreement with the results
found in the literature.

The observed chloride retentions are relatively low, less than 10%, whereas the
observed sulphate retentions are somewhat higher, around 20-60%. Both ion re-
tentions decrease with increasing magnesium chloride concentration and to some
extent increasing temperature, whereas the ion retentions increase with increasing
Reynolds number and pressure.

The ions are separated due to the difference in the physical-chemical properties
between the solution outside the membrane and the solution inside the membrane,
which can be related to the dielectric exclusion mechanism. Both the chloride
and the sulphate retentions fitted the Spiegler-Kedem model and the finely-porous
model nicely and gave parameters, which can be given a physical interpretation.

171
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The observed volume fluxes decrease with increasing magnesium chloride concen-
trations, which can at least partially be explained by the increase in the viscosity,
the decrease in the water activity inside the membrane and the osmotic pressure
difference between the feed side and the permeate side of the membrane.

At low concentrations the retention varied with the Reynolds number, which
indicates the presence of a concentration polarisation phenomena. In order to
make quantitative calculations of the membrane surface concentration different
models were used, that gave very different answers. None of the models are
believed to be good. However, the concentration polarisation decreases with
increasing salt concentration and at 5 molal the concentration polarisation of the
chloride ion is negligible, but the concentration polarisation of the sulphate ions
is still significant.

8.2 Further research

Further research should include more experiments using high salt concentrations
and different types of membranes, but the experiments can be limited to only
one (high) Reynolds number and one sulphate concentration. For instance, it
would be interesting to see the ion retentions of a highly charged membrane in a
concentrated electrolyte.

The concentration polarisation phenomena should be more thoroughly discussed
in order to use the results at low Reynolds numbers and low concentrations.
A verification of the existing correlations or a development of new ones should
be stressed unless future retention experiments are performed at high Reynolds
numbers. Anyway, the concentration polarisation in multicomponent solutions
should get some attention in the future.

The Maxwell-Stefan model provides a general approach to multicomponent trans-
port without any restrictions in the concentration, and the model should get some
attention in the future. The Pitzer model can be used to create the dlny;/0z ;-
relationship needed to calculate the Maxwell-Stefan diffusion coefficients.
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Chapter 9

Direct measurements of the
concentration polarisation
phenomenon

Edvard Sivertsen, Vetle Misje, Mats Vingereid and Norvald Nesse
Department of Chemical Engineering, Norwegian University of Science and
Technology, N-7491 Trondheim, Norway.

Parts of this chapter was presented at Euromembrane 2000,
Jerusalem, Israel, September 24-27, 2000.

9.1 Introduction

The main idea of a membrane process is to separate a component from a, solution
by using a semi permeable membrane that allows some components to pass while
other components are prohibited. The latter components will accumulate near
the membrane surface and a concentration gradient is formed. The increase in the
concentration at the membrane surface is referred to as concentration polarisation
and may influence the separation process in several ways. First, an increase in the
concentration polarisation will cause a reduction in the driving pressure difference
since the osmotic pressure increases, and second, the solute flux increases since
the concentration difference across the membrane increases. Both effects will in-
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crease the solute concentration in the permeate and thereby lower the separation
efficiency (Jonsson and Boesen 1984, Rautenbach and Albrecht 1989).

In concentrated solutions the concentration polarisation may cause super satura-
tion of the liquid at the membrane surface, which may lead to precipitation on
the membrane surface with the possibility of pore blocking. This will of course
influence the product quality and production rate.

The problem with concentration polarisation was early brought into scientists
attention when calculating the performance of membrane processes, e.g. Brian
(1965), Sherwood et al. (1965), Sherwood et al. (1967) and Kimura and Sourira-
jan (1967), and it is now generally accepted that a quantitative knowlegde of the
concentration polarisation is required in order to perform design and optimalisa-
tion of the membrane processes (Geraldes et al. 2000). In order to achive such
knowlegde different methods have been used which can be divided into two main
categories, direct and indirect. The direct methods measure the concentration as
function of distance from the membrane and gives the concentration polarisation
directly, while the indirect methods calculates the membrane surface concen-
tration using measured retention and flux values together with a mathematical
model of the mass transfer coefficient.

Direct measurement of the concentration profile can be made by optical devices
or micro electrodes. Reported optical methods are based on laser interferograms
(Dytnerskij et al. 1987, Mahlab et al. 1978, Kapur and Macleod 1975, Bollenbeck
and Ramirez 1974, Johnson 1974, Lin et al. 1953) and on NMR micro-imaging
(Pope et al. 1996), while in methods using micro-electrode measurements different
properties such as conductivity (Hendricks and Williams 1971, Liu and Williams
1970), current transient (Tiravanti et al. 1985) and dielectric constants (Hanai
et al. 1993) have been measured. Direct methods are often restricted to special
membrane cells and flow conditions, which give less valuable results since they
may be far from real process conditions.

Indirect methods have become the most important and widely used category of
methods to calculate the concentration polarisation. The amount of available
literature is enormous, with many different models and diversity of their use, e.g.
Raridon et al. (1966), Ramani (1992), Bader and Jennings (1992) and Geraldes
et al. (2000).

A new direct method to calculate the concentration polarisation is developed and
the principle of the method will be explained. The method should be useful in
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mapping the concentration polarisation in multi component solutions.

9.2 Film model

The film model is a widely used model to calculate the concentration polarisation
in membrane separation (Mulder 1996, Jonsson and Boesen 1984). At steady
state conditions the transport through the concentration boundary film equals
the solute transport through the membrane', and using a mass balance over the
film and integrating between the bulk solution and the membrane surface, the
concentration polarisation modulus can be calculated from the film model by

Cm exp(Jy /k)

Cy  Rim + (1 = Rint) exp(Jy/k) (9.1)

where J,, is the flux through the membrane, k = D/, is the mass transfer number,
D is the diffusion coefficient, §. is the concentration boundary layer thickness,
Cy is the bulk concentration, C), is the concentration at the membrane surface,
Rt = 1—C,/Cy, is the intrinsic retention and C), is the permeate concentration.

To use the equation above together with experimental results, a correlation for
the mass transfer coefficient, k, has to be chosen. Gekas and Hallstrgm (1987)
give a summary of mass transfer correlations based on Sherwood, Schmidt and
Reynolds numbers, and suggest modifications in the correlations when they are
used in membrane separation (i.e. walls with suction). The general correlation
can be written

%d

Sh =a Re® Sc¢°
a (A CL

(9.2)
where Sh = kd;,/D is the Sherwood number, Re = dpvp/n is the Reynolds
number, Sc¢ = n/pD is the Schmidt number, d, = 4 (area)/(wetted periphery) is
the hydraulic diameter and a, b, ¢ and d are constants. Further, D is the diffusion
coefficient, v is the flow velocity, L is the length of the channel, p is the density
and 7 is the viscosity. This study has used the coefficients given by Mulder (1996)
as a first calculation of the mass transfer coefficient. For laminar flow in a channel
the correlation is

Sh = 1.85 (Re Scdy,/L)%33 (9.3)

'Refer Figure 2.3 in Chapter 2.
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while for turbulent flow it becomes

Sh = 0.04 Re%"™ 5033 (9.4)

9.3 Principle of the new method

Three steel capillary tubes have been mounted on and through the top plate of a
cross-flow flat-sheet membrane cell. The lower end of these tubes can be exactly
positioned vertically in the membrane cell channel above the membrane using
a micrometer screw with a scale of 1/100 mm. Micro valves connected to the
capillary tubes allow very small samples to be drawn for analysis. The principle
of the method is shown schematically in Figure 9.1. To the authors’ knowledge,
this is the first attempt to physically draw a sample of the solution near the
membrane surface and analyze it.

Sample (v,)

|

C, Capillary tube

Membrane

Figure 9.1: Principle of the new method measuring the concentration polarisation
directly by adjusting a capillary tube inside the concentration boundary layer, d.,
and drawing a sample of the solution for analysis. The fluid velocity profile in
the hydrodynamic boundary layer, 6, is estimated by a linear velocity profile.

One important parameter to control is the sampling velocity defined as the veloc-
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ity which the sample is drawn through the capillary tube. If samples are drawn
with too high sampling velocity it will create suction also from the layers next
to the layer under investigation, and the sample concentration will not be rep-
resentative for that position in the concentration boundary layer. If all fluid in
a height h below the probe tip should be drawn for analysis, the following mass
balance could be set up (refer Figure 9.2)

v =bhv; = —=—F~_— (9.5)

where the inner diameter of the capillary tube, ds, equals 0.2 mm, the outer
diameter, b, is 0.4 mm and the height of the layer under investigation, h, is set
equal to 0.01 mm. The ratio between the sampling velocity and the fluid velocity
in the channel above the membrane has been estimated with reasonable values
and should not exceed 1/10.

Vb
f
. !
— —i0
v —_—
i T
h b

Figure 9.2: The sample drawn for analysis should be taken from the area b- h,
giving restrictions of the sampling velocity, v;.

The fluid velocity in the boundary layer above the membrane is unknown, but as
shown in Figure 9.1 this velocity has been approximated by a linear profile. Fur-
ther, the sampling velocity profile inside the capillary tube will probably have a
parabolic shape with a maximum velocity in the center of the tube with decreas-
ing value towards the tube walls. To get the same amount of fluid into the tube
as passing the area b- h, the height of the concentration layer under investigation
must be slightly higher than h.
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9.4 Experimental

9.4.1 Apparatus

Experiments were carried out on the laboratory test unit shown schematically
in Figure 9.3. The module consists of a feed tank (total volume 8 dm?) with a
temperature controller, a pump (Cat 5CP6121, engine effect 4 kW) with a bypass
line and a membrane flat-sheet cell. The main line was controlled by a back
pressure valve (Tescom), while the bypass line was controlled with a needle valve
(Whitey union bonnet valve). All parts made of steel were of quality stainless
steel (SS316) and the tubes were made of Teflon.

The pressure transmitter (Bourdon Sedeme Y763, 0-100 bar, current output 4-20
mA) was placed upstream of the membrane cell, while the flow meter (ADMAG
SE magnetic flow meter, 0-20 dm?®/minute, current output 4-20 mA) was con-
nected to the main line downstream the membrane cell. The accumulated per-
meate was weighed on a balance (Explorer, Ohaus, capacity 0.00-410.00 grams).

Figure 9.3: The laboratory test unit consists of (1) a feed tank, (2) a pump, (3)
a bypass line, (4) a computer, (5) a pressure transmitter, (6) a membrane flat-
sheet cell, (7) a weight balance, (8) a back pressure valve, (9) a flow meter, (10) a
thermometer and (11) a water heat exchanger. Pressure, flow rate and flux were
automatically measured and the data stored in the computer.

The pressure, flow rate and flux were automatically measured and the data stored
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in a computer. The Field Point data acquisition system from National Instru-
ments was used together with the program Labview. The process variables were
normally sampled three times per minute.

The experimental conditions were limited to a maximum pressure of 100 bar,
room temperature (20-25 degrees Celsius) and a maximum flow rate of 9 dm? /minute.

The cross-flow flat-sheet membrane cell was made of stainless steel (SS316) and
sketches are shown in Figures 9.4 and 9.5. The total active membrane area was
60 cm? (60 mm x 100 mm) and a porous sintered metal plate in stainless steel
(SS316) was used as a membrane support. The height of the channel above the
membrane was 3 mm and the placement of the capillary tubes are shown in
Figure 9.4. The capillary tubes are placed on the diagonal of the flow direction
to minimize the disturbance of the flow pattern around tubes downstream. A
photo of the membrane cell showing the sampling system is given in Figure 9.6.

9.4.2 Response time

An important parameter of the apparatus is the dynamic behavior of the sampling
system consisting of a capillary tube and a micro valve. The response time can
be defined as the time elapsed from a change in the conditions at the inlet of
the capillary tube inside the membrane cell till that change can be measured
at the outlet of the capillary tube. The response time has been experimentally
measured at different sampling velocities? by measuring the conductivity in the
sample drawn from the membrane cell when the feed changed from water to 1
M magnesium chloride. The results are shown in Figure 9.7, where graph (a)
shows two examples of the measured conductivity as a function of elapsed time
after the change in feed, whereas graph (b) shows the response time as function
of the sampling velocity. The response time increases almost exponentially with
decreasing sampling velocities.

2The sampling velocity is given as drops/minute which is an appropriate number to control
in the laboratory. One drop/minute equals a linear velocity of 4.1 mm/s.
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Figure 9.4: The top plate of the cross-flow flat-sheet membrane cell. The position
of the three capillary tubes are shown as shaded dots. All lengths in mm.
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Figure 9.5: The bottom plate of the cross-flow flat-sheet membrane cell. All
lengths in mm.
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Figure 9.6: Top view of the cross-flow flat-sheet membrane cell showing the con-
centration polarisation measuring device consisting of three micrometer screws
(in front) and three micro valves (back) mounted on the membrane cell top plate.
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Figure 9.7: (a) The measured conductivity is plotted as a function of elapsed time
after a change in the feed for two different sampling velocities. (b) The response
time is plotted as a function of the sampling velocity.
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9.4.3 Experimental conditions and procedure

The experiments were carried out on a NF-45 membrane from Danish Separation
Systems, using a 0.1 M magnesium chloride solution, temperature 20 degrees
Celsius and pressure 20 bar unless otherwise stated. At these conditions an
average flux of 1.72:107° m/s and approximately 80% retention were measured.

Unless otherwise stated, the center capillary tube and a sampling velocity of
4 drops/minute were used during the concentration polarisation measurements.
The capillary tube was adjusted and solution was drawn through the capillary
tube at the sampling velocity 4 drops/minute in a period of time equal to the
response time which at a sampling velocity of 4 drops/minute equals 6 minutes.
Then 5 or 10 drops of sample were collected, weighted and diluted with 10 grams
of deionized water, before the conductivity was measured and the concentration
in the diluted solution was determined from a calibration curve. Finally, the
concentration in the sample was calculated.

The normal procedure was to start measuring the concentration in the middle of
the cell (1.5 mm from the membrane surface), and then approach the membrane
surface measuring the concentration at different positions. In some cases the
experiment proceeded after reaching the membrane surface by also measuring
the concentration when the distance from the membrane was increasing.

The magnesium chloride concentration was usually determined by measuring the
conductivity by a conductivity meter (712 Conductometer, Metrohm, uncertainty
+1%), and then determine the concentration from a calibration curve. In one
experiment the magnesium ion concentration was measured with atomic absorp-
tion spectroscopy (Varian apparatus, model 400). The accuracy of the magne-
sium concentration analysis was found to be better than 1%. SINTEF Inorganic
Process Chemistry and Analysis performed the atomic absorption spectroscopy
measurements.
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9.5 Results and discussion

9.5.1 Experimentally measured concentration profiles

Two concentration profiles are shown in Figure 9.8 for Reynolds number 1065,
pressure 20 bar and temperature 20 degrees Celsius. Actually they are from
the same measurements but the samples were diluted and split in two parallels,
where the concentration in the first parallel was determined by conductivity mea-
surements and the second parallel by atomic absorption spectroscopy. The two
profiles follow the same pattern, but there is a shift in the concentration level. The
ratio between the measured concentrations by conductivity and atomic absorption
spectroscopy is constant and equals 1.104+0.01. Since it is the relative concentra-
tion difference between the bulk and positions near the membrane surface that
is of interest and the two methods measure the same relative concentrations, the
rest of the concentrations were determined by conductivity measurements.

Conducitivty Atomic absorption spectroscopy
0.094 3
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0.104 O towards 2nd 0.093
O from
0.092
0.102
_ 0.091 0
2
= 0.09
% o041
m] 0.089
m
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<
0.096 0.086
0 0.5 1 1.5 0 0.5 1 1.5
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Figure 9.8: The concentration profile plotted as a function of the distance from
the membrane; (a) shows the result when the concentration was determined by
conductivity measurements, while (b) shows the result when the concentration
was determined by atomic absorption spectroscopy. The process variables were
Reynolds number 1065, pressure 20 bar and temperature 20 degrees Celsius and
the samples were drawn from the center capillary tube.
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Figure 9.8 also shows the results from two different samples drawn in succession
for analysis at two different heights above the membrane. The measured concen-
trations at distance 1.5 mm from the surface are within the limits of uncertainties,
whereas the difference in concentrations at distance 0.2 mm from the surface is
too large to be explained by the uncertainty in the concentration measurements.
There could be an experimental error in the dilution of the second sample at this
position.

A decrease in the measured concentration profile near the membrane surface is
observed in several experiments and can also be seen in Figure 9.8. The phe-
nomenon occurs when measuring the concentration at positions around 0.07-0.1
mm from the membrane surface, and a possible explanation can be in the hydro
dynamical flow pattern around the capillary tube as discussed below.

The results obtained for the center tube and at four different Reynolds numbers
are given in Figure 9.9. For Reynolds number 1083, the samples were drawn
for analysis both when the capillary tube was adjusted towards and from the
membrane, and the circles in the figure indicate the average concentration at that
position from the membrane. The concentration profiles at all Reynolds numbers
shows a characteristic jump down around 0.3-0.4 mm from the membrane just
after the concentration started to increase.

Figure 9.10 shows profiles obtained at all three capillary tubes at the same time.
Two different sampling velocities have been applied at Reynolds number 1065,
whereas the other experimental conditions are the same as before. There are
small differences between the profiles taken from different positions along the
flow direction over the membrane, indicating that the profile should be fully
developed already 20 mm from the inlet. Another interpretation of the result
is that the presence of the capillary tube inside the boundary layer disturbs the
profile and acts as a turbulence promoter and make all three profiles equal.

The average concentration in the bulk was calculated from the three concentration
measurements at positions 1.5, 1.0 and 0.5 mm from the membrane surface.
From this average a dimensionless concentration profile can be calculated and the
profiles for the different Reynolds numbers given in Figure 9.9 can be compared.
The dimensionless concentration profiles are given in Figure 9.11, and as can
be seen all four profiles follow the same pattern. The lowest Reynolds number
has a very low concentration at 0.05 mm from the membrane surface, but the
three other concentrations measured at this position increase with decreasing
Reynolds number. The latter pattern is expected since higher Reynolds number
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means more turbulent flow with more mixing of the solution causing a lower
concentration polarisation.

The relative concentration polarisation measured at Reynolds number 630 is lower
than the other concentration polarisations at higher Reynolds number. From the
discussion above a lower Reynolds number should give a higher concentration po-
larisation, and this deviation between theory and experiment can be explained by
calculating the ratio between sampling velocity and fluid velocity at that particu-
lar position in the boundary layer. In Figure 9.11 the change in the concentration
starts approximately at position 0.5 mm from the membrane surface and the fluid
velocity in the boundary layer can be estimated by a linear velocity profile be-
tween the bulk value and position 0.5 mm from the membrane surface and zero
velocity at the membrane surface. The ratio between the sampling velocity and
the fluid velocity at position 0.05 mm from the membrane then becomes 1.5 for
the Reynolds number 630, 0.8 for the Reynolds number 1083 (1065), 0.6 for the
Reynolds number 1559 and 0.2 for the Reynolds number 4267. Since none of the
ratios are less than 1/10 all the concentration profiles are expected to be under-
estimated, and this underestimation is worse for the case at the lowest Reynolds
number where the suction from the capillary tube should be noticeable.

When increasing the Reynolds number a thinner concentration boundary layer is
expected due to the increased mixing effect. There are not observed any signifi-
cant difference in the concentration boundary layer for the three cases of laminar
flows in Figure 9.11 (or Figure 9.9). The increase in concentration starts around
0.45-0.50 mm from the membrane surface. A small decrease in this concentration
boundary layer can be observed when the flow is turbulent, where the thickness
of the layer becomes approximately 0.3 mm.
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Figure 9.9: The concentration profile plotted as a function of the distance from
the membrane at four different Reynolds number. The pressure was 20 bar, the

temperature was 20 degrees Celsius and the samples were drawn from the center
capillary tube.
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Figure 9.10: The concentration profile plotted as a function of the distance from
the membrane; (a) shows the result when the sampling velocity was 1 drop/minute,
while (b) shows the result when the sampling velocity was 2 drops/minute. The
pressure was 20 bar, the temperature was 20 degrees Celsius and the Reynolds
number was 1065. Capillary tube no 1 is located closest to the entrance to the
membrane cell, no 2 is the center tube and no 3 are the capillary tube closest to
the exit.
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Figure 9.11: The dimensionless concentration profile plotted as a function of
the distance from the membrane surface for various Reynolds numbers calculated
using the average of the three concentrations at 0.5, 1.0 and 1.5 mm from the
membrane surface as the bulk concentration. The pressure was 20 bar and the
temperature was 20 degrees Celsius.
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9.5.2 Experimental results versus the film model and literature
data

The concentration profiles in Figures 9.9 and 9.10 can be used to estimate the
concentration at the membrane surface by fitting the data points to a 2nd order
polynom and extrapolate to zero distance. The calculated concentration polar-
isation modulus for different Reynolds numbers are given in Table 9.1 together
with the results calculated using the film model (Equation 9.1). As can be seen
from the table the experimental results underestimate the concentration polar-
isation modulus compared with the film model. This result is in accordance to
the statement in the previous subsection, and the reasons are probably hidden in
the hydrodynamic flow pattern around the capillary tube.

Table 9.1: The concentration polarisation modulus calculated from both experi-
mental concentration profiles and the film model and mass transfer coefficients
calculated from both experimental results and literature correlations are shown as
a function of the Reynolds number. The experimental values at Reynolds number
1065 are calculated using the concentration profile at the center tube and sampling
velocity 1 drop/minute (refer Figure 9.10).

Re (Con/Ch)exp  (Con/Ch)itm  Kexpl10® [m/s]  keorr10° [m/s]

630  1.07 3.93 1.96 2.15
1065 1.13 3.27 1.14 2.56
1083 1.19 277 0.69 2.57
1559 1.13 3.17 1.26 2.90
4267 1.13 1.51 1.24 3.77

Since the concentration polarisation calculated using the film model depends
heavily on the mass transfer coefficient, the result can not be better than the
mass transfer correlation used. Correlations are often based on experiments under
special conditions, and when these correlations are used on other systems large
uncertainties may be introduced. In membrane separations corrections to account
for the change in viscosity due to higher concentration at the membrane surface
and membrane surface roughness has been suggested (Gekas and Hallstrom 1987).
Other factors that have been discussed are the membrane porosity and the flux.
In some cases it has been found that the porosity of the membrane stabilizes
the laminar flow and onsets the turbulent region to a Reynolds number around
4000 and enhances the mass transfer coefficients (Gekas and Hallstrgm 1987). A
larger mass transfer coefficient would give a smaller concentration polarisation
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modulus calculated from the film model and give a smaller deviation between the
experimental results and the model. If the mass transfer coefficient is doubled
the calculated concentration polarisation modulus from the film model becomes
1.77 for Reynolds number 1065.

Dytnerskij et al. (1987) have used an optical method to measure the concentration
polarisation in sodium chloride solutions. At 25 bar, 20 degrees Celsius and 0.1 M
concentration they found a concentration polarisation modulus between 1.2 and
1.4 depending on the Reynolds number comparable with the results at Reynolds
number 630, 1065 and 1083. Geraldes et al. (2000) have used a numerical model
to predict the concentration polarisation in nanofiltration systems and tested the
model on experimental results. For a 0.034 M sodium chloride solution at 20 bar,
25 degrees Celsius, and Reynolds number 1000, which gave a permeation velocity
of the same order as the one used in this study, the calculated concentration
polarisation modulus became 1.4.

The concentration boundary layer can be calculated through the relationship
with the mass transfer coefficient and the diffusion coefficient, ¥ = D /.. Table
9.1 shows both the mass transfer coefficient calculated from the experimental
results and the film model and the mass transfer coefficient calculated from the
correlations given in Equation 9.3 or Equation 9.4. The two mass transfer coef-
ficients differ by an order of magnitude and give concentration boundary layer
thicknesses between 0.005-0.01 mm and 0.02-0.05 mm, respectively. These values
are much lower than the concentration boundary layer thicknesses found exper-
imentally from the concentration profiles given in the previous section. If the
concentrations near the membrane surface are assumed to be underestimated by
the experimental method, increasing the estimated surface concentration would
give a thicker calculated concentration boundary layer which is closer to the ex-
perimentally found values.

After the work by Blasius the hydro dynamical boundary layer can be approxi-
mated by (Geankoplis 1993)

§= 5.0y /50 laminar (9.6)
~1/5
5= 0.376 (%) turbulent (9.7)

where 7 is the viscosity, p is the density, x is the position relative to the inlet, vo
is the fluid velocity in the bulk region and L is the length of the membrane cell.
When the hydro dynamical boundary layer is known the concentration boundary
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layer can be calculated by the approximation (Rautenbach and Albrecht 1989)

Oc _ go1/3 (9.8)
)

which is valid for a third order concentration profile. Using these approximations,
the hydro dynamical boundary layer in laminar flow becomes 3.4 mm, and with
a Schmidt number equal to 1000, the concentration boundary layer is approx-
imately 0.34 mm. In turbulent flow the calculated hydro dynamical boundary
layer is 2.3 mm, which gives a concentration boundary layer of 0.23 mm. These
concentration boundary layers are in good agreement with the experimentally
found values which are 0.45 mm for laminar flow and 0.3 mm for turbulent flow.

Geraldes et al. (2000) have used a numerical method to calculate the concen-
tration polarisation in nanofiltration and takes into account the mass transfer,
hydrodynamics and the permeation and accumulation at the membrane surface.
For typical nanofiltration conditions and laminar flow their calculated concentra-
tion boundary layer thicknesses are between 0.3-0.45 mm.

9.5.3 Problems with the new method

As emphasized before, the main problem with the method can be related to the
probe and its ability to work as a turbulence promoter. Therefore, before the
method can be used to map the concentration polarisation in different environ-
ments, a thorough study of the hydrodynamic behavior around a capillary tube
with suction should be done.

The exact position of the probe in relation to the membrane surface has also been
an issue for discussion. It has been shown that the position of the probes change
due to different tightening of the cell, different membrane thicknesses and applied
pressure.
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9.6 Conclusions

A new method to measure the concentration polarisation in membrane separation
has been developed, and the principles of the method, results and problems are
discussed. The main idea of the method is that a capillary tube which can be
positioned vertically with an accuracy of 1/100 mm, draw small samples from the
concentration boundary layer for analysis. This gives the opportunity to measure
the concentration polarisation for complex and multi component solutions.

Experimental results are in qualitative agreement with results from the film the-
ory, i.e. the concentration polarisation decreases with increasing Reynolds num-
ber. The experimental results are not in quantitative agreement with the expected
results from the film theory.

The lack of quantitative agreement can be caused by several factors. The most
important disadvantage of the method is due to the capillary tube itself, since
it may act as a turbulence promoter in the boundary layer and give a lower
concentration at the membrane surface. Another question is the accuracy of the
estimated mass transfer coefficient.

Before the method is used in a more systematic way to determine concentration
polarisation data, a thorough study of the hydrodynamic flow and flow pattern
around the capillary tube inside the boundary layer should be completed.
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Appendix A

Pitzer parameters for the
system Mg-CI-SO4-H->0

A.1 Main parameters for MgCl, and MgSO,

The temperature dependency of the magnesium chloride main parameters are
given by the equation

F(T) = QiT? + QT + Q3 (A.1)

whereas the main parameters of magnesium sulphate are given by the equation

2 P 3 9
1) = Qu(5+85 —298) + Qo (B + 2 - 22)
3 4 3 4 5 4
G EE R DEACES Sh o BNCE
w5 2) 0,

The coefficients, @Q;, are given in Tables A.1 and A.2 for the magnesium chloride
and magnesium sulphate, respectively, and are valid in the temperature range
298-473 K and from infinite dilution to the saturation concentrations (Pitzer
1995).
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Table A.1: Coefficients for the main parameters of magnesium chloride valid in
the temperature range 298-473 K, taken from Pitzer (1995).

Bo B C?
Q1 5.93915e-07  2.60169e-05  2.41831e-07
Q2 -9.31654e-04 -1.09438e-02 -2.49949e-04
Q3 0.576066 2.60135 5.95320e-02

Table A.2: Coefficients for the main parameters of magnesium sulphate valid in
the temperature range 298-473 K, taken from Pitzer (1995).

Bo B B2 c?
1 -1.0282 -2.9596e-01 -1.3764e-01 1.0541e-01
Q2 8.4790e-03 9.4564e-04 1.2121e-01 -8.9316e-04

Q3 -2.33667e-05 0 -2.7642e-04 2.51e-06
Q4 2.1575e-04 0 0 -2.3436e-09
Qs  6.8402e-04 1.028e-02  -2.1515e-01 -8.7899e-05
Qs 0.21499 3.3646 -32.743 0.006993

A.2 Mixing parameters for the system Mg-CIl-SOy,

The temperature function of the mixing parameters can be given by the equation

f(T) =a+b(T —T,) + c(T? —Tf)-l-d(% —%) +eln <%> +f (% —%)
(A.3)

where a, b, ¢, d, e and f are adjustable coefficients. Known values are given
in Table A.3 (Harvie et al. 1984, Pabalan and Pitzer 1987), where the 6¢_s0,-
parameter is independent of the temperature when the temperature is below 473
K and the coefficients of the 1 y/y_ci—50,-parameter are valid in the temperature
range 298-373 K. The parameters are valid up to the saturation concentrations.
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Table A.3: Coefficients for the mizing parameters for the system Mg-CIl-SOy,
taken from Harvie et al. (1984) and Pabalan and Pitzer (1987).

a b c
0.02000 0 0
-0.00796 0 O

d
Oci—so, 0
Yrrg—Cl—S04

O O™
O O~

32.63







Appendix B

Measured water fluxes and
permeabilities

Figures B.1-B.6 show the water flux measurements before and after running ex-
periment with salt solutions. The water flux measurements were carried out at
temperature 298 K and the Reynolds number between 1000-3000, unless other-
wise stated. The standard deviation is 0.5 K for the temperature; 6% of the
Reynolds number values; 2% of the pressure values; and, 5% of the flux values.

The water flux, the water permeability and the pressure is related by Equation 5.1
in Chapter 5, which gives the water permeability as the slope in a flux-pressure
diagram. For each new membrane sample the slope was calculated with a least
square method and the result was divided by the water density to convert the
permeability unit from g m2s~!'bar~! to m®*m—2s 'bar—!. The water density
values 996.96 kg m=3 at 298 K and 977.8 kg m~2 at 343 K (Lide 1990) was used.
The results using the Desal 5 DK membrane are given in Table B.1, whereas
Table B.2 shows the results using the Desal G5 membrane.

The salt retention using a 0.1 molal magnesium chloride solution at Reynolds
number 1000, temperature 298 K and pressure 30 bar was measured for each
membrane sample in order to compare the retention characteristics. The results
are given in Tables B.1 and B.2.
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Figure B.1: Measured water fluxes using the membrane samples DK-R1, DK-RS3,
DK-Rj and DK-R5. Legends: (1) new after pretreatment, (2) after experiment
with 2.5 m solution, (3) after 24 h, (4) after experiment with 5 m solution, (5)
new after pretreatment, (6) new after pretreatment, (7) after experiment with 0.1
m solution, (8) after experiment with 2.5 m solution, (9) new after pretreatment,

(10) after experiment with 5 m solution.
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Figure B.2: Measured water fluzes using the membrane samples DK-R6, DK-R8
and DK-R9. Legends: (1) new after pretreatmemt, (2) after experiment with 0.1
m solution, (3) after experiment with 0.1 m solution, (4) after experiment with
5 m solution, (5) new after pretreatment (6) after experiment with 1 m solution,
(7) after 10 days of storage in destilled water, (8) after experiment with 1 m
solution, (9) after experiment with 1 m solution, (10) after experiment with 1 m
solution, (11) new after pretreatment.
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Figure B.3: Measured water flures using the membrane samples DK-R10, DK-
R11 and DK-R12. Legends: (1) new at 298 K after pretreatment, (2) immediately
after reaching 343 K, (3) after 3.5 h at 343 K and 30 bar, (4) immediately after
cooling to 298 K, (5) new at 298 K after pretreatment, (6) immediately after
reaching 343 K, (7) after 1.5 h at 343 K and 30 bar, (8) immediately after cooling
to 298 K, (9) new at 298 K after pretreatment, (10) immediately after reaching
343 K, (11) immediately after cooling to 298 K.
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Figure B.J: Measured water fluxes using the membrane samples G5-R1, G5-R2,
G5-R5 and G5-R6. Legends: (1) new after pretreatment, (2) after experiment
with 2.5 m solution, (3) new after pretreatment, (4) after experiment with 0.1 m
solution, (5) after experiment with 1 and 5 m solutions, (6) new after pretreat-
ment, (7) after experiment with 0.1 m solution, (8) after experiment with 1 m
solution, (9) new after pretreatment, (10) after experiment with 0.1 m solution,
(11) after experiment with 5 m solution.



220 Appendiz B. Measured water fluxes and permeabilities

G5-R7
5 ‘ ‘ ‘
4
NU)
£
9@
o
.2
x
=}
o
1
0
0 10 20 30 40 50
G5-R9
5
* 5
O 6
Nw4 o 7
£ o 8
@
=2
x
=}
o
1
0
0 10 20 30 40 50

Pressure [bar]

G5-R8
5 ‘ ‘ ‘
* 2
o 3
4 o 4
3
2
1
0
0 10 20 30 40 50
G5-R10
5
*
4 o 10
3
2
1
0
0 10 20 30 40 50

Pressure [bar]

Figure B.5: Measured water fluzes using the membrane samples G5-R7, G5-
R8, G5-R9 and G5-R10. Legends: (1) new after pretreatment, (2) new after
pretreatment, (3) after experiment with 2.5 m solution, (4) after experiment with
5 m solution, (5) new after pretreatment, (6) after experiment with 1 m solution,
(7) after experiment with 1 m solution, (8) after experiment with 1 m solution,
(9) new after pretreatment, (10) after experiment with 1 m solution.
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Figure B.6: Measured water fluzes using the membrane samples G5-R12 and
G5-R13. Legends: (1) new at 298 K after pretreatment, (2) immediately after
reaching 343 K, (3) after 4 h at 348 K and 40 bar, (/) immediately after cooling
to 298 K, (5) new at 298 K after pretreatment, (6) immediately after reaching
343 K, (7) after 1.5 h at 343 K and 40 bar, (8) immediately after cooling to 298

K.
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Table B.1: Measured water permeabilities at 298 and 343 K and the salt retention
using a 0.1 molal magnesium chloride solution at 30 bar for different Desal 5§ DK
membrane samples.

Sample LIQ,98 L;’,43 Riest
[107% m?/m2s'bar] [107° m®/m?s'bar]  [%)]
DK-R1 2.861 na 3.80
DK-R3 4.116 na 4.35
DK-R4 3.562 na 2.63
DK-R5 3.816 na 3.60
DK-R6 3.619 na 3.20
DK-RS8 3.011 na 3.62
DK-R9 2.611 na na
DK-R10 4.053 1.107 na
DK-R11 3.764 1.151 na
DK-R12 3.213 1.082 na
Average 3.5 1.11 3.53
Std 0.5 0.03 0.58

Table B.2: Measured water permeabilities at 298 and 343 K and the salt retention
using a 0.1 molal magnesium chloride solution at 30 bar for different Desal G5
membrane samples.

Sample LIQ,98 L243 Riest
[107% m?®/m?s'bar] [107% m?/m?s'bar]  [%)]
Gb5-R1 1.113 na 8.50
G5-R2 1.139 na 5.82
G5-R5 1.043 na 7.60
G5-R6 0.859 na na
GbH-R7 0.956 na 11.72
G5-R8 0.979 na 10.90
Gb5-R9 0.998 na na
G5-R10 1.053 na 6.30
G5-R11 0.599 1.596 na
G5-R12 0.886 1.981 na
G5-R13 0.804 2.156 na
Average 1.0 1.9 8.47

Std

0.1

0.1

2.41




Appendix C

Experiment operation
procedure

The experiments were carried out as described in the detailed operation procedure
given below.

1. The salt solution was added to the feed tank.
2. The computer was turned on and the logging-program started.

3. The temperature set point was given to the computer and the feed was
pumped through the system at low pressure until this temperature was
reached.

4. The flow rate was adjusted until the acquired value was obtained.
5. The pressure was adjusted until the acquired value was obtained.

6. The experiment was run for at least 0.5 hour and to the accumulated per-
meate exceeded 75 grams.

7. Two samples of the feed and one sample of the permeate were taken out
for analysis (approximately 20 grams/sample).

8. The pressure was adjusted to a new acquired value.

9. The experiment was run for at least 10 minutes and the accumulated per-
meate exceeded 75 grams.
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224 Appendiz C. Ezxperiment operation procedure

10. One sample of the permeate was taken out for analysis.

11. The experiment continued at point 8 until measurements on all pressure
levels were done.

12. The flow rate was adjusted until the new acquired value was obtained, and
the experiment proceeded at point 8 until measurements on all flow rate
levels were done.

13. The temperature set point was changed and the experiment proceeded at
point 3 until measurements on all temperature levels were done.

14. Two samples of the feed were taken out for analysis.

15. The feed was cooled and the system was emptied and shut down.



Appendix D

Results using Desal 5 DK

The following tables give the results from experiments done with samples of
Desal 5 DK membrane. The code in brackets in the table headings, e.g. DK-
R3, refers to the membrane sample used in the experiments. The tables include
the following columns: temperature [K|; Reynolds number; pressure [bar]; flux
[g/m?s]; chloride ion concentration [m]; sulphate ion concentration [ppm]; pH

and, finally, the experimental order the experiments were run'.

The standard deviations of the measured variables are calculated and only the
maximum values are given. The standard deviation for the temperature is 0.5
K; for laminar Reynolds numbers 6% and for turbulent Reynolds numbers 2%
of the value; for pressures 2% of the value; for fluxes 5% of the value; for chlo-
ride concentration 0.5% of the value, and for sulphate concentrations 3% of the
value when the concentrations were around 300 ppm and 1% of the value when
the sulphate concentrations were around 3000 ppm. The uncertainty in the pH
measurements is 0.05 units.

!Number 2 is normally missing in this column because this sample was a parallel to sample
number 1 and only the averaged value is given.
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Table D.1: Results using 0.1 m MgCly (DK-R3).

T [K] Re Pressure Flux Ce- pH Exp
[bar] [g/m?s] [m] order

feed - - 0.193 na 1

298.0 1000 6.1 21.1 0.185 6.77 5
10.5 36.5 0.184 6.76 4

16.5 60.0 0.186 6.85 6

20.5 73.7 0.187  6.69 3

20.8 73.5 0.186 6.85 7

30.9 109.7 0.188  6.56 2

297.8 4400 6.7 22.0 0.183 6.84 12
11.4 39.3 0.179 6.88 9

16.6 59.6 0.177 6.86 10

20.4 73.3 0.177  6.82 8

30.5 107.4 0.178  6.89 11

feed - - 0.192 6.48 13

Table D.2: Results using 0.1 m MgCly and 300 ppm MgSOy4 (DK-R/).

T [K] Re Pressure Flux Coi-  Cgp2- pH Exp
4
[bar] [g/m?s] [m] [ppm] order
feed - - 0.189 299 6.47 1

297.9 1020 6.0 20.0 0.184 211 6.67 4
6.1 20.1 0.183 229 6.83 8
9.3 32.4 0.184 212 6.77 5
16.5 57.0 0.184 252 6.69 3
20.0 68.3 0.184 na 6.77 6
30.1 104.0 0.186 279 6.72 2
30.0 103.0 0.186 270 6.77 7

297.9 4400 6.3 20.4 0.182 296 6.75 12
9.8 32.5 0.179 292 6.76 11
15.9 54.3 0.177 299 6.74 13
20.6 70.2 0.176 285 6.81 9
29.3 100.2 0.177 289 6.78 10

feed - - 0.189 299 6.71 14
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Table D.3: Results using 0.1 m MgCly and 3000 ppm MgSO, (DK-R6).

T [K] Re Pressure  Flux Coi-  Cgp2- pH Exp
4
[bar] [g/m?s] [m] [ppm] order
feed - - 0.178 2848 6.42 1

298.2 1030 5.1 13.7 0.174 2044 6.58 6
10.0 29.7 0.173 1999  6.60 )
9.9 29.3 0.174 1993 6.55 8
15.9 45.6 0.173 2063 6.56 4
20.7 60.3 0.174 2205  6.56 7
30.7 86.3 0.174 2459 6.60 3

297.9 4450 7.0 20.1 0.171 1694 6.52 13
7.3 21.1 0.171 1696 6.55 14
10.8 31.2 0.168 1537  6.56 9
15.8 47.7 0.168 1515 6.52 12
20.4 60.6 0.167 1530 6.54 11
29.3 88.1 0.166 1605  6.54 10

feed - - 0.179 2861 6.51 15
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Table D.J: Results using 1.0 m MgCly (DK-R8 and DK-R9).

T [K] Re Pressure Flux Ce- pH Exp
[bar] [g/m?s] [m] order
DK-R8 feed - - 1.609  6.01 1
298.4 900 5.5 5.7 1.568 6.21 4
10.7 12.4 1.548 6.26 5
15.4 18.9 1.535  6.27 6
20.4 24.2 1.528  6.15 2
30.1 36.4 1.531  6.19 3
40.0 49.0 1.529  6.29 8
50.4 56.5 1.544  6.28 7
298.2 4380 4.8 4.6 1.568  6.30 14
10.3 12.3 1.544  6.30 12
15.3 19.3 1.505 6.30 13
21.4 27.0 1.490 6.27 9
31.5 39.0 1.454  6.32 10
40.0 49.1 1.428 6.33 11
50.7 59.6 1.427 6.33 15
DK-R9 feed - - 1.643  6.68 1
343.0 1980 5.2 15.4 1.615 5.23 3
10.1 35.0 1.589  6.02 2
15.4 50.6 1.587  6.57 5
20.4 58.2 1.570 7.24 15
30.4 102.6 1.555 7.25 4
39.8 114.4 1.547 7.35 6
48.8 127.7 1.549 7.38 7
343.0 9820 5.1 13.7 1.604 7.11 9
9.9 27.4 1.583  6.03 8
15.9 46.3 1.546 6.93 11
19.3 54.4 1.530 7.22 14
29.5 86.2 1.487 7.28 10

40.5 112.5 1.458 741 12
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Table D.5: Results using 1.0 m MgCl, (DK-R3).

T [K] Re Pressure Flux Ce- pH Exp
[bar] [g/m?s]  [m] order

feed - - 1.931  5.80 1

343.0 980 5.8 33.6 1.907 6.03 3
10.7 67.2 1.901  6.00 2

16.3 106.8 1.917  6.13 4

20.7 133.1 1.916 6.13 )

30.1 181.2 1.910 6.24 6

343.0 4260 5.7 30.6 1.910 6.28 11
11.2 63.7 1.888  6.30 10

15.7 91.6 1.875 6.23 9

20.1 117.6 1.870 6.31 8

31.0 180.0 1.867  6.28 7

feed - - 1.929  6.35 12

Table D.6: Results using 1.0 m MgCly and 175 ppm MgSO4 (DK-RS).

T [K] Re Pressure Flux Coi-  Cgp2- pH Exp
4

[bar] [g/m2s]  [m] [ppm] order

feed - - 1.687 175 6.31 1

298.1 900 4.9 5.9 1.659 118 6.52 7
10.2 14.3 1.626 152 na 6

15.8 22.6 1.603 134 6.69 3

20.6 29.6 1.599 119 6.59 4

31.4 42.4 1.582 140 na 2

40.6 56.6 1.608 151 na )

50.8 69.3 1.615 141 na 8

298.1 4320 5.9 7.6 1.642 168 6.42 12
10.8 15.2 1.611 134 na 11

14.8 22.0 1.587 120 6.41 13

21.9 32.4 1.559 97 na 9

29.8 44.8 1.533 99 na 14

40.5 59.4 1.505 89 6.46 10

52.4 76.3 1.485 102 na 15

feed - - 1.688 na na 16
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Table D.7: Results using 1.0 m MgCly and 300 ppm MgSO4 (DK-RS).

T [K] Re Pressure Flux Cor- Csoi* pH Exp
[bar] [g/m?s]  [m] [ppm] order
feed - - 1.557 290 na 1
298.3 850 5.7 9.5 1.527 211 6.46 4
11.0 18.4 1.508 196 na 3
21.6 36.1 1.502 211 na )
41.1 67.5 1.506 229 6.47 2
52.8 81.7 1.513 258 na 6
298.3 4310 6.9 10.8 1.508 196 6.39
11.2 18.5 1.495 171 na 10
22.1 37.0 1.458 151 na 7
41.1 67.8 1.417 148 6.35 11
52.2 83.9 1.404 151 na 8
feed - - 1.688 300 na 1
343.0 2140 4.1 14.7 1.674 268 6.79 6
11.0 50.6 1.650 242 na 7
15.2 68.3 1.646 256 6.97 )
21.1 100.2 1.654 269 na 2
29.5 139.4 1.652 264 na 3
41.0 183.6 1.642 279 6.96 4
50.2 209.4 1.667 305 na 8
343.0 10080 6.0 22.7 1.664 251 6.96 11
9.9 39.9 1.648 234 na 10
15.6 66.1 1.624 204 6.90 14
20.4 85.6 1.612 185 na 9
29.7 129.2 1.596 202 na 13
41.1 174.8 1.576 199 7.00 12
53.3 221.8 1.584 217 na 15

feed - - 1.695 311 na 16
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Table D.8: Results using 1.0 m MgCly and 300 ppm MgSO4 (DK-R6).

T [K] Re Pressure  Flux Coi-  Cgp2- pH Exp
4
[bar] [g/m?s] [m] [ppm] order
feed - - 1.819 316 6.00 1
343.0 930 5.3 25.1 1.799 290 6.06 6
10.1 52.8 1.795 300 6.05 )
16.1 88.5 1.802 302 6.08 7
19.6 105.6 1.794 293 5.99 3
29.8 157.2 1.807 307 6.04 4
343.1 4420 6.8 33.8 1.792 271 6.22 11
10.4 54.4 1.783 255 6.17 9
16.0 89.1 1.774 252 6.19 10
20.1 112.0 1.773 257 6.12 8
29.7 165.3 1.771 262 6.25 12
feed - - 1.820 320 6.30 13

Table D.9: Results using 1.0 m MgCly and 3000 ppm MgSO, (DK-R6).

T [K] Re Pressure  Flux Co-  Cgp2- pH Exp
4
[bar] [g/m?s] [m] [ppm] order
feed - - 1.820 3052 6.28 1
343.0 950 5.5 26.4 1.804 2819 6.37 6
9.9 53.1 1.802 2810 na 7
16.0 87.6 1.806 2919 na 3
20.0 107.1 1.800 2962 na )
29.8 158.1 1.810 2974 6.34 4
343.1 4430 5.9 29.3 1.801 2691  6.00 9
10.7 57.9 1.786 2646 6.36 8
15.6 88.5 1.778 2588  na 10
20.3 113.6 1777 2614 na 11
30.5 166.7 1.769 2691  6.40 12
feed - - 1.825 3087  6.36 13
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Table D.10: Results using 1.0 m MgCly and 3000 ppm MgSO, (DK-RS).

T [K] Re Pressure  Flux Ceor- Csoi* pH Exp
[bar] [g/m?s] [m] [ppm] order

feed - - 1.558 3065  5.56 1

298.3 900 6.2 9.8 1.524 3065 5.85 2
10.2 16.4 1.508 3066  na 3

15.5 24.8 1.512 3067  5.95 4

20.9 33.0 1.516 3068  na )

30.5 47.1 1.518 3069 na 6

39.6 60.2 1.510 3070  6.04 7

51.2 74.4 1.524 3071 na 8

298.3 4440 6.0 9.3 1.534 3072 6.11 9
10.5 16.8 1.510 3073 na 10

15.5 25.2 1.490 3074 6.16 11

22.2 36.8 1.460 3075 na 12

31.6 51.4 1.444 3076 na 13

43.7 71.3 1.432 3077 6.22 14

52.4 83.9 1.420 3078 na 15

feed - - 1.569 3079  6.15 16

343.0 2080 5.1 20.8 1.553 2656 6.07 20
10.8 46.6 1.547 2562 na 19

15.3 66.5 1.547 2589 5.98 18

21.2 91.4 1.535 2601 na 17

29.5 126.1 1.543 2698 na 22

41.7 176.8 1.537 2683 6.20 21

50.8 206.1 1.550 2937 na 23

343.0 10030 6.2 25.3 1.541 2468  6.18 26
9.7 41.1 1.532 2312 na 29

14.9 66.6 1.508 2075  6.19 25

20.6 93.2 1.493 1963 na 24

30.1 137.2 1.477 1913 na 27

41.7 181.8 1.466 1900 6.30 28

48.9 206.8 1.473 1939 na 30

feed - - 1.575 3090  6.11 31
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Table D.11: Results using 2.5 m MgCly (DK-R1).

T [K] Re Pressure Flux Ce- pH Exp
[bar] [g/m?s] [m] order

feed - - 5.07 5.43 1

298.0 840 10.7 4.6 5.02 5.48 6
20.4 8.1 4.97 5.52 5

30.1 13.1 4.92 5.50 2

41.1 17.6 4.92 5.48 3

51.6 21.7 4.89 5.45 4

298.4 2460 10.7 4.3 5.02 5.46 9
19.8 8.2 4.96 5.43 8

31.9 14.0 4.94 5.45 7

42.5 18.4 4.92 5.42 10

51.0 22.3 4.86 5.43 11

feed - - 4.86 5.47 12

343.1 1130 8.8 16.6 4.83 5.25 14
19.5 38.9 4.81 5.46 13

29.2 56.9 4.82 5.31 15

39.8 72.3 4.76 5.34 16

50.1 84.1 4.78 5.34 17

343.0 2680 9.5 15.3 4.83 5.36 22
22.3 37.1 4.79 5.39 21

31.2 52.0 4.77 5.41 20

40.3 65.9 4.79 5.47 19

50.5 81.7 4.77 5.35 18

343.1 5000 10.5 17.1 4.81 5.36 23
20.6 35.2 4.77 5.34 24

30.8 52.6 4.76 5.38 25

41.3 69.2 4.74 5.36 26

50.9 83.0 4.72 5.38 27

feed - - 4.86 5.36 28
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Table D.12: Results using 2.5 m MgCly and 300 ppm MgSO, (DK-R}).

T [K] Re Pressure Flux Coi-  Cgp2- pH Exp
4
[bar] [g/m?s] [m] [ppm] order
feed - - 4.63 270 5.47 1
298.2 910 11.3 8.8 4.56 226 5.60 4
20.6 16.4 4.54 250 5.61 )
28.9 22.9 4.52 231 5.43 2
38.7 30.3 4.49 233 5.48 3
50.6 35.6 4.50 257 5.60 6
298.4 2540 10.2 7.4 4.58 241 5.64 9
20.6 15.0 4.52 193 5.65 8
30.7 22.3 4.50 173 5.67 7
38.5 27.8 4.48 210 5.64 10
48.3 34.8 4.45 192 5.64 11
feed - - 4.62 304 5.63 12
343.1 1140 5.9 14.0 4.61 277 5.58 17
9.8 25.0 4.61 232 5.61 14
20.8 54.6 4.60 250 5.62 13
30.5 81.7 4.60 237 5.95 15
40.3 104.6 4.60 246 5.58 16
343.0 2850 6.2 14.8 4.61 265 5.62 19
10.3 26.5 4.60 253 5.65 18
19.8 53.4 4.58 267 5.62 20
30.0 79.0 4.58 260 5.65 22
39.3 103.6 4.54 271 5.64 21
343.2 5190 6.7 15.8 4.61 277 5.63 26
10.7 26.7 4.59 232 5.63 25
21.4 55.8 4.57 250 5.64 24
29.7 77.5 4.57 237 5.67 23
39.7 105.1 4.55 246 5.61 27

feed - - 4.62 290 5.62 28
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Table D.13: Results using 5.0 m MgCly (DK-R1).

T [K] Re Pressure Flux Co- pH Exp
[bar] [g/m?s] [m] order
feed - - 9.74 5.41 1
299.0 750 30.9 2.2 9.74 5.43 2
37.9 2.6 9.74 5.33 4
41.7 3.1 9.65 5.36 3
48.0 3.6 9.73 5.35 5
54.2 4.3 9.70 5.26 6
343.1 630 11.2 5.2 9.77 5.07 9
21.2 10.3 9.82 5.25 8
30.8 14.8 9.77 5.29 7
42.6 21.1 9.71 5.21 10
52.2 24.6 9.85 5.23 11
343.1 1320 10.2 4.5 9.84 5.11 21
19.1 8.9 9.81 5.17 20
32.1 15.2 9.88 5.11 17
41.7 19.8 9.84 5.15 18
50.9 23.9 9.76 5.14 19
343.0 2580 10.6 4.6 9.82 5.17 13
20.0 9.4 9.84 5.24 12
30.3 14.0 9.85 5.15 16
39.4 19.0 9.80 5.21 14
50.7 24.0 9.72 5.21 15
feed - - 9.92 5.38 22
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Table D.1}: Results using 5.0 m MgCly and 300 ppm MgSO, (DK-RS5).

T [K] Re Pressure Flux Cor-  Cgp2- pH Exp
4

[bar] [g/m?s] [m] [ppm] order

feed - - 9.29 232 5.21 1

297.6 800 29.7 2.9 9.20 148 537 2
36.0 3.4 9.17 149 5.43 3

39.8 3.7 9.07 132 5.26 4

49.0 4.6 9.05 140 5.18 5

54.8 5.2 9.06 160 5.28 6

343.0 770 11.7 7.5 9.26 260 5.38 11
19.6 12.8 9.26 233 530 7

20.6 13.9 9.27 260 5.50 25

30.8 20.6 9.29 249 5.34 10

40.7 27.9 9.22 245 na 8

40.2 27.1 9.20 272 5.49 24

50.0 33.5 9.26 261 5.33 9

50.5 34.3 9.25 263 5.49 23

343.1 1530 11.6 7.5 9.20 255 5.42 15
20.7 13.8 9.26 258 5.39 14

27.7 18.9 9.26 250 5.45 16

40.4 27.3 9.23 257 5.35 13

50.8 34.5 9.20 243 5.37 12

feed - - 9.26 298 5.44 17

343.2 2650 12.3 8.3 9.20 249 5.50 20
20.3 14.1 9.21 254 5.47 19

29.3 20.9 9.19 250 5.48 18

39.1 27.5 9.20 252 5.47 21

47.8 33.0 9.17 252 5.49 22

feed - - 9.28 306 5.44 26
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Table D.15: Results using 5.0 m MgCly and 3000 ppm MgSO, (DK-R6).

T [K] Re Pressure  Flux Coi-  Cgp2- pH Exp
4

[bar] [g/m?s] [m] [ppm] order

feed - - 9.67 2879  5.00 1

298.2 710 32.0 3.6 9.52 1963 5.09 3
41.4 4.3 9.64 1888 5.01 4

47.3 4.9 9.57 1855 5.08 5

52.9 5.3 9.46 na 5.07 6

feed - - 9.60 2927  na 7

343.2 720 11.2 6.4 9.65 2635  5.08 12
20.7 13.2 9.64 2568 5.12 8

30.7 17.9 9.61 2509  5.09 11

40.2 24.9 9.55 2538 5.11 9

50.2 28.8 9.62 2562 5.11 10

343.2 1420 10.2 5.7 9.70 2609 5.10 13
21.4 12.3 9.65 2449 5.06 17

30.1 18.3 9.58 2416 5.08 14

29.7 17.0 9.67 2420  5.05 18

40.1 23.0 9.51 2406 5.07 16

50.6 28.9 9.55 2402  5.07 15

feed - - 9.68 2962 5.09 19







Appendix E

Results using Desal (5

The following tables give the results from experiments done with samples of
Desal G5 membrane. The code in brackets in the table headings, e.g. G5-R2,
refers to the membrane sample used in the experiments. The tables include
the following columns: temperature [K|; Reynolds number; pressure [bar]; flux
[g/m?s]; chloride ion concentration [m]; sulphate ion concentration [ppm]; pH

and, finally, the experimental order the experiments were run'.

The standard deviations of the measured variables are calculated and only the
maximum values are given. The standard deviation for the temperature is 0.5
K; for laminar Reynolds numbers 6% and for turbulent Reynolds numbers 2%
of the value; for pressures 2% of the value; for fluxes 5% of the value; for chlo-
ride concentration 0.5% of the value, and for sulphate concentrations 3% of the
value when the concentrations were around 300 ppm and 1% of the value when
the sulphate concentrations were around 3000 ppm. The uncertainty in the pH
measurements is 0.05 units.

!Number 2 is normally missing in this column because this sample was a parallel to sample
number 1 and only the averaged value is given.
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Table E.1: Results using 0.1 m MgCly (G5-R2).

T [K] Re Pressure Flux Ce- pH Exp
[bar] [g/m?s] [m] order

feed - - 0.190 6.43 1

298.0 980 10.0 10.4 0.182 na 3
15.5 16.5 0.181 6.46 4

20.2 21.6 0.179 6.43 2

27.2 27.6 0.177 6.51 5

37.5 36.7 0.177 6.48 6

298.0 4430 9.8 9.2 0.186 na 10
15.9 15.1 0.177 6.48 11

20.0 18.5 0.174 6.46 9

28.5 26.8 0.170 6.45 8

38.2 36.4 0.156  6.46 7

feed - - 0.189 6.43 12

Table E.2: Results using 0.1 m MgCly and 300 ppm MgSO4 (G5-R5).

T [K] Re Pressure Flux Cor-  Cgp2- pH Exp
4

[bar] [g/m?s] [m] [ppm] order

feed - - 0.185 325 6.23 1

297.8 970 6.8 5.5 0.180 na 6.34 7
10.5 8.7 0.178 172 6.33 6

15.5 13.1 0.175 144 6.33 5

19.8 16.7 0.174 129 6.34 4

30.0 25.7 0.173 144 6.32 3

29.7 24.2 0.173 138 6.35 8

297.7 4500 7.3 5.4 0.179 171 6.36 13
10.6 8.2 0.177 189 6.34 12

15.5 12.0 0.174 142 6.40 11

19.8 15.8 0.171 144 6.40 10

20.9 17.0 0.171 148 6.37 14

30.2 24.3 0.166 128 6.39 9

feed - - 0.186 291 6.38 15
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Table E.3: Results using 0.1 m MgCly and 3000 ppm MgSO, (G5-R6).

T [K] Re Pressure Flux Cor-  Chrger CSOZ‘ pH Exp
[bar] [g/m?s]  [m] [m] [ppm] order
feed - - 0.180 0.117 2876  6.52 1
298.4 980 6.3 4.4 0.176  0.107 1954  6.50 6
10.2 7.6 0.174 0.105 1826 6.51 )
16.5 12.3 0.172 0.101 1696  6.49 7
21.0 16.1 0.171  0.100 1687 6.57 3
30.2 22.0 0.168 0.098 1590  6.53 4
297.9 4450 7.7 4.9 0.176  0.104 1845 6.47 12
10.3 7.1 0.174  0.103 1670 6.49 11
16.5 12.1 0.171  0.100 1524 6.44 8
20.6 14.9 0.169 0.098 1425 6.42 9
30.6 21.3 0.164 0.094 1408 6.48 10
feed - - 0.181 0.117 2896 6.36 13
Table E.J: Results using 1.0 m MgCly (G5-R2).
T [K] Re Pressure Flux Co- pH Exp
[bar] [g/m2s]  [m] order
feed - - 1.897  5.64 1
343.0 950 6.2 8.0 1.866  6.17 3
9.8 13.5 1.854  6.05 2
16.4 25.1 1.844 6.34 4
21.1 30.7 1.825 6.52 6
30.3 45.5 1.812  6.47 )
343.0 4290 5.9 7.0 1.868  6.59 10
10.2 14.0 1.850  6.59 9
14.6 20.9 1.824  6.57 11
20.2 29.4 1.799  6.47 7
29.9 44.0 1.770  6.58 8
feed - - 1.901 6.61 12
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Table E.5: Results using 1.0 m MgCly (G5-R9).

T [K] Re Pressure Flux Co- pH Exp
[bar] [g/m?s] [m] order
feed - - 1.607 6.40 1
298.2 770 5.4 2.3 1.583  6.63 5
10.2 4.9 1.556 6.91 7
15.3 7.8 1.537 6.96 6
20.2 10.0 1.514 6.93 3
31.2 16.7 1.494 6.92 2
41.5 20.0 1.459 6.88 4
51.9 22.8 1.435 6.85 8
feed - - 1.579  6.68 1
298.2 4360 6.0 2.4 1.541 6.63 4
10.0 4.3 1.531 6.88 5
15.5 7.0 1.496 6.52 3
21.4 9.3 1.462 6.85 7
32.9 14.7 1.404 5.92 2
43.0 18.6 1.363 6.97 6
52.0 21.3 1.322  6.98 8
feed - - 1.677  7.06 1
342.9 1860 5.5 5.7 1.649  4.68 7
9.9 11.5 1.625 5.97 6
15.0 18.6 1.606 6.11 8
21.3 28.1 1.585 6.39 2
29.7 38.2 1.568  6.95 3
40.3 47.4 1.542 6.88 4
48.3 53.8 1.526 7.05 5
feed - - 1.652 7.18 9
343.0 9930 5.3 5.3 1.652  4.97 14
11.4 12.9 1.622  5.76 16
15.9 18.8 1.594 6.12 15
20.9 24.2 1.575  6.49 13
30.6 36.4 1.536 6.64 10
40.9 45.6 1.488 6.84 11

48.8 54.3 1.457  6.97 12
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Table E.6: Results using 1.0 m MgCly and 300 ppm MgSO4 (G5-R10).

T [K] Re Pressure Flux Cor-  Cgp2- pH Exp
4

[bar] [g/m?s] [m] [ppm] order

feed - - 1.513 294 5.99 1

298.2 960 5.9 3.7 1.577 230 6.27 7
9.4 6.1 1.563 219 na 5

16.6 10.7 1.538 200 6.13 6

20.8 13.3 1.529 194 na 3

30.2 19.8 1.599 183 na 2

41.6 24.0 1.473 157 5.85 4

52.5 27.6 1.464 166 na 8

298.2 4520 6.8 4.2 1.569 222 6.57 11
11.4 7.0 1.552 203 na 13

16.2 9.9 1.528 187 6.63 12

20.4 12.1 1.511 173 na 9

30.9 17.7 1.462 155 na 14

40.1 21.9 1.436 140 6.41 10

53.4 27.8 1.388 130 na 15

342.9 1970 5.8 7.0 1.580 251 5.96 20
10.6 14.7 1.569 233 na 19

16.6 24.2 1.559 217 5.90 18

22.3 33.6 1.540 214 na 16

31.0 46.1 1.518 200 na 17

41.3 59.2 1.506 189 6.30 21

52.0 99.0 1.537 230 na 22

342.9 10250 7.0 9.5 1.578 247 6.30 27
10.7 15.2 1.569 223 na 28

15.4 22.4 1.546 211 6.37 29

21.4 31.2 1.544 196 na 26

30.1 42.4 1.508 183 na 24

40.8 59.3 1.480 181 6.49 23

53.4 77.3 1.454 172 na 25

feed - - 1.579 279 na 30
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Table E.7: Results using 1.0 m MgCly and 300 ppm MgSO4 (G5-R5).

T [K] Re Pressure  Flux Co- C so- PH Exp

[bar] [g/m?s] [m] [ppm] order
feed - - 1.861 299 6.10 1

343.0 950 6.0 6.2 1.839 252 6.02 7
11.3 14.3 1.821 218 6.03 3
15.6 19.3 1.812 213 6.05 6
20.1 25.3 1.796 208 6.04 )
30.4 38.6 1.776 194 6.03 4

343.0 4390 6.4 6.6 1.835 240 6.15 12
11.3 13.2 1.812 214 6.08 10
16.1 19.6 1.794 183 6.14 11
18.9 23.6 1.781 177 6.07 8
29.1 36.4 1.744 159 6.11 9

- - 1.865 290 6.19 13

Table E.8: Results using 1.0 m MgCly and 3000 ppm MgSO, (G5-R7).

T [K] Re Pressure  Flux Cor- Cgp2- PH Exp

[bar] [g/m?s]  [m] [ppm] order
feed - - 1.750 3055  5.61 1

343.0 1000 54 9.5 1.722 2496  na 6
11.1 13.8 1.699 2287 5.84 5
16.2 21.4 1.686 2146 na 7
20.7 28.6 1.679 2093  5.81 3
30.9 41.3 1.664 2082 na 4

343.0 4500 5.2 5.0 1.718 2454  5.90 10
10.7 13.1 1.695 2145 na 11
15.3 19.7 1.678 1968  na 8
20.9 27.5 1.664 1847  na 9
30.6 40.2 1.622 1683  5.97 12

feed - - 1.750 3055  6.01 13
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Table E.9: Results using 1.0 m MgCly and 3000 ppm MgSO, (G5-R10).

T [K] Re Pressure  Flux Co-  Cgp2- pH Exp
4

[bar] [g/m?s] [m] [ppm] order

feed - - 1.575 3090 6.11 1

298.2 910 5.7 2.5 1.546 2298 6.27 7
9.9 4.6 1.530 2084  na 6

15.5 7.3 1.507 1919 6.22 )

20.3 9.8 1.492 1846 na 4

31.1 15.2 1.462 1751 na 2

41.2 21.1 1.453 1674 6.03 3

52.4 30.4 1.465 1988 na 8

298.2 4490 6.3 2.8 1.544 2281 na 12
10.8 5.1 1.526 2080 na 13

15.6 7.6 1.504 1820 na 14

20.5 10.2 1.481 1760 na 15

29.1 14.4 1.446 1590 na 9

39.0 19.1 1.415 1514 na 10

50.1 26.4 1.392 1485 na 11

feed - - 1.574 3091  6.31 16

343.0 2080 5.8 7.4 1.561 2697  6.21 23
10.2 19.8 1.553 2681 na 22

15.5 31.5 1.544 2599 6.23 21

20.2 42.8 1.536 2515 na 20

31.3 73.9 1.524 2707 na 18

41.2 89.6 1.518 2453 6.10 19

51.6 148.4 1.536 2697 na 17

343.0 10170 6.0 8.9 1.560 2745 na 30
10.4 16.9 1.539 2486 na 29

15.1 24.9 1.509 2380 na 28

19.5 41.9 1.522 2408 na 27

30.7 84.5 1.519 2485 na 25

41.9 108.0 1.510 2389 na 26

51.3 151.7 1.511 2389 na 24

feed - - 1.565 3056  na 31
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Table E.10: Results using 2.5 m MgCly (G5-R1).

T [K] Re Pressure Flux Co- pH Exp
[bar] [g/m?s] [m] order

feed - - 4.74 5.31 1

298.0 910 21.5 5.2 4.65 5.22 3
30.5 7.3 4.62 5.22 2

40.1 8.7 4.61 5.32 4

50.4 10.3 4.57 5.39 5

298.7 2680 18.9 4.4 4.68 5.45 7
31.4 6.8 4.64 5.47 8

41.3 8.5 4.57 5.43 6

51.3 10.6 4.54 5.50 9

feed - - 4.79 5.45 10

343.1 1110 10.5 6.9 4.74 5.45 11
22.4 16.0 4.68 5.37 12

30.2 20.9 4.66 5.40 13

41.7 27.3 4.65 5.41 14

51.4 31.9 4.63 5.44 15

343.0 2730 10.5 6.4 4.73 5.43 17
22.8 14.5 4.67 5.46 16

32.8 20.9 4.66 5.43 18

41.0 25.7 4.61 5.41 19

52.8 31.7 4.58 5.46 20

342.7 5020 11.3 6.6 4.72 5.47 23
20.7 12.8 4.69 5.48 24

29.3 18.2 4.66 5.51 25

42.7 25.6 4.61 5.48 22

51.0 30.3 4.59 5.52 21

feed - - 4.78 5.49 26
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Table E.11: Results using 2.5 m MgCly and 300 ppm MgSO, (G5-R8).

T [K] Re Pressure Flux Coi-  Cgp2- pH Exp
4
[bar] [g/m?s] [m] [ppm] order
feed - - 4.26 383 5.09 1
298.2 1000 14.7 4.1 4.23 282 5.16 7
19.4 6.2 4.19 282 5.14 4
30.4 9.0 4.15 252 5.09 3
40.0 11.2 4.12 238 5.15 )
50.8 13.0 4.11 235 5.18 6
feed - - 4.29 384 5.14 8
feed - - 4.56 352 5.09 9
343.0 1130 10.5 6.5 4.51 303 5.07 15
20.7 15.4 4.48 282 5.09 11
30.6 20.0 4.46 265 5.08 14
40.8 26.7 4.45 260 5.10 13
49.6 32.9 4.42 258 5.12 12
343.1 5000 11.0 6.7 4.49 285 5.08 16
20.0 12.9 4.47 259 5.07 20
29.6 19.7 4.45 265 5.09 17
39.4 25.3 4.41 234 5.10 19
50.0 32.1 4.38 223 5.06 18

feed - - 4.53 354 5.08 21
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Table E.12: Results using 5.0 m MgCly (G5-R1 and G5-R2).

T [K] Re Pressure  Flux Co- pH Exp
[bar] [g/m?s] [m] order
G5-R1 feed - - 10.82 5.30 1
343.1 1100 32.8 4.0 10.69 5.16 2
42.9 4.6 10.62 5.19 3
52.0 4.8 10.61  6.01 4
61.9 5.4 na na 5
G5-R2  feed - - 9.63 4.64 1
343.0 720 32.6 5.8 9.55 4.86 2
40.1 6.7 9.54 5.01 3
48.5 7.4 9.50 5.05 4
55.6 8.2 9.47 5.04 5
343.0 1410 28.0 3.9 9.48 5.15 15
32.0 4.8 9.51 5.02
41.5 6.0 9.54 5.01 8
48.0 7.0 9.55 5.01 7
55.1 7.8 9.50 5.09 9
59.8 8.2 9.59 5.24 14
343.2 2400 30.1 4.2 9.54 5.19 11
39.9 5.7 9.55 5.16 10
43.1 6.0 9.51 5.19 13
51.0 7.2 9.55 5.18 12

feed - - 9.68 5.28 16
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Table E.13: Results using 5.0 m MgCls and 300 ppm MgSO4 (G5-R6).

T [K] Re Pressure Flux Cor-  Cget Csoj* pH Exp
[bar] [g/m?s] [m] [m] [ppm] order
feed - - 9.84 4.20 357 5.37 1
343.3 1350 31.0 3.7 9.76 4.22 2484 4.98 6
36.6 4.8 9.74 4.13 2463 4.97 3
35.4 4.2 9.76 4.22 2507 4.96 7
46.2 5.5 9.76 4.18 2396  4.90 4
53.6 6.0 9.76 4.18 2253 4.95 )
feed - - 9.83 4.22 339 5.03 8

Table E.1}: Results using 5.0 m MgCls and 3000 ppm MgSO4 (G5-R8).

T [K] Re Pressure  Flux Coi-  Cgp2- pH Exp
4
[bar] [g/m?s] [m] [ppm] order
feed - - 9.62 3046 4.74 1
343.5 1440  30.8 5.2 9.54 2253 4.87 3
31.0 4.3 9.53 2119 4.95 7
40.5 5.7 9.54 1984 4.94 6
47.4 7.0 9.48 1934 4.89 4
53.1 7.3 9.43 1928  4.95 5







Appendix F

Multivariate statistical analysis

F.1 General multivariate regression

Detailed information about multivariate statistical analysis can be found in Martens
and Nees (1989) or Johnson and Wichern (1992), and the following discussion will
just formulate the statistical problem and give the idea behind the partial least
squares regression method.

The multivariate regression analysis seeks to extract information from a set of
observations to formulate a model depending on a set of variables. To measure
how good the model fits the observed data the expected mean squared prediction
error (MSPE) can be calculated from

MSPE = E[(Y - Y(2Z))?] (F.1)

where Y is the observation and ?(Z) is the predicted response depending on the
variables given in the vector Z = [Z; Z5 ... Z,]7. The regression analysis can
then be reduced to the mathematical problem of finding the predictor (model)
that minimizes the MSPE. It can be shown that if the observation and the set of

variables
Y
) w3
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have a multivariate normal distribution with the mean vector

<Z> (F.3)

(o %) (F.4)

the best result is obtained by the linear least squares predictor given by

and the covariance matrix

Vis=n+o"S 1 Z - p) (F.5)
The statistical parameters are defined by
u=E(2) (F.6)
S —Cov(Z) = B|(Z — u)(Z — p)"] (F.7)
n=E(Y) (F.8)
2 =Var(Y) (F.9)
o =Cov(Z,Y)=E[(Z—u)Y —n)7] (F.10)

where their unbiased estimators from n independent observations can be calcu-
lated from

1
n=— Z; F.11
© n Z j ( )

j=1
. 1 & R o
£-—— _Zl(zj ~)(Z; - ) (F.12)
]:
R R
UZEZYJ' (F.13)
j=1
. 1< .
72 = (Y; — 7)? (F.14)
n—14%
J=1
L1 . .
G =——=>(Z; - i) (F.15)
=1

S
I

(F.16)

(F.17)
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where s;; are the diagonal elements of the matrix S Further, to test the estimated
model a cross validation procedure can be used. In full cross validation one
sample at a time is left out from the regression analysis and used to calculate
the prediction residual. Then at the end all prediction residuals are combined to
compute the validation residual variance and MSPE.

Lack of selectivity, collinearity! and lack of knowledge of the mechanisms behind
the data are common problems that may rise when Y is predicted from a set of
variables Z. To handle these problems flexible methods have been developed, e.g.
data compression methods such as principal component regression (PCR) and
partial least squares regression (PLSR)(Martens and Naes 1989). These methods
try to extract the information in the many observed variables Z onto a few under-
lying latent variables T2. The transformation done by these so-called bivariate
methods can be written

Z=TP" +E (F.18)
where T and P are some sort of matrix decomposition and E is the residual
matrix. PCR uses the m (m < r) first principal components of the matrix Z to
perform the prediction instead of the matrix ZZ" itself, whereas PLSR uses the

linear combinations of the variables which gives the largest possibly dependency
(largest covariance) with the observations.

F.2 PLSR algorithm
The PLSR method can be summarized by the algorithm:

1. Find the eigenvector corresponding to the largest eigenvalue in the matrix
YTZ, and name it wy.

2. Calculate the score vector for the first latent variable, t| = Zwj.

!Collinearity means that the columns in the design matrix Z are linear or almost linear
dependent of each other and will make the inverse of the matrix ZZ7T singular or close to singular.
In the first case no solution will exists whereas in the latter case the numerical solution can give
wrong regression coefficients.

2 Also called components, scores, regression factors or just factors.
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3. Calculate the loading vector to Z: p; = f;{ttll
1

4. Calculate the loading vector to Y: q; = 1(; ttll.
1

5. Calculate the residual matrix to Z: E; = Z — tlplT.
6. Calculate the residual matrix to Y: F; =Y — th{.

Repeat this procedure with Eq and F; instead of X and Y and continue to repeat
the procedure with new latent variables until £ latent variables have been found
and the eigenvalues of the matrix FkTE;€ are small. The prediction from a set of
variables Zpey can now be found by the algorithm:

1. Calculate the score for the first latent variable: ¢ = Wy Zpew-
2. Calculate the residual: e = Zpew — tlplT.

3. Use e instead of Zyey to calculate the score for the second latent variable,
to, and so on until all £ ¢-scores have been calculated.

4. Estimate the response: ?new = QTt.

F.3 PLSR results

The PLSR method was chosen because it seeks to find the largest covariance
between the variables and the observations. The regression analysis was done
with the computer program Unscrambler (version 6.1). Models obtained from
separate calculations of the measured retention data and the modified retention
data3 showed no significant differences.

t
3The measured retentions have been modified by the equation Rmod = Robs R?"”e , where

sample

Réample is the chloride retention measured in the test experiment run on each new membrane
sample and R’ is their average.
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The results from the PLSR analysis are shown in the Figures F.1-F.4, where each
figure consists of six different plots which show (a) the scores, (b) the loadings,
(c) the normal probability plot of the residuals, (d) the predicted versus measured
retentions, (e) the regression coefficients, and (f) the residual validation variance.
The score plot (a) reveals the main pattern in the set of observations according
to the new coordination system and the loading plot (b) shows the relationships
between the variables and the latent variables. Both plots use the first latent
variable as the x-axis and the second latent variable as the y-axis. The normal
probability plot of the residuals (c) is used as an indicator of whether nonlinear-
ities are covered in the model or not. Deviations from a straight line can be an
indication that the model used is not sufficient to describe all the information in
the observations. Single points deviating from the straight line can be outliers.
The residual validation variance plot (f) shows how the residual changes when
the number of latent variables used in the model increases.

The four models presented in this appendix are the models that gave the best
fit to the modified retention data. The models were made to depend on the
main variables (temperature, Reynolds number, chloride concentration, sulphate
concentration and pressure), their two-factor interactions and the squared main
variables. Most of the predicted retentions are too low and the models can only
explain around 65-70% of the variation in the observations. The residual vali-
dation variance plots (f) show that only two latent variables in each model are
needed in order to extract the information in the observed retentions available for
the chosen models. Further, the normal probability plots of the residuals (c¢) show
some curvature which also indicates that other variables or interactions should be
included in the models. Some of the points which deviate strongly at the ends of
the line can be an indication of the presence of outliers. For example, the point
to the far left in Figure F.2c, has been identified as the sulphate retention point
at 175 ppm sulphate concentration, Reynolds number 1000 and pressure around
5 bar in Figure 6.2, Chapter 6. This point do not fit into the rest of the same
experimental data series and most likely something went wrong in the laboratory.

Figure F.1b show the loadings for the latent variables in the case of chloride re-
tention measured on the Desal 5 DK membrane. The first latent variable is nega-
tively correlated with the chloride concentration and temperature and positively
correlated with the Reynolds number. The second latent variable is positively
correlated with the pressure and to some extent with the chloride concentration.
The regression coefficients given in Figure F.le shows that the temperature and
the chloride concentration have a large negative effect on the chloride retention
whereas the Reynolds number, the pressure and their interaction have a relatively



256 Appendiz F. Multivariate statistical analysis

large positive effect. The loadings for the latent variables found in the case of
sulphate retentions, shown in Figure F.2b, indicate that the first latent variable is
mainly positively correlated with the temperature squared and Reynolds number
and negatively correlated with the temperature. The second latent variable is
positively correlated with the Reynolds number and the chloride concentration
and negatively correlated with the interaction between the Reynolds number and
the chloride concentration. The regression coefficients in Figure F.2e show that
it is mainly the temperature, the Reynolds number and the interaction between
the Reynolds number and the chloride concentration that influence the sulphate
retention predictions.

The separation process should be operated at low Reynolds number and low
pressure in order to increase the separation between the sulphate and chloride
ions which can be seen when the loadings from the chloride and sulphate models
are compared. The pressure has almost no influence on the sulphate retention
whereas the chloride retention increases when the pressure increases. Both the
chloride and sulphate retentions will increase when the Reynolds number increases
but the Reynolds number also has a strong negative effect on the sulphate reten-
tion through the interaction with the chloride concentration and should therefore
be kept as low as possible.

A similar analysis of the results obtained on the Desal G5 membrane show that
the first latent variable in the chloride retention predictions is positively corre-
lated with the pressure, the Reynolds number and their interaction and nega-
tively correlated with the temperature and the chloride concentration, refer Fig-
ure F.3b. On the other hand, the second latent variable is mainly correlated with
the pressure. The regression coefficients show that the temperature, the chlo-
ride concentration and the pressure dominate the chloride retention predictions.
In the case of sulphate, the first latent variable is negatively correlated with the
temperature and the chloride concentration, whereas the second latent variable is
mainly correlated with the pressure, refer Figure F.4b. The regression coefficients
show that the temperature and the pressure dominate the model but neither the
Reynolds number, the chloride concentration and the sulphate concentration can
be excluded from the model. The results give no clear differences between the two
models, but there are indications that an increased chloride concentration has a
stronger negative effect on the chloride retention than on the sulphate retention.

It should be emphasized that the models used in the regression analysis are
purely stochastic without any mechanistic foundations which makes it difficult
to explain some of the terms appearing in the models, e.g. the squared pressure
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and temperature terms.
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Figure F.1: PLSR results of the chloride retentions obtained using the Desal
5 DK membrane. (a) scores, (b) loadings, (c) residual normal probability plot,
(d) predicted versus measured retentions, (e) regression coefficients, (f) residual
validation variance.
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Figure F.2: PLSR results of the sulphate retentions obtained using the Desal
5 DK membrane. (a) scores, (b) loadings, (c) residual normal probability plot,
(d) predicted versus measured retentions, (e) regression coefficients, (f) residual

validation variance.
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Figure F.3: PLSR results of the chloride retentions obtained using the Desal
G5 membrane. (a) scores, (b) loadings, (c¢) residual normal probability plot, (d)
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Figure F.4: PLSR results of the sulphate retentions obtained using the Desal
G5 membrane. (a) scores, (b) loadings, (c¢) residual normal probability plot, (d)
predicted versus measured retentions, (e) regression coefficients, (f) residual val-

idation variance.






