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Glossary

Symbols

a; activity of ion i

a; Degtee of dissociation

Ay Membrane porosity (ratio of void fraction volume to total volume)

Cetr countet-ion (to the polatization charges of the membrane) concentration in mol/1

c;(0inside) ith species” concentration at the membrane side of the feed/membrane interface, just
inside the membrane, in mol/1

Cip ith species” permeate concentration in mol/1

CP Concentration polarization index (Schifer calls it M, Hwang calls it I)

Cx membrane charge density in mol/1 (i.e. same unit as concentration)

dp hydraulic diameter

D; » it jon’s bulk diffusion coefficient in solvent w, i.e. D;,, (values for Dy taken from
[Lide2005], and [Nightingale1959])

n bulk solvent dynamic viscosity

€y elementary charge

& vacuum permittivity

ENP Extended Nernst-Planck equation (Section 3.1.3)

N pore solvent dynamic viscosity

& relative permittivity

&p relative permittivity of the bulk aqueous phase (around 80 for water)

Em relative permittivity of the membrane phase

F Faraday constant in C/mol

0] dissipation function

@ electric potential in V

F; external forces acting on a system

vil
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@; interfacial partitioning coefficient for species i

Vi activity coefficient of ion i

I ionic strength in mol/1 or cutrent density in A/m?

Im ionic strength in mol/kg

Ji molar flux of solute i in mol/m?/s

Iy volumetric permeate flux in m/s

k mass transfer coefficient

kg Boltzmann constant

K. convection hindrance factor

Kiq diffusion hindrance factor

A ionic radius/pore radius ratio

Ap Debye length

Lix phenomenological coefficients connecting fluxes with driving forces
Ly Permeability

U chemical potential

o electrochemical potential

Ny Avogadro number 6.02283 [NIST2011]

Nions number of ions in the feed solution

N, number of mesh nodes for membrane discretization

Npositions number of variables’ positions. Each node is one position + the position outside the

membrane feed surface and + 1 position outside the membrane permeate surface and

the bulk of the permeate. The parameters of the bulk of the feed are not variables, 1.e.

concentrations are specified by the user and the electric potential is equal to 0.

w permeability per osmotic pressure difference at zero volume flux
p pressure in bar
P; Spiegler-Kedem permeability

T osmotic pressure in bar
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Pe

Ap,

Rint

Robs

Ax

Ax,

Peclet number

effective pressure driving force in bar Ap, = Ap — Am
universal gas constant

mass density in kg/m?

radius of ion i. In this work usually the Stokes radius, but depending on the physical
meaning other size measures, e.g. cavity radius or hydrated radius could be more
suitable

membrane intrinsic rejection
apparent rejection

(mean) pore radius in m
entropy

Staverman reflection coefficient

1-Rp
1-Ry4

Selectivity of the membrane for ion A over B, defined as Sy g =

membrane surface charge density

temperature in K

time

mobility of ion i

cross-flow velocity

molar volume of solute i

axial fluid velocity inside the membrane pores
specific volume of ion i

dimensionless energy term. Difference in free energy.
axis normal to the membrane surface

Effective membrane thickness, equals pore length (equals membrane thickness times

tortuosity)
Equivalent membrane thickness, equals effective thickness divided by porosity
ith jon’s valence number

ixX
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Indexes and exponents

b bulk bulk phase of the feed or the permeate

Donnan electrical equilibrium at the membrane-solution interface (Donnan equilibrium)
f feed

in coinciding with the inside of the membrane-(feed/permeate)solution interface
out coinciding with the outside of the membrane-(feed/permeate)solution interface
p permeate

S solute

w water (as a representative solvent)



Abstract

Nanofiltration of real uranium-contaminated mine drainage was successfully discussed in experiments and
modeling. For the simulation a renowned model was adapted that is capable of describing multi-component
solutions. Although the description of synthetic multi-component solutions with a limited number of
components was performed before (|Garcia-Aleman2004], [Geraldes2006], [Bandini2003]) the results of this
work show that the adapted model is capable of describing the very complex solution. The model developed
here is based on:

e The Donnan-Steric Partitioning Pore Model incorporating Dielectric Exclusion — DSPM&DE ref.
[Bowen1997], [Bandini2003], [Bowen2002], [Vezzani2002].

e The steric, electric, and dielectric exclusion model — SEDE ref. [Szymczyk2005].

The developed modeling approach is capable of describing multi-component transport, and is based on
the pore radius, membrane thickness, and volumetric membrane charge density as physically relevant
membrane parameters instead of mere fitting parameters which allows conclusions concerning membrane
modification or process design.

The experiments involve typical commercially available membranes in combination with a water sample of
industrial relevance in the mining sector.

Furthermore, it has been shown experimentally that uranium speciation influences its retention. Hence, all

experiments consider the speciation of uranium when assessing its charge and size.

In the simulation 10 different ionic components have been taken into account. By freely fitting 4
parameters in parallel (pore radius, membrane thickness, membrane charge, relative permittivity of the
oriented water layer at the pore wall) an excellent agreement between experiment and simulation was obtained.
Moreover, the determined membrane thickness and pore radius is in close agreement with the values obtained
by independent membrane characterization using pure water permeability and glucose retention. On the other
hand, the fitted and the literature value of the relative permittivity differ by a factor of 2. This in turn has an
influence on the membrane charge which is notably 60 times higher in order to compensate for the reduced
contribution from the dielectric exclusion.

These results suggest that the developed model is capable of describing nanofiltration of concentrated,
complex, real water samples to a high degree of precision. The way is thus paved for modeling and
experiment, e.g. for nanofiltration of other complex mine waters.

xi
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| Introduction

Uranium is a hazardous substance due to its radiological and chemical toxicity. Uranium’s radiotoxicity,
originating from mainly alpha-decays, is low because all three major isotopes, 238U (99.27% of U in the earth’s
crust, half-life 4.5-10° years), 235U (0.72%, 7-108 years), and 234U (0.0055%, 2.5-105 years), are relatively stable.
Besides alpha decay which yields always the same products, an alpha particle and a nucleus with a mass
number of four less, another path for the nuclear decay of uranium is fission which results in products in a
certain distribution of mass and atomic numbers. In atomic energy production nuclear fission is industrially
induced for energy production but it also occurs spontaneously in nature, however at a very low rate, e.g. for
238U with a half-life of 8.1-1015 years [Evans1955], [Siehl1996].

Nuclear radiation damages living tissue mainly by interactions with water molecules resulting in the
formation of free oxygen radicals. This fact also explains the radioresistance of insects which is due to the low
water content of their bodies (which would make them the major survivors of a worldwide nuclear holocaust)
[Stabin2007].

A higher radiotoxic risk than that from uranium itself comes from its decay products, especially 2'Th (half-
life 7.5-10* years) and ??6Ra (1.6-103 years) [Sichl1996]. Radium poses an additional risk as it produces radon
22Rn (3.8 days), an inert gas whose decay products can cause lung cancer [Merkel2006], an important fact that

needs to be considered when working with uranium-contaminated water.

However, the hazards posed by uranium’s chemotoxicity predominate its radiotoxic hazards [Merkel2013].
As described by [Busby2008] the chemotoxicity of uranium exhibits anomalous genotoxic effects. Generally,
toxic elements bind strongly to biological molecules and cause, among others, enzyme poisoning, DNA
deformation, and inflaimmation. As for other toxic elements, the affinity of uranium towards the phosphate
groups of DNA is high, with a cell concentration as low as 23 ng I'! reaching half saturation of the phosphate
groups of chromosomal DNA (the half saturated DNA would contain 12 wt% U). For elements with high
atomic number an additional effect plays an important role in DNA damage, the absorption of natural
background radiation and re-emission as ionizing photoelectrons (beta radiation). Especially uranium, having
an absorption cross section 500,000 times greater than that of water, shows high absorption of gamma and X-
rays thereby focusing the energy into the DNA and causing increased genotoxicity. This means that ingestion
of uranium is highly critical even at very low concentrations at which radiotoxicity would normally not be
significant. The overall chemotoxicity of uranium in compatison to other toxic elements is illustrated in Table
1 by the occupational limits, a lower limit meaning higher toxicity.

Table 1: Occupational limits for heavy metals and their species, from [Busby2008].

Cd Cr As, Co, Hg, Pb U Ni, Sb, V Cu, Zn

Occupational limit (mg m-) 0.015 0.05 0.1 0.25 0.5 1.0
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I.I Uranium’s health effects

Despite its ubiquity in the environment uranium appears to have no metabolic function and is currently
regarded as non-essential [Giddings2005]. As mentioned above, uranium possesses chemotoxicity, the

mechanisms and effects of which should be described in more detail in this section.

A concise description of the mechanisms associated with uranium in the diet was given by [Bosshard1992]
and compared to values for the amount of uranium humans typically take up. Actual daily intake via
foodstuffs was in the range of 1 to 3 pug and for mining areas up to 9 pg per person per day, the data for
different countries being in good agreement. Intake via drinking water showed much more variation
depending on drinking habits and drinking water uranium concentrations, and can increase total intake to

100 pg pet person per day, at the upper end.

A certain amount of the ingested uranium passes into the blood stream, gastrointestinal absorption of
uranium being in the range of 0.5-5 % but even as high as 30 % of the ingested dose. Values differ depending
on nutritional state, intestinal content and also age. For risk assessment an average absorption of 5 % is

assumed.

Absorbed uranium leaves the body via the urinal tract. The chemical form in which uranium can pass
through the glomeruli is a low molecular-weight uranyl bicarbonate complex. Once in the tubule the uranyl
ion will partially dissociate from the bicarbonate, and may then be excreted or may react with the tubular cells.
As physiological uranium concentrations are highest in kidney cells nephrotoxicity is the main symptom for
uranium in the body. In human studies, the level of uranium kidney organ concentrations below which no
nephrotoxic effects were observed, the no observable effect level INOEL), was at 1 mg/kg. At an intake of 40
pg of uranium per person per day, which is the maximum estimated total daily intake in Switzerland, the
steady-state kidney organ concentration would be 0.01 mg/kg, thus well below the NOEL. While kidney
tubules are the most important site of the chemotoxic action of uranium, bone, in which uranium substitutes
calcium and is deposited with a much longer biological half-life, is considered to be the critical organ for long-

term radiation exposure to soluble uranium compounds.

Uranium excretion was studied in human trials of intravenous injection of uranium. Results showed that
95% of the injected uranium is cleared from the body through renal excretion with a biological half-life of 2 to
6 days. The remaining amount is lost with a half-life of 30 to 340 days. The 0.5% stored in the skeleton is lost
with a half-life of 1500 days. [Busby2008] mentions that ingested uranium also targets lung, and, as recent

evidence suggests, brain.

In the background document for the development of the World Health Organization’s guideline for
drinking-water quality [Giddings2005] health effects are thoroughly described. The primary effect of
uranium’s chemotoxicity to humans is nephritis. Three studies in Canada identified elevated urine albumin
concentrations as an indicator for uranium induced nephritis. Tubular defects in the kidneys are the suggested
explanation for the increase in urine albumin concentrations. One of these studies suggested that the uranium-
induced tubular defect is rapidly reversible, as participants who have been informed of the situation and who
have changed their water consumption, exhibited improved urine albumin concentrations.

Besides nephrotoxic effects uranium in the diet possesses reproductive and developmental toxicity,
mutagenicity, and carcinogenicity, as investigated in animal studies [Giddings2005].
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1.2 Uranium in the environment

Uranium is a ubiquitous lithophilic element with an average concentration in the continental crust of
1.7 mg/kg [Wedepohl1995]. Natural background levels in German soils (topsoil as well as subsoil) are
typically in the range of < 0.5 mg/kg (sandy soils) to >3 mg/kg (soils derived from magmatic and
metamorphous rocks). Natural background levels for aquatic systems are dependent on the hydrogeologic
source of the water. The mean uranium concentration in sea water is about 3.3 pg/l. Unaffected German
groundwater has a uranium concentration in the range of 1 to > 100 ug/1. Due to erosion processes and the
ubiquity of uranium also natural water sources contain measurable amounts of uranium. German stream
concentrations vary from 1 to 3 ug/l [Merkel2012]. The Amazon bears 0.03 ug/l, while the Ganges contains
3.9 ng/1 [Merkel2002].

The dissertation by Knolle [Knolle2009] gives the uranium contamination of 476 German tap water
samples and 307 mineral water brands. In the context of his research the term “mineral water” refers to
natural spa, mineral and table waters. The maximum obsetved concentrations were 8.54 pg/1 and 474 pg/1 for
drinking water and mineral water, respectively. The average concentrations were 0.43 pg/1 and 3.08 pg/1 for
tap and mineral water, respectively. Studies in other countries, as reported by the WHO [Giddings2005]
yielded relatively low uranium concentrations as well. In a survey of 130 Canadian sites in Ontario, Canada
concentrations were at an average of 0.4 pg/l. The mean uranium concentrations in New York ranged from
0.03 to 0.08 pg/l. The average uranium concentration for 978 sites in the USA was at 2.55 ug/l. The mean
level in five Japanese cities was 0.9ng/l. The average uranium contamination of drinking water thus appears to
be sufficiently low for human health. Uranium concentrations in 4097 German tap water samples are shown

in Figure 1.

In Germany, mean uranium exposure is about twice as high for consumers of bottled water than for
consumers of tap water [Hassoun2011] for both the regulatory limit is at 10 pg/1 [TVO2011].
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(n = 4007)
Stand: 21.06.2010

Figure 1: Regional distribution of U concentrations in German tap water (n= 4097), from [Hassoun2011].
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However, maximum concentrations in drinking water can pose a considerable hazard to the local
population. According to the WHO [Giddings2005], especially smaller supplies are at risk, also due to
undermonitoring. Studies in Canada, Finland, and Norway discovered populations consuming drinking water
with uranium concentrations of 700 ug/1, 28 ug/l, and >20 pg/l, respectively. Highest concentrations were
found in well water near Helsinki with 14870 pg/1 U [Knolle2009]. In Germany drinking water which exceeds
the regulatory uranium concentration limit is also found in smaller supplies, as shown in Figure 2.
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= &% & % o o @ o

20 - -_\L: \Il:' 1‘5 '_!':-

Relative size of populali;:n expesed (%) [n=730)
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Relative size of population supplied (%)

Figure 2: U concentration in 4095 German tap water samples and % of the population exposed of the total population
observed (n = 60,354). Inlay graph: n = 750. Diagram from [Hassoun2011].

Regulatory limits for uranium concentrations are between the conflicting priorities of the clinical evidence
and the best available technologies for treatment. This dilemma is intensified by uncertainties in clinical
studies on the one hand and a general increase of uranium through non-point sources such as agriculture on
the other hand [Hassoun2011]. The WHO recommends a provisional guideline value for uranium in drinking
water of 15ug/1 [Giddings2005]. This value has been derived from a 91-day study in rats considering an intra-
and interspecies variation uncertainty factor of 100 and assuming a 60 kg adult drinking 2 liters of drinking
water per day and that an additional 20% of total daily uranium intake can be allocated to food. The study also
acknowledges that treatment technology capable of reaching such low uranium concentrations is not always
available. The WHO therefore concludes that a guideline value of 30 pg/1 may be sufficient to prevent kidney
toxicity regarding uncertainty in epidemiological studies. The limit for uranium in German drinking water has
been set to 10 pg/1 in November 2011 [TVO2011]. Requirements for waste water discharge into the receiving
streams at an abandoned uranium mine in Germany was set to 500 pg/1 [Metschies2013].

The natural valence states of uranium are +II, +III, +1V, +V, and +VI [Giddings2005]. Uranium exists in
natural waters mainly in two oxidation states: In its hexavalent form U(+VI), and its tetravalent form U(+1V).
In aquatic systems both oxidation states exist mainly as linear dioxocations UO2* and UO,?*. Under reducing

6
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conditions uranium in both oxidation states is virtually insoluble. Under oxidizing conditions U(+VI) is
soluble even up to a pH as high as 7 in the range of several ug/l. Uranium readily forms complexes with
inorganic ligands, such as carbonate, as well as with organic complexes. This formation of stable uranyl
carbonato complexes translates into a positive statistical correlation between hydrogen carbonate

concentrations and uranium contamination [Merkel2002].

In Germany, mineral phosphate fertilizer alone has contributed 14-10% t of uranium in the years from 1951
to 2011. This corresponds to 1 kg of uranium per hectare of agricultural area [Schnug2012]. The transfer
coefficient of uranium from soil to crops is on average 0.05 (ratio of radioactivity in plant relative to soil
[Frindrik1986]), comparable to As, Co, Hg, and Pb, no biomagnification effects being known, and thus,
concerning human health risks, making the drinking water path more significant [Schnug2012]. Uranium
intake via drinking water contributed 95 % of total intake [Schnug2012].

Another anthropogenic source of uranium is coal combustion. Although 99% of uranium is retained
together with the fly ash during air pollution control there is no data available concerning the fate and proper
disposal of the retained uranium. The amount of uranium from coal combustion can be calculated from
available data on coal consumption and average uranium content and extrapolates to about 830,000 t over the
years from 1937 to 2040 [Merkel2002].

The documented main influences on environmental uranium concentration are geology and phosphate
fertilizer application. Only in special cases is the anthropogenic increase via mining the dominating factor for
elevated uranium concentrations of a whole region [Merkel2002]. However, mining is a point source,
producing high uranium concentrations in confined locations. Mining introduces oxygen into the natural
mineral deposit, that way oxidize U(IV) to U(VI), thereby releasing considerable amounts of uranium into the
environment that could be technologically avoided either by inhibiting water intrusion in order to eliminate

the source of the contamination or by treatment of the polluted water, e.g. by nanofiltration.

1.3 Uranium mining in Saxony

Additional to geogenic uranium anthropogenic sources increase natural U concentrations on a local and
global level. Global contamination can arise from use of uranium-contaminated phosphate fertilizer and
burning of fossil fuels. Local anthropogenic sources are industry, nuclear energy, and uranium mining and ore
processing [Knolle2009]. Of these local sources the high concentrations that can occur in mining effluent are

within the focus of this work.

Between 1945 and 1989 more than 231,000 t of U were produced in the two East German Federal States
Saxony and Thuringia [Merkel2006]. Figure 3 shows the locations of these uranium mining sites.
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Figure 3: Mining and milling sites in eastern Germany of the Wismut SAG. (AB stands for milling site) [Wismut2014]

Uranium mining activities affected an area of approximately 100km? and left behind probably the “worst”
uranium-mining legacy in the world [Merkel2006]. At the time of production closure in December 1990 the
burden consisted of: Operations areas (37 km?), five large underground mines, and an open pit mine
(84-10¢ m?), mine tailings (311-10° m?), and ponds filled with radioactive sludge (160-10¢ m?) [Wismut2011]..

In response to the environmental challenges a special “Wismut Act” was passed by the Federal Parliament,
providing € 6.2 billion to the national corporation Wismut GmbH, an organization that was established for
the purpose of the cleanup [Merkel2012]. By 2012, a total of € 5.65 billion were used for remediation, the
remediation expenses in Saxony amounting to € 2.66 billion and in Thuringia to € 2.99 billion [Wismut2012].

The total amount of uranium that has been subject to remediation when production has been terminated
in 1991 was in the order of 30,000 t [Merkel2012]. As a result of remedial actions considerable amounts of
uranium have been already removed from soil and water, and discharges into the environment continuously
decreased. Uranium is released via controlled and diffuse discharge. Controlled discharge is necessary as
complete uranium removal is not feasible at all sites. In 1991 the controlled discharge of uranium to receiving
streams totaled ca. 27 t and decreased to 4.4 t in 2010. However, diffuse discharge also contributes to total
environmental burden, for example in Schlema (see Figure 3), where in 2010 controlled discharge amounted
to 2.7 t of uranium, diffuse discharge is estimated to release an additional quantity of 20 % of the controlled
discharge into the adjacent river, Zwickauer Mulde. This increases the river’s uranium concentration to an
average of 8 ug/1in 2010 [Merkel2012].

As the uranium-contaminated drainage transports uranium into the environment the mine’s reserves of
soluble uranium decrease over time. Figure 4 illustrates this concentration decline for the four major former
uranium mines in Saxony.
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Figure 4: Development of effluent uranium concentrations at four Wismut locations [Paul2011].

This uranium concentration decline in the mines’ effluent arises the need to adapt treatment technologies
in order to meet the changing requirement. Process hybridization using membrane filtration could increase
flexibility and adaptability of existing treatment technologies. Membrane filtration is currently not applied
during treatment of the effluent from former uranium mines located in Saxony.

Uranium is a naturally occurring, ubiquitous element found in the environment, food, and also, at
very low doses, in the body of healthy humans. Its toxicity is well researched and understood in
order to release regulatory limits and safety standards for, e.g. the uranium concentration in drinking
watet (e.g. 10ug/l) and mine water discharge (e.g. 500ug/l). In those cases, however, where safe
levels for uranium concentrations are being exceeded and where the safety of humans and the
environment are at risk, reliable and efficient water treatment is necessary. Such cases include
obvious examples such as abandoned uranium mine sites but also less expected and even more grave

examples such as several sources for drinking water, also in Germany.
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|4 Chemical speciation

In aqueous solution a chemical element interacts, not only with water, but with all other elements in that
solution forming certain chemical forms, the so called species. As a result a certain distribution of these
chemical forms develops, called speciation. Influences on speciation include temperature, pH, concentration,
and available ligands. The influence of the pH for an example uranium solution is shown in Figure 5.

80 (UO,),(OH),’

60 4 (U?Q)S(OH),'

UO,)(OH),(aq)

2
40

204

Species distribution U(VI) / %

pH
Figure 5: pH-dependence of uranium speciation [Bernhard2005].

As shown in Figure 6, knowing the speciation is important for feed ion characteristics, as it influences size,

charge, mobility, and sorption behavior, etc. This makes speciation an important influencing factor for
membrane separation.

Steric model Chemical equation Size Charge
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Figure 6: Illustration on the speciation’s influence on ion size and charge. Steric model adapted from [Graziani1972].

Numerous studies have focused on the influence of speciation on membrane filtration with a special focus
on the interaction between the charge and size of the species and the observed membrane separation. Section
1.6 will focus on available literature on nanofiltration of uranium-contaminated water.
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1.5 Nanofiltration

Membranes are thin layers that allow selective transport of permeable feed constituents and have some
degree of rejection for the non-permeable constituents. Membrane processes are a separation technology of
increasing importance in the process intensification strategies solving some of the major problems of our
modern societies by decreasing raw materials utilization, energy consumption, equipment size, and waste
generation [EMST2013 page 77]. Every year membranes and membrane processes are sold worth in excess of
1 billion Euros [Bowen2009].

A plethora of different membrane processes exists. Nanofiltration belongs to the pressure-driven
membrane separation processes and has intermediate properties between ultrafiltration and reverse osmosis.
Figure 7 shows the current classification of this membrane category. This classification has changed over time
and the term “nanofiltration” was introduced well after such membranes were developed [EMST2013 page
1275]. Research on nanofiltration started in the 1970s when “low-pressure reverse osmosis membranes” were
developed to reduce the energy consumption of sea water desalination. Drinking water softening was the
second field where this newly developed membrane technology found an application and is still in use today
[Bruggen2002].
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Figure 7: Classification of the pressure driven membrane processes reverse osmosis (RO), nanofiltration (NF),
ultrafiltration (UF), and microfiltration (MF) [Melin2007].

In the second half of the 1980s nanofiltration emerged as a separate technology because the ability of
selective separation of certain substances offered advantages for applications like, e.g. the removal of color,
organic matter, and hardness from drinking water sources [EMST2013 page 1275]. The founding father of NF
who introduced the term NF for this separate technology was [Eriksson1988]. This new terminology was
necessary because previous distinctions between reverse osmosis and ultrafiltration became obsolete when
“loose” or “low-pressure” reverse osmosis membranes were developed to have lower energy consumption
than conventional RO. The name nanofiltration was based on the observation that these membranes reject
molecules of the size of about one nanometer. Due to the lower energy requirements of this separation
technology interest continues to grow, as visualized in Figure 8.
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Figure 8: Research activity in nanofiltration continues to grow: Articles on Scopus that contain “nanofiltration” in
their title, abstract, or key words. Retrieved on 2016/03/06.

Fields of application for nanofiltration are drinking water treatment, electroplating, the textile industry, and
the food industry [Boussu2000]. The NF market is found 65% in water treatment, 25% in the food and dairy
industry, and less than 10% in the chemical industry [Bessarabov2002]. But as mentioned earlier membrane
operations find applications in various industries via process intensification as they offer several benefits, such
as energy efficiency (no phase change required), environmentally friendly (limited or no addition of chemicals
required), modularity, compactness [EMST2013 page 78].

Most commercial NF membranes are made of polymeric material, and have an asymmetric structure with a
highly permeable support layer covered by a functionally active porous top layer at the feed side [Oatley2013].
They can further be categorized into two groups that are characterized by the employed material and synthesis
as shown in Table 2.

Table 2: Characteristics of the two main categories of nanofiltration membranes, [EMST2013 page 1277].

“tight” NF membranes “loose” NF membranes
Properties close to Reverse osmosis Ultrafiltration
Typical materials Made from different materials. Made from one material.
Composite structure: E.g. poly(ether)sulfones

1) nonwoven suppott,

2) polysulfone sublayer,

3) top layer made of polyamide
(mechanically resistant), or polyimide
(high permeability) [Ekiner2000]

MWCO About 200 Da 500...1000 Da
Typical rejections Ca*2, 5042 > 99 % Ca*2,504290...99 %
Na*, CI 60...90 % Na*, CI 10...60 %
Synthesis Top layer formation by interfacial Phase inversion via the following
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polymerization by the following alternatives:

steps: a) immersion precipitation

1) Sublayer immersed in aqueous (immersion in a nonsolvent bath)
amine solution b) controlled evaporation

2) Sublayer subsequently immersed ¢) thermal precipitation (lowering the
in organic acyl chloride solution temperature)

3) amine and acyl chloride react to d) precipitation from vapor phase

form top layer

>

Ilustration from [Melin2007]  Asymmetric composite “Ward Riley”  Integral asymmetric
membrane “Loeb Sourirajan” membrane

The separation mechanisms are sieving, electrostatic interactions between membrane and charged species,
differences in diffusivity and solubility, differences in Born solvation energy, and dielectric exclusion
[Labbez2003]. Additional phenomena that affect membrane performance are ion-membrane affinity, specific
adsorption, reduced dielectric permittivity, and hydration |[Garcia-Aleman2004]. Polarity also plays a role
[EMST2013 page 1277]. [Yaroshchuk1998] gives a good overview of the interrelation between these
mechanisms.

|.6 Nanofiltration of uranium-contaminated water

Nanofiltration is a proven technology for the treatment of uranium-contaminated water. Several studies are
concerned with this topic motivated by different backgrounds, such as uranium fuel production and drinking
water treatment. First studies investigated the influence of feed uranium concentration and pH on separation
performance without taking into account that these are important parameters determining feed speciation.

Already in 1976 a study by [Sastri1976] using cellulose acetate membranes with uranyl sulfate solutions
achieved uranium retentions in the range of 91 to 99.8 %. A main component of their research was to
investigate the UO.SO4 concentration’s influence on retention, increasing the concentration from 100 to
8000 mg/1 (i.e. uranium concentration of 65 to 5200 mg/1). Up to a uranium concentration of about 650 mg/1
the retention increases, whereas exceeding this concentration yielded a tendency of declining retentions. For
uranium-phobic membranes, i.e. membranes with higher average uranium retentions, retention decreases at
higher retentions. Nevertheless, for all 6 membranes in the study the lowest concentration yielded the lowest
retention, indicating a positive correlation between uranium concentration and retention.

The work presented by [Chen1992] reports that the uranium conversion process during nuclear fuel
production generates besides uranium nitrate effluent also uranium fluoride effluent. The scope of the study
was to remove uranium in a selective fashion by taking the effect of the pH into account. The author shows
that uranium retentions remained above 90 % for all values of pH. At the lowest pH (2.8) in the study, a very

13
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high retention (100 %) was achieved and reproduced 3 times. The author does not give an explanation for the
increased uranium retention at low pH. The applied polyamide membrane, Filmtec’s FT-30 element SW30-
2521, had low rejection for fluoride at acidic conditions and low rejections for ammonium at alkaline
conditions, indicating an isoelectric point in the lower pH range. This could mean that the positively charged
membrane (as the experiment is run at low pH) repels the positively charged uranium better or even that a

new species formed.

Later studies increasingly took into account that uranium speciation has an influence on retention and the
active separation mechanism. This idea was first mentioned by [Prabhakar1992] as a possible explanation for
the unexpected positive correlation between uranium concentration and retention.

The effluent from nuclear fuel production, containing uranium mainly as uranium nitrate, was treated in a
study by [Prabhakar1992] using cellulose acetate RO membranes. Concentrations that are normal for this
effluent are in a range of up to 200 mg/1. The experiments were performed at 40bar. Retention increased with
increasing feed uranium concentrations for all membranes and for all uranium concentrations, ranging from
20 to 200 mg/1. The relation was more pronounced at uranium concentrations below 100 mg/1. The authors
also found that the relationship between feed uranium concentration and retention was highest for
membranes with a pore size of about 25 A and that the effect decreased for tighter and more open
membranes. Such a concentration dependency is in disagreement with models for membrane separation. The
authors hypothesize that this disagreement could be due to changes in the uranium speciation at increasing
uranium concentration. The data presented did not show the same trend for the inflection point as in
[Sastri1976] indicating an additional dependence besides uranium concentration, potentially the concentration

of other elements involved in complex formation.

The promising results for the treatment of uranium nitrate effluents using cellulose acetate membranes
motivated Prabhakar [Prabhakar1996] to use chemically and physically more resistant polyamide UF, NF, and
RO membranes to investigate the effect of addition of sulfates, which are expected to enhance uranyl
rejection. The positive correlation between uranium feed concentration and retention that was found for the
cellulose acetate membranes could be replicated for NF. The study shows that the type of membrane is

paramount as it determines the available separation mechanisms.

The first study specifically adjusting feed uranium speciation was performed by [Raff1999] who
investigated the influence of uranium speciation on retention by five different NF membranes. Experiments
were petformed with four different artificial solutions with a uranium concentration of 1 mg/l. Solutions
differed in carbonate content, starting from de-ionized water at pH 6.7, then increasing the pH by addition of
NaHCOs; to reach pH 8.3, 7.3, and 5.9. The carbonate concentration was increased in order to alter the
speciation towards negatively charged uranyl carbonate complexes that way also increasing uranium
retentions, which were above 95 % for the negatively charged complexes UO2(CO3)2% and UO2(CO3)s*. The
permeate quality was stable, high retentions, between 81 % and 99 %, were achieved during all experiments
for all 5 different NF membranes, ie. including the positively charged species (UO2)3(OH)s* and the
uncharged complex UO,CO30. The researchers proved that high uranium retentions are feasible with
nanofiltration and a first step towards the influence of speciation on membrane separation performance was
taken, pointing out the importance of charge effects for the retention of uranyl species. However, a separation
between the effects of speciation and the effects of the membrane charge, which simultaneously influence

retention, has not been achieved.
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To take the uranium speciation into account also for more complex feed compositions numerical
speciation calculation is necessary. Different speciation codes are available on a commercial and a freeware
level.

In the study by [Favre-Réguillon2008] nanofiltration was used to selectively remove uranium from drinking
water. The experiments were done for semi-real waters, using bottled mineral water with artificially increased
uranium concentrations to 2 mg/1 by addition of uranyl nitrate UO2(NO3)2:6H2O. As for these waters no
literature data exists concerning speciation, as opposed to the case for the artificial solutions used by
[Raff1999], the species distribution needed to be determined using a speciation code, namely the code
“Chess”. The solutions differed in their ionic strength, however, the main species was UO2(CO3)2? for all
three waters. The performance of three different membranes was distinctly different, with uranium retentions
of about 20 %, 90 %, and close to 100 %. The membrane with the highest selectivity for uranium against
alkaline and alkaline-earth ions was then used at a lower uranium concentration. However, when decreasing
the uranium concentration from 2 mg/l to 20 ug/1 the retention remained at 95 % and the selectivity for
uranium against sodium at about 16. Increasing the trans-membrane pressure from 1 bar to 4 bar increased
the retention from 95 % to 98 %. The cross-flow velocity inside the plate module was kept at the relatively
low value of 0.145 m/s and the influence of hydrodynamics has not been investigated. The authors concluded
that nanofiltration is capable not only of high retentions but also of high selectivities and that charge effects

determine the retention of uranium.

The review article by [Khedr2013] concluded that RO and NF are in certain aspects superior to the most
common conventional methods of ion exchange resins, chemical precipitation, coagulation, and adsorption on
surface active media. While RO and NF efficiently retained uranium and radium they cannot be used to
remove gaseous pollutants such as radon. Thus an additional aeration step for membrane treatment of
uranium-contaminated water is necessary. Nevertheless, the author emphasized the advantages of membrane
processes: high retention of all isotopes, low vulnerability to interference with similar ions, regeneration-free
operation, and reliability.

The full-scale plant study by [Montana2013] compares, with respect to the same feed stream, the
performance of membrane filtration for uranium removal to ultrafiltration, sorption on activated carbon,
ozonation, and sand bed filtration, showing that membrane filtration can reach a uranium radioactivity
removal rate of 90 %, on average, where conventional treatment methods were not able to produce a

significant decrease in radioactivity levels at all.

Nanofiltration attracts increasing attention and finds further applications in many different
industries. Since the effects inside a nanofiltration membrane allow for a separation of differently
sized and charged ions water treatment of uranium contaminated water is an obvious application.
Several experimental studies approached the topic but a rigorous description of the separation
process has not been approached yet. Such a description is complicated due to the complex interplay
between chemical effects, such as altered uranium diffusivity by the speciation in which uranium is
present, together with the nanoscale transport in nanofiltration membranes.
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2 Motivation and objectives

Motivation to develop water treatment technologies for the removal of the toxic substance uranium is
continuously amplified by current events and developments: wide-spread environmental pollution due to
uranium in phosphate fertilizer, radioactive fallout after the disaster at the nuclear reactor at Fukushima, but

also the stricter regulatory limit for uranium in drinking water which was enacted by German authorities in
November 2011 which was set to 10 ug/1 [TVO2011].

A growing number of models for nanofiltration of aqueous solutions are available for the advancement of
membrane development and process design. To date, these models have been applied only to synthetic
solutions with a limited number of ionic species, such as textile waste waters. The simulation of experiments
involving real uranium-contaminated water samples and commercially available membranes has not been
attempted yet. However, since membranes are mostly applied to multi-component solutions, e.g. sea watet or
waste water, it is of high importance to evaluate the capability of the currently available models to describe
such complex separations.

Industrially relevant multi-component uranium-contaminated mine water was chosen as an example of a
complex solution involving ions of strongly differing properties and including effects of chemical speciation.
Among the models described in the literature some models will be most suitable for the here treated case of

uranium mine water. The selection criteria are:

e The model must be capable of describing concentrated solutions, and multi-component transport,
e The model should be based on physically relevant parameters instead of mere fitting parameters
(in order to derive statements concerning membrane modification or process design in order to

improve the observed separation in future research),

e The model input constants and parameters need to be readily available.

Consequently, this thesis starts from the adaptation of a generally accepted model from the literature and
then targets a case study of industrial relevance and properties comparable to other multi-component
solutions. Furthermore, because uranium is characterized by complex speciation chemistry the question will

be solved if uranium should be modeled as ion or as a complex for the description of its transport.

The membranes will be selected to represent a broad range of nanofiltration membranes. The prerequisites
for such membrane research, e.g. the development of a state-of-the-art laboratory membrane test facility, are

based on an intensive literature survey and will be presented only in brief.

This thesis is embedded within the framework of research targeting an optimized and environmentally
friendly water treatment process for uranium-contaminated water. Considering the approach and outcomes of

this study will thus benefice similar research efforts on e.g. nanofiltration of other complex mine waters.
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3 Mass transfer in NF membranes — existing modeling approaches

Rigorous modeling of mass transfer through nanofiltration membranes needs to take electrostatic,
dielectric, steric, and hydrodynamic effects into account. The fact that all these effects happen simultaneously
and are thus all intertwined makes not just the mathematical description complicated but also a concise
experimental investigation more laborious and time consuming. In addition, the pore of an NF-membrane is
roughly within the range of the size of the molecular gap of the polymer of the membrane matrix and about 4
water molecules fit within such a pore when aligned along its diameter. Consequently, traditional methods
used to describe transport at larger length scale start to break down at the scale of these nanometer structures.

The group of nanofiltration models that has been used to describe transport in the beginning of
nanofiltration modeling overcame this complication by treating the membrane as a black box model. This
group of phenomenological, i.e. mechanism-independent models, is based on irreversible thermodynamics, as
shown in Figure 9, and will be described in more detail in Section 3.1.

NF-models
|
v v
Irreversible Thermodynamics Mechanistic models
4 v
Space charge models Teorell-Meyer-Sievers models
Ostetle [Gross1968] Bowen [Bowen1996]
Yaroshchuk [Yaroshchuk1998] Kimura [Nakao1981]

Figure 9: Modeling approaches for nanofiltration according to [GarciaAleman2004].

The second group, i.e. the mechanistic models, shown in Figure 9, consists of models that develop a model
representation of the physical membrane structure, thereby accounting for the physical and chemical
characteristics of membrane and surrounding solution. Although initially the mechanistic models require more
assumptions, such as membrane thickness, pore size, and charge, they are much better suited to investigate the

transport processes through the membrane in order to be able to make predictions.

Most mechanistic models fall in two categories [Fievet2002]:

e those based on the space-charge (SC) model proposed by Osterle
e the Teorell-Meyer-Sievers (TMS) model

The distinction between these two categories is sometimes difficult since they are similar and even hybrid
models have been developed [Bowen1996], [Bowen1997], [Schaep1999], [Schaep2001]. Hence, the differences
between the different approaches for mechanistic models will be reviewed together in Section 3.2.
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3.1 lrreversible Thermodynamics

One of the two main groups shown in Figure 9 are models based on irreversible thermodynamics.
Thermodynamic descriptions are applied when the structure of the membrane as well as the molecular
mechanisms of transport within the membrane are not fully understood [Soltanieh1981]. Since membrane
permeation is an irreversible process and entropy will increase, i.e. energy is dissipated which is reflected by
the dissipation function, given by the equation [Sievertsen2001]:

ds _
¢=TE=Z]i’Fi (€N))
7

Where Fj are all forces that are acting on the system, represented often by the negative electrochemical
potential gradients of the i components that the system consists of. One basic assumption of irreversible
thermodynamics is already implemented in this expression, which is the division of the system into
subsystems denoted by index i. Since the subsystems often correspond to the solution components (e.g. ions)
the same index i is used for these two independent system variables, which is not strictly true. A second
important assumption is local equilibrium. For systems close to equilibrium, which is assumed at the
microscopic scale despite the obvious absence of an equilibrium at a macroscopic scale (i.e. between feed and
permeate), a linear relationship between fluxes and forces can be assumed. The basis of the linear irreversible
thermodynamics theory for transport through nanofiltration membranes is the Onsager theorem
[Onsager1932] which expresses the diffusive fluxes in a multi-component system in terms of a linear matrix of
phenomenological coefficients, Lj, together with the respective driving forces, i.e. the gradients of the

electrochemical potentials:

S
ji = —Z LikVﬁk, (l = 1, 2, ...,S) (32)
k=1

Where the electrochemical potential fi, depends on the chemical py, and the electrical ¢ potential
according to fl = Uy + e - Q. The electrochemical potential is solely a characteristic of the surrounding feed
and permeate solution and is not related to the physical measureable properties of the membrane material. In
other words, the membrane is treated as a black box without a description of solute transport within the
membrane matrix, which makes it impossible to include structural and electrical properties of the membrane
[EMST2013 page 1858]. Onsager further proposes the reasonable assumption that molecular dynamical
systems possess symmetry in past and future which consequently makes the matrix L, symmetrical, also
called the Onsager Reciprocal Relationship (ORR):

Ly = Ly (-3
The coefticients must also be larger or equal to zero, as well as limited in their magnitude because the

dissipation of energy must be positive (¢p > 0):

Li >0 G4
Lij - Lige = L 3-3)
The most important membrane models, based on irreversible thermodynamics, were developed by
Kedem-Katchalsky [Kedem1958] and Spiegler-Kedem [Spiegler1966] which are given in the next paragraph.
In these models the phenomenological coefficients Ly are transformed to the less concentration dependent
coefficients Ly, 0, and w for Kedem-Katchalsky and the coefficients of Spiegler-Kedem F;, and B, which are

even less concentration dependent as they have been derived on a local level inside the membrane.
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When the membrane itself is considered as a thermodynamic component irreversible thermodynamics can
be used to derive the Extended Nernst-Planck equation. Since the frame of reference, previously fixed with
respect to water can now be fixed to the membrane, the water flux appears in the equation in the form of a
convective transport term.

3.1.1  The Kedem-Katchalsky model

The first application of irreversible thermodynamics to membrane filtration consisting of an aqueous
solution (index w) and a single electrolyte (index s) was implemented in the Kedem-Katchalsky model
[Kedem1958]. A brief illustration is shown in Figure 10.
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Figure 10: Schematic representation of the two component system of the Kedem-Katchalsky model.
For this simple system, the dissipation function ¢ of equation (3.1) reduces to:
as . .-

¢ = TE = jwhity + jsAfls 3.6)
For uncharged membranes the electrical potential term of the electrochemical potential can be neglected:

Auy, = V,(pp — pf) + RT(Inay,, —Inay,, ;) G-7

Aps = Vi(pp —ps) + RT(Inas, —Inag ) (3.8)

Under the assumption of dilute solutions (which is already an assumption of the Onsager theorem) the
activity of the salt component can be set to 1 and the van’t Hoff equation can be used to simplify the potential
terms to yield:

Ap,, =V, (Ap — Arr) 39
Apg = VoAp + Amt /¢ (3.10)

Where the average membrane concentration is defined as:

Cs,f —Csp

Cg=——=<
In(csr/csp)
The dissipation function can now be written as:

(3.11)
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¢ = (jwVw +jsl7s)Ap + (js/c_s _jWVW)AT[ (3-12)
In this relationship the total volume flux Jv and the diffusive flux Jd can be defined by:
Jv = jwVw +js?s (313)
]d ~ js/Es _jwVw (G-14)
In a similar fashion as for equation (3.2) the here defined fluxes and forces can be expressed as:
]V = LllAp + leAT[ (3‘15)
]d = L21Ap + LzzAT[ (3‘16)

Here, the coefficient L1 = L, is called permeability of the membrane and the reflection coefficient, which

corresponds to the solute fraction rejected by the membrane, is defined as:

0=—Ly/Lq1 (317
Often the focus of a membrane separation is placed on the salt flux which can be obtained by rearranging

equation (3.13) and (3.14) (under the assumption that V;¢; K 1):

Js = Uy +Ja)Cs (3.18)
The Kedem-Katchalsky model as described in [EMST2013 page 1280 and 1859]: The volumetric flux J,
and the solute flux j; can be described by:

Jv = L,(Ap — oAm) (3-19)
Jjs = (1 — 0)], + wAcy (3:20)
In which w is the solute permeability per osmotic pressure difference at zero volume flux, defined by:
LpLyy — LT '
w = MC—S = (]_S) (3.21)
Lp AT[ J»=0

The solute permeability is always positive according to equation (3.5).

The advantage of this model is that many of the model parameters are accessible for experimental
determination. For this, equation (3.20) can be rewritten as:

jS ES
—=ws+1—-0)],— (3-22)
A= ot (L= 0)) 5>

By plotting this relationship, as shown in Figure 11, the membrane-solute specific parameters can be
estimated.

Js
Acl

Figure 11: Graphical estimation of solute permeability and reflection coefficient, [EMST2013 page 1281].
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3.12  The Spiegler-Kedem model
The Spiegler-Kedem model [Spiegler1966] is the differential analogous of the Kedem-Katchalsky model

and the following equations are derived under the same assumptions including V; < 1/c;:

du, - (dp dm
w_p (2222 (3.23)
d dx d " ({bcci dx1> d
Us - dp T T
=~ 3.24
dx v x+csdx csdx G29

Similarly, the solvent and solute flux equations can be calculated, assuming applicability of the van’t Hoff

equation, as:

dpty, dps
=Ly (=) 4L, (== (3.25)
Jw 11( ddx)+ 12( ddX)
. B H
i = Lo (=) + L (- 5) @20
Further assuming ¥, ~ 1/c,,, and j, ¥}, = J,, the potential gradients can be substituted to yield:
_. [dp Lyq e\ dm
= —L,,V?2 [__(1___)_] (3.27)
]V 11tw dx L11 Cs dx
L3, Lyp\dm L
jo= (222 ) — 4 2L (3.28)
csLiq dx = Li,V,
Where the coefficients can be transformed to find an expression that resembles equation (3.19):
c=1-1mw (3.29)
Liq Cs
P = _L11V (3'30)
RT (L 13
P =— 22 %21 (3.31)
Cs Liq

Using these definitions along with the van’t Hoff equation the following expressions are obtained:

=P, [ ] (3.32)

Js = P d > + (1 —o0)cg)y (3-33)
The thesis by [Sievertsen2001] relates the parameters of the Spiegler-Kedem model with those of the
Kedem-Katchalsky model (where v is the number of ions formed per solute molecule, and Ax is the

membrane thickness):

By
L, =— (3.34)
P Ax
___ 5 (3.35)
VRT Ax

These parameters can then be determined the same experimental method shown in Figure 11. Assuming
constancy of the parameters P, and 0, the expression jg = Jj, - ¢, can be used to calculate a relationship

between retention and volumetric flux:

_o(1-F)
~ 1-o0oF

(3.36)
Where:
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F= ( l-0o ) (3.37)
= exp (= p Ay '

The rejection in Equation (3.36) reaches its limiting value, 0, at infinite volumetric flux, i.e. at pure
convection. The reflection coefficient is a measure for the solute-water coupling while P is a measure for

solute diffusion. The pore radius can be calculated from the reflection coefficient by:

1672 r\? r\°
o=1-(1+—](1-2) [2-(1-2 (3.38)
9r; Ty Ty

This relationship is limited to solutes that do not dissociate into two separate ions of different radius, i.e. it

can be used on organic molecules in order to determine the pore radius.

3.1.3  Extended Nernst-Planck equation (ENP)

The extended Nernst-Planck equation for the description of mass transfer in membranes has already been
described more than 50 years ago by [Schlgel1964] and [Dresner1972ENP] and it is based on earlier work by
Nernst and Planck on ion transport in dilute solutions. Yet, not until the 1990s has the ENP gained popularity
as part of the Donnan-steric-pore model. Bowen and Mukhtar [Bowen1996] have chosen the ENP for the
description of the transport inside the membrane as it best fulfills the requirements of being physically
realistic, requiring a minimum number of assumptions, and having simple mathematics.

The starting point for a mathematical desctription of the flux of component i, j; (in kg/m?/s), in all
membranes is the simple equation [Wijmans2000]:

. dfi;
]i = Ci . Ui = _Ci . Ui . d_xl (3.39)

with the concentration of component i ¢;, the component’s velocity v;, and mobility (not necessarily constant)

U;, as well as the gradient of the electrochemical potential as the driving force di; /dx.

The electrochemical potential is written as:

@ = uf + RTin(ay) + Vi(p — p?) + ziFo (3.40)
with the activity of component i, a;, the component’s valence, z;, and the reference chemical potential of pure

i, [,t?, at its reference pressure, plp .

For incompressible liquids as well as the membrane phase Equation (3.40) can be rewritten as:

i = 4 + RTIn(a;) + Vi(p — pi%) + z;Fo (3.41)
with the saturation vapor pressure of pure component i, pf?¢, as the reference pressure. In this way, the
reference chemical potential is the same for the liquid and the gaseous state. In the pore-flow model the trans-
membrane pressure difference produces a continuous chemical potential gradient according to Equation
(3.41) and also a continuous pressure gradient through the membrane, as illustrated in Figure 13 on page 31.

The Nernst-Einstein equation can be used to express the mobility of component i as follows:

D;

Ui = -
RT
Equations (3.39), (3.41), and (3.42) can be combined to yield:

(3.42)
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D; dlnal _ dp do
= —c RT - - FL2E (3.43)
Ji= TG Ry ( ax gt dx )
Using the definition of the activity, a; = y;¢;, and inserting in the above equation:
D; (RT dg; dlnyl _ dp do
j.=—¢; +—+-—-—+ RT - .|_V + F - _> 3.44
Ji= T Ry (cl dx Tax U ax AT g G4

Assuming a constant activity coefficient and negligible influence of pressure on the chemical potential the
Nernst-Planck equation is obtained:

= _p, .ot ZiE R T (3.45)
Ji Di dx RT dx

The classical Nernst-Planck equation can be extended to include the contribution of convective solute flux,
which leads to the Extended Nernst-Planck equation (ENP). [Schl6gel1964] included a convective term,
however did neglect the full extent of interaction between solute and the membrane matrix. The membrane
was considered thermodynamically inactive, merely acting as a frame of reference and keeping the fixed
charges in their fixed positions. [Dresner1972] has added the membrane as a thermodynamic component, this
way generating a steric hindrance factor multiplied to the convective transport term, as will be described
below. The starting point of the derivation of the ENP is Equation (3.2) from irreversible thermodynamics.
Previously, water was used as the component to which the frame of reference was fixed to. When the
membrane is included and the frame of reference fixed with respect to the membrane, the thermodynamic
component of water, indicated by the index w, appears in Equation (3.2):

. _ g daw  yn oy dEk i = 3.46
Ji = LLW dx k=1le dx i=w1l,..,n (3.46)

The electrochemical potential gradient for water can be eliminated by choosing i=w:

, dj
dity, (JW + k=1L d_xk> (3:47)
dx Liyw
Equation (3.46) can then be written as:

o S 80
(JW * Yhe=1 Lwk g B i L ditk _ Z ( Liwka)@

kK
Luyw o ax Lyw / dx (3.48)
n
d iy
=Kiccify — z Lig Tx
k=1

Since the system is in mechanical equilibrium, the assumption proposed by [Onsager1932] Ly, = Ly;
(ORR) can be applied here. Further simplifications wetre proposed by [Schlogel1964], where interactions
between ions are exclusively through the electrical field and not by collision or by interactions with water
molecules. Neglecting such direct interactions eliminates all off-diagonal elements of the matrix, which means
L, = 0 for i # k. Furthermore, [Schlogel1964] compates the diagonal elements of matrix Lj, that describe
diffusive flux, to Fick’s first law:

_L.._ z — — 8
Ji u Ax Ci AX (3.49)
ACL'
Ji i A_x
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The diagonal elements of the phenomenological coefficient matrix can then be substituted by L;; =~ %.
Inserting this approximate expression in Equation (3.48) leads to a similar approach as applied to Equation
(3.43) and the sum term can be rewritten to yield the Extended Nernst-Planck equation:
dc; Fzie;D;d
Ji = Kiccly — Did_xl _ AT (3.50)

Accounting for convection (caused by the pressure gradient), ionic diffusion (due to the concentration
gradient), and electromigration (due to the electrical potential gradient) in the membrane pores. Here the
above assumptions of negligible influence of pressure as well as constancy of ion activity along the pore’s
length have already been implemented.

Steric hindrance of the ions’ fluxes are accounted for by means of two factors: Firstly, the hindered
diffusivity D; = K; g - D; o is calculated from literature values of pure solution limiting diffusion coefficients
multiplied with the steric hindrance factor for diffusion. This factor accounts for the altered diffusion to the
confinement within the nanosized pores. Secondly, the hindrance factor for convection inside the membrane
K; ., which accounts for interactions between ions and the membrane that slow the ions compared to the
velocity that they would possess if they would be swept along with the velocity of the permeating water.
[Dresner1972] mentions the example that ions of type i could be bound by the fixed charges thus decreasing
the concentration of mobile ions of type i, i.e. ¢;. Consequently, K; . for the ions of type i would be < 1. A
second illustration of such a hindrance effect could be caused by the electric double layer inside the membrane
pores where counterions would accumulate close to the pore wall, where fluid velocity is lower and ions are
thus transported at a lower rate. At the same time, coions will be repelled by the fixed charges and are at
higher concentrations towards the center line of the pore where fluid velocity is higher. From the
considerations for this second case [Dresner1972] derives that K; . will be for < 1 counterions, and > 1 for
coions. For details on the steric hindrance factors refer to Section 4.8.1.

It is important to keep mindful of the fact that this derivation leads to fluxes j; and J,, that are based on
total membrane area thus implying a perfectly porous membrane, i.e. a fractional porosity of 1.0 [Bowen1996].

3.2 Mechanistic models

Since the 1990’s the focus of membrane models shifted from modeling using the phenomenological
models of irreversible thermodynamics towards mechanistic models. Among these, models based on the
extended Nernst Planck equation are now arguably the most commonly used type of model of current
research [Oatley2014]. In later chapters a model will be developed that is based on similar approaches. This
chapter is meant to show the historical development towards the commonly used type of nanofiltration

model.

3.2.1  Space Charge (SC) model

In the late 1960s Osterle and his co-workers developed the space charge model, as described in
[Morrison1965], [Gross1968], [Fair1971]. In this model, the membrane is assumed to have identical cylindrical
pores. The membrane charges are homogeneously distributed on the inner wall of the membrane’s pores. The

resulting radial and axial distribution of the electrical potential and ion concentration is described on the basis
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of the Poisson-Boltzmann equation. A separation of the electric potential ¢ into a radial term @rqgiai,
originating from the electrical boundary layer of the wall’s surface charges, and an axial term @gyiq;, due to

electrokinetic effects of the electrolyte solution flowing across the charged surface, has been proposed by
[Gross1968]:

P = Pradial (x, 1)+ Paxial (x) (3.51)
The Poisson equation relates the spacial distribution of charged ions to the spacial intensity of an electric

field, as expressed in Equation (4.7).

The solution of the resulting equations has been attempted in the literature via several paths and can be
roughly separated into two main approaches. The first approach is a rigorous solution involving numerical
descriptions of the laws of Navier-Stokes, or Poiseuille for the transport of solute and the application of the
extended Nernst-Planck equation for the transport of ions [EMST2013 page 79]. The second approach is the
analytical solution by finding a physical interpretation of the phenomenological coefficients from the
irreversible thermodynamics theories, e.g. of Spiegler-Kedem [Wangl1995]. Both approaches are
mathematically complex and simpler models found more widespread use, such as the TMS model, which is
described in the next chapter.

3.2.2  Teorell-Meyer-Sievers (TMS) model

The TMS model, originally proposed by [Teorell1953] and Meyer and Sievers [Meyer1936], is also called
the fixed charge model. Rightfully, the TMS model can be called a simplification of the SC model in that it is
based on the same equations and approaches, however reduced to the special case of a homogeneous
membrane which means that the electrical potential inside the pore is considered constant. In the words of
[Wang1995] the TMS does not contain a structural representation of the membrane such as a pore radius and
assumes a uniform distribution of the fixed charges and ions within the membrane matrix. For this, the

surface charge density 0, is transformed to the volume charge density ¢, that has the unit of a concentration:

o = 2.0,
Y OF-n
This membrane charge density is then used in the description of an instantaneous Donnan equilibrium for

(3.52)

co-ions [Hoffer1972]. The ion mobility inside the membrane is assumed to be equal to that in the free volume,
and ion transport is based on a force balance similar to the friction model, refer to Section 3.2.5. This
assumption is especially problematic and lead to the development of a hybrid model that considers reduced
ion mobility due to hindrance inside the membrane pores, the DSPM (see next chapter).

323 DSPM

The Donnan-steric partitioning pore model (DSPM) is an extension of the TMS model [Hussain2007]. In
this model the membrane is considered as a charged porous layer and characterized by three adjustable
parameters, the average pore radius, the volumetric charge density, and the effective membrane thickness. Its
origins can be found in [Bowen1996] who first formulated this hybrid model in which the ENP was solved
for a homogeneous non-porous membrane. The pore hindrance, i.e. the interaction between transported ions
and the membrane material was then accounted for by hindrance factors for diffusion and convection which
depend on the effective pore radius. The authors pointed out that this doesn’t imply that geometrically well-
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defined pores exist but rather that the observed effects were sufficiently well described with the pore radius as
a fitting parameter. The hindrance factors used were taken from [Bowen1994| and further adapted to the

nanofiltration case. The ENP considering steric diffusion for diffusion and convection was formulated as:

dc; lecldqo
Ki,cci]v_ ldD dx Ki,le RT dx

Using the boundary condition j; = J,¢;;, from the equation of continuity and rearranging yields the

(3.53)

concentration gradient across the membrane:

dCl ]]; FZlCl d(p

—— = (KicCi = Cip) —

dx Ki,dDi RT dx
As the electrical balance, Equation (4.11), must be fulfilled the sum of the concentration gradients at all

(3.54)

points within the membrane must equal null, i.e. };dc;/dx = dc,/dx = 0. Since the electrical potential
gradient in Equation (3.53) is identical for all 1 ion species, it can be expressed as:
Z.
do ?:1—1(.']1[). (Kicci — cip)

= (3.55)
dx

RT Zz 1zic
At the two interfaces between the two surrounding solutions and the membrane Donnan-equilibrium is

assumed to apply. In [Bowen1996] this equilibrium is described with the simple equation:

in

C ziF
=exp|——=A ) (3.56)
coue = P ( RT ~¥P

Here, effects of ion activity and steric partitioning at the interfaces were assumed to be not significant for
the simple and dilute solutions targeted. In later publications, [Bowen1997], [Bowen1998a], [Bowen1998b],

these steric effects were amended to the original formulation:

yln in ) 2 F
yo;t out — (1 Ti/rp) exp <_ ﬁA(PD> (3.57)
i

While the effect of ion activity was formally acknowledged it has not been applied and later on the
assumption of dilute solutions was made. Despite these assumptions the DSPM has successfully been applied
to predict the separation of dye/salt mixtures [Bowen1998] and it realistically described the Donnan-effect in
the separation of a NaCl/NaSO, mixture [Bowen1996]. However, for the DSPM discrepancies in rejection
prediction of multivalent ions occurred. This was shown at the example of a CaCl, solution [Vezzani2002]
where the observed rejection was above the predicted value. Discrepancies like this lead to the identification
of an additional separation mechanism, dielectric exclusion, and the development of an adapted model, the
DSPM&DE.

3.24  Donnan-Steric Partitioning Pore Model incorporating Dielectric Exclusion - DSPM&DE

As described above, the importance of electrostatic effects was early recognized and also mathematically
described by the Donnan effect. Donnan exclusion alone however could not explain, e.g. high magnesium ion
rejection by a negatively charged membrane. Actually, electrostatic interaction alone would suggest preferential
partitioning in favor of the counter-ions. Also, transport through the membrane could not be described with
the same equivalent membrane thickness for all electrolytes, which contradicts the notion that the membrane

geometry is independent of the solution composition. Dielectric effects resolve this discrepancy as they are
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dependent on the absolute value of the ion’s charge and not the sign. This means dielectric exclusion increases

the membrane’s rejection for positively as well as negatively charged ions that possess high valence numbers.

The mechanism of dielectric exclusion was first described by E. Glueckauf in 1965 [Glueckauf1965] and
later refined by [Hagmeyer1999], and [Bowen2002b]. Two mechanisms contribute to dielectric exclusion. The
primary effect is ion exclusion due to electrostatic effects which are generated by the ions themselves, called
the effect of image charges. The secondary effect is due to a difference in solvation energy of the membrane
versus solution which is called the Born-effect. The mathematical details of this model will be described in

later sections of this work.

3.5  Other approaches

The models in this section are not further described for reasons of space limitations, and a complete
picture of existing modeling approaches is not attempted in any way. This section is merely meant as a
reminder that a variety of other nanofiltration modeling approaches exists.

The sieve model [Banks1966] describes solvent flux using the Hagen-Poiseuille equation while solute
retention is explained by the existence of two pore sizes, one that is large enough to let both solvent and

solute pass, and a smaller class of pores that is only permeable for solvent.

The solution-diffusion model, developed by [Lonsdale1965], is best suited to describe dense membranes
and consequently not the best description for nanofiltration. It has thus been upgraded to the solution-
diffusion-imperfection model where the imperfections have no separation effect [Sherwood1967].
[Yaroshchuk2011] developed a solution diffusion model for the description of electrolyte mixtures. Such a
model makes the description of multicomponent systems possible while intensive mathematics are avoided.
However, the model requires the assumption that no convective coupling occurs between the flows of solutes
and solvent inside the membrane. This translates to a reflection coefficient for all ions equal to one.

The friction model [Belfort1976] is based on the phenomenological coefficients of Equation (3.1) where
the frictional forces are balanced by the driving forces. The law of friction yields an expression for the

frictional forces by the relative velocity of the components together with a friction coefficient f;;:

Fij = fij(wi —w) (3-58)
The Maxwell-Stefan approach is the only model that does not assume dilute solutions and does consider
interactions between solute molecules. Similar to the friction model it considers a force balance between the
interacting components. [Krishnal997] shows that this approach is superior to descriptions using Fick’s law of
diffusion.

The charged capillary model was developed by [Jacazio1972] for the description of salt transport through
porous material, e.g. through clay. The volume flow rate g through the clay membrane is described by a

combination of Darcy’s law, with the fluid viscosity 17, the trans-membrane pressure Ap, and the membrane

thickness Ax:
q=- (E> (A—p) (3.59)
n/ \Ax

Together with the Kozeny-Karman correlation for the permeability coefficient k, with the membrane

porosity Ay, and the specific surface of the membrane Sy:
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1
k=g (A3 /SE[1 — Ax]?) (3.60)
The charge characteristics of the pore material are being related to the zeta potential. However, an

important assumption of this model is that the pore size is large compated to the size of the permeating ions.
This is in most cases not true for nanofiltration applications.

3.3 Model selection

The models presented above have all been successfully applied to the description of different
nanofiltration systems. Consequently, all models have their specific justification and they will be useful for
different purposes. This means that this section is not targeting the determination of the generally “best”
model for nanofiltration but rather the identification of a model that is suitable to reach the objectives of this
research. In brief the objectives for the model development are a mathematical description of
multicomponent transport for solutions containing various chemical species and hence an improved
understanding of the main separation mechanisms. The experiments will be performed at the example of a

chemically complex mine water containing uranium species and several other ions.

One of the advantages of nanofiltration is that it allows selective retention of ions which means for our
example that uranium can be separated from the main process stream and then be treated in an isolated
manner. Models based on irreversible thermodynamics typically fail to predict membrane separations at low
rejection [Hussain2007] which means that all ions will be retained at high rates. This makes models based
exclusively on irreversible thermodynamics not suitable for the present research. Furthermore, while models
based on the ENP can be adapted to high concentration applications the Spiegler-Kedem and Kedem-
Katchalsky model assume an activity coefficient equal to one (ref. assumption leading to Equ. (3.9)) and that
the Van’t Hoff equation is valid. An additional concern is the lack of options for physical parameter
identification. The phenomenological coefficients of irreversible thermodynamics are determined using
membrane filtration experiments. However, a conclusive model validation requires that the coefficients of the
model can be tested in membrane-independent experiments. Examples for membrane-independent
experiments include microscopy, porosimetry, impedance spectroscopy, titration, streaming potential
measurement, and alike. In conclusion, irreversible thermodynamics are not suitable for the description of
mine water nanofiltration.

From a practical perspective, the availability of physical property data for membrane and solution is also
highly important. This means that a model that describes ion transport using standard bulk diffusivities will be
preferred to a model that uses newly defined friction coefficients which would result in extensive experimental

or modeling work.

The DSPM&DE proved to be capable of predicting retention for multicomponent systems [Fievet2002].
Since solution input parameters are readily available, such as the bulk diffusivity, and the viscosity, the
DSPM&DE has greater predictive capability. The DSPM&DE has already been successfully applied to the
description of multicomponent solutions (|Garcia-Aleman2004], [Geraldes2006], [Bandini2003]) and it
includes a physical representation of the separation mechanisms which can be tested membrane-independently
and which could potentially also suggest measures for membrane enhancement. Models like the DSPM&DE
or models similar to it, such as the SEDE (steric, electric, and dielectric exclusion model) model by
[Szymczyk2005] are identified as a suitable basis for the model development in the present research.
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Models for nanofiltration are based on a plethora of different approaches, all with their own
assumptions and limitations. The objective of this research, to gain deeper understanding of the
transport processes, favors the use of mechanistic models where model parameters possess a
physical meaning which can (potentially) be determined by independent methods. The model
developed here is based on models which consider phase equilibrium at both membrane/solution
interfaces and transport inside the membrane described by the extended Nernst-Planck equation;
examples are the DSPM and the SEDE model.

4 Development of an adapted transport model

A model for the mathematical description of nanofiltration of multi-ionic solutions is developed based on
the DSPM&DE (ref. section 3.2.4) and the SEDE model [Szymczyk2005] described in the previous chapter.
The model’s equations are presented in order of the membrane’s sections from upstream till downstream, as
shown in Figure 12 where the relevant chapters for each layer of the membrane are shown in ellipses. The
figure also shows the system boundaries for each layer along with the notation for the concentration and
electrical potential profile. The mathematical expressions for each layer are based on the following

approaches:

e TFeed side transport and concentration polarization due to the limited mass transfer away from the
membrane will be explained in Section 4.5. Furthermore, as an additional approach the concentration
polarization due to the effects inside the electrical double layer are accounted for.

e Jon partitioning at the interfaces between the membrane and the surrounding solution will be
explained in Section 4.7 based on the consideration of a membrane/solution phase equilibtium, i.e. a
locally approximately equal electrochemical potential.

e The Extended Nernst-Planck equation inside the membrane will be described in Section 4.8.

e The concentration profile in the permeate is reduced to the effects inside the electrical double layer.

The numerical solution of all model equations will be presented in Section 4.9 along with the general

properties of the model, such as input and output parameters, and a degree of freedom analysis.
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Figure 12: Notation for the concentration and electric potential profiles across the membrane for component i. The
electrochemical potential is shown in Figure 13. The model assumes that the active layer (highlighted in dark grey)
primarily determines the separation.

4.1 Model assumptions

In this section the assumptions of the here developed nanofiltration model are summarized in order to
show limitations that need to be considered in the model’s application.

Assumptions concerning the membrane: The structure of the membrane matrix has direct
consequences for the model equations to be chosen. The most important decision concerning the membrane
structure is whether pores exist in the active separation layer. This is shown at the example of an ideally
porous and an ideally dense membrane. Assuming local equilibrium, the electrochemical potential gradient
along the membrane thickness is a continuous function without gaps and leaps for both types of membrane.
Figure 13 shows the electrochemical potential gradient for porous membranes (ultrafiltration, microfiltration)
and dense membranes (reverse osmosis), respectively. While for dense membranes (solution-diffusion model)
the pressure within the membrane is uniform and the chemical potential is represented by the concentration
gradient, it is the opposite for porous membranes (pore-flow model) where the permeant concentration within
the membrane is constant and the chemical potential gradient is determined only by the pressure gradient. The
here developed model for application to nanofiltration assumes very fine pores and thus needs to consider
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pore-flow (convection) together with a concentration gradient (diffusion), and electrical interactions between
the solution components and the membrane’s fixed charges (electromigration).
a) Pore-flow model b) Solution-diffusion model
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Figure 13: Driving force gradients for a one-component solution for porous membranes (left) and dense membranes
(right) [Wijmans2006].

The existence of pores in nanofiltration membranes was subject to several studies and has to date not been
resolved conclusively. A review of the porous nature of NF membranes is given in [Oatley2012]. In the book
chapter on atomic force microscopy of membranes in [Bowen2009] surface pores were described to exist for
different ultrafiltration membranes. Also a correlation between the surface pore dimensions from AFM and
MWCO has been found for ultrafiltration membranes. The existence of pores in NF membranes is a much
more delicate question with some evidence showing such surface structures. The authors acknowledge the
higher risk for artifacts at the length scale of the nano-sized pores and the increased caution that is needed for
proper imaging such as low surface roughness and the appropriate imaging force and electrolyte
concentration. While some studies support the existence of pores, the shape of the pores is highly uncertain
[Oatley2012]. AFM studies revealed that the pores appear to be rather slit like than circular in their cross-
sectional shape at the pore entrance. In addition to this, SEM studies showed that the pores’ pathway is quite
convoluted. While independent methods were not able to determine the size and shape of the supposed nano-
pores the results from observed rejection of solute of well-known size strongly suggest the existence of pores.
At a nominal molecular weight cut off in the range from 100 to 1000 Da which is typical for NF-membranes
the corresponding pore diameter is about 1 nm [Oatley2013] and according to [Labbez2003] NF-membranes
typically have pores of less than 2nm. Pores with diameters below 0.5 nm are not physically meaningful as
pore models break down at length scales within the range of the thermal motion of the membrane matrix
polymer chains [Wijmans2000].

Another important membrane characteristic besides the existence and size of pores is the surface charge of
the membrane. Many models assume constant membrane charge density throughout the membrane,
depending mainly on feed concentration [Labbez2003]. For the here developed model, the membrane charge

density is also assumed to be homogeneously distributed and is a variable parameter.
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The third assumption that needs to be made in order to reduce the description of the transport to a one
dimensional form is that the membrane’s thickness is homogeneous. Furthermore, the complex layered
structure of typical nanofiltration membranes, as shown in Table 2, is reduced to a single layer, which is called
the active layer. A model with more than one layer could still be reduced to one dimensional transport. The

Influence of the membrane’s support layer is investigated in Section 6.2.

Assumptions concerning the solution: As described above, the membrane pore radius is much smaller
than the length of the pore. For such a pore geometry edge effects at the inlet and outlet of the pore as well as
differences in the radial distribution across the pore’s cross-section can be neglected and transport can be

described in a one dimensional form with radially averaged ion flux j;, concentration ¢; j, electrical potential

@, and volume flux J;, [Labbez2003], [Fievet2002], [EMST2013 page 101]. The permeate flow inside such a
nano-pore is fully developed and of a Hagen-Poiseuille type [Labbez2003] [Fievet2002]. The solute is assumed
to be a rigid sphere in ideal solution [Oatley2014].

An important assumption is that the fluids on either side of the membrane are in equilibrium with the
membrane material at the interface (excluding effects of concentration polarization) [Wijmans2006]. This
means that the chemical potential gradient is continuous. It also means that sorption and desorption is much
faster than transport through the membrane. This assumption is necessary to derive the extended Nernst-
Planck equation which requires application of the Onsager Reciprocal Relationship (ORR). The ORR is valid
if ionic transport is a function of the chemical potential gradient only and the system is close to equilibrium.
This assumption of linearity can be problematic at high pressure and concentration gradients which would
render the local equilibrium condition questionable and the ORR would not be true. This can cause deviations
between the model retention and experimental retention at high flux rates. The effect of pressure on the
chemical potential is assumed to be negligible [Oatley2014].

A necessary assumption and at the same time the strongest limitation of the model is the assumption of
low solute concentrations. In the derivation of the extended Nernst-Planck equation the assumption is made
that the volumetric permeate flux equals the water flux and that the components don’t interact directly, i.e. via
collision, but indirectly through the electrical potential, as described in Section 3.1.3..

Assumptions made in the development of the model are that pores are straight and cylindrical and
at a length much larger than their diameter. Furthermore, the membrane charge is assumed to be
homogeneous throughout the thickness of the membrane. The model is reduced to one dimensional
transport and for this the thickness of the membrane is assumed to be homogeneous.
Hydrodynamics inside the nanopotes of the membrane are simplified by assuming fully developed
flow of a Hagen-Poiseuille type. lon partitioning at the interfaces is derived from the assumption of

interfacial equilibrium. The model is limited to the description at low ion concentrations.

4.1 Physical property data of the solution

Density, viscosity, and permittivity of pure water are temperature and pressure dependent parameters. In
order to develop a flexible and modular program code, these dependencies are accounted for by using
formulations available in the literature. The formulations for water density, and viscosity are taken from
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[Tanaka2001], and [Huber2009] respectively. The relative permittivity & of water is computed using the
formulation proposed by [Fernandez1997] based on the Harris and Alder equation:

@.1)

(e—1DQRe+1) n[(Re+1)(e+2) 1 5
e =— O + 57— 9
£ & 9¢ 3kgT
with the permittivity &y of vacuum, the number density n = N/V, the dipole moment of the isolated

molecule 14;, and the molecular polarizability @y, .

The dielectric constant inside pores can be calculated based on the assumption that water molecules inside
the pores have bulk properties except for a monolayer of oriented water molecules at the pore wall, as shown
in Figure 14. This geometric correction of the pore relative permittivity as well as for the pore viscosity is
commonly applied in the literature and shall be presented here.

Pore radius

Diameter of a water molecule

Figure 14: Hypothesis of a water monolayer at the pore surface proposed in [Oatley2012]; oriented water molecules
with reduced dielectric constant and an inner annulus with bulk physical properties.

In [Schifer2006 page 127] and [Bowen2002b] and [Oatley2012] the pore dielectric constant is calculated as:

2
& =¢&p — 2(&p — €7) (ri) + (g — &%) (g) (C¥))

p b
Where d is the diameter of a water molecule (d = 0.28 nm), and €" is the relative permittivity of the

oriented water layer at the pore wall, which makes physical sense in the range between two extremes: a value
of 80 would be applicable if there was no polarization and orientation of the water molecules, i.e. the bulk
value and a value as low as 6 which corresponds to complete polarization which is known as the high
frequency limit. The value used in the calculations in this work is 35 which is a value in agreement with the
observations of [Bowen2002], and [Oatley2012] for a broad range of salts. However, as will briefly be
described below, a more rigorous description will require further research on the exact value of the
permittivity and the influence of the pore solution composition. This research exceeds the scope of this thesis
and thus the relative permittivity will be set to a realistic value of 35 without adaptation to the solution
composition for which currently no correlations exist.

[Bowen2002] determined €* = 31 by numerical fitting of model parameters. [Oatley2012] obtained £* = 35
for NaCl, KCl, and Na2SO4, however, for MgSO4 a much higher dielectric constant was observed, 74, and 63
for NFO9HF and NF270, respectively. This could be attributed to further effects that the Born model does
not account for. [Oatley2012] mentions for example the effect of ion hydration, the extent of which is not
clarified in the literature yet. Other authors also consider the physicochemical environment. The pore relative
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permittivity is affected not only by confinement but also by the solution composition and membrane charge
density [Szymczyk2005] [Szymczyk2006] [Escoda2011] [Silva2011]. As shown in Figure 91 on page 159, the
dielectric constant for a typical nanofiltration membrane of radius 0.4 nm would yield a pore dielectric
constant of around 40. [Szymczyk2005] showed that dielectric constants in the range of 60 to 70 are more
realistic.

Values of the relative permittivity of the membrane polymer matrix, &y, are typically very low, in the range
between 2 to 6 [EMST2013 page 98]. [Szymczyk2005] uses a membrane polymer dielectric constant of 3.
According to the SEDE model a decreasing relative permittivity of the membrane polymer matrix would
result in an increased rejection. Here, the dielectric constant of the membrane will not be considered in the

partitioning.

In the same fashion as for the permittivity, the solvent viscosity is influenced by the confinement of the
water molecules in the nanosized pores. In [Schifer2006 page 124] the pore viscosity is calculated as (d is the

diameter of a water molecule, d = 0.28 nm, and 1py, is the bulk viscosity):

2
d d
T _ 1418 (—) -9 <—> (4.3)
Npulk L Tp

This in turn influences the pore diffusivity (values for D, taken from [Lide2005], and [Nightingale1959]):

Nbuik — K Dy, Nbulk

Mo Mo
No correction of the viscosity was performed in this work however it is recommended to study the

D, =D, (4.4)

influence of such a correction in experiments with solvents of different viscosity and at different temperatures

in more detail in later studies.

Physical property data, such as the permittivity, in the pores of nanofiltration membranes is
different from their bulk values. This effect is due to the strong confinement within the nanoscale
pores which results in an orientation of the water molecules. To account for this effect a correction
for the solutions permittivity is introduced. However, other solution and ion characteristics could be
influenced by this confinement as well, e.g. the viscosity, for which a correction is proposed in the
literature, but also other ion characteristics (e.g. by sorption). This question is untresolved also in the
literature.

4.3 Conservation equations

The individual physical expressions, e.g. the description of the Born effect or the steric hindrance factors,
can be related by a framework of equations which are presented in this section. These equations appear
throughout the derivation of transport equations along the membrane and cannot be assigned to one of the
sections defined in Figure 12. For the understanding of the basic layout of the model these equations are very

important.

Component’s fluxes: The volumetric permeate flux, which can be calculated from the permeate volume
that passes the membrane per unit time, and the membrane area, is an easily accessible parameter that can be
determined with high precision. Here, the experimentally determined volumetric permeate flux serves as an
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input parameter. The model can then be used to compute the fluxes of each dissolved ion. Hence the solution
of the model derives the selective transport of each ion through the membrane for a given volumetric
permeate flux.

For each component the continuity condition needs to be followed. The continuity equation for the steady
state for all ion fluxes across the membrane can be expressed as:

Vj;=0 (4.5)
Consequently the net flux for each component at each membrane section (a membrane section is a plane
inside the membrane perpendicular to the direction in which the solution permeates) must be the same,
independent of the location across the membrane’s thickness. Hence the flux of the component that is leaving
the system through the permeate, which can be easily and precisely determined, equals the component’s flux
through each membrane section. According to [Schl6gel1964], the molar flux of a solute i can be calculated
from the steady state volumetric flux by:

l
ji = (Ci,p -1000 ﬁ) ']v 4.6)
This condition will appear in the derivation of the extended Nernst-Planck equation where mass fluxes due
to diffusion, convection and electromigration sum up to equal the mass flux through the permeate. It will also
appear in the derivation of an expression for concentration polarization where convective transport towards
the membrane minus the back transport into the bulk yields the component’s flux leaving through the
permeate.

4.4 Electrical balance

Charges of the same sign repel each other due to electrostatic forces which are stronger for multivalent
ions. Figure 15 illustrates the distribution of ions according to their charge. The effects of the interactions
between ions result in effects at the macroscopic scale. This notion is also the basis for the understanding of
the relationship between Donnan exclusion and the Donnan effect.

Figure 15: Like-charged ions exert repulsive force onto each other. The thickness of the ion cloud is refetred to as
Debye length as highlighted by the circular shade around two of the ions.

The Poisson equation which is employed in the expression for the boundary layer, the expression for the
Donnan equilibrium and in the extended Nernst-Planck equation describes the dependence of ion
concentration on the local electric potential:
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The boundary conditions for the radial profile of the electrostatic potential inside a charged pore atre
[EMST2013 page 81]:
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Electroneutrality can be considered a special case of the Poisson equation which, according to
[Bowen1996], can be calculated by:

Nions
52 F
_oe _ Z 2ic; =0 (4.10)
6x% gy, 4 :
L=

Inside pores the fixed charges need to be considered:

Nions
ZiCi = —Cy 4.11)
i=1
According to [Dresner1972] and [Bowen1996] no overall electrical current is passing through the
membrane, when (the cutrent density I expressed in A/m?):

Nions
I= Z Fzj; = 0 (4.12)
i=1
Some studies suggest that the electroneutrality condition is not met inside nanopores [Lo1998] and
[Lee1999]. However, [Siemer1998] develops two separate models where electroneutrality is assumed and
where the Poisson equation is rigorously applied, respectively. He finds no significant difference in the
modeling outcome and concludes that electroneutrality is a reasonable assumption to make inside the
nanopores.

Conservation laws, such as the electrical balance and the continuity condition, are the boundary
conditions which need to be fulfilled and can thus be used to relate the individual physical

relationships. These expressions do not appear explicitly in the final model but will be used in the
derivation of the model’s equations.

4.5 Feed side mass transfer

A membrane is a semi-permeable separation layer. This means that some components can pass the
membrane while others are retained. The retained components accumulate in the boundary layer close to the
membrane surface, an effect that is referred to as concentration polarization. Thus, feed side hydrodynamics
will have significant effects on overall membrane separation performance as the increased concentration can
result, not only in an increased driving force for the mass transfer of the retained component, but also in the
formation of additional mass transfer resistances, e.g. scaling or a gel layer.
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As visualized in Figure 16, in a stationary process a balance between convection towards the membrane
and back transport away from the membrane due to e.g. the concentration gradient will establish. Continuity
requires that mass transfer due to convection and back transport at all points in the boundary layer sum up to
the flux boundary condition, i.e. the mass transport of component i via the permeate. Back-transport
mechanisms into the bulk of the feed are molecular diffusion, electro kinetic effects, and shear induced
diffusion [Schifer20006].

Flux boundary T N
o Ji=Jlv Cip = const at steady state = Jv+Cip
condition , ;
| N
Convection Jv ¢ outside
C;
1,0

e.g. diffusion

Back transport

Cif.b

Active layer

Figure 16: Notation for the relationships of feed-side mass transfer and concentration profile for solution component
i, i.e. a retained species.

The well-known Film Model, as applied in [Bowen1996], [Fievet2002], [Kedem1958], [Lewis1924],
[Malone1977], [Michaels1968], and [Nakao1981], develops a balance between net-convection and back-
diffusion, which is the most important back-transport mechanism among the three and can be represented by
the mass transfer coefficient in the following form:

D.
ki = El

At steady state the solute flux through the membrane will be independent of the perpendicular location

(4.13)

and will be equal to the solute flux leaving the system through the permeate, which can be expressed by
Equation (4.6). A simple mass balance thus yields [Mulder1996]:

) dc;
Ji =JvCip =JvCi + Diw d_xl (4.14)
Where the back transport mechanism has been described by applying Fick’s law for diffusion:

dCi

Jiairr = —Di Tx (4.15)

Using the boundary conditions for the concentrations at the membrane surface and at the edge of the

boundary layer where the bulk concentration has been reached:

x=0 = ¢ =cfytside
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X = 6C = (= Cif.b

Rearranging and integration (forx =0 ... §; and ¢; = Ci,g tside Cif,p) gives:

Ciogtszde - Cip ]v8 ]v
In [ Pl = =2 (4.16)
Cirb ~Cip | Diw K
The concentration polarization modulus, which describes the ratio of membrane surface concentration to
feed bulk concentration, is then:

cp = Ciz?gtside B exp (]?”)
€t Ry + (1 - R exp ()

In this expression the mass transfer coefficient k is unknown, as the boundary layer thickness in Equation

(4.17)

(4.13) cannot be determined directly. The velocity variation method, developed in [Berg1989] is an approach
to determine k for membrane processes experimentally. For this, the relationship in Equation (4.16) can be
combined with the definition of the apparent rejection:

Cip
Rapparent =1- (4.18)
Cif.b
and the definition of the membrane intrinsic rejection:
Cip
Rintrinsic =1 — outside 4.19)
Ci0
to yield:
Jv
i oo(d)
fim _ k (4.20)

Ci B Jv
e Rine + (1 - Rint) exp (F)
Linearization yields an expression which can be used to determine the mass transfer coefficient and the
intrinsic rejection by interpolation:

1-R bs 1- Rint ]v
i (1 Rt _ (1 B o
Robs Rint k

This simple approach is well suited for single-salt solutions where the concentration boundary layer
thickness for anions and cations is the same in order to fulfill the electroneutrality requirement. For mixtures
of different anions and cations the electroneutrality requirement can be fulfilled notwithstanding the
concentration boundary layer thickness is different for the individual species. At the multi-ionic level, which is
within the scope of this work, the above described approach cannot be applied. Different alternatives are
discussed in the following,.

The above described Extended Nernst-Planck equation could be introduced to account for
electromigration that way correcting the back transport for multi-ionic solutions. [Bowen2004] applied the
Extended Nernst-Planck equation in the boundary layer and assumed the film layer thickness to be equal to
the concentration boundary layer thickness of the ion with the lowest diffusion coefficient. The assumption
that the concentration boundary layer thickness is the same for all ions is a strong limitation and other
researchers found new approaches.
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[Geraldes2007] modified the original film layer mass balance to include an electromigrative term and a
diffusive term that considers that the concentration field is influenced by the mass transfer. Mass transport
inside the film layer can then be described according to [Geraldes2007]:

) z:F . d )
ji = _k]v . (C&L)ttSLde _ Ci,f,b) _ RL_TCio(L)LtSldeDi,oo ?f + ngtszde]v 4.21)

. . . . do . ..
Where the electrical potential gradient at the feed/membrane interface Tf’ which originates from the
difference in mobilities for cations and anions, is accounted for. The corrected mass transfer coefficient k 7, 18

modified to account for the effect of high mass transfer rates on the concentration field by the following
semi-empirical correlation [Geraldes2000]:

] 1.4 _1.7
v 26- (& 4.22)
e (14026 (2)) }

The conventional mass transfer coefficient k is calculated using literature models [Bhattacharya1992],
[Bird2002], [De1997], [Gekas1988], [Melin2007]. Here, the model for a flat channel with wall suction will be
applied. The test cell of this work is described in Section 5.2. The hydraulic diameter of the rectangular feed

v

channel can be calculated by its height (2 mm) and width (40 mm):

4 area _ 2 height - width
wetted periphery  (height + width)

According to this, a hydraulic diameter of about 3.8 mm has been used. The Reynolds number can then be

(4.23)

dh=

calculated as:

dpv
Re = 1 2</F #Cf P (4.24)
For a feed density of 1000 kg/m?® and a viscosity of 8.9 -10+Pas the Reynolds number will be

approximately in the range between 2159 (0.5 m/s) till 12954 (3 m/s) which means that the flow regime will
be laminar and turbulent depending on the choice of the cross-flow velocity. All experiments in this work
were performed at a cross-flow velocity of 1.3 m/s which corresponds to a Reynolds number of around 5500.

For each ion of the model the Schmidt number can be calculated:

n
Scp =— 4.25
L= oD, (4.25)
Mass transfer can be characterized by a Sherwood relationship:
dp\*
Sh = a,Re®*25c%s (T) (4.26)

The coefficients of this equation are given in [Mulder1996], and have been used by many authors
[Sievertsen2001]. For Re < 4000 the coefficients become:

diy 033
Sh = 1.85 % (Re . Sc - Th> (4.27)

For Re > 4000 the coefficients become:
Sh = 0.04 « Re%755¢0:33 (4.28)

According to [EMST2013 page 1287] the so obtained Sherwood number can then be used to estimate the
mass transfer coefficient in the feed channel:
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dp
h=k -2 (4.29)
S D

It should be mentioned here that several other approaches exist to describe mass transfer at the feed side
of the membrane. The film model is the most common approach. It has been modified to include:

e Eddy-diffusion, as in [Afonso1998],
e shear induced diffusion [Foley2013 page 52]

However, for all modifications the basis for the description of the feed side mass transfer is a mass balance
at steady state. The coordinate system, concentration profile, and fluxes are shown in Figure 16. An excellent
review of the methods to determine the concentration polarization boundary layer thickness is given in
[Gupta2007]. In concentrated solutions, more severe effects can occur which go beyond concentration
polarization. Other models, besides the film model, are the gel model, the osmotic pressure model, different
filtration models [Mulder 1996] and the boundary layer resistance model [Wijmans1985].

4.6 Electrical double layer

Concentration polarization at the membrane surface is also induced by the electrical interaction between

dissolved ions and the fixed charges at the membrane surface.

[Kirby2010] presents a clear summary of the relationships which are necessary to derive the concentration
profile through the electrical double layer. The electrical potential gradient around a charged surface can be
described by the equation:

y
@ = @o - exp (- /1_> (4.30)
D

Where y is the normal vector standing on the chatged surface, @ is the surface potential, and Ap is the
Debye length which can be expressed as:

€-RT
= |— 4.31
bulk
Where I, is the ionic strength in mol/m? refer to Equation (4.60). The potential gradient directly

influences the concentration gradient as described by the Poisson-Equation and the concentration profile can

be described by:

z;iF y
o =s-en(- gy ep(2) s

The surface potential in this equation can be expressed by the membrane surface charge density and the
ionic strength by the expression:

2¢l. (4.33)
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The membrane surface charge density can be related to the volumetric membrane charge density by
Equation (3.52). The advantage of this approach is that the concentration is directly related to the membrane
charge density which is the same as inside the membrane pores. This increases the consistency of the
modeling and brings it in line with the streaming potential measurements which are performed in tangential
mode and are thus suitable to determine the surface charge.

For the concentration just outside the membrane surface Equation (4.32) reduces to

z;iF
et =cipp - exp (‘ﬁ‘ﬂo) (4.34)

Inserting the expression for the membrane surface potential in Equation (4.33) yields:

ou

ziF - A
Ut =c;rp - €Xp (—ax -‘—D> (4.35)

RT - ¢

The concentration just outside of the membrane is used as the reference concentration for the phase
equilibrium for the concentration just inside the membrane. The phase equilibrium and concentration
polarization due to the electrical double layer will be implemented at membrane/solution interfaces.

Concentration polarization can be calculated from a mass balance in the feed concentration
boundary layer as the sum of convective transport, back transport into the bulk of the feed solution
which has to yield the flux that leaves the membrane through the permeate (mass conservation).
Back transport is determined by application of a Sherwood correlation.

A novel approach that is suggested here is the inclusion of an additional effect for concentration
polarization which is based on the electrical double layer. Concentration polarization is calculated
from the surface charge density by application of the Poisson equation.

4.1 Partitioning at the interfaces

The partitioning coefficients at the interfaces between the membrane and the external solutions take into
account three separation mechanisms [Vezzani2002]: steric hindrance, Donnan equilibrium via the interfacial
potential differences A@ponnan, and dielectric exclusion. These three contributing effects will be considered
in more detail in the following sections.

The partitioning at the interfaces serves as the boundary condition to solve the Extended Nernst Planck
equation and is derived by assuming a local thermodynamic equilibrium at the interface between membrane
and surrounding solution, i.e. equality at a nanoscopic scale of the electrochemical potential between the
solution right before entry into the pores and immediately inside the pore. The derivation is given in

[EMST2013 page 82] and [Szymczyk2005]:

—lgn — ‘a?ut (4.36)
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The definition of the electrochemical potential includes the standard chemical potential of ion i u?, a

reference concentration of 1 mol/l ¢°, and the interaction free energy W;. This interaction free energy
accounts for the interactions between the surrounding medium and ion i which are not considered already by

the mean field theory and can be described as an energy barrier to solvation:

_ 0 Ci
4; = 1 + RTIn (c_o) +z,Fp + W, (4.37)

The chemical potentials, the concentrations of the ions, and the electrical potential inside the membrane
are radially averaged values. Using this expression in Equation (4.36) will lead to the partitioning coefficient,

which is defined as the ratio of the concentrations just inside and just outside the membrane:
I = Cim = exp (_ ziFAQponnan + AWi)
l cout RT

i

(4.38)

Where A@ponnan = @ — @°“ is the Donnan potential and AW; = W;™ — W;°%, the difference in
interaction free energy, can be described as an energy barrier to solvation. The total interaction free energy can

be divided into a sum of four contributions:

AVvi = A[/Vi,steric + AWi,BOTTl + AI/Vim + AWi,act (4'39)
The individual contributions to partitioning of the Donnan potential and the interaction free energy will be

reviewed in the following sections.

Further reading: [Bandini2003], [Bowen1997], [Bowen1998a], [Bowenl1998b], [Bowen2002],
[Bowen2002b], [Oatley2014], [Vezzani2002], [Yaroshchuk1998], [Yaroshchuk2000]

4.7.1 Donnan exclusion

Charges of the same sign repel each other due to electrostatic forces which are stronger for multivalent
ions. Figure 15 illustrates the distribution of ions according to their charge. The microscopic effects of the
interactions between ions result in effects at the macroscopic scale. This notion is also the basis for the

understanding of the relationship between Donnan exclusion and the Donnan effect.

The microscopic forces of electric repulsion and attraction influence the equilibrium that develops around
a charged membrane, as described in [Donnan1995]. As an example, the retention of a sodium chloride feed
solution by a negatively charged membrane is altered by adding sodium sulfate. As shown in Figure 17, when
sodium sulfate is added to the feed solution then the negatively charged membrane will have high retention
for the negatively charged sulfate while sodium is allowed to pass into the permeate. This will lead to an
increased concentration of anions in the feed, i.e. the chloride ions and the additional sulfate ions. The
electrostatic forces between these like-charged ions will cause the chloride to pass through the membrane

even against its concentration gradient.

The chloride retention in this example reaches negative values when the feed has the same molar
concentration of sulfate and chloride. This macroscopic effect is termed Donnan effect and its microscopic
cause can be described by Donnan exclusion: co-ions are repelled and counterions are attracted by the electric
field that develops at the surface of a charged membrane [EMST2013 page 1276].
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Figure 17: Donnan effect for NaCl (concentration of sodium chloride is 0.05 mol/l) with sodium sulfate from
[Melin2007]. @ 25°C, 20 bar and a nanofiltration membrane.

The concentration inside the membrane will be different from the concentration just outside the
membrane. The Donnan potential AQpopnan which is the potential difference between material just inside
the membrane phase and the solution just outside the membrane surface will influence the partitioning, i.e. the

two concentrations at the interface:

out
APponnan = ¢ — @ = E nci. (4.40)
ZiF Ciln

The basis for this relationship is the Poisson-Boltzmann theory in which the distribution of ions in an
electric field is described. The expression for the Donnan potential can then easily be transformed to give the

Donnan contribution to the interfacial partitioning:

Ciin ZiF
Cput Donman = exp (_ ﬁA(pDonnan> 4.41)

L
As described by [Vezzani2002], a charged membrane gives favorable partitioning (i.e. the concentration

inside the membrane is higher) for counter-ions (i.e. the Donnan potential has the same sign as the ion’s
charge) and unfavorable partitioning for co-ions. This contribution to partitioning is implemented in Equation
(4.38).

4.1.2 Steric exclusion

According to [Deen1987], the steric partitioning coefficient reflects the ratio between the cross section
actually available for the solute i to pass through the pore, to the full cross-sectional area of the pore, as
illustrated by Figure 18. This ratio reflects the confinement due to the pores, i.e. the area available for the
solute relative to the unconfined case. The expressions that can be developed for this type of exclusion
depend on the shape of the pore, e.g. cylindrical or slit-like pores [Deen1987].

43



Hoyer — Post-mining water treatment: Nanofiltration of uranium-contaminated drainage.

Available area

A 4

Figure 18: Available cross-sectional area for a spherical solute to pass through a cylindrical pore [EMST2013 page
83].

This coefficient varies in the range between O (for a solute larger that the pore radius) and 1 (for a point
solute). For a pore of cylindrical cross section the steric partitioning coefficient is:

T

Where the radius of the solute 7; can be expressed by different parameters, here the Stokes radius will be

2
'r‘.
Dgreric = (1 - _l> ) ®; € [0;1] (4.42)

used as given by Equation (4.66).

The contribution of steric exclusion to the solvation energy barrier, as written in Equation (4.39), can be
described as:

AVVi,steric = —RT - In Dgyeric (4.43)

4.1.3  Dielectric exclusion due to image forces

The mechanism of dielectric exclusion was first described by E. Glueckauf in 1965 [Glueckauf1965]. Ion
partitioning due to dielectric effects is caused by a difference between dielectric properties inside the
membrane pores and the dielectric properties in the bulk of the solution. The water molecules inside the pores
become increasingly oriented because the pore radius is in the same order of magnitude as the size of the
water molecules and owing to the polar nature of water [Bandini2003]. This higher degree of spatial and
orientational order in small narrow pores makes the water molecules less able to respond to an applied electric
field, and consequently the relative permittivity is lower compared to the bulk of the solution [Szymczyk2005].

The dielectric discontinuity surface is located in the boundary between the two dielectric media, feed phase
and membrane phase. When this discontinuity surface is approached by a charged ion the surface will become
polarized. The polarized layer then exerts a repulsive force on the ion which can formally be described as
schematically shown in Figure 19: A mirror image of the ion (same charge and sign of charge and equal
distance but opposite of the polarized layer) will cause electrostatic interactions with the approaching ion.
Since the relative permittivity of the feed solution is always remarkably higher than that of the membrane
matrix the polarization charges induced by the ions have the same sign as the ion charge itself. Thus, this
primary mechanism always causes an additional rejection mechanism independent of the ion charge’s sign

[Bandini2003].
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Figure 19: Image force exclusion mechanism at the example of an anion, from [Oatley2012].

Partitioning due to dielectric exclusion is effective for any charged ion independent of its charge’s sign.
This makes it effective to explain e.g. high magnesium ion retentions by negatively charged membranes where
a mere Donnan exclusion would suggest too low retentions [Bandini2003]. For the description of the
retention of uncharged membranes dielectric exclusion is of even higher importance as electric exclusion for
this system would be equal to zero [Bandini2003].

The mechanism of dielectric exclusion due to image forces has been used in nanofiltration transport
models. Two typical examples available in the literature are the DSPM&DE by [Vezzani2002] and the SEDE
model by [Szymczyk2005].

[Vezzani2002] describes the electrostatic effects between the real and the fictitious ion based on the
Debye-Hiickel theory and a Boltzmann distribution type. This theoretical basis is easy to apply in the bulk
solution, for the solution inside the pores, this is more complicated. The authors limited their description on
the pore side to a partitioning between the bulk solution and the solution at the symmetry axis of the pore.
Further, they assumed slit-like pores to yield the expression for the interaction energy:

. 1 )
AW;p, = rp{K%t — k' — T—ln [1—y exp(—erK‘")]} (4.44)
p
With the factors Bjerrum radius rg:

FZ
rg = ——— (4.45)
2&sRTN,
and
y = LM/‘% (4.46)
1+ ey/es
Non-ideality of the electrolyte solution is described through the classical Debye-Hiickel theory:
(1cOUt)~1 = 1 | _&RT (4.47)
F |8m - [out

With the ionic strength defined in Equation (4.60), and &g = 4megey, €y = 4MEYE,. Analogous

relationships can be written at the membrane/permeate interface (x = Ax). These equations apply only for
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slightly charged membranes with low dielectric constant values. As basic assumption, membrane and bulk
aqueous phases are considered continuous media. The equations were developed for ions on the centerline of
the pore and should thus only be applied if the product of pore radius and the Debye length is small
[EMST2013 page 98]. In case the said product is not small or in the case of low electrolyte concentrations the
mechanism of image charges will be negligible. The DSPM&DE model, proposed by [Vezzani2002], is
physically inconsistent as it assumes cylindrical pores within the membrane but slit-like pores at the

feed/membrane interface, where partitioning occurs.

The second approach that was implemented in the SEDE model by [Szymczyk2005] goes back to the
work of [Yaroshchuk2000]. To be able to apply the theory to cylindrical pores approximations were necessary.
Additionally, image-force-reducing screening effects were considered that result from the electric field of the

fixed charges and the other ions. The image force interaction energy barrier, AWy, is the sum of two terms:

e  One is dependent on the screening length and independent of the distance to the surface = AW, jp,
for an ion at the pore center

e Another one is independent of the screening length and dependent on the radial position.

Among these two terms, the one at the pore center is more important, as transport mainly occurs along the
central parts of the pore. Based on this simplification [Yaroshchuk2000] derives for cylindrical pores:

_ 2kTa; [ Ko(K)Ky(v) — B(K)Ko(V)Ky (k)
AWiim = f L0)Ke (k) T BT (MK (k) 0
Where
(zF)* (4.49)

%= 8megep RT Ny,

v = /kz + U, (4.50)

out

‘}/.
Zizcibq)i (l_m> exp((_eZiA(p - AVVi,Born - AWi,im)/kT))

L

Hya = K1p Z < !
21

i

(4.51)

1
&0&-RT\ 2

= (2F210uf>

k —
B= <€” 8’”) (4.53)
Vk* + Hya \&p +ém

Whete &, is the dielectric constant of the membrane, k the wave vector, Iy, I, Ky, and K; the modified

(4.52)

Bessel functions, [y, is a factor that controls for the image force screening effect. [Szymczyk2005] modified
Wya derived by [Yaroshchuk2000] to include both steric and Born terms into the total interaction energy in
order to create the SEDE model. The steric term could also be included by a reduced pore size in the

(dimensionless) reciprocal internal screening length Ly,.

[Oatley2012] mentions that the fixed charges of charged membranes will result in a screening of the image
charges. This is of especial concern at large Debye lengths. Furthermore, the ion exchange capacity of
nanofiltration membranes will result in adsorbed ions which contribute to this screening effect. Even
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[Yaroshchuk2000] and [Szymczyk2005] mention that under these conditions the effect of image charges will
be negligible.

In the following section a second mechanism for dielectric exclusion will be presented. Simultaneously
using both approaches to explain the dielectric mechanisms will result in overcompensation. Since the
assumptions for the image force mechanism are much more severe only the Born mechanism will be
considered in later sections of this work.

414  Dielectric exclusion due to the Born effect

The decreased dielectric constant of the solvent confined inside the nanosized pores, as described in
Section 4.7.3, is also the starting point for the explanation of the Born effect.

The electrostatic free energy that an ion possesses in vacuum is called self energy. The ion possesses this
energy even if it is not interacting with other ions. In any other medium this free energy is termed Born energy
and is a measure for the work necessary to charge the ion in its particular environment. A mathematical
description of this energy is developed in [Born1920]. In [EMST2013 page 94] the Born energy of anioniin a

medium of relative permittivity &, is given as:

2 2
VA eO
w; =" - (4.54)
i,Born 8rege, 1

This equation shows that work is required if the dielectric constant of the medium around an ion of charge
z; is changed. Interestingly, the effect depends only on the magnitude of the charge and not its sign, i.e. the
effect is the same for anions and cations of the same absolute value of charge. In membrane filtration this
Born energy can be calculated for both the external solution, with a relative permittivity of &, as well as for
the solution inside the pores, with &,. The difference between these states is the Born energy barrier to
solvation [EMST2013 page 94| and gives the work required for the transfer of a charge from a medium with

relative permittivity €, to a medium of &:

AW, = 20 (L1 (4:55)
LBOTR T 8megri\&p € '

Using the atomic radius for 7; has been shown to result in an overestimation of the solvation enthalpies,
especially for cations [Szymczyk2005]. Alternative measures are the Stokes radius and the highest accuracy is
reached by using the cavity radius of the ions (which here is assumed to be independent of the medium’s
dielectric constant). The cavity radius can be defined as the distance from the center of the ion and the point
where the dielectric constant becomes different from that of the vacuum, i.e. where the medium really begins
[Szymczyk2005]. A method for the estimation of ion cavity size is given in [Rashin1985]. Based on empirical
evidence, an increase of the so acquired cavity radius by 7% proved to reach best agreement with experimental
observations [Szymczyk2005]. The correction has been explained by the dielectric saturation effect which
assumes that the effect of the fixed charges is reduced in the vicinity of charged ions. However, the cavity
radius is not available for uranium species and can thus not be used in the model. As a consequence, the
question arises if other ions for which the cavity radius is known should be modeled using their cavity radius
or their Stokes radius. The main function of modeling the ions with known cavity radius (e.g. Na*, K*, Cl) is
a comparison with the behavior of the uranium species. Hence, the test ions should be described by the same
variables as the uranium species: By their Stokes radius and not by their cavity radius. This way the stokes
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radius for the uranium species can be derived from literature data of their diffusivity using the Stokes-Einstein

equation.

The magnitude of the Born effect depends on the square of the ion’s charge but it does not depend on the
sign of the charge, as can be seen in Equation (4.55) [EMST2013 page 95]. Moreover, this effect could also
occur for uncharged membranes as the effect depends on the charge of the ion and on a difference in
dielectric properties only. Thus a determination of dielectric exclusion separate from Donnan exclusion could
be performed at the isoelectric point of the membrane. Smaller values for the pore relative permittivity

compared to the bulk relative permittivity will result in higher salt rejection.

Different approaches exist for the calculation of the relative permittivity inside the pores. Some authors
assume that the water molecules inside the pores have bulk properties except for a monolayer of oriented
water molecules at the pore wall. The mathematical relationship is given in Equation (4.2).

The Born energy will be included in the here developed model by the equation:

AWi,BOTTL) (4.56)

Dporn = €Xp <_ kBT

4.15  Activity exclusion

This contribution to ion pattitioning at the solution/membrane interface originates from a difference in
activity coefficients which is a description of the Coulombic forces between ions. For infinite dilution and
under the assumption that the volume of the ions can be neglected the activity coefficients can be calculated
according to the extended law of the Debye-Hiickel theory [Luckas2001, page 141]:

In(yy) = —Ap - Ziz\/ I (4.57)
This equation has been modified by [Davies1962] in order to be applicable at higher ionic strengths. With
the following equation the activity coefficient can be determined to about 2% accuracy for ionic strengths up

to 0.1 mol/kg:

VIm
log,o(v)) = —A,, - 77 <—m—o.31 > (4.58)
g10 yl m i 1+\/I; m

where the interaction parameters and single ion contributions are:

1 e \2
Ay = ———+/2-1037N, — (#59)
m ln(lO) \/ TNAPsolvent (41T€0€kT)

1
Iy = EZ m;z? (4.60)

The advantage of the equations from the Deblye—Hiickel theory used here is that all required parameters
are available and have already been used in other equations of the model, i.e. no new data is required. The
Pitzer equation could be used at even higher concentrations but the necessary coefficients for the membrane
phase need to be determined by extensive experimentation.

The contribution of activity exclusion to total ion partitioning at the interface between membrane and
solution can be written as [Szymczyk2005]:

AW, 4t = RT - In(y /y?™) (4.61)

48



Development of an adapted transport model

Partitioning is based on the assumption of phase equilibrium at the membrane/solution interfaces
at the feed and permeate side. The equilibrium is described by the electrochemical potential. Hence
the distribution of each ion depends on the difference between the two phases (solution vs.
membrane) in concentration, the electric potential, the activity coefficient, and the interaction free

energy. The here employed form of interaction free energy includes steric and dielectric effects.

4.8 Transport through the membrane

Transport through the membrane is described by the extended Nernst-Planck equation accounting for
convection, diffusion, and electromigration inside the membrane matrix, as derived in Section 3.1.3:
dCi FZiCiKi,dDi,oo d(p

Ji = KicCiJy — KiaDj o dx  RT  dx (4.62)

The hindrance factors for convection K; . and diffusion K; 4, which gives the hindered diffusivity inside

the membrane D; ), = K; gDj o, will be discussed in the following sections.

A commonly applied simplification is linearization of the Extended Nernst Planck equation (ENP). The
results obtained by this approximation have been shown to yield reasonable results [Sharma2008]. From
Equation (3.50) in combination with Equation (4.6) the concentration gradient across the membrane pores

can be expressed as:

dCi ]V Zici,jF d(ﬂ
@ = by, ety ~ ) T gy *69
And thus the electric potential gradient across the pores [Schlégl1972]:
Nn Zi]v
T K: .c; —c;
do _ 2idy D;, (Kicci = cip) @)

dx F Npn
ﬁzizl(zf ci)
The pore inlet and outlet concentrations can quickly be calculated using the method described by
[Oatley2014]. This method by itself is sufficient to solve the model equations, however, here a discretization

of the membrane will be performed to calculate the concentration gradient across the membrane.

48.1 Steric hindrance

The hindrance factors account for the effects of the pore walls on the ions motion, as explained by
[Vezzani2002]. There, these interactions are described as “sieve effect” due to the intrinsic porosity of the
membrane. The correlations for the steric hindrance factors are usually expressed in terms of the ratio 4;,
where the radius of the solute, 13, is compared to the pore radius, 7:

Ti

A= 4.65
= (4.65)
Different approaches exist for the solute radius, 7;. Often it is expressed as the Stokes radius which can be
calculated from the solute’s diffusivity by the Stokes-Einstein equation [EMST2013 page 84], [Fievet2002],

[Hussain2007], [Kerisit2010], [Labbez2003]:
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kT
- 67”7D i,00
The value below the fraction will be in the range between 4 and 6 which depends on the hydration of the

Tis (4.66)

ion. If the ion is stripped of its water shell (slip condition) the value is 4, and if the ion diffuses in its fully
hydrated form (stick condition) the value is 6. As [Grathwohl1998] mentions, the Stokes-Einstein equation is
valid only for spherical solutes which are much larger than the surrounding solvent molecules (here, water
molecules). This means that the correlation should not be used when the transport of small ions, such as

hydroxyl or hydronium ions, is considered.

The diffusion hindrance factor is the ratio of hindered diffusivity to bulk diffusivity, as defined by
[Bowen1996]:

Ky =22 (-67)
d - Dw .
The convection hindrance factor is the ratio of solute velocity to solvent velocity [Bowen1996]:
Us
K.=— (4.68)
uv

Different formulations of the two hindrance factors have been developed in the literature based on
theoretical consideration refined by experimental evidence. The following two sections will be dedicated to a
review of the available correlations for the model development performed in this work.

4.8.2 Diffusion hindrance factor

Expressions for the hindrance factors have first been derived for the mathematically more accessible
system of a symmetrically positioned ion, ie. an ion located on the axis of the cylindrical pore. These
correlations are termed centerline approaches. The much-quoted centerline approximation obtained by
[Renkin1954] for 0 < 4; < 0.4, and used by many authors [Anderson1974], reads:

Kiq = 1—2.10442; + 2.0894 — 0.9484? (4.69)
[Bungay1973] further optimized the centerline approximation, using asymptotic matching, to yield an
accuracy of more than 1% for the range 0 < A <1 [Dechadilok2006]. The obtained expression is used
throughout the literature [EMST2013 page 101] and [Szymczyk2006]:

K bm (4.70)
l,d - Kl’t *
Where the coefficient K;; can be calculated with the factors a; =-73/60, a, = 77.293/50.4, a3 = -

22,5083, a, = -5.6117, ag = -0.3363, ag = -1.216, a; = 1.647 as:

2 4

9 _5
Kie=Zn201-2072 |14 Z a,(1— )" | + Z Y @)

n=1 n=0
Using the formulation by Bungay and Brenner offers the advantage of applicability over the entire range of

solute-to-pore size ratio as shown in [Noordman2002]. Also, the expressions obtained by Bungay and Brenner
were validated by more exact methods. [Bowen1994] used the finite element method to develop simpler

equations. For the range 0 < A; < 0.8 the equations are shown in [Bowen1997], and have been used by
many authors, e.g. [Labbez2003], and [Noordman2002]:
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Kiq = 1.0 — 2.32; + 1.154A7 + 0.2242} (4.72)
Instead of the center-line expression, an approach is desired that also takes off-diagonal ions into account.
An analytical solution for the radial average of the hindrance factor was derived by [Brenner1977]. However,
his result, that is considered accurate, is valid only for A; = 0. Nevertheless, the expression can be used as a

reference for comparing different approximate expressions (where the o in the equation denotes an error term
proportional to 4;):

) 9 1

Kig=1/(1—2)%(1- (5) Ailng

[Nitsche1994] further modified the equation by [Brenner1977] to include wall curvature effects:

—1.5391; — o(zi)> (4.73)

2 9 2 2
Kig=1/(1-2)%*(1+ (5) Ailnd; — 1.5394; + 1.227 + 0(2%) .74

Asymptotic matching was also used for the upper end of 4;. [Mavrovouniotis1986] yielded an expression

for the radial average for 4; = 1:

5
K;, = 0.984 (1 _ Ai)i n (1 _ Ai>3 4.75)
S Ai ° Ai '

The radial average, i.e. off-axis expressions needed to be extended to the full range of A;. This was

achieved by [Higdon1995] using a boundary element method to evaluate the hindrance factor at certain values
of A;. This method yields accurate values for K; 4 as a function of A;. A least-squares fit performed by
[Dechadilok2006] on the full dataset of [Higdon1995] then yielded an expression that is valid for 0 < A; <
0.95:

9
Kig=1/(1-2)%(1+(=)A;In4; — 1.560344; + 0.5281554? + 1.9152143 — 2.819034}
: 3 i ' Y @6)

+0.27078847 + 1.101154¢ — 0.435933,13)
In the range 0 < A; < 0.95 this correlation is about 2% accurate. If high precision is required for more

closely fitting spheres, i.e. 0.95 < A;, then the expression by [Mavrovouniotis1986] should be used.

However, also very rough methods have been employed in the literature, yielding sufficient results
nevertheless, i.e. model dependence on the hindrance coefficients is not extremely sensitive. [Bowen1996]

reduced the hindrance factor to a linear approximation for the range 0 < A; < 0.4:

The different correlations for the hindrance factors are shown in Figure 20.
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Figure 20: Comparison of different formulations for the diffusional hindrance factor.

Due to the advantages desctibed in [Dechadilok2006] Equation (4.76) is used for the range 0 < 4; < 0.95
and above A; > 0.95 Equation (4.75) will be used to calculate K; 4 in the model prepared here.

4.8.3 Convection hindrance factor

The centetline approximation approach has also been used in the development of hindrance factors for

convection. [Bungay1973] developed an expression that is applicable to the full range of ion radii 0 < A < 1,
and found widespread use in the literature [EMST2013 page 101]:
_@-a-bAK, .
' 2K; ¢
with K; ; from Equation (4.71). With the factors bl = 7/60, b2 = -2.227/50.4, b3 = 4.0180, b4 = -3.9788,
b5 =-1.9215, b6 = 4.392, b7 = 5.006 K; s can be calculated as:

9 5
Kis = 7mV2(1 = 1) 72

2 4
1+ Z ba(1—2)" | + Z byl (4.79)
n=1 n=0

A centetline approximation for the range 0 < /11-_ < 0.4 is given in [A;ldersonl974]:

2
Kic.=@2-(01-2)% (1 - §A? - 0.1631?) (4.80)

Using asymptotic matching to determine the radially averaged value of K;. for A; = 0, [Brenner1977]
obtained:

Kic=1421;— 4927 + 0(27) (4.81)
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[Ennis1996] combined the exact results of [Brenner1977] with the centerline approximation of
[Bungay1973] to yield:

_ 1+3.8674; — 1.90747 — 0.8344;

e = (4.82)
' 14 1.8671; — 0.7414%
[Bowen1996] reduced the hindrance factor to a linear approximation for the range 0 < A; < 0.4:
K;.=-0.3014; + 1.022 (4.83)

Using the finite element method [Bowen1997] developed a convection hindrance factor for the range
0 < 4; < 0.8 that has been used by [Labbez2003] and [Mohammad2003]:

Kic. = (2= (1-2)H)(1.0 + 0.0542; — 0.99827 + 0.44123) (4.84)
As can be seen in Figure 21, the centerline approximations consistently overestimate the hindrance factor,
compared to the “exact” solutions by [Brenner1977] and [Ennis1990].
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Figure 21: Comparison of different formulations for the convection hindrance factor.

The formulation developed by [Ennis1996], shown in Equation (4.82), offers both advantages of being
precise, and applicable to the whole range of A; and will thus be implemented in the model developed in this
work.

Transport inside the membrane is described by hindered convection, diffusion, and
electromigration in the extended Nernst-Planck equation. The hindrance factors are based on
theoretical considerations on the basis of the ratio between pore radius and solute radius. Different
cotrelations which exist in the literature are reviewed and discussed here and suitable correlations for

the hindrance factors are were selected.
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4.9 Numerical solution

The development of the program code will be presented in this section. The input parameters, constants,
and model output parameters are summarized in Table 3. The numerical solution of the model is
implemented in Matlab® and all input parameters will be defined by the user in an Excel spreadsheet and will
then be imported into the Matlab® code automatically. The constants are defined within the Matlab® code as
they need to be modified only if the model is meant to be changed and not for a regular model calculation.
The concentration profiles are plotted automatically after the model is solved.

Table 3: Overview of the model parameters.

Model input parameters Model constants Model variables

Membrane pore radius 1, Avogadro constant Ny [ X ion concentration at each point
6.02214129-10% 1/mol Cij

Membrane equivalent thickness Ax, Elementary charge e Electrical potential at each point @;

1.602176565-10-12 C

Membrane charge density ¢, Faraday constant F
96485.3365 C/mol

i X lon feed concentration ¢; g p Boltzmann constant kg
1.3806488-10% J/K

i X Ion charge z; Molar gas constant R
8.3144621 J/mol/K
[ X Ion diffusivity D; Vacuum permittivity &,

(values for Dy, taken from [Lide2005], ~ 8.8542:10-2 F/m
and [Nightingale1959])

i X Ion Stokes radius 7; Water density py,o
Volumettic permeate flux [, Water viscosity Ny, 0
Test cell cross-sectional dimensions a, Water permittivity &
b, dhyd

Test cell characteristic length L Pore permittivity &,

Number of nodes in the mesh that
discretizes the membrane

Before the development of a specific algorithm of the model computation, a degree of freedom analysis
needs to be performed where the number of unknown variables is compared with the number of available
equations. Since the membrane is discretized into a certain number of nodes the number of unknown
variables and equations depend on the number of nodes. As shown in Figure 22, the number of “model
positions” is the number of nodes plus 3 (for the feed and the permeate side of the membrane and for the
permeate bulk solution): Npgsitions = Np + 3. At each of these positions a certain number of variables and

equations can be defined.
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Figure 22: Degree of freedom analysis at the example of a membrane that is discretized into 4 points. The feed
concentration is not listed because it is not variable and kept constant throughout the simulation (design parameter).

In a degree of freedom analysis the number of equations should be the same as the number of variables.
Here, the number of variables concerning the electrical potential is balanced by the number of equations for
the electroneutrality condition and the number of variables concerning concentrations is balanced by the
number of transport equations. As summarized in Table 4 the model is well balanced and the number of

unknown variables equals the number of equations.

Table 4: Degree of freedom analysis: The number of variables equals the number of equations.

Unknown model parameters:

- Concentrations (1Xfeed, 2Xpermeate, N;, Xmembrane) Nion * Npositions

- Potentials (1Xpermeate, N, Xmembrane) Npositions — 2

- Total (Nion + 1) Npositions -2
Model equations

- Transport equations, i.e. (4.33), (4.39), (4.63) Nion - Npositions

- Electroneutrality, i.e. (4.12) Npositions — 2

- Total (Nion + 1) - Npositions — 2
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The model equations developed above are linearized and converted into a matrix operation of the type:

M-x=v (4.85)

This system is explicitly shown in Table 5 and the specific entries of the matrix are given in the equations
below. The order of the entries in the solution vector x is given in Figure 22. This system is then solved using
the Matlab® command fsolve and the Levenberg-Marquardt algorithm.

Table 5: Matrix operation of the type M - x = v that is at the core of the program for the numerical solution.
(EDL=electrical double layer, ENP=extended Nernst-Planck equation)

out in out
M cio.  cih Cij Cij+1 Cin  Cp  Cipp  Pj Qi1 Pp v

Feed EDL | (4.87) Cifb

Feed
partition.

ENP (4.93) | (4.94) (4.97) | (4.95) | (4.96)

490)| 1

Permeate 1

partition. (499) X=

Permeate
EDL

Node
elec.neutr.

“87)| -1

Permeate
elec.neutt.

Concentration polarization in the EDL:

In Sections 4.5 and 4.6 two different approaches for the description of concentration polarization are
presented, due to feed hydrodynamics and due to the effects of the electrical double layer (EDL). At low cross
flow velocities both effects need to be accounted for. At high cross flow velocities however, back transport
into the bulk of the feed solution happens rapidly and concentration polarization can be described by the
concentration distribution in the electrical double layer only. Hence, at low cross-flow velocity the system
becomes more complex. Since a rigorous description of the hydrodynamic concentration polarization requires
consideration of convective, electromigrative, and diffusive transport [Geraldes2007], as well as Eddy
diffusion, shear induced diffusion, formation of a gel layer etc. [Schifer2006] the approach taken here is to
increase the cross flow velocity sufficiently high and avoid hydrodynamic concentration polarization all
together in order to reduce the model to concentration polarization due to effects of the electrical double

layer.

The concentration just outside the membrane surface can be related to the bulk value by rearranging
Equation (4.32):

out

_ ZiF'AD 4.86
Cip =€ - €Xp | Oy + (4.86)

The coefficient for ¢/t thus reads:
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ik AD) (4.87)

RT - ¢

This expression describes the concentration polarization at the feed and permeate side.

exp (ox .

Ion partitioning at the feed solution/membrane interface:

Equation (4.38), describing ion partitioning at the interfaces between membrane and solution, can be

transformed to yield:

et
[; = —out = €Xp(—

Ci

RT
ZiFA@ponnan + AWisteric + AW, porn + AW + AVl/i,act)

ZiFA(pDonnan + AWi)

= exp (—

RT
_ ZiFA(pDonnan + AWi,Born + AWL’,act
= exp ln(q)steric) - RT
. ziFAQponnan + AWi porn Viin (4.88)
= Dgreric €Xp | — RT —1In Sout
3 . L
Vimcim =& . ex (_ ZiFA(pDonnan +AWi,Born> =& D ex (_ ZiFA¢Donnan>
yioutczput steric €XP RT stericPBorn €XP RT
yo ziFApp i
a ;T Cioutq)stericq)Born exp (_ %) +ot =
A
For feed side partitioning this specifically translates to the following expression:
vio' ziF (91 — o) ;
Ci(,)gt [_ % chteric,icDBorn,i exp <_ IT) + Cllﬁ =0 (4.89)
i1
Where the electric potential outside the membrane is set to be equal to zero, i.e. the frame of reference for

all other potentials. The coefficient for Cf gt thus reads:

y%lt ziF (91 — o)
- ;in cI)steric,iCDBorn,i exp (_ lT) (4.90)
i,1

For ¢} the coefficient is equal to one and the constant term is equal to zero.

Transport through the membrane pores described by the extended Nernst-Planck equation:

The extended Nernst-Planck equation, from Equation (4.62), can be transformed for the finite difference
between each node and its subsequent node, to yield:

Cijrn = Cij  Fzi(cij + ijur)Dip 9jsa — @

. 1
Ciply =Ji = EKi,c(ci,j + ¢ i)y — Dip

D 1 ox D 12RT ox
=Cij- (ﬁ + EKL',C]U) + Cijer- (‘% + EKi,c]v) t ;) @91)
. (FZiDi,p Cij + Ci,j+1) o (FZiDi,p Cij t Ci,j+1>
2RT  ox it \T2RT T ox

The ENP will now be expressed in the form:
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Cij AijtCijr1Bij+@j-Cijt@jr1-Dij+cipk=0 (4.92)
With the coefficients being:
D, 1
ij = % +5 1Ki,c/u (4.93)
L,p
Bi;j =- 6lx + EKi,c]v 4.94)

_FziDipcij+ cijia

C.. = (4.95)
" I%RTZ") ox
D, ;= — ZiDip Cij + Cijaa (4.96)
J 2RT ox
E=-], (4.97)
Ion partitioning at the permeate solution/membrane interface:
The equations for ion partitioning at the permeate side of the membrane Equation (4.88):
t
Yip 2 (on = #p)\| | .
Cip | = =i PstericPporn €XP T~ RrRT + Cll,rzlv =0 (4.98)
i,N

The choice for the electric potential gradient of the Donnan equilibrium, i.e. whether it should be @y —
@p of Pp — Py, needs to assume that the ion goes from outside into the membrane, also at the permeate side.
The effect is already reversed by the concentrations used. Reversing the potential gradient would thus negate

the choice of concentrations. The coefficient for Cil,T}VSlde is equal to one and the coefficient for ¢; 5, reads:

vy zF (on — )
- liz:l stericPBorn €XP (‘ % (4.99)
i,N

The last series of equations take the ion balance into account. The equations for the electroneutrality
condition in feed, permeate, and at each node can directly be used from the respective chapter, Section 4.4.
The initial point for the vector x will be calculated by setting all concentrations to the feed concentration and
setting the potential to zero at all positions. This system is then solved numerically using fsolve with the
Levenberg-Marquardt algorithm.

The here developed model is based on the extended Nernst-Planck equation for the desctiption of
hindered transport inside the membrane pores and the equality of the electrochemical potential at
the solution/membrane interfaces (equilibrium) as well as concentration polarization in the electrical
double layer. Assumptions which are representative of the real mine water nanofiltration are low
concentration and a homogenous membrane structure. These need to be considered when the

limitations of the model are of relevance.
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4.10 Parameter fitting

The membrane parameters pore radius, volumetric charge density were determined by fitting the model
developed in the previous section to experimental data. An overview of the fitting operations is given in the
tollowing Table 6.

Table 6: Overview of the fitting operations in this thesis.

System Chapter Experimental input data Fitted parameters Sum of
square
error

Glucose 6.3 Glucose retention over permeate e Pore radius 1.5E-5

solution flux

KCI solution 6.4 KCl retention over permeate flux e Membrane volume  3.6E-3

charge density

Mine drainage 6.6 Component retention for 10 e Membrane volume 1.4E-1
components charge density
KCI solution 7.6 KCl retention over permeate flux e Membrane volume 1.3E-4
charge density
e thickness
Mine drainage 7.6 Component retention for 10 e Membrane volume 1.4E-2
components charge density

e pore radius
e thickness
®  permittivity

The sum of squared error between experimental (Rexperiment) and simulated (Rgimuiation) retention was

divided by the number of measured retentions, n:

n
SSE = Zn(Rexperiment,n - Rsimulation,n) (4.100)

n
Where the retentions can take values of below 1, i.e. the retentions are not converted to percent. The

resulting sum is smallest for the glucose retention and highest for the single parameter fit of the mine
drainage. Excluding the large error for nitrate from the calculation of the sum of square errors for the 4-
parameter fit of the mine drainage will reduce the error to 3E-3.
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5 Materials and methods

In this section materials and methods ate presented starting from the employed nanofiltration membranes,
the laboratory equipment for the membrane experiments and characterization by streaming potential
measurements towards the chemical characteristics of the uranium-contaminated solutions and methods that
were used to evaluate the experiments.

5.1 Membranes

In this work the 18 membranes shown in Table 7 were chosen according to recommendations by the
membrane manufacturers and from a literature study of similar studies. In the following section, existing
information on these membranes is gathered; further membrane characterization will be presented in the
experimental sections.

Table 7: List of the membranes, and their respective abbreviations used in this work.

Manufacturer Membrane name Type Abbr.
Alfa Laval Corporate AB Alfa Laval NF99 HF NF HF99
Alfa Laval NF99 NF ALNF
Alfa Laval RO90 RO RO90
Alfa Laval RO99 RO ROY9
DOW Water and Process Solutions Filmtec™ NF270 NF NF270
Filmtec™ NF90 NF NF90
GE Power and Water HL-Series NF HL
DL- Industrial High Flow NF NF DL
DK-Series NF DK
SG-Industrial High Rejection RO SG
Brackish Water RO
Koch Membrane Systems, Inc. SR100-Low pressure selective NF SR100
rejection NF
SELRO® MPF30, pH stable NF MP36
SELRO® MPF34, pH stable NF MP34
Microdyn-Nadir GmbH Nadir® NP010 NF NP10
Nadir® NP030 NF NP30
Toray Industries, Inc. UTC-70 HF RO UHF70
UTC-70 RO UTC70
UTC-60 NF UTC60

60



Materials and methods

Asymmetric membranes have a layered structure, similar to the one shown in Figure 23. All the
membranes used in this work have a reinforcing fabric which is added to increase mechanical stability. Typical

fabric materials are polyester or cellulose acetate.

]Hl".r“m EDMPDSITE HE”EHSE nsm us's MEM EH“NE Schematic cross-section of a thin-film membrane used in reverse osmosis

Polyamide

Ultrathin Polysulfonz

barrier layer
0.2 ym

40 pm = Microporous
- . Palysulfons

/‘ / | Support paper
Fhaln'furclng fabric Support layer 'Thin-film membrane layer Palyester (PE) or
Polysulphone (PS) Polyamide (PA) polypropylene (PP)
Thickness 40-100 microns Thickness 0.25 microns Thickness 100-200 microns

120 um

D

Figure 23: Layered structure of thin-film composite membranes [AlfaLaval] [FilmTec].

The intermediate microporous support layer is typically made of polysulfone. The most important layer
with respect to the separation characteristics is the active layer. Phase inversion membranes (refer to Table 2)
are homogeneous, which means that support layer and active layer materials are the same. Interfacial
polymerization membranes have an additional layer added which is typically made of polyamide [DOW1].
More specifically, the polyamide active layer can consist of an aromatic polyamide (e.g. for NF90) or a mixed
aromatic, aliphatic polyamide, referred to as polypiperazine (e.g. for NF270). These are the membrane

polymers for the membranes used here. Their chemical structure is shown in Table 8.

Table 8: Chemical structure of membrane polymers.

Material name Structure Source

Polyethersulfone 0 [Melin2007]
"
—f<: :%§—<: :>—O+
0 n
Polysulfone o CHs [Melin2007]
L0~ 0L
O CHsz
_ . -

Polypiperazine HO [DOW1]

Free Amine

Carboxylate
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Aromatic polyamide [DOW1]

o
NH S 1% 2
HzN\©/ NH : NH N
o=
HO=0

Free Amine Carboxylate

The exact composition of membrane polymers is most of the time proprietary and often not included in
datasheets by the manufacturer. Sometimes information about membrane material in the literature can even
be contradictory. This could be due to process alterations by the manufacturer without reflecting this in the
brand name. Table 9 can thus only be seen as an orientation for which membranes possess which active layer

polymer structure.

Table 9: Active layer polymers of the membranes used here and the respective literature references.

Polysulfone Polyethersulfone Piperazine Polyamide
MP34 [Matsumoto2005] NP10 [Nadir1] NF270 [Kim2007] NF90 [DOW2]
NP30 [Nadir1] UTC60 [Kim2007] ALNF [ALavall]
UTC70 [Ahmed2010] ALHF [ALavall]

DK [Othman2010]
DL [Othman2010]

Another important set of criteria that needs to be considered when selecting a membrane for a certain
process is chemical and physical stability. Table 10 shows stability data that are important for acid mine waters
that require high mechanical and thermal strength. These information will be important when selecting

appropriate membranes as well as appropriate experimental conditions in later sections.

Table 10: Various process stabilities of the considered membranes with the respective literature references.
Membranes in the order of their pH stability with higher pH-stability towards the end of the table.

Membrane and reference  Operating pH-range Max. pressure in bar Max. temperature in °C
SR100 [Koch3] 4-10 41.4 50
UTC60 [Bruggen2001] 3-9 15 35
HL [Dow4| 3-9 40 50
RO99 [ALaval2] 3-10 55 50
RO90 [ALaval2] 3-10 55 50
NE270 [Dow3] 3-10 41 45
NF90 [Dow2] 3-10 41 45
ALNF [ALavall] 3-10 55 50
HF99 [ALavall] 3-10 55 50
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DL [Dow4]
DK [Dow4|
SG [Dow4|
MP36 [Koch2]
MP34 [Kochl]
NP30 [Nadir1]
NP10 [Nadir1]

2-10
2-10
1-11
1-13
0-14
0-14
0-14

40
40
40
35
35
40
40

80
80
80
50
50
95
95

5.2 Membrane permeation experiments

Laboratory membrane experiments are performed either in dead-end mode or in cross-flow mode. Here,

experiments were performed in cross-flow mode due to several advantages, most importantly because process

conditions, such as concentration and hydrodynamics on the feed side, can be kept at a stable level over an
extended period of time. This is of significance since effects at the beginning of an experiment such as
membrane compaction, sorption, and formation of concentration polarization change over the duration of the

experiment and experimental reproducibility can be improved by process stabilization in cross-flow mode.

Hence, all membrane experiments in this work were performed in cross-flow mode in the membrane module

shown in Figure 24.

Figure 24: Exploded view of the cross-flow membrane module. 1: Membrane, 2: Feed-spacer, 3: Sinter-metal
membrane support, 4: Permeate outlet, 5: Feed-channel and sealing.

A flowchart of the membrane lab facility in which the cross-flow module is embedded is shown in Figure

25. The cross-flow membrane module as well as all components of the cross-flow unit which are in contact

with the process medium are made from stainless steel, EPDM, and PE.
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Figure 25: Flowchart of the cross-flow membrane unit.

From the feed tank which is wrapped by a heating jacket which is connected to a polystat the feed flows
into the high-pressure plunger pump. To protect the pump a sieve collects all particles that might accidentally
enter the tank and a limit level sensor turns off the pump when the liquid level decreases below a certain level
which is detected by a change in electrical conductivity. Furthermore, if the pressure at the pump outlet
increases above 100 bar a mechanical safety valve opens and releases the process medium in a collection
vessel. An additional circuit turns off the pump in case of no pressure build up despite a running pump, which

would be the case if a major spillage occurs and the pump runs dry.

The high-pressure plunger pump transports the process medium through a high pressure hose and
through the lab membrane module to an automated electric valve. Hence, the cross-flow velocity is controlled
by the revolutions per minute of the pump and the pressure is controlled by the valve.

Inside the membrane module the feed is separated into a permeate and a retentate stream. The permeate is
collected and weighed to determine the permeate flux. The recovery of the lab unit is very low and hence

most of the feed leaves the module as the retentate stream, which is then recycled into the feed tank.
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Figure 26: Photograph of the lab facility. 1. High-pressure plunger pump, 2. Laboratory membrane module, 3.
Electric valve for pressure control, 4. Thermostat, 5. Turbine flow meter, 6. Feed conductivity electrode, 7. Gauge
pressure sensor. Feed tank removed for this photograph.

The process is monitored by several instruments: pressure is measured by a gauge pressure sensor, the
pressure loss across the membrane by a differential pressure sensor, conductivity, pH and temperature of the
permeate and the retentate by the respective electrodes, a balance is used to weigh the permeate, and the
cross-flow velocity is measured by a turbine flow meter. LabVIEW is used for process control as well as data
acquisition and storage.

The feed channel height of the cross-flow test cell is 2 mm. The characteristic length L of the feed channel
is 170 mm, i.e. the distance between the center of the inlet and outlet. The membrane surface area, of
0.009665159 m?, was calculated inside the inner o-ring, with a 49 x 199 mm? rectangle with the cut-off corner
area of [(20 mm)? - n (10mm)?| being subtracted.

Cross-flow experiments were conducted in an adapted facility for retention measurement at
constant pressute, cross-flow velocity, temperature, and concentration. Hence all major influence
factors on membrane filtration can be controlled for and the performance of different membranes
can be compared.
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5.3 Streaming potential measurements

Streaming potential measurements were performed using the SurPASS by Anton Paar, Austria. A
schematic of the streaming potential measurement unit is shown in Figure 27, where the main component is
the tangential streaming potential cell with the membrane sample.

h

Figure 27: Schematic of the SurPASS by Anton Paar: (1) glass beaker with electrolyte solution (KCl), (2) three-way

valve, (3) dual syringe pump, (4) electrodes and pressure sensor units, (4) tangential streaming potential cell with
membrane sample [Bernhardt2015].

The kind of streaming potential cell used is the adjustable gap cell with disk shaped samples, as shown
schematically in Figure 28. Electrolyte is pumped through the adjustable gap cell by the syringes and a
streaming potential is induced due to the microscopic channel height. A system of two syringe pumps is used
in order to avoid polarization by changing the direction of the electrolyte flow. Pressure loss inside the
channel as well as the induced streaming potential are measured by the respective sensors and recorded.

7 7
N v

|
/ Membrane \

Electrode
rng - Double-sided adhesive tape

Figure 28: Schematic of the adjustable gap cell from Anton Paar, Austria [Bernhardt2015].
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Continuously increasing the pressure difference across the channel due to a larger electrolyte flow rate
results in an increase in the absolute value of the measured streaming potential. This way, the gradient of the
streaming potential by the pressure difference is determined for pressure differences ranging from 0 to
300 mbar. Measured pressure loss and streaming potential are then used to evaluate the membrane charge.
The zeta potential is calculated using the streaming potential coefficient dU/dp and the approximated
Helmholtz-Smoluchowski approach:
= dU 7 - Kpuik G.1)

dp &

Where Kpy, i is the specific conductivity of the bulk electrolyte solution. This simplified approach assumes
that only the electrolyte solution contributes to overall conductivity and the surface conductivity is assumed to
be negligible. Consequently the measured zeta potentials are underestimated.

The commercial facility, described above, automatically performs the calculation of the zeta potential and
adjusts the pH with an integrated titration unit. Zeta potentials calculated from the streaming potential can
further be used in the Gouy-Chapman theory to derive membrane surface charge densities o using the
following equation:

0.5

e .
O, = ZfofrkBTZ ciNy (exp (— Z;chz) - 1) (5.2)
i

The index i in this equation refers to the ions which are present in the solution. The so obtained surface

charge density is then converted to a volumetric charge density ¢, by using Equation (3.52).

Streaming potential measurement allows for the characterization of arbitrary surfaces’ charge
characteristics by using hydrodynamic effects. A voltage is induced by the shear movement of an
electrolyte solution which flows along the surface, here the membrane. Characterization of the
membrane surface is thus performed independently from the membrane’s function as separation
medium and is thus an independent characterization method for the membrane charge density which
is important for modeling nanofiltration.
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5.4 Experimental procedure

In this section conditions and execution of the experiments are summarized. An overview of the

experiments in this work is given in Table 11.

Table 11: Overview of the performed experiments.

Experiment

Objectives

Process parameters

Membrane

Pure water permeability (ref.
Section 6.2)

Determination of
the membrane

Pressure 3...40 bar
Temperature 25° C

19 membranes

thickness Cross-flow 1.3 m/s
KCl retention (ref. Section Rating of the Pressure 3...40 bar 8 membranes
6.4) membranes’ Temperature 25° C
retention Cross-flow 1.3 m/s
capabilities
Glucose retention (ref. Membrane pore Pressure 3...40 bar DK
Section 6.3) radius Temperature 25° C NP10
Cross-flow 1.3 m/s
Uranyl pH variation (ref. Influence of Pressure 15 bar DK
Section 6.5) membrane charge Temperature 25° C NP10
on uranyl retention  Cross-flow 1.3 m/s
Uranyl phosphate variation Influence of uranyl =~ Pressure 15 bar DK
(ref. Section 6.5) speciation on uranyl Temperature 25° C NP10
retention Cross-flow 1.3 m/s
Mine water (ref. Section 6.6)  Transport Pressure 15 bar DK
mechanisms Temperature 25° C NP10
Cross-flow 1.3 m/s
Streaming potential Membrane charge Pressure loss 0...300mbar DK
measurements (ref. Section characteristics Temperature 25° C NP10

6.4)

Gap height 123 pm

Preparatory steps

Prior to a set of experiments the cross-flow unit was cleaned with alkaline membrane cleaner (Wigol
Microl liquid, 2wt%) and subsequently with an acidic membrane cleaner based on sulfuric acid and then
flushed with deionized water until the conductivity of the water does not increase anymore during

recirculation.

Membranes were firstly immersed in deionized water to induce swelling and secondly in the water sample
for which they will be employed for 24 hours prior to the experiment. During the experiment the process
conditions were kept stable for at least Thour or as long as the permeate conductivity is not stable.

Synthetic solutions were prepared using analytical grade chemicals and deionized water. Mine water was
pre-conditioned using pleated filters. Microfiltration was investigated but no influence on retention was
observed.
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Experimental parameters:

Experiments were performed at conditions which are typical for nanofiltration, as shown in Table 12.
These conditions apply to all experiments in this work unless otherwise stated. Such exceptions are, e.g.
studying the influence of temperature on pure water flux for verification of the applicability of the Hagen-
Poiseuille equation or studying the influence of the cross-flow velocity on concentration polarization.

Table 12: Selection of the experimental conditions for nanofiltration.

Parameter Value Explanation

Trans membrane pressure 15 bar Pressure range which is typical for NF is 3 to 30 bar, according to
[Melin2007], and [Baker2004 page 209]. Within this range 15 bar is
an intermediate pressure.

Feed temperature 25°C Standard temperature for membrane characterization, data sheets of
manufacturers, streaming potential measurements, and available
diffusion coefficient data (ref. Section 5.7)

Cross-flow velocity 1.3m/s  Typical value for nanofiltration; avoiding concentration polatization
ref. Section 6.1) (equal to a Reynolds number o
f. Section 6.1) (equal Reynold ber of 5538

Feed volume 301 Volume large enough to ensure constant concentration during
sampling

Solution composition

Concentrations of the synthetic solutions were generally kept low which is required by the models
assumption of having near infinite dilution. Assumptions are listed in Section 4.1. Studies in the literature
which apply models with the same assumption use concentrations between 1 mol/m? [Fievet2002], and
50 mol/m? [Mohammad2003]. Modeling of the mine water cannot obey this assumption and the experiment
can thus be seen as an exploration of the model’s capabilities. Concentrations of typically 200-1000 mg/1 are
used to minimize the influence of solute-solute interactions [EMST2013 page 1035]. For the experiments in
this work a glucose concentration of 1 mol/m?, 180 mg/1, was used to account for the assumption of infinite
dilution.

Table 13: Composition of the employed solutions.

Experiment Feed concentrations

Pure water permeability Deionized water at 6 uS/cm conductivity

KCl retention Deionized water with 1 mol/m? KCl

Glucose retention Deionized water with 1 mol/m? glucose

Uranyl pH vatiation Deionized water with 1 mol/m? KCl, and 1 mmol/m? UO,(NO3)s;
addition of HCI for pH-adjustment

Uranyl phosphate vatiation Deionized water with 10 mol/m? KCl, and 1 mmol/m? UO>(NO3)z;
addition of KoHPO4 for speciation adjustment

Mine water Real mine water (refer to Section 6.6)

Streaming potential measurements Deionized water with 1 mol/m? KCl
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For purposes of consistency KCl was chosen as the major electrolyte in the experiments involving
synthetic solutions. Potassium chloride exhibits a high degree of dissociation and low affinity for sorption
which is also why KCl is typically used for conductivity electrode calibration. In this work feed and permeate
concentrations were determined by conductivity measurement. Consequently KCl was used in the
characterization of the membranes in order to increase accuracy of the conductivity measurements.
Additionally, some samples were analyzed by ion chromatography to validate the result obtained by

conductivity measurement.

5.5 Analytical methods

Single salt experiments were performed with a solution of KCIl. The advantage of nanofiltration
experiments of a single dissolved salt lies in the ease and rapidness of the analysis which is possible by
conductivity measurement. The electrode for the concentrate conductivity is the LTC 1/23 SMEK and for the
permeate the EGA 133 1. The conductivity measurements were verified using ion chromatography with the
850 Professional IC by Metrohm, Germany.

The samples of permeate and concentrate in the experiments involving glucose were analyzed using the
multi N/C® 21008 TOC analyzer, Analytik Jena Analytical Instrumentation.

Concentrations of uranium, lithium, potassium, and phosphate were analyzed by ICP-MS using the
Thermo X-Series II. The limit of determination of this method is: U — 0.001 ppb, Li — 0.1 ppb, K — 20 ppb,
and P — 10 ppb. Before analysis the samples were diluted 1:10.

For the thickness determination membranes were sectioned with a scalpel and then measured optically.
Membrane cross sections were captured with the optical microscope “Stereo discovery V12” from Catl Zeiss
Microscopy GmbH.

5.6 Predictive speciation modeling

As introduced in Section 1.4, chemical elements associate in solution forming so called chemical species.
Since the chemical speciation strongly influences on such properties as diffusivity, size, and sorption behavior
it needs to be considered in modeling nanofiltration. Here, speciation is determined using the predictive
speciation modeling code PHREEQC, version 3, and the database llnl.dat [Parkhurst1999].

In PHREEQC aqueous geochemical calculations are based on an ion-association model with the following

mathematical equations:

e A mass balance for each element.

o The law of mass action for each element which takes all reactions into account that are listed in the

database (dissociation reactions and association with water).
e  Electrical neutrality of the solution.
e Phase equilibria (returning saturation indices for each species).

e Conservation of electrons.
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Unknowns for each species are the species’ activity, activity coefficient, molality, and moles in solution.
Firstly, the mass action equations are rewritten in terms of the master species which are by default one for
each element and valence state, e.g. Fet3, Fe*t2 U+2, U*6. Secondly, the compacted mass action equations are
inserted into the equations for the mass and charge balance. The functions are then differentiated with respect
to each master species thereby generating a Jacobian matrix and then solved numerically. Obviously, the
quality of the results from such predictive speciation modeling is determined by the quality of the database.

The here employed database llnl.dat was developed at the Lawrence Livermore National Laboratory
(LLNL) which is a United States Department of Energy national Laboratory located in Livermore. This
database with thermodynamic data compiled by Jim Johnson (who «created the database
'thermo.com.V8.R6.230" and converted to PHREEQC format by Greg Anderson with help from David
Parkhurst includes many elements not available in any other PHREEQC database. Using this database returns
results which are essentially equivalent to commercial programs such as Geochemist's Workbench.

Based on the analysis of the uranium-contaminated solutions PHREEQC has been used in this work to
determine the species in which uranium is present in order to determine the size and diffusivity of the

uranium species.

5.1 Radius and diffusion coefficient of uranyl species

In a later section, Section 6.6, the modeling of a uranium-contaminated water of complex composition will
be approached. For this, the size and diffusivity of the uranium species is required. Although the species in
which uranium exists in the bulk of the solution can be determined by predictive speciation modeling, the
state in which uranium is present inside the membrane pores is uncertain. The question remains whether
uranium passes the membrane in its ionic form or as a complex. Hence, two uranium species are of concern
in this thesis: UOZ% (ref. Figure 42 on page 89) which corresponds to the uncomplexed, i.e. ionic form, and
the calcium carbonate complex [Ca,U0,(C03)3]° (ref. Table 20 on page 100). Data on diffusion coefficients
and radii of the ionic and the complex uranium species is based on the literature presented in this section.

The diffusion coefficient of [Ca,U0,(C03)3]° has been determined by [Bai2009] in experiments using
the inward-flux diffusion shown in Figure 29.
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Figure 29: Schematic illustration of the diffusion cell as used by [Bai2009].
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The chemical composition has been adjusted in order to ensure the prevalence of the calcium carbonate
species. This has been accomplished by addition of calcite and equilibrium with atmospheric CO2 (p¢o, =
10735atm) in order to reach saturation with respect to CaCOs. Solution properties, i.e. pH and ionic
strength, were fixed at pH 8.0 (£0.1), and an ionic strength of 0.02 M using a Na,CO3-NaHCOs-buffer, and
NaNOj; as a support electrolyte, respectively. The speciation calculation petformed by the authors at 22.5 °C
obtained the following dominant U(VT) species: 68.3% in [Ca,U0,(C03)3]°, 30.8% in [CaU0,(C03)5]?",
0.5% in [U0,(C03),]1%~, 0.4% in [U0,(C03)3]*". This dominance of [Ca,U0,(C03)3]° was confirmed in
own PhreeqC calculations. The authors obtain an “appatent” Dy value in the range from 3.9 to 4.9 -
1071%m?2 /s for the diffusion of total U(VI) under the applied experimental conditions.

[Bai2009] also determined the size of [Ca,U0,(C03)3]° based on the bond lengths determined by
spectroscopy as published in the literature: the U-Ca bond distance is estimated to be 4.1 A, and the U-C-O
distance bond distance to be 4.2 A. Based on such bond distance data and theoretical considerations on the
structure of the complex the unhydrated radius has been estimated to be 5.24 A.

The diffusion coefficient of the uranyl ion has been determined by [Marx1976] using the radioisotope
method which is a variation of the moving-boundary method. In this method the boundary layer between
radioactive and inactive solution is detected using a radiation sensor. The solutions were prepared using uranyl
nitrate and nitric acid. Despite nitrate in the solution the predominant species is the uranyl ion. The speciation,
as calculated by PhreeqC was at about 100% for the free uranyl ion. The authors determine a limiting ionic

conductance, A(r)neq , of 57 S cm?/moleq. This conductance can be transformed to a diffusivity of 7.59 -

10719 m? /s using the Nernst-Einstein equation [Barthel1998].

In the publication by [Persson2010] spectroscopic data has been evaluated along with theoretical
considerations and the U=O distance has been determined to be 2.42 A. Since the shape of the uranyl ion is

assumed to be linear, i.e. of the kind O=U=O, this bond distance is representative of the species’ radius.

A summary of the data on the size and diffusivity of the two species, the ionic species, i.e. U 022+, and the
complex species, i.e. [Cay,U0,(€C03)3]°, is shown in Table 14.

Table 14: Literature sources for diffusion coefficient and unhydrated radius of the two uranyl species.

Species Characteristic data Determination method Source

Experimentally obtained diffusivities

uoz+ m? Radioisotope method arx1976
? 7.59-10710— P - .
s

[Ca;U0,(CO5)5]° 4.4-1071%m?/s inward-flux diffusion cell [Bai2009]
Theoretically derived unhydrated radius

[Ca,U0,(C05)3]° 0.524 nm Theoretical considerations [Bai2009]

based on spectroscopic data
uozt 0.242 nm Theotetical considerations [Persson2010]

based on spectroscopic data
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6 Experimental and modeling results

In order to obtain the data necessary for the simulation of the observed separation the experiments in this
work followed two objectives: membrane characterization and filtration experiments of uranium-
contaminated water. These two sections will be brought together in Section 6.6, where the membrane
parameters obtained in the characterization will be used to model the experimental membrane performance

and to explain the observed separation at the microscopic level.

Different approaches exist for the determination of the membrane characteristics thickness, pore size, and
charge. Electron microscopy is the most commonly used method for the determination of the membrane
thickness. However, membranes should be characterized in the state in which they are applied because
swelling effects can alter membrane morphology [Schifer2006 page 90]. The membrane samples should thus
be immersed in the feed solution for characterization to include swelling effects. This condition can be
tulfilled by applying the Hagen-Poiseuille equation to derive the thickness from the membrane’s permeability.

Pore size is usually determined from the retention of uncharged solutes which is also related to the
MWCO which is an important membrane characteristic for industrial practitioners. Other approaches do
exist, such as AFM [Bowen1997], or slow positron beam techniques. However AFM only determines the size
of surface pores and cannot determine whether these pores are “dead-end” pores that do not lead all the way
through the membrane and can thus not contribute to mass transfer in the same way as an open pore. Slow
positron beam techniques for pore size analysis are a novel approach that requires adequate equipment [De-
Baerdemaker2007].

Characterization using filtration experiments can be performed with uncharged solutes, but also with
single-salt solutions [Bason2010]. [Bowen1996] used retention over flux curves to fit the membrane charge
using the DSPM model. The approach to fit missing membrane parameters to experimental data is highly
dependent on the model that is employed for the fitting. Consequently, as an independent method, streaming
potential measurement will be employed to verify the fitted membrane charge.

6.1 Feed side mass transfer

As described in Section 4.5 feed side mass transfer is described by diffusion, convection, electromigration,
and at the microscopic level also by the ion distribution in the electrical double layer. The approach taken in
this work is to increase the cross flow velocity and thereby the Reynolds number to induce sufficient back
mixing from the membrane surface into the bulk of the feed solution. This approach reduces concentration
polarization to the microscopic level at which only the electrical double layer is of concern. The reduced
complexity of the experimental setup contributes to rigorous modeling of transport through the NF
membrane: The number of unknown parameters in the experiment is reduced.

The question remains as to what constitutes a sufficiently high cross flow velocity in order to avoid
concentration polarization. Numbers given in the literature differ depending on the type of module, the
surface roughness of the membrane and the module, employed spacers, permeate flux so much that a critical
Reynolds number cannot be of general nature but rather a benchmark. According to [EMST2013 page 1287]
concentration polarization is minimized by increasing the cross-flow velocity above 1 m/s. This is the
benchmark value which serves as the baseline in this work for the experimental determination of turbulence.
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The approach taken here is to determine the pressure loss inside the module with a differential pressure
sensor and each one drill hole at the inlet and the outlet of the module, as shown in Figure 30.

Figure 30: Drill hole for pressure loss measurements (left: photograph; right: illustration/side view); diameter 1mm;
in this picture only the hole at the module inlet can be seen; an identical hole is at the module outlet; distance
between the two holes is 12 cm, effectively covering the full undisturbed length of the channel.

The pressure loss across the channel Ap together with the cross-flow velocity V¢ and the density of the
liquid p can be used to calculate the pressure coefficient. Furthermore, the pressure coefficient can be used
together with the length Lepgnner and hydraulic diameter dpyq of the feed channel to calculate the friction

coefficient fip:

dhyd

f b =2Ap- 6.1)
r P * Lenanner vczf

This approach has been taken for the experimental system of a 10 mM KCI solution at 25°C and the
ALNF membrane. The friction coefficient for different cross-flow velocities is shown in Figure 31.
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Figure 31: Friction coefficient as a function of cross-flow velocity. The usual representation as a function of Reynolds
number is shown in Appendix B.

Over the whole observed range the friction coefficient does not change significantly which suggests that
the transition from laminar to turbulent flow happens at an even lower cross-flow velocity which was
experimentally not accessible. All further experiments in this work were conducted at 1.3 m/s cross-flow
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velocity which is sufficiently high to avoid hydrodynamic concentration polarization and not beyond cross-
flow velocities which are used in the industrial practice.

Cross-flow velocities high enough to avoid hydrodynamic concentration polarization are already
reached at 1 m/s. The cross-flow velocity chosen in this work, of 1.3 m/s is thus high enough to
ensure back-mixing into the feed and is thus suitable to reduce the number of unknown variables of
the system that is modeled in further sections of this work. Precisely speaking this means that it is
sufficient to consider concentration polarization due to the electrical double layer only.

6.2 Membrane thickness

The application of the Extended Nernst-Planck equation, which is at the core of the NF model developed
in this work, requires at least knowledge of the membrane charge and the membrane thickness [Bowen1996].
This section is dedicated to an experimental determination of the membrane thickness that is independent of
the final model in order to prove that the parameter, membrane thickness (i.e. thickness of the active
separation layer), chosen possesses physical meaning and is not just a mathematical fitting parameter.

As shown in Section 5.1, the thickness of a thin film composite membrane can be divided into three
distinct layers: The active layer (also referred to as skin layer or barrier layer), the support layer, and a
nonwoven fabric layer. In mathematical descriptions, the membrane is commonly reduced to its active layer.
At least for the retention of ions this assumption can be accepted as a reasonable approximation. The so
called macrovoids of the support and fabric layer are not likely to separate ions from water molecules or ions
from each other and so the assumption that all separation happens in the nanopores of the active layer
appears justified. However, the assumption that the flux is independent of the thickness of the support and
fabric layer requires some attention. Especially since the total membrane thickness is, depending on the
membrane, more than 100 times larger than the active layer’s thickness. So it seems likely that the total
membrane thickness could have an influence on permeate flux. However, as will be shown in the following, it

does not have a significant influence and will thus not need to be considered in the model.

For this question, samples of 20 membranes have been cleaned and soaked in water, in the same fashion as
for the membranes used in all other experiments in this work. The samples have been sectioned and their
thickness determined using an optical microscope as shown for the HF99 membrane in Figure 32. The active
separation layer which is in the range of a few micrometers or even in the range of nanometers cannot be seen
in this image.
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Feed side

Figure 32: Cross-sectional image of the HF99 membrane. Two layers, the support and fabric layer, can be
distinguished optically. The active layer is indistinguishable from the support layer and its relatively small thickness
will be included in the support layer in the following analysis.

For all 20 membranes, four such images as shown in Figure 32 were taken and analyzed for the two layers’
thicknesses. Figure 33 shows the obtained thicknesses together with the error of the measurement which is
low enough to allow the comparison with the observed pure water permeabilities. The permeabilities and
thicknesses were determined for samples from the same batch which proved to be important because
variation within one batch was considerably smaller than between two batches. This could be due to advances
and further progress on the side of the membrane manufacturer but to some extent also due to storage

conditions.
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Figure 33: Membrane thickness measured by optical microscopy. Bars show the average from 4 samples (of the same
batch), error bars indicate maximum and minimum thickness.
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Experimentally determined membrane pure water permeabilities and the respective literature references are
shown in Figure 34. The experiments were conducted using the facility described in Section 5.2, ie. in
filtration mode. All membranes were cleaned and soaked in water prior to the experiments at 25°C, a cross
flow velocity of 1.3m/s, and deionized water with conductivity below 6 uS/cm. The large error that
characterizes some of the literature data shows once again that huge differences exist between membrane
batches. The literature data stretches over many years and certainly membrane manufacturers further

developed the membranes without changing the brand.
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Figure 34: Comparison of experimental pure water permeabilities with literature data. Error bars indicate maximum
and minimum values. Literature sources are given in Appendix C. Experiments at 25° C, with pure water at an
electrical conductivity below 10 pS/cm, cross flow velocity of 1.3 m/s.

Now, membrane thicknesses and permeabilities can be compared, as shown in Figure 35. The diagram
shows no correlation between permeability and membrane thickness, neither for the total membrane thickness
nor for the thickness of the support layer. This result supports the assumption that the magnitude of the
permeate flux is determined by the thickness of the active layer, primarily. The influence of the downstream

layers is small, not only on retention but, as shown here, also on permeate flux.
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Figure 35: Pure water permeability versus total and support layer membrane thickness for 19 different membranes.
No correlation observed.

The conclusion that can be drawn for membrane modeling is that only the active layer thickness needs to
be accounted for. Since this thickness is rather small, more advanced characterization methods are necessary.
A very common approach is imaging using Scanning Electron Microscopy (SEM) [EMST2013 page 1135]

which was also used here.

The SEM image given in Figure 36 shows the area where the active layer is to be expected. However, the
quality of the membrane preparation does not allow an estimation of the active layer thickness. As another
preparation method immersion of the membrane and cracking was tested but the membrane fabric layer did
not crack into a clean section and removing the fabric layer resulted in a deformation of the membrane.

Other researchers have reported SEM of the active layer not only of ceramic membranes, which are more
resistant to the vacuum and to charging by the electrons, but also for the relatively fragile polymeric
membranes. Pictures of a quality that is comparable to these publications could not be obtained here which
could at least partially be attributed to a lack of expertise in the field of electron microscopy of polymers.

Furthermore, SEM suffers from the draw-back that the membrane is imaged in vacuum and needs to be
dry. Hence, the requirement for optimal membrane characterization, that the membrane is characterized

under the same conditions as in the actual experiments, is not fulfilled.

As a consequence SEM was not used in this work to determine the active layer thickness and the Hagen-

Poiseuille equation was applied exclusively.
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Figure 36: SEM image of the membrane ALNF. Membrane cleaned and then dried at room temperature. Sectioned

using a scalpel. Determination of the active layer thickness not possible. Measuring bar shown for reference purposes
only.

The derivation of the Hagen-Poiseuille equation is shown in Appendix A. [Mason&Lonsdale1990]
presented it in the following form [Bandini2003] [Mohammad2003]:

_13(0p—An) 17 Ap,

= = (6.2)
v 8nAx, 8nAx,
For pure water this expression reduces to:
8L, = (15)/(Bxe) ©.3)
With the permeability L,, defined as:
Ly = (d/,)/(dp) 64
Where Ax, is the equivalent membrane thickness:
Axe = (Axers)/(AK) = (Ax - T)/(Ax) = (Ax)/(AY) ©65)

The factors membrane porosity Ax and membrane tortuosity T should find a special mention here.

Experimentally these factors are difficult to determine for the nanostructures that are found in nanofiltration.
Typical values are:

e Tortuosity: According to [EMST2013 page 41] tortuosity is approximately the reciprocal of porosity.
[Melin2007, page 38] gives a typical value of 25/12. [EMST2013 page 1035] in the range between 1.5
to 5.

Porosity: Around 0.3 [EMST2013 page 43]. Random packings of spheres have a porosity of about 0.4
(0.38 to 0.43) [EMST2013 page 71]. Inorganic membranes in the range 0.3 to 0.4 [EMST2013 page
59].
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However, the mathematical model for the transport of solute through the membrane developed in Section
4.8 requires knowledge of both parameters. Fortunately, as will be shown now, the Ax,, as given in Equation
(6.5) is an expression that is very suitable for use in the Extended Nernst-Planck equation. The equivalent
membrane thickness Ax, is the membrane thickness when taking account of tortuosity and porosity and thus
reflects the stretched unconstrained membrane length. Firstly, the tortuosity is accounted for in the Ax,ff,

mathematically converting the tortuous pores to straight pores.

Secondly, the porosity is included in the Ax,, which relates the flux terms for diffusion and
electromigration which are gradients over the membrane thickness to the same membrane area as the flux
terms for convection and the ion flux. So, the macroscopically measured fluxes J,, and j; need to be related to
the open membrane area by dividing them by the membrane’s porosity. Equation (4.62) would then need to

be written as:

dCi FZiCiKi,dDi,oo d(p
dxeff RT dxeff

Ji/Ax = KicciJy/Ak — KiaDj oo (6.6)

By multiplying this expression with the membrane porosity Ay the effective membrane thickness X,¢r can

be written as the equivalent membrane thickness X,. Thus the Ax in Equation (4.62) uses the values for Ax,

as determined by the Hagen-Poiseuille equation.
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That tortuosity and porosity are accounted for is a further advantage of the Hagen-Poiseuille equation
compared to microscopic determination of the membrane thickness. Resulting membrane thicknesses are
shown in Table 15.

Table 15: Membrane thicknesses relative to square of pore radius as determined by the Hagen-Poiseuille equation.
Right column and the diagram show the membrane thickness under the assumption that all membranes have a pore
radius of 0.5 nm, for illustration purposes.

Membrane Ax, /77 AXer=0.5nm
in1012-1/m in pm
HF99 2.90 0.72 HF99 W
HL 3.76 0.94 HL =
NF270 3.92 0.98 NF270 W
UTC60 4.53 1.13 UTCo0
SR100 5.45 1.36 SR100 =
MP36 5.09 1.27 MP36 I
NP10 06.41 1.60 NP10O .
DL 6.56 1.64 DL .
ALNF 06.67 1.67 ALNF 1
UTC70 7.38 1.85 UTC70 e
UTC70HF 7.81 1.95 UTC70HF e
RO90 8.98 2.25 RO90
DK 10.16 2.54 DK .
RO99 17.08 4.27 RO99 —
NP30 53.02 13.26 NP30 —
TFCSW 45.15 11.29 TFCSW I—
SG 48.47 12.12 SG  I——
MP34 48.52 12.13 MP34 I
NF90 83.69 20.92 NF9O —

Typical membrane thicknesses given in the literature are obtained by microscopy analysis. The membrane
manufacturer DOW gives a value of 200 nm as a typical membrane thickness for NI and RO membranes
[DOW1]. According to [EMST2013 page 1040] thicknesses can be in the range from 15 to 300 nm thickness.
A thickness of 200 nm converted by Equation (6.5) and assuming a porosity of 0.3 yields an equivalent
thickness of 2.2 um which is in agreement with the thicknesses obtained here by the Hagen-Poiseuille
equation. A nanofiltration modeling study using the DSPM model obtained an equivalent thickness of 1 pm
[Mohammad2003] further supporting the results obtained here. The thickness of the membranes NF90,
MP34, SG or TFCSW which are relatively large when assuming a pore radius of 0.5 nm could be attributed to

81



Hoyer — Post-mining water treatment: Nanofiltration of uranium-contaminated drainage.

a pore radius which is actually smaller, as will be explored in the next section which is dedicated to the
determination of the pore radius by fitting to experimental rejection data.

Permeability is influenced by water purity, membrane batch, and temperature. Nevertheless, flux
and pressure show a clearly linear relationship with a coefficient of determination of more than 0.95.
Hence pure water permeability is a very reliable parameter to characterize membrane properties.
Here, pure water permeability was used to determine the ratio of membrane thickness to pore size as
a structural parameter of the investigated membranes.

6.3 Membrane pore radius

Nanofiltration membranes are often characterized by their retention of differently sized neutral solute.
Such a criterion is the MWCO which is in the range of 150 to 3000 Da, where most nanofiltration membranes
can be found at the lower end of this range |[EMST2013 page 1277]. The MWCO is derived from the

retention of uncharged solute, such as glucose.

While the retention of uncharged solute is an experimentally accessible parameter, the parameter which is
necessary for the modeling in this work, the pore radius, is not directly accessible and will be obtained by
fitting the model retention to the experimental retention. The relationship between uncharged solute retention
and pore radius is not straightforward but rather highly dependent on the employed model.

Furthermore, due to the fact that nanofiltration membranes are prepared via interfacial polymerization
their structure is expected to be highly irregular even down to the nanoscale [EMST2013 page 1040]. The
meaning of pore radius is thus highly abstract considering that the pores of the membrane have a variety of
individual pore sizes.

Additionally, the radius of a pore will vary considerably along the pore’s length, having “bottlenecks” that
significantly influence size exclusion within that pore. Furthermore, nanofiltration membranes are at the
transition between dense and porous membranes. A pore diameter of 2 nm has been proposed for the
distinction between porous and dense membranes [EMST2013 page 1063]. Strictly speaking, smaller pores are
considered molecular gaps.

Consequently, the complexity of the membrane structure will make modeling difficult and the obtained fit
is highly model dependent. Therefore, the approach taken here is to use the model developed in this work to
fit the pore radius although many well established approaches are available in the literature [Schaep1999],
[Szymczyk2005], [Oatley2014], [EMST2013 page 1071].

Another important question is which solute should be used and which solute size should be attributed. For
solutes of unknown size a correlation exists to determine the Stokes diameter from the molecular weight
which is a readily accessible parameter [EMST2013 page 1283]:

ds = 0.065 - (MW)0:438 ©6.7)

82



Experimental and modeling results

This makes sense, e.g. when the retention of a novel pharmaceutical compound should be modeled. In the
here contemplated case a solute of known size shall be chosen which has been used already in many studies.
Table 16 shows a list of some non-ionic solutes typically used in nanofiltration pore size studies.

Table 16: List of uncharged solutes used in nanofiltration studies targeting a pore size determination.

Reference Solute

[Bowen1997] Glucose, raffinose, sucrose, glycerin, vitamin B12

[Bruggen1999] Xylose, Maltose, Toluene, Ethanol, Congo red and 20 other solutes
[Bruggen2002] Maltose

[Labbez2002] PEG

[Otero2008] Ethanol, cyclohexanone, galactose, maltose, lactose, rafinose and a-cyclodextrine
[Silva2011] Xylose, glycerin

[Oatley2012] Glucose, glycerol

[EMST2013 page 1035] Dextran, poly(ethylene glycol) (PEG)

This list shows that a variety of substances have been used in the literature and many chemicals appear to
be suitable for pore size determination as long as the solute size is known. Adding to this, [Bruggen1999] has
found that even polarity of the solute has a minimal effect on retention. In conclusion, no neutral compound

of known molecular size can be excluded which makes it difficult to decide for a certain compound.

The compound chosen in this work is glucose as it is a typical substance of well known size and also often
used for membrane characterization by membrane manufacturers. A conclusive choice will certainly also
involve aspects of pore size and membrane homogeneity in order to determine a pore size distribution which
is not the aim of this work.

Fitting of the pore size was performed as described in Section 4.10. The experimental glucose retention
along with the modeled fit is shown for two membranes in Figure 37. The membrane choice will be explained
in the next section. The fit was obtained by variation of the membrane pore size only; the membrane
thickness as determined in the previous section was used.
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Figure 37: Experimental and modeled retentions (best fitting pore radius) for the two membranes DK, and NP.
The fitted pore radius is shown in Table 17 along with the membrane characteristics obtained so far.

Table 17: Membrane parameters for the two membranes, DK and NP, as determined up to this section. Thickness

Ax, calculated using the results shown in Table 15.

Characteristic DK NP
Relative Thickness Axe/rp2 10.16 - 10*? - 1/m 6.41-1012-1/m
Pore radius 1, 0.463 nm 1.543 nm
Thickness Ax, 2.18 ym 15.26 ym

The pore radius for the DK membrane of 0.463 nm is close to the Stokes radius of glucose of 0.365 nm.
This pore size is thus very close to the lower limit of a physically meaningful pore size, considering the model
assumption of uniform pore size. However, other authors who used similar models also obtained similar
results and this extremely small pore size can thus be attributed to the model’s assumption. A pore radius for
the DK membrane of 0.45 nm has been proposed by [Oatley2013]. For the NF membrane a pore radius of
1.4 nm has been determined by fitting it to experimental glucose retention [Wang2005b]. Hence, the here
obtained results are very close to published data in the literature.

Pore sizes of two nanofiltration membranes were determined by fitting to experimental retentions
of glucose. The fit was obtained by vatiation of the pore size only and consequently the pore size
was determined isolated from membrane charge and interactions between ionic components.
Furthermore, the determination method employs a membrane in its natural habitat; the obtained
pore radius includes effects such as swelling and membrane compaction. Pore size determination
using neutral solutes is an independent method at realistic conditions.
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6.4 Membrane charge density

Membranes were screened for their KCI retention (ref. Figure 38) in order to select two membranes for
the experiments involving uranium-contaminated water. To cover a broad range of nanofiltration membranes

the membrane with the highest and the membrane with the lowest retention were selected.
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Figure 38: Limiting KCl-retention and permeability for 8 different membranes.

Membrane RO99 and NF90 were not selected because they possess RO-membrane-like properties, i.e.
high rejection and low flux. They were not chosen because the properties of an RO membrane are in conflict

with the model’s assumptions.

Fitting of the membrane charge density was performed as described in Section 4.10. During the fitting,
membrane pore radius and thickness were kept constant as determined in the previous sections. The fitting
result is shown in Figure 39: While the experimental retention data for the DK membrane could be fitted well
by the model the fit for the NP membrane is not in agreement with the experimental data. This difference will

be further discussed in the chapter on the discussion, and there in Section 7.6.
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Figure 39: Experimental and modeled retentions (best fitting charge density) for the two membranes DK, and NP.
Fitting of the membrane charge density was performed as described in Section 4.10.
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With the fitting of the membrane charge density the determination of the membrane parameters which are
necessary for the modeling of the complex uranium-contaminated mine water is completed. The resulting

membrane properties are summarized in Table 18.

Table 18: Complete overview of the membrane parameters for the two selected membranes, DK and NP.

Characteristic DK NP
Relative Thickness Ax, /1 10.16 - 10'? - 1/m 6.41-10'2-1/m
Pore radius 1, 0.463 nm 1.543 nm
Thickness Ax, 2.18 uym 15.26 ym
Volume charge density ¢, —0.33 mol/m? —0.98 mol/m?

The membrane volume charge density is difficult to verify as it cannot be measured directly but only by
indirect methods. Here, a method is presented by which the fitted membrane charge for the two membranes
is compared. The result is not an absolute value but a value relative to the other membrane. Rearrangement of
Equation (3.52) yields an expression for the membrane surface charge density g, relative to the volumetric
charge density ¢y
o = Fomy-cy

2

The surface charge density is a parameter which is experimentally accessible, by streaming potential

(6.8)

measurements. The results of the zeta potential, which can be derived from streaming potential measurement,
for the two membranes are shown in Figure 40. This result is in accordance with the general observation that
typical NF-membranes are negatively charged at neutral pH [EMST2013 page 1276]. The zeta potential is
identical for the two membranes even over a broad pH range. Consequently, the surface charge properties of
the two membranes are identical which implies that the expression in Equation (6.8) should be very similar for
the two membranes.

D
@
” @'%Sm T
> 5 ®
=
210 A
c
a-15 - &
s
&.20 @%IIJ
i c}ﬁ%
[#] ~z
=22
N o DK 0 <LE
230 it $
O NP10
-35
0 2 4 6 8 10
Feed pH

Figure 40: Zeta potential versus pH for a 1 mM KCl solution for the two selected membranes.
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Equating the surface charge of the two membranes yields an expression which contains only the pore
radius and the volume charge density:

Tpok _ 0.463 098 cenp

Tonp  1.543 7033 cepx
Since the difference between the fitted and the measured membrane charge is relatively high streaming

~03+3 6.9)

potential measurement for charge characterization appears not suitable for the determination of the
membrane charge in this thesis. Furthermore, at high concentrations streaming potential measurements are
complicated by the reduced streaming potentials. Hence, Section 6.6 uses another approach to determine the
membrane charge density.

The volume charge density of two nanofiltration membranes was determined by fitting to
experimental retention vs. flux data for a KCl solution. The result obtained by fitting was then
compared to streaming potential measurement and the two approaches were in disagreement. As a
consequence, the membrane charge in Section 6.6 (complex mine water) will be determined by
fitting to the retention of other solution components.
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6.5 Synthetic uranyl feed solutions

Section 1.4 introduced the concept of chemical speciation which influences the transport properties of
uranium in aqueous solutions. This section is dedicated to the effects of uranyl speciation on uranyl retention
by nanofiltration membranes. In this section, synthetic uranyl solutions were used to reduce the number of
possible interactions that complicate the understanding of complex solutions. Section 6.6 is then dedicated to

real mine waters for which the results from this section are applied.

In order to change the species in which uranium is present, the solution composition needs to be changed.
Figure 41 shows the two pathways which were employed here in order to modify the uranium speciation. As
shown in this figure, the uranium species, in which uranium exists initially, is a hydroxide species. This
speciation is ensured by adjusting neutral pH in a KCl solution. The first pathway is titration with a HC]
solution in order to obtain the free uranyl ion. The second pathway to change the speciation is to add a
phosphate salt to the initial solution. Phosphate is especially suitable since it has a high complex forming

constant logy, with uranium as shown in Equation (6.10):

Uos* +HPO;~ + HY - UO,H,POf log, = 11.6719 (6.10)
In the experiments phosphate has been added as KoHPOy in order to target specifically the dissolved
uranium thereby changing the prevalent speciation.

Analysis of the thermodynamic database llnl.dat, which contains data on most known uranium species,
showed was used in order to find a suitable ligand for the selective complex formation of uranium. Uranium
possesses a strong affinity towards phosphate which renders phosphate highly effective in changing the
speciation of the uranium present in solution. Remarkably, already very low phosphate concentrations will be
sufficient to change the speciation, which is an important consideration in order to keep the overall process
unchanged. For other ions, such as lithium, the complex forming constant logy, is much lower and therefore
the speciation remains relatively unchanged by the addition of small amounts of phosphate salts. The chemical

reaction for the complex formation of lithium is shown in Equation (6.11):

3Li* + PO; ™~ - LizPO, log), = —8.4949 (6.11)
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Uranyl ion Phosphate
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Figure 41: Principle of concept for selectively changing the uranium speciation and thereby also transport properties.
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An overview of the experiments performed in this section is given in Table 19. The experiments were
performed in identical manner in order to compare the behavior of a membrane with fine pores and large
pores respectively.

Table 19: Overview of the experimental procedure for the uranyl speciation experiments.

Membrane DK NP

First pathway: Decreasing the solution’s pH

Principal approach Addition of HCl to convert all uranium species to the free uranyl ion
Side effect The membrane surface charge will also be altered, as indicated by the

streaming potential measurements in Section 5.3

Replications Two experiments for each membrane (at several values of pH)

Second pathway: Addition of phosphate salt

Principal approach Addition of KoHPO4 to convert all uranium species to phosphate
species
Side effect No side effects expected. Monitoring of the separation using lithium
ions by addition of lithium nitrate
Replications One experiment for each membrane (at several phosphate
concentrations)

Pathway 1: Changing the solution’s pH value

The effect on speciation was assessed by predictive modeling using the software PhreeqC and the database
lInl.dat, as described in Section 5.6. As can be seen in Figure 42 a lower pH will create uranium in the form of
the uranyl ion which has a relatively low molecular weight.
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Figure 42: Uranyl speciation as a function of pH value as determined using PhreeqC (ref. Section 5.6).
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Figure 43 shows the effects on species’ size and charge properties more clearly by averaging these
properties per mol of uranium. According to these calculations the size and charge of the species change
drastically between pH 6 and 4. This effect can thus be compared to the streaming potential measurement in
Section 6.4 which showed that the charge properties changed most significantly around the isoelectric point
which lies at around pH 3.
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Figure 43: Uranyl species’ average molar weight and charge as a function of pH value (determined using PhreeqC,
ref. Section 5.6).

In response to the altered speciation, the measured changes in retention for the two membranes are shown
in Figure 44. While no changes were observed in case of the finely porous membrane, the retention for NP10
decreased by more than 60 percent. The strongest decrease was observed between pH 7 and pH 3.5.
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Figure 44: Measured uranium retention for the two membranes at different values of pH of the feed solution.
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This observation suggests that speciation effects on uranium transport across the membrane are more
pronounced at lower retention. The uranium retention of the finely porous membrane does not respond at all
despite the fact that the membrane’s charge changed its sign from negative to positive, according to the
streaming potential measurements. Hence, size effects appear more pronounced and the fact that uranium

passes the DK membrane at all could be attributed to defects in the membrane active layer.

Pathway 2: Addition of phosphate salt

Increasing the phosphate concentration results in high molecular weight phosphate species, as suggested
by predictive speciation modeling, ref. Figure 45. Since several phosphate species exist averaging their size and
charge properties will improve clarity.
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Figure 45: Uranyl speciation as a function of phosphate concentration in the feed solution (determined using
PhreeqC, ref. Section 5.6).

The averaged molar weight (as a measure of size) and charge of the uranyl species is shown below in
Figure 46. Significant changes occur already at extremely low phosphate concentrations. The influence of such
low phosphate concentrations on membrane charge is here considered negligible, keeping in mind that the
solution’s electrical properties are governed by KCl which is present at a concentration of 10 000 pmol/1.

Further increasing the phosphate concentration did not significantly influence the uranyl speciation and
above a phosphate concentration of 10 umol/l molar weight and charge of the species increased
insignificantly. The fact that most of the speciation conversion is completed at very low phosphate
concentrations renders the employed method still more suitable to selectively target the uranyl speciation, i.e.
isolated from the membrane charge which will remain relatively unimpaired.
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Figure 46: Uranyl species’ average molweight and charge as a function of phosphate concentration (diagram is
virtually the same for both membranes).

The result for the variation of phosphate concentration on the uranium retention is shown in Figure 47. As
expected, the retention of the finely porous membrane stays at the same high level, although the species mol-
averaged charge decreases from 0.15 to -0.4 thus further supporting the hypothesis that size effects are more
important than charge effects for the DK membrane. Uranyl retention of the NP membrane changes most
significantly below 40 umol/l. However, the effects are much less clear than for the experiments involving pH
adjustment. Before discussing this finding in too much detail it should be mentioned that replication of the
experiment is necessary especially to investigate the delayed effect of phosphate addition. Nonetheless,
addition of phosphate lacks a similarly remarkable effect as the one seen in the pH experiments. This could be
explained by the fact that by altering the pH the surface charge is also influenced and this effect amplifies the
effect of the new speciation. Moreover, the change in charge is more pronounced for the pH-experiment.
These observations suggest that for the membrane with large pores charge effects matter.
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Figure 47: Measured uranium retention for the two membranes at different feed phosphate concentrations.
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As mentioned above, the change in uranium retention is due to the sum of changes in the system when
phosphate is added or the pH is reduced. Unfortunately, variation of pH and ion concentrations will inevitably
influence the charge of the membrane as it is the result of dissociated functional groups and adsorbed ions on
the membrane surface, the so called fixed charges which are highly pH sensitive as shown by the streaming

potential measurements in Section 6.4.

In the variation of the phosphate concentration the effect of uranyl speciation is isolated by keeping the
membrane charge stable. This is accomplished by a background electrolyte which is at a high concentration
compared to the concentration of uranyl and phosphate. Here, potassium chloride was used as a background
electrolyte. To ensure that the membrane charge and the membrane’s separation behavior are stable lithium
ions are added to the solution. The retention of the lithium ions indicates changes in the membrane charge.
Changes in the lithium ion retention when phosphate is added make evident that the separation behavior of
the membrane changed and that the effect of uranyl speciation could not be isolated. Lithium was chosen
because it exhibits low retentions and because its tendency to form complexes with phosphate is low, as
shown by a database analysis. The validation of the here observed phenomena will be presented in Section 7.2
of the discussion. For now, the result of this section is that speciation has a considerable influence on the

nanofiltration of uranium-contaminated watet.

The influence of uranyl speciation due to changes in the size and charge of the uranyl species was
evaluated via two pathways: addition of HCl and addition of phosphate. The retention of the open
membrane changed in both cases in response to the altered speciation and as a result, in Section 6.6
speciation needs to be considered in order to model the observed separation of the complex
uranium- contaminated water sample.

6.6 Nanofiltration of uranium-contaminated water — (Case study at the Seelingstadt
site of the Wismut GmbH

The results from the speciation experiments with pure uranyl solutions and the numerical model are
applied to a real water sample with its treatment being of industrial relevance. The example chosen here is a
water sample from the tailings storage facilities at the former uranium milling site in Seelingstidt, in Thuringia,
Germany. The history of these tailings is presented here because it directly influences the water composition
and offers insight into future treatment challenges and the extent of the treatment problem.

Mined out material was processed at the Seelingstidt milling site leaving tailings storage facilities with a
total volume of more than 100 million m* of stored tailings material [Metschies2013]. The milling and
processing facilities in Seelingstddt were put in operation in 1960. In the time up to 1990 more than about 109
Mio t uranium ore from the mineral deposits in Ronneburg, Culmitzsch, Dresden-Gittersee, Aue, and
Kénigstein were processed at the Seelingstidt site via chemical extraction in order to produce concentrates
which were then further processed in the former Soviet Union [Chronik2.3.1-20]. The concentrates were in
the chemical form of ammonium diuranate (yellow cake) and had a uranium content of 60% [Chronik2.3.1-5].
Uranium was extracted from these ores by leaching using an alkaline process for uranium-poor and lime-rich
ores, and an acidic leaching process for uranium-rich and lime-poor ores. In the eatly years the ores were
primarily processed in the acidic process in later years the ores coming from Ronneburg shifted from the
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siliceous rock type more to the carbonaceous rock type and the alkaline treatment scheme gained in
importance [Chronik2.3.1-3]. The scheme of the alkaline process is shown in Figure 48. The acidic leaching
process, used in parallel to the alkaline process, was similarly structured into comminution, leaching, ion
exchange and precipitation, however, the leaching of the ore and the regeneration of the ion exchange resin
being performed with sulphuric acid instead of natron. The leaching schemes are presented in more detail in

the following.
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Figure 48: Schematic of the alkaline leaching process which was used predominantly in the last years of operation at
the Seelingstidt milling site [Chronik].

Alkaline leaching process:

The first step is comminution using autogenous mills and water from pond B Culmitzsch ([Chronik2.3.1-
6]). The ore leaves the comminution in two fractions, a uranium rich fraction with a uranium content of 0.1%
(constituting 20% of the uranium) and a uranium poor fraction with a uranium content of 0.055% (80% of
the uranium). The two fractions were leached with natron separate from each other and the uranium rich
fraction was pre-treated with flotation in order to remove pyrite. The pyrite consumes part of the natron
during leaching and is therefore undesirable in the alkaline process but can be sent to the acidic leaching

process where it is chemically inert.

After flotation the uranium rich fraction was sent to pressure leaching in autoclaves, at 15bar pressure at
120° C. The uranium rich slurry was pumped into autoclaves using piston pumps and heated in plate heat
exchangers with steam. The grain size in leaching should be small but for flotation a too fine grain size
reduces pyrite removal efficiency and thus only 30-40% of the pyrite could be removed. In order to mix and
to oxidize the tetravalent uranium into the more soluble hexavalent uranium air was introduced at high
pressure. The non-dissolved slurry leaving the autoclaves was depleted in uranium but left the process at a
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high temperature and with a high natron content and could thus be reused in the leaching process for the
uranium poor fraction.

The uranium poor fraction was leached at ambient pressure at 75-80° C inside reinforced concrete tanks.
The leaching slurry inside the reinforced concrete tanks was transported, oxidized, and mixed using air which
was recycled from the autoclaves. Oxygen was necessary to oxidize the tetravalent uranium into hexavalent
uranium which has a higher solubility.

The uranium bearing solutions after leaching were sent through hydrocyclones to remove, e.g. sand and
then mixed to be processed in the ion exchange unit.

In ion exchange the uranium bearing solution is directed in countercurrent flow with the ion exchange
resin named Wofatit SBT. Due to the advantageous property of uranium to form anionic complexes with
natron it is possible to separate uranium from other metals. Consequently most of the uranium is adsorbed to
the ion exchange resin and the solution’s uranium concentration was reduced to about 2-3 mg/1 which was
then sent to the tailings.

The ion exchange resin underwent regeneration in three steps. In the first two steps it was regenerated
with process water of low uranium concentration and in the last step with uranium free water, natron, and

sodium chloride. The process stream from alkaline leaching was mixed with the stream from acidic leaching.

Acidic leaching process:

Two different ore fractions were processed in the acidic treatment scheme: a coal based uranium ore and a
pyrite or silicate ore. The two ores were kept separate from each other because the coal required more

intensive leaching [Chronik2.3.1-13]. The comminution was performed separately in cone crushers and ball
mills.

The aggressive solutions required acid proof coated steel tanks with a rubber layer. The pyrite slurry was
first mixed with sulphuric acid and in a further step with sodium chlorate in order to oxidize the tetravalent
uranium into the hexavalent uranium in order to increase solubility. The coal slurry was leached with sulphuric

acid alone but at higher temperatures using steam. The coal and pyrite slurry was then mixed.

Before ion exchange, particles were removed from the produced solution by sieves and screw conveyors in
countercurrent flow. Furthermore, the pH was increased from below 1 to 1.8 in order to improve uranium
extraction in the ion exchange step. The ion exchange was performed in countercurrent flow of resin and
solution. After ion exchange the solution was led along sieves in order to separate resin from the remaining
slurry. The uranium depleted solution was then neutralized using lime treatment (to pH 6-7) and pumped into
the tailings of Triinzig A or Culmitzsch A.

Regeneration of the ion exchange resin was performed using acidified sodium chloride solution in three
steps. In the first steps uranium poor solutions were used and in the third step fresh acidic salt solution was

added.
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Concentrate winning

The product stream from the alkaline and the acidic extraction scheme were then mixed and sent to
concentrate winning. The mixed product solution after uranium extraction contained 5-8 g/1 uranium. Both
streams were mixed and heated using steam and a pH below 2.5 was reached thus destroying the carbonate
complex. This decomplexation was essential for the efficiency of the precipitation. The precipitate contained
high concentrations of sodium chloride and had thus to be rinsed. The rinsing water was pumped to the
tailings. The concentrate (yellow cake), after an dewatering step was then dried in a rotating thin film

evaporator.

Tailings storage facilities (TSF)

Uranium recoveries of around 92% were reached and the uranium could be sent to further processing in
the form of yellow cake. Tailings from the leaching processes containing the remaining 8% of the uranium as
well as process water were then stored in tailings storage facilities (T'SF) which were developed in mined out
open cast uranium mines operated between 1949 and 1967 [Chronik2.3.1-23]. As can be seen in Figure 49, the
tailings as well as process water were discharged into two separate TSF. These TSF were designed for
deposition of residues from the alkaline and the acidic leaching process, respectively. At deposition the tailings
in TSF A were partially neutralized in order to stabilize and contain contaminants. Today, the pore water in
both TSF is slightly alkaline (around pH 7 to 9) [Chronik2.3.1-26]. During operation of the mill from 1961 till
1991 a total of 124.89 million m® of process water was discharged into an adjacent river. Along with this

discharge also 264.84 t of uranium were released.

Figure 49: Tailings storage facilities at the Seelingstidt site (1991) [Chronik 3.3.4 page 8].

The remediation scheme that was determined to be most suitable for the TSF is dry in-situ deposition.
This requires removal of supernatant water in a first step. For this an external water treatment plant with a
design capacity of 300 m?/h was put in operation in 2001 [Metschies2013].

As a pre-treatment, acid is added to destroy the uranyl complexes and free CO3 is removed in stripping
columns. The de-complexation improves the efficiency of the precipitation by lime treatment
[Metschies2013]. The scheme of the treatment process is shown in Figure 50. The precipitate which contains
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uranium, arsenic, and radium is filtered, dewatered, and then immobilized in concrete. The treated water is
discharged into the adjacent river.
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Figure 50: Layout of the precipitation stages of the curtent water treatment process at the Seelingstidt site
[Wismut2014].

The progress of the remediation of the TSF is shown in Figure 51. Only a small fraction of the supernatant
water remains on TSF A and TSF B is already completely dewatered. The water treatment facility is located
left of the two ponds. Most of the tailings surface is sealed with an interim cover layer of 1 m thickness to
reduce radiological impacts and erosion. The pond on TSF A was used as a reservoir where seepage from
both, TSF A and B, but also pore water that is released from compaction, as well as rainwater catchment from
buildings and structures of the Seelingstidt site.

The composition of the pond on TSF A differs over time, depending on precipitation and processes in the
tailings but generally the water, which is further treated by the precipitation process shown in Figure 50,
contains high concentrations of sodium, magnesium, sulphate, chloride, uranium, and hydrogen carbonate.
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Figure 51: Aerial photograph of the tailings during remediation in 2012. Supernatant water only on TSF A. The total
amount of uranium which is contained in the tailings is about 7,000 t [Metschies2013].

The current treatment process can reliably reduce concentrations of U, and As in the treated water below
the required limits whereas the concentration of sulphate and chloride can be problematic when the adjacent
river does not carry sufficient water to dilute the salt influx [Metschies2012].

A treatment process which is capable of reducing salt concentration even for high and low feed salt
concentrations in times of low and high precipitation, respectively needs to be found before the end of the
area’s remediation which is projected till 2022 [Metschies2013].

The seepage that will emerge from the TSF could be treated in a membrane process, e.g. nanofiltration.
Membrane technology is capable of reducing the salt content and could assist in finalizing the remediation
process by ensuring the water quality of the river and thus avoiding surplus water storage. Water treatment
will continue to be necessary after finalizing the dry in-situ deposition of the TSF. The pH of the ponds is
around 8.0 and 8.3 for pond A and B, respectively [Metschies2013] which is an acceptable range for
membrane processes. The influence of the high concentrations of sulphate, chloride, and ammonium on the
membrane process will here be investigated experimentally.

The composition of the water sample to be treated is given in Figure 52. Each experiment was run with a
fresh membrane sample but also with a fresh water sample and in total 8 individual experiments were
performed. The variation between the individual feed water compositions is shown in the diagram with etror
bars indicating the maximum and minimum value for each concentration.
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Figure 52: Composition of the mine water, average of all 8 experiments with independent sampling at pH 8.3.

For each of the water samples a separate experiment (trans-membrane pressure 15 bar, temperature 25° C,
cross-flow velocity 1.3 m/s) was performed using a fresh sample of the membranes DK and NP. The
obtained retentions were then averaged and the result is shown in Figure 53. The retentions of the smaller
solution components, such as chloride and nitrate is for both membranes in a comparable range. For the large
components, e.g. sulfate and uranium, the retentions divide and the DK membrane achieves a much better
separation.

0.9

o "
= 0.6
Q
kel :
g 03 i i .
2 ) i [E] 0 4 H] o DK
A | i f 4 ‘' oNP
0 ;
b 0
0.3
OD E Py O P
L TSE T I

Figure 53: Average retention of each solution component by the two membranes, DK and NP.

The focus of this work however, is not to assess the practical applicability of each membrane but rather to
use the observed retentions as a comparison for the modeled retentions of such a complex water with a
special focus on uranium and its speciation.

The solution is dominated by sulphate, sodium, and chloride at an average pH of 8.3. The composition of
this complex water determines the speciation in which uranium is present. Separate speciation calculations
were performed for each individual solution and the average speciation was determined using PhreeqC and
the database llnl.dat. The average speciation, as shown in Table 20, is dominated by the calcium carbonate
species described in Section 5.7. Thus, data on charge, diffusion coefficient, and size is known and can be
applied to the modeling of the separation of the two membranes.
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Table 20: Average uranium speciation of the feed solution averaged from the individual speciation of 8 experiments
as determined using PhreeqC (ref. Section 5.6).

Species Speciation in mol-%
[CayU0,(C05)5]° 76
[MgU0,(C05)3]~> 18

[U0,(CO5)5]™* 5

However, the size of the calcium carbonate species of uranium is larger than the pore size of the DK
membrane. The membrane pore radius of the DK membrane is 0.463 nm and the radius of the uranyl
complex is 0.524 nm. Modeling with the assumptions of the molecule being a rigid sphere and the pore being
an ideal cylinder with a certain radius is not possible since under these conditions retention will always be
100 %. Therefore, the experiments involving the DK membrane are omitted from the modeling.

Fitting of the membrane charge was performed according to the procedure described in Section 4.10. The
fitting procedure for the NP membrane involves one single parameter, the membrane charge density. A
visualization of the fitting is presented in Figure 54. The best fitting membrane charge density is -8 mol/m?.
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Figure 54: Fitting for the NP membrane charge density. The square error between modeled and experimental
retention is summed up for all 10 solution components. Fitting was performed as described in Section 4.10.

The thus obtained best fitting membrane charge density is physically realistic, as the NP membrane is
expected to be negatively charged and as the volume charge density is below the sum of all ion equivalent
concentrations which is 178 mol/m?. Nevertheless, as shown in Figure 55, a mere vatiation of the membrane
charge density is not capable of obtaining a satisfying fit. Even the best fitting membrane charge density is
overestimating retentions of the small solution components.
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Figure 55: Comparison of modeled (lines) and experimental (points) retentions for the NP membrane. Modeled
retentions at different membrane charge densities (legend shows charge in mol/m?).

Nanofiltration of a complex uranium-contaminated water sample was performed for two
membranes. Modeling the retention of 10 components was approached by using the membrane
thickness and pore radius as determined in the membrane characterization, which means that the
membrane charge density was the single fitting parameter. The obtained result was dissatisfying for
both membranes: The pore sizes of the DK and the NP membrane were too small to permit the
observed retentions. The repercussions will be discussed in Section 6.6.
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T Discussion of the experimental and modeling results

In this section an error analysis and an analysis of the assumptions of the model are discussed in more
detail.

1.1 Experimental uncertainty assessment

Experimental errors can occur for measured data (concentration, flux) and for those parameters which
should be at a stable level (temperature, membrane properties). An overview of the instruments accuracy as
supplied by the respective manufacturer is listed in Table 21.

Table 21: Accuracy of the employed instruments as stated by the manufacturer. The numbers given in the first
column refer to the P&I diagram in Figure 25.

Nr. Sensor Accuracy Measure for accuracy

1 Permeate +0.01g Value applies to all measured permeate weights.
weight

2 Differential 10.1%  Percentage of calibrated range (1 bar), i.e. an effective accuracy of
pressure 1 mbar.

3 Absolute 10.16 %  Percentage of measuring range (100 bar), i.e. an effective accuracy of
pressure 10.16 bar.

4 Temperature 10.3° K Value applies to the whole temperature range of intetrest in this work.

5 Cross-flow 1+3.75%  Value calculated for the specific cross flow velocity used here, i.e. 1.3 m/s.
velocity The accuracy of this sensor is calculated as 0.5 % of measuring range

(3.25 m/s) plus 2.5 % of measured value. In this specific case (1.3 m/s)
the effective accuracy is £0.05 m/s.

6 Retentate *5 % Percentage of measured value.
conductivity
7 Permeate +20 % Percentage of measured value.
conductivity
I1C *+12 % Empirical value. Including dilution of the samples.
ICPMS +15 % Empirical value. Including dilution of the samples.

The uranium concentration was measured using ICPMS analysis which is capable of measuring at very low
concentrations (> 0.001 ppb). The accuracy given in Table 21 was verified in a separate experiment. The result
of this analysis is shown in Figure 56.
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Figure 56: Experimental error of a repeated ICPMS measurement. The error is defined as the relative difference
between the two measurements of the same solution: (c2-c1)/cl. ICP-MS using the Thermo X-Series II. Before
analysis the samples were diluted 1:10.

During the experiments effects on uranium retention were stronger than expected and as a consequence
the samples were of highly different concentrations. In the first run the samples were measured in the order of
the experiment and therefore uranium could be carried over from uranium-rich samples to uranium-poor
samples. In order to validate the measurements in a second run the samples were ordered by their uranium
concentration from the first run. Figure 56 makes it apparent that in the second run the samples of low
concentration had a lower concentration which proves that uranium was carried over from samples with
higher concentration. Nevertheless, the samples of high concentration were measured with a higher
concentration. It is thus apparent that the measurements had an error which is in the expected range. Further
on, samples were carefully put in an order to avoid carrying over between the samples. The £15 % for ICPMS
measurements appear justified.

The error of the IC measurements is validated using 4 measurements of the same sample containing
bicarbonate. The relative error is between 0 and 8% and therefore the 12 % are also justified.
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Figure 57: Experimental error of repeated IC measurement of a solution containing bicarbonate. Ion
chromatography with the 850 Professional IC by Metrohm, Germany.
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The error of the flux appears to be more significant than expected by +0.01g for the measurement of the
permeate weight. An error in the range of £20% is very common as shown in Figure 58. The observed flux
error in the case of the ALNF membrane with a ImM KCl solution depends most importantly on pressure
and temperature. As Figure 58 shows, these parameters were stable and the therefore the error is expected to
arise from the balance which appears to be not suitable for dynamic weighing. However, calibration
measurements have shown that the average permeate flux (determined with the balance, i.e. element 1 in
Figure 25) is in good agreement with volumetric measurement using a graduated flask. The +0.3° K for the
temperature sensors are justified while the £0.16 bar for the trans-membrane pressure are not. This could be
explained by pulsation caused by the pump.
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Figure 58: Observed development of flux over time in comparison with the process parameters which affect permeate
flux the most. The diagram shows an 8 minute interval of the measured values of permeate flux, the process
temperatures, and the trans-membrane pressure in order to illustrate the error of the membrane experiments at the
example of a KCl retention experiment in Section 6.4. As in all presented measurements, the process conditions
which are adjustable have been kept at a constant level (pump voltage, pressure control valve degree of opening,
thermostat settings).

Process intrinsic sources of measurement error for the flux measurement are:

e Temperature of the solution which permeates through the membrane.
e  Osmotic pressure difference across the membrane

e Membrane batch

The significance of these sources of error is compared in Figure 59. The most important factor, as in the
determination of the thickness, is the membrane batch. Thus, in this work only membranes of the same batch
have been compared this means samples of a certain membrane were ordered only once in a sufficient
amount. Addition of KCI to reach a conductivity of 300 uS/cm in order to increase the osmotic pressure
proved to have only minimal influence on permeability. Hence, the conductivity of the permeability
expetiments of 6 uS/cm is pure enough. Temperature strongly influences the permeability and needs to be
kept at a stable level.

Figure 59 shows individual fluxes instead of permeability to visualize the experimental error. Flux vs.
pressure curves are clearly linear with coefficients of determination of more than 0.95. The permeability is
thus a very reliable measure of membrane properties which is easily accessible by weighing.
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Figure 59: Risk of error analysis for a single membrane (ALNF): Experimental sensitivity of membrane permeability
to variations in temperature (baseline at 25°C, variation at 20°, 30°, and 35° C), water purity (baseline deionized water
at 5uS/cm conductivity; variation through addition of 1 mmol KCl), and membrane batch (baseline is the same
batch as in the variation of temperature and purity, vatiation with 2 samples from a different batch). The cutves
clearly follow a linear trend.

Retention measurements using the conductivity electrodes proved to be very stable, as shown in Figure 60.

Hence, conductivity measurement is an excellent tool to determine the point at which an experiment reached

its stationary state.
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Figure 60: Development over time of the KCI retention (ALNF membrane, 25° C, 1mM), cross-flow velocity, and
pressure loss along the feed channel.
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The cross flow velocity is less stable than the accuracy of £0.05 m/s. Also here, the reason can be found in
pulsation caused by the plunger pump which is also the reason for a systematic error in the trans-membrane
pressure. This problem was solved by keeping a sufficiently high cross-flow velocity in order to reduce the

influence of concentration polarization.

Other effects on membrane properties such as ageing, cleaning, or fouling [EMST2013 page 1028] were

accounted for by keeping the same routine for all experiments performed in this work.

In light of the multitude of sources of experimental error the experimentally observed error is
within the expected range and all effects appear to be taken into account. In any case, the

inhomogeneity of the membrane is the strongest source of error which cannot be avoided.

1.2 Error analysis for Section 6.2

In Section 6.2 the Hagen-Poiseuille equation was employed in order to determine the thickness of the
membrane. This approach will be further tested here in order to test its applicability which is founded on the
basis of major assumptions concerning the membrane structure, i.e. containing homogeneous cylindrical

pores.

The way this structural assumption is tested here is by changing the temperature of the feed solution and
thereby also its viscosity. Since pure water was employed the viscosity is known and the experimental data can
be fitted by the linear trend required by the Hagen-Poiseuille equation. This fitting was performed for three

different nanofiltration membranes in order to increase the representativeness of this experiment.

By changing the temperature the applicability of the Hagen-Poiseuille model for the determination of the
membrane parameters can be tested. According to the model the permeability needs to be inversely
proportional to the viscosity of the feed solution. Figure 61 shows the comparison between the model’s
prediction and the measured permeability. The data suggests that the model is suitable to describe the flow
through a nanofiltration membrane for aqueous systems.
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Figure 61: Influence of temperature on permeability. Experimental results for three different membranes in
comparison with the theoretical prediction by the Hagen-Poiseuille model (H-P). H-P appears justified.

1.3 Error analysis for the experiments of Section 6.5

The experiments involving synthetic uranyl solutions described in Section 6.5 will be further discussed in
this section by comparing them to the observed potassium and lithium rejections. These ions accompanied
uranium in the solution and changes in their retention (which are rather independent of the changes in
uranium retention which is present at a low concentration) can be used as markers for changes in the
membrane’s general retention behavior.

In case of the experiments at different pH, the pure solutions contained only uranyl nitrate and potassium
chloride (ref. Section 5.4). The changes in potassium retention for the different values of pH are shown for
the two membranes, DK and NP, in Figure 62.

The potassium retention of the DK membrane increases at a lower pH. As shown in Section 6.5 the uranyl
retention of the DK membrane was close to 100% irrespective of pH. As a conclusion can be stated that the
DK membrane’s retention is generally weakly pH dependent and retention must be due to steric or dielectric
effects, or even to another effect which is not considered here.
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Figure 62: Variation of pH and observed effect on potassium retention for the membranes DK and NP.

In case of the NP membrane, comparison of the potassium retention to the uranyl retention shows that
the effects are much stronger for uranyl than for potassium. As potassium does not form any complexes and
keeps its diffusivity and size regardless of pH it varies slightly in the range of 20% retention. Uranyl, whose
speciation exhibits a strong dependency on pH varies in the range of 80% retention. The much stronger effect

for uranyl can be attributed to the effects of speciation.

Potassium was also present during the phosphate experiments; the result is shown in Figure 63. For the
NP membrane, apart from the second retention, all values are stable regardless of phosphate concentration.
Since potassium does not have a strong tendency to form complexes with phosphate, this can be seen as
further evidence that the observed effects in the uranyl retention are due to changes in speciation.
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Figure 63: Development of the potassium retention during the addition of phosphate to the solution.
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For the DK membrane the same reasoning applies here as to the pH experiments: Neither the potassium
nor the uranium retention vary considerably and an effect of speciation cannot be observed. Addition of acid

and relatively large amounts of phosphate salt is not sufficient to change the retention behavior of this
membrane.

The development of the lithium retention gives further evidence to the statements made above.
Furthermore the dip in retention at the second phosphate retention shows that the irregularity might be due
to an error during the dilution of the samples. This dip can be seen for lithium, potassium, and also uranium.
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Figure 64: Development of the lithium retention during the addition of phosphate to the solution.

In conclusion, the DK membrane did not show speciation effects however, this membrane might have
pores which are too small to be dependent on the uranium speciation..

The NP membrane however showed clear speciation effects which can be quantified by the changes in
retention which are more significant for uranium than for potassium or lithium:

e  Variation of pH: U 80 %, K 20 %
e  Variation of phosphate: U 15%,K1%,Li0.5%

Indicator elements shall be the term assigned to lithium and potassium in this section. The
retention of the so called indicator elements was monitored as a point of comparison. The indicator
elements were carefully chosen to not change their speciation during the course of the experiments.
The changes in their retention (generally lower than those for uranium) served as a baseline for the
evaluation of the uranium retention. The result gives further evidence that speciation plays a
significant role in uranium retention by nanofiltration membranes.

This section concludes the critical analysis of the experimental results. The results obtained by modeling
will be scrutinized in the following.
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1.4 Model discretization

As shown above in Figure 12 the membrane is discretized into a certain number of nodes. Increasing the
number of nodes should not change the modeled retention. Therefore, in order to choose an appropriate
number of nodes, discretization needs to be analyzed. These two objectives, model convergence and necessary

number of nodes, are followed up in this section.

The first set of modeling calculations involved only one component, glucose, and converged very fast after
around 10 iterations. An analysis of the convergence time is not an adequate task since the consumed time
depended heavily on the Matlab-Excel-Inerface. Calculation time was typically in the range of a few seconds
and the modeled retention as a function of the number of nodes is shown in Figure 65.
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Figure 65: Model discretization for the two membranes and for the retention of glucose. Relative retention is the
modeled retention at the respective node number relative to the modeled retention at the highest node number (here
500).

Glucose retention is shown relative to the retention at the highest employed node number. Hence, a
satistfying convergence is indicated when the relative retention approaches 1, a condition which is well fulfilled
already at 30 nodes. The node number chosen for the glucose modeling was 200 nodes simply because
convergence was reached within a few minutes even for such a high node number and because the

calculations necessary for the glucose experiments were not too extensive.

For the modeling of the KCl retention, a similarly rapid convergence was obtained. As shown in Figure 66
after a node number of 35, no significant deviation was found. The node number for the KCI modeling in this

work is thus chosen to be 70.
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Figure 66: Model discretization for the two membranes and for the retention of KCI. Relative retention is the modeled
retention at the respective node number relative to the modeled retention at the highest node number (here 500).

Surprisingly, also for the mine water, the modeled retention reached a stable value at a relatively low node
number. Figure 67 shows the development of the relative retention of all 10 components over the number of
nodes.
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Figure 67: Model discretization for the NP membrane and for the retention of the 10 components of the complex
uranium-contaminated water sample. Relative retention is the modeled retention at the respective node number
relative to the modeled retention at the highest node number (here 100).

Already at 50 nodes, retention stabilized for all components. In case of modeling the retention of the
complex solution a calculation time analysis is appropriate. As shown in Figure 68 calculation time increased
exponentially. Hence, the number of nodes which was used in the modeling in this work was selected at 70
nodes which is a good compromise between calculation time and accuracy.
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Figure 68:Calculation time for the membrane NP and the solution comprising 10 components as a function of
number of nodes for the discretization of the membrane.

A solution of the model for the DK membrane was attempted, however, the solution as a function of
node number continued to alternate. Already at low node numbers the solution became instable and the

solver returned negative concentrations which are physically impossible.

The result of this section, the number of discretization points used in the computation of the modeling

sections in this work is summarized in Table 11.

Table 22: Selected model discretization for the different modeling sections in this work.

Experiment Node number
Glucose retention 200

KCl retention 70

Complex solution 70

Analysis of the model discretization was performed in order to determine the number of
discretization nodes necessary to perform the targeted computations. For all systems in this work,
the model converges towards a stable result rapidly and already at a low number of nodes, except for
the 10-component system involving the finely porous membrane. For this system a stable solution
cannot be found as the membrane pore size is below the size of the largest component of the

solution.
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1.5 Model sensitivity

In this section the model sensitivity is analyzed at the practically relevant examples of glucose, KCl, and the
complex uranium-contaminated solution. The result of such a discussion will be whether the obtained result is
realistic in order to validate or the model. The approach chosen for the sensitivity analysis is to keep all
variables constant except for the one for which the model’s sensitivity is analyzed.

GLUCOSE

In the glucose experiments the membrane dependent parameters are membrane pore size and membrane
thickness. The variation by 10 % of these two parameters is shown for membrane DK, and NP in Figure 69,
and Figure 70, respectively.
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Figure 69: Glucose — Variation of pore radius r, and membrane thickness x by £10 % for membrane DK. The
influence of x is relatively low in the range from 0.1 to 2.5 % of retention. The initial values are: x = 2.18 uym, r, =
0.463 nm.

In both cases the observed sensitivity to changes in membrane thickness is rather low while changes in the
pore radius are more significant. The resulting divergence appears in a highly realistic quantity, which gives
further evidence to the validity of the model.
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Figure 70: Glucose — Variation of pore radius and membrane thickness by 10 % for membrane NP. The initial
values are: x = 15.26 ym, r, = 1.543 nm.

POTASSIUM CHLORIDE

Analogous to the glucose experiments pore radius and membrane thickness were varied by 10% for the
DK and NP membrane as shown in Figure 71, and Figure 72, respectively. The sensitivity towards the two
structural membrane parameters is comparable to the one for glucose which gives further evidence to the

validity of the nanofiltration model.
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Figure 71 KCl — Variation of pore radius and membrane thickness by £10 % for membrane DK. The initial values are:
x=2.18 ym, r, = 0.463 nm.

The difference between the sensitivity of the DK and the NP membrane appears more clearly in the
potassium chloride simulation than in the glucose retention. While the DK membrane is more sensitive
towards changes at low flux the flux sensitivity is reversed for the NP membrane. This might be due to the
fact that the retention for the DK membrane at high flux approaches the limiting value of 1 while the NP

membrane is generally in the range of lower retention.
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Figure 72: KCl — Variation of pore radius and membrane thickness by 110 % for membrane NP. The initial values
are:x = 15.26 pym, r, = 1. 543 nm.

In the case of the here contemplated ionic solute one more membrane parameter is of interest. Besides the
pore radius and the membrane thickness also the charge density of the membrane needs to be considered.

Figure 73and Figure 74 show the charge sensitivity of membrane DK and NP, respectively.
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Figure 73: KCI — Variation of the membrane charge density cx by 210 % for membrane DK. The initial value is: ¢, =
—0.33 mol/m>.

Both membranes exhibit low sensitivity towards the membrane charge density. Here again the flux

sensitivity of the membrane charge is reversed for the two membranes.
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Figure 74: KCI — Variation of the membrane charge density cx by 210 % for membrane NP. The initial value is: ¢y =
—0.98 mol/m?.

For the membrane with larger pores, the NP membrane, the charge density has a stronger influence, i.c.

the open membrane is more charge sensitive.

Nevertheless, the quality of the fit for the NP membrane (up to 12% difference between modeled and
experimental retention) is lower than for the DK membrane (max. 3% difference between modeled and
experimental retention). This is due to the membrane thickness, as will be the subject of further analysis in

Section 7.6, where a better fit will be obtained by freely fitting more than one membrane parameter.
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COMPLEX SOLUTION

Figure 75 and Figure 76 show the NP membrane’s sensitivity towards the structural membrane parameters
pore radius and active layer thickness, respectively.
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Figure 75: Complex solution — Sensitivity of modeled retentions towards membrane pore radius r, for the NP
membrane. The initial values are: x = 15.26 um, r, = 1. 543 nm, &,.,; = 35.

The pore radii which are necessary to reach the experimental rejection are much too large and they clearly
fall in the range of ultrafiltration membranes. The membrane thickness has a strong influence for relatively
thin membranes. Above a certain membrane thickness no influence can be observed at all. This appears to be
realistic and could be subject to further research involving membranes of different thickness. However,
concerning the here contemplated case membrane thickness has a significant influence and needs to be
considered in order to reach an improved fit in Section 7.6.
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Figure 76: Complex solution — Sensitivity of modeled retentions towards membrane thickness x for the NP
membrane. The initial values are: x = 15.26 pm, 1, = 1. 543 nm, &,,; = 35.
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According to Figure 76, a membrane with a thickness between 1 and 6 pm obtains the best selectivity.
Increasing the membrane thickness beyond a certain point, e.g. 50 pm, will not have any significant influence
on uranium retention. Electrical parameters were not capable of reaching a better fit as shown in Figure 55.
However, as described in Section 4.2 the permittivity of the oriented layer of water molecules at the inner wall
of the membrane’s pores could be revisited. In all calculations above this parameter was kept at the value of
35. As will be shown in Section 7.6 a much better fit can be obtained when the parameter is optimized as well.
The sensitivity of the modeled retention towards this parameter is significant as shown in Figure 77.
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Figure 77: Complex solution — Sensitivity of modeled retentions towards the pore permittivity for the NP membrane.
The initial values are: x = 15.26 ym, r, = 1. 543 nm, &,,; = 35.

The quality of fit was dissatisfactory for the NP membrane and for the KCI and the complex solution. In
the following section an improved fit will be developed by removing the restrictions of one parameter fitting.

The sensitivity towards the membrane’s parameters was discussed in this section. Almost all
sensitivities appear to be realistic, except the dependence on the pore radius for the NP membrane’s
retention of the 10 components. Furthermore, no single parameter can be used to reach a
satisfactory quality of fit for the NP membrane and the KCI and 10 components solution. Hence a
multi parameter fit will be approached in the next section.
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1.6 Simultaneously fitting multiple parameters

The low quality of the fit for the NP membrane in the example shown in Figure 74 gives the incentive to
approach a better agreement by fitting multiple model parameters at the same time. Fitting was performed as
described in Section 4.10. The result of the improved fit is shown in Figure 78.
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Figure 78: KCl — Improved fit for the NP membrane by keeping the membrane thickness and charge variable. The 1
parameter fit involved a variation of the membrane charge density only.

The agreement between modeled and experimental rejection is excellent. Notwithstanding this high quality
of fit, the values of the fitted parameters need to be realistic as well. The values of the fitted parameters are
shown in Table 23. The membrane thickness is relatively large, but still in a realistic range, as shown by
membrane microscopy in Section 6.2. Furthermore, the decreased charge density results in a 50% decrease of
the error relative to membrane DK as described at the end of Section 6.4. Both parameters are thus realistic

and the fit can be accepted.

Table 23: KC1 — Overview of membrane parameters which were used for the single and 2 parameter fit.

NP single parameter fit Parameter NP 2 parameter fit
6.41-10'2-1/m Relative Thickness Axe/rp2 19-10%2-1/m
15.26 pm Thickness Ax, 45.24 pm
—0.98 mol/m? Volume charge density ¢, —0.5 mol/m?
1.543 nm Pore radius 1, 1.543 nm
35 Relative permittivity of the 35

oriented water layer at the
*
pore wall &

A 4-parameter fitting of mine drainage was performed as described in Section 4.10. As shown in Figure 79
for the 10 component mine drainage the quality of fit was improved significantly. While in the 1 parameter fit
only 2 modeled retentions were in some agreement with the experimental data, the picture was reversed for

the 4 parameter fit.
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In the 4 parameter fit the modeled retention was in disagreement only with the experimental retention of
relatively unstable components: Nitrate, ammonium, and bicarbonate. Nitrification explains the large error for
nitrate which can be produced by bacteria in the feed while such bacteria will be filtered out from the
permeate thus creating an artificially high retention:

NHf + 20, » NO3 + 2H* + H,0 (7.1)

The bicarbonate can be formed by the dissolution of carbon dioxide which can enter the water samples
since the facility is open towards the atmosphere. In the permeate the amount of dissolved substances is low
and while the feed solution is in equilibrium with the atmosphere the permeate just exited the membrane and
possesses a high potential to dissolve carbon dioxide from the air thus creating an artificially low retention.

1

0.8
g
g 0.6
=]
&
[F] ~
& 0.4 1 para fit
|
g 0.2 O Exp
é- —4 para fit
o 0
Q

-0.2

-0.4

NO3 C HCO3 Na NH4 K Mg Ca SO4 ]

Figure 79: Multi-component solution — Improved fit by keeping the pore radius, membrane charge, membrane
thickness, and pore permittivity variable. The 1 parameter fit involved a variation of the membrane charge density
only.

Nevertheless, the quality of the fit is high and the values of the fitted parameters are worth inspection, as
shown in Table 24. The membrane thickness is in excellent agreement with the value determined with the
Hagen-Poiseuille equation. The volume charge density is in a realistic range concerning the solution’s ionic
strength. The pore radius is large but still realistic. The pore permittivity is below 80 thus a realistic value.

Table 24: multi-component solution — Overview of membrane parameters which were used for single and 4
parameter fit.

NP single parameter fit Parameter NP 4 parameter fit
6.41-10'%-1/m Relative Thickness AX, /12 4-10%2.-1/m
15.26 pm Thickness Ax, 16 pm
—0.98 mol/m? Volume charge density ¢y —60 mol/m?

1.543 nm Pore radius 1, 2nm
35 Relative permittivity € 71
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Other authors described a relationship between the solution’s composition and the permittivity.
[Szymczyk2005] shows that a dielectric constant in the range between 60 and 70 is more realistic to describe
observed retentions. [Oatley2012] obtains €* = 35 for NaCl but €* = 74 for MgSOs. [Szymczyk2005],
[Szymczyk2000], [Escoda2011], and [Silva2011] mention that even the membrane charge density can influence

the value of £*.

An improved fit was obtained by fitting more than one membrane parameter. This result is not
surprising, as described by [Bowen2002b] who criticized such an approach which basically converts
all parameters into arbitrary fitting parameters. The approach was followed here nonetheless to show
that the outcome are physically realistic values which could give a hint towards the reliability of the
employed independent methods for membrane characterization. Further research is necessary in
order to reconcile the conflicting approaches.

1.1 Linearity of the concentration gradient

Many authors approach the concentration gradient along the membrane as being constant. As shown in
Figure 80 this assumption of a linear function is reasonable and describes the concentrations sufficiently well

for most substances however a non-linear description is superior especially in case of uranium.
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Figure 80: Concentrations of the 10 components along the membrane thickness relative to the feed concentration.

Generally, non-linearity occurs for uncharged solute and a thick membrane and thus the assumption of a

linear concentration gradient does not always hold.

1.8 Discussion of separation phenomena inside the membrane

Access to the microscopic separation effects is a major advantage of the here developed mechanistic
model. In this section a quantification of the separation processes, as suggested by the model, will be
presented.
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The separation processes inside the membrane are quantified during each simulation and will be
automatically returned to the user via an Excel-output file. Here, such a quantification is presented along with

the relevant equations.

PARTITIONING AT THE MEMBRANE SURFACES

Separation will occur due to effects inside the electrical double layer (EDL). This effect occurs on both
sides of the membrane and is quantified by Equation (7.2).

_ Chulk
®gpp, = cout

(7.2)

Figure 81 shows the quantified separation effect for the feed and permeate electrical double layer for each
ion. A value of one, as in the case of the uncharged uranyl complex, refers to no electrostatic interaction, as
would also be the case for an uncharged membrane. Since the membrane is negatively charged, all negative co-
ions, e.g. chloride and sulfate, are repelled and ®gpy, takes a negative sign with a magnitude depending on the

charge of the membrane and the ion.
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Figure 81: Partitioning due to the feed and permeate EDL for each of the 10 components of the solution.

Behind, the EDL, closer to the membrane surface, partitioning occurs due to the phase equilibrium. This
type of partitioning was described in Section 4.7. Hence, the partitioning coefficients are used as described
above. Their contribution to the total partitioning can be expressed by Equation (7.3).

Cll’l

CI)activity * Pponnan * PBorn * Psteric = cout (7-3)
Figure 82 shows the resulting individual contributions of these effects for the feed solution/membrane
interface in a quantified manner. As the diagram shows, steric effects limit ion passage for all ions depending
on their size, with the strongest effect in case of the large uranium complex. Activity and Born effects occur
nearly at the same quantity and are less important than the steric effects. Partitioning due to the Donnan effect

plays a minor role in case of the feed solution /membrane interface.
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Discussion of the experimental and modeling results
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Figure 82: Quantified individual contributions to feed-side partitioning, due to Donnan, activity, Born, and steric

effects.

Donnan partitioning is much more prominent for partitioning at the membrane/permeate solution

interface, as shown in Figure 83. Here, the electrostatic effect dominates even over steric partitioning. The

values of the other 3 contributions are close to the corresponding values on the feed side.
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Figure 83: Quantified individual contributions to permeate-side partitioning, due to Donnan, activity, Born,
steric effects.

and

Quantification of separation effects can be accomplished by the here developed model. The
influence increases in the following order (contributions in brackets, but ordered by the magnitude
of difference from 1): electrical double layer polarization (0.99) < activity partitioning (0.94) < Born
partitioning (0.93) < Donnan partitioning for positive ions (0.79) < steric partitioning (0.79) <
Donnan partitioning for negative ions (1.30). Thus, for negatively charged ions the Donnan effect
and for all other ions the steric effects are of highest importance. Future research can be aimed at
comparison between the performances of different membranes at microscopic scale potentially in
the framework of membrane modification.
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8 Summary

The potential of nanofiltration modeling and simulation has been shown for uranium-contaminated mine
drainage. The successful performance of a currently available and throughout the literature well-accepted
model is encouraging to tackle remaining challenges such as the membrane characterization. Knowledge was
extended for the complex processes during nanofiltration of uranium-contaminated real water samples.

On the one hand, nanofiltration of uranium-contaminated drainage from mine tailings represents a

significant challenge to modeling and simulation since:

e The transport of a large number of components needs to be described in parallel including
possible interactions of the components and including effects of chemical speciation.

e The considered specific case involves ions of strongly diverging properties such as, e.g. the
extreme difference in charge and size between uranium and chloride.

e Contrary to conventional experiments with dilute synthetic solutions the mine drainage is highly
concentrated and contains a plurality of trace elements.

e The multitude of components present in the solution potentially affect the membrane properties

as well, e.g. by sorption to the membrane surface.

On the other hand, the studied example is of high scientific interest to explore the extent to which the
currently available nanofiltration models are capable of describing the separation of real water samples, e.g. sea
water or industrial waste water. Adding to this industrial relevance, the employed membranes were selected to
represent a broad range of commercially available typical nanofiltration membranes.

The membranes were chosen by a membrane screening using KCI solution (ref. Figure 38) in order to
cover the full range of typical nanofiltration membranes: The finely porous DK membrane and the rather
open NP membrane. Membranes were characterized for their thickness, pore radius, and charge, i.e. the full

set of parameters which are necessary for simulating the separation of an arbitrary solution.

In a separate experiment, the effect of speciation was successfully isolated and measured for the finely
porous DK membrane and for the more open NP membrane. In case of the DK membrane the speciation
effects were hidden behind the extremely high uranium retention. For the NP membrane a clear effect was
observed which depended mainly on the size of the uranyl species. Hence, throughout the thesis, effects of
speciation were included in the determination of size and charge of the uranium components.

The starting point of the modeling is a commonly used, well-accepted, and renowned model from the
available set of models in the literature. The developed mechanistic model based on the Donnan-Steric
partitioning Pore Model incorporating Dielectric Exclusion — DSPM&DE (ref. [Bowen2002b], [Bandini2003])
and the Steric, Electric, and Dielectric Exclusion model — SEDE (ref. [Szymczyk2005]) was selected since:

e This model is capable of describing multi-component transport.

e It is a mechanistic model with physically relevant parameters that can be determined in
independent characterization experiments (membrane thickness — Section 6.2, pore radius —
Section 6.3, membrane charge — Section 6.4)

e Further input parameters and constants required for the solution of the model are readily available
from the literature (ref Table 3).
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Summary

e The model is the best compromise between availability of input parameters and applicability to
concentrated solutions. Strictly, only the Maxwell-Stefan approach is applicable to concentrated
solutions.

The observed experimental retention for 10 components of the mine drainage was simulated in two ways:

a) By a 1-parameter fit (fitting only the membrane charge while the remaining parameters were determined
independently — ref. Section 6.6), and

b) By a 4-parameter fit (fitting pore size, membrane thickness, and membrane charge, together with the
permittivity — ref. Section 7.6)

Despite the high ionic strength of the mine drainage a good agreement between model and experiment was
found by the 4-parameter fit. Furthermore, notwithstanding the free fitting, the 4 parameters do not take
physically unrealistic values; a result which suggests that these parameters possess the said physical meaning
and are not mere fitting parameters, thus, to some extent, justifying the models assumptions.

The 1-parameter fit did not agree as well as the 4-parameter fit, but is justified by the independent
measurement of two of the parameters (membrane thickness — Section 6.2, pore radius — Section 6.3) and a

literature survey for the permittivity. The 1-parameter fit can thus be seen as the state of the art.

The 1-parameter fit differed from the 4-parameter fit especially in the electric and dielectric parameters: a
60 times smaller membrane charge and half the permittivity (ref. Table 24). Thus, especially the electrical
effects, which were not independently determined, seem to be not sufficiently well understood. This
difference between the 1-parameter and the 4-parameter fit cannot be explained by experimental error alone,
as has been shown in detail in Section 7.

In conclusion, the model was successful applied to broaden the field’s knowledge on the complex
phenomena during nanofiltration of uranium-contaminated real water samples. The thus developed model is a
promising basis for further process design and optimization. The way is paved for modeling and experiment,
e.g. for nanofiltration of other complex mine waters, waste waters, and complex aqueous industrial solutions
of multi-ionic composition.
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9 Outlook

In order to overcome the above mentioned limitations and to reach a better agreement between simulation
and experiment the following changes are advisable.

First of all, a targeted study could resolve the question of the concentration dependency of the relative
permittivity of the oriented water layer at the pore wall. The concentration as well as ionic composition of the
solution inside the pores should be changed and the observed influence on the fitted relative permittivity

could be analyzed in order to determine a potential dependency.

In order to arrive at a solution for membranes with a pore size smaller than any solute size a membrane
with pores of different size should be implemented in the model. A pore size distribution could be included in
a similar fashion as described by [Bowen2002]. In this publication the author describes cleatly the advantages
of a pore size distribution. Since the pore size characterization with neutral solute, e.g. glucose, is a reliable
indicator, the model will return more realistic physical parameters and such contradictions as the lack of
agreement between fitted charge and zeta potential measurements described in Section 6.4 can be resolved.
Combination of mixtures of neutral solutes will be sufficient to determine even very complicated pore size
distributions.

[Sievertsen2001 page 35] mentions that the flux at high salt concentrations decreases due to osmotic
pressure and increased viscosity. This influence on viscosity was not taken into account in this work and is
recommended to be investigated in further studies because it offers further insight into the mechanisms that

are important for nanofiltration.

The question that was approached in Section 6.2, whether the support layer influences transport through
nanofiltration membranes could be revisited by a collaboration with membrane manufacturers who could
provide the unfinished membrane which is not covered with the active layer yet. Thereby this question could
be conclusively resolved.

Hydration effects are critical as the diameter of the pores of nanofiltration membranes is in the range of
one nanometer which is approximately the size of three water molecules [EMST2013 page 1276]. An
important question is also the extent of ion hydration inside the nanopores as addressed by [Richards2013].
Experiments with other ions which exhibit different speciation and hydration properties could improve

understanding of these steric effects.

Currently not included effects could be implemented, such as the dispersion forces desctribed by
[Szymczyk2005], which could lead to a lowered interaction energy batrier. However this influence has been
shown to be low compared to the effect of dielectric exclusion.

As shown in this thesis, such refinements are worthwhile considering the already considerable precision of
the model at its current state.
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Appendix A — Hagen Poiseuille for NF

[Melin2007 page 77] The Hagen Poiseuille equation describes the volume flow of an incompressible
Newtonian fluid through a straight pipe at a given pressure drop between its inlet and outlet.

.
_Tr Ap (A1)
8u-L
The variables of the pipe through which the flow V will emerge are illustrated in Figure 84.
le L -J|
P2 P1

Figure 84: Model pipe for the Hagen-Poiseuille equation, equation (A.1).

The porosity of the membrane Ay is defined as its void fraction, i.e. for straight pores as the ratio of the sum

of the surface of all pores to total surface.

a =2zl T a2)
The flux will then be the sum of the volume flows through all pores divided by the effective membrane area.

Z?zll./l_n-V_n-V-Ak_V-Ak

=TT T a2 T
Equation (A.1), and (A.3), as well as the definition of the pore length by the effective membrane thickness,

(A.3)

can be combined to yield:

12 Ap - Ay
Jo = 8u - Ax

The viscosity within the pores can be calculated according to Equation .

(A4)
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Appendix B — Friction coefficient
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Figure 85: Friction coefficient as a function of the Reynolds number.
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Appendix C — Membrane data

Literature sources are listed at the end of the data tables.

Table 25: Properties of membranes from Microdyn-Nadir.

Membrane name NP030 NP010 MPO005

Material Polyethersulfone Polyethersulfone Polyethersulfone
[MN2014] [MN2014] [MN2014]

Type NF [MN2014] (semi- NF [MN2014] (porous MF [MN2014]
porous [Darvishmanesh2009])

Pore radius

Thickness

Performance

Contact angle

[Darvishmanesh2009])

0.74 nm [Wang2005b]
and [Carvalho2011b]
Volume fraction of small
pores 53.7 % and large
pores 8.3 % [Conidi2014]

REM images in
[Wang2005b]

@ 40 bar, 20°C, stirred
cell 700 min-!
Ju,0 >
[MN2014]
Ju,o = 40...701/m?h
[Wang2005b)]

Rya,s0, = 80...95 %
[Wang2005b]

Ryact = 25...35 %
[Wang2005b]

Rya,s0, = 100 %
@0.2 g/1, 18 bar, pH 8,
25°C, Re=890
[Afonso2012]

Ryaci = 99 % @0.2 g/,

40 1/m?h

18 bar, pHS8, 25°C,
Re=890 [Afonso2012]
Rerucose = 28 %
@0.2 g/1, 18 bar, pH 8,
25°C, Re=890
[Afonso2012]

RXleSE =16%

@0.2 g/1, 18 bat, pH 8,
25°C, Re=890
[Afonso2012]

Hydrophilic ~ [MN2014]

1.33 nm [Wang2005b]
but 0.743
[Carvalho2011b]

REM images in
[Wang2005b]

@ 40 bar, 20°C, stirred
cell 700 min-!
Ju,0 >
[MN2014]
Ju,0 = 200...400 1/m*h
[Wang2005b)]

Rya,s0, = 35...75 %
[Wang2005b]

Ryact = 10...20 %
[Wang2005b]

Rya,s0, = 99 %
@0.2 g/1, 18 bar, pH 8,
25°C, Re=890
[Afonso2012]

Ryact = 97 % @0.2 g/1,

200 1/m?h

18 bar, pHS, 25°C,
Re=890 [Afonso2012]
Rerucose = 6%
@0.2 g/1, 18 bar, pH 8,
25°C, Re=890
[Afonso2012]

Ryyiose = 8 % @0.2 g/1,
18 bar, pH 8, 25°C,
Re=890 [Afonso2012]

Hydrophilic ~ [MN2014]

25 nm [MN2014]

@ 0.7 bar, 20°C, stirred
cell 700 min-!

Ju,0 > 2001/m*h
[MN2014]
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MWCO

pH range

Tmax

pmax

Permeability Ly,

Ak/Ax

Charge characteristics

[Wang2005b]

[Wang2005b]

31° [Génder2011]
82° [Conidi2014]

400 Da

[MN2014]

[Conidi2014]

0...14 [MN2014]
95°C [MN2014]

40 [Carvalho2011b]
43610-11 m/Pas

95°C [MN2014]

0...14 [MN2014]

1000 Da [MN2014]

40 [Carvalho2011b]
6.4710-11 m/Pa s

[Carvalho2011b] [Carvalho2011b]

16 L./m?/h/bar 50 L./m?/h/bar
[Arkell2013] [Arkell2013]
1.3L/m?/h/bar @20°C 9.5L/m?/h/bar @20°C
[Koschuh2005] [Koschuh2005]

2...6 L/m?/h/bar
@25°C [Afonso2012]
2...6 kg/h/m?/bar
[Restolho2009]

300,058 m! [Wang2005b]

[Restolho2009]

11...30 L/m?/h/bar
@25°C [Afonso2012]
11...30 kg/h/m?/bar

35,757 m! [Wang2005b]

IEP pH 4 [Hepsen2012]

Table 26: Properties of membranes from Dow Filmtec.

Membrane name

NF 270

NF 90

Material

Type

Pore radius

Thickness

Permeability L,

Polyamide [DOW2014]
Semi-aromatic
composite [Kim2007]
Active groups: COO-

NF [DOW2014]

0.38 nm [Richards2013]
0.42 nm [Semiao2013]

piperazine

21 nm [Semiao2013]

0.2232 I./m?bar h [Richards2013]
4.7 1./m?bar h [Natbaitz2013]
0.6 L/m?bar h [Brito2013]
20...31 L/m?/h/bar
[Afonso2012]

3.88 um/s/bar
[Cancino2011]

20...31 kg/h/m?/bar
[Restolho2009]

29.1 m/d/bar [Kim2007]
14.86 1/m?/h/bar [Yiiksel2013]

@25°C

@15°C

Polyamide [DOW2014]

NF [DOW2014]

0.494 nm [Carvalho2011b]
0.34 nm [Richards2013]

0.34 nm [Nghiem2008]

0.476 nm [Santa2008]

REM images in [Brito2013]

55L/m?barh  [Carvalho2011b]
12.5 L/m?bar h [Sotto2013]
0.1998 1./m?bar h [Richards2013]
11.1 L/m?barh  [Richards2013]
5.03 L/m?bar h [Heff2013]
0.85 L/m?bar h [Brito2013]
10.4 L./m?bar h [Xu20006]
1.54 um/s/bar
[Cancino2011]

6.05 L./m?/h/bar [Yuksel2013]
8.1 L/m?/h/bar [Zirehpour2012]

@15°C
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MWCO
Tmax
pmax
pH
Performance
Ak /Ax

Zeta potential

17 I./h/m?/bar [Semiao2013]
14.6 L/h/m?/bar [Zitehpour2012]

200...300 Da [Brito2013]
[Kim2007] [Bunani2013]
150...200 Da [Cancino2011]

180 Da [Semiao2013]

45°C [DOW2014]
41 bar [DOW2014]
3...10 [DOW2014]

@ 0.48 MPa, 25°C

RMgSO4 - 97 % @2000ppm
[DOW2014]

Rcact = 40...60% @500ppm
[DOW2014]

RNa2504 =96% @02 g/l, 18 bar,
pH 8, 25°C, Re=890 [Afonso2012]
Ryact = 96 % @0.2 g/1, 18 bat,
pH 8, 25°C, Re=890 [Afonso2012]
RNaCl = 52% @01 M, 10 bar
[Semiao2013]

Ryaci = 35 % [Zirehpour2012]
Rgiucose = 52 % @0.2 g/1, 18 bat,
pH 8, 25°C, Re=890 [Afonso2012]
Rxyiose = 34 % @0.2 g/1, 18 bar,
pH 8, 25°C, Re=890 [Afonso2012]
React, = 40...60 % [Kim2007]

990,099 m-! [Richards2013]
1.1 pm [Semiao2013]

-10 mV @ pH 6.2 [Richards2013]
-41.3 mV @pH 9 [Cancino2011]
-6.8 mV @pH 7 stream-through
potential [Cancino2011]

-15mV - @pH 7  stream-across
potential [Cancino2011]

Isoelectric point at 3.3
[Cancino2011]

¢ = -51.6mV @ 10mM NaCl,
pH 7 [Kim2007]

IEP pH 3.3 [Hepsen2012]

¢ = -55mV @ 1mM NaCl, pH 7,
30°C [Kaufman2014]

¢ = -25mV @ 150mM NaCl,
pH 7, 30°C [Kaufman2014]

IEP at pH 3.6 [Semiao2013]

¢ = -80 mV [Dukhin2012]

{ = 54mV @ pHS

180 Da [Carvalho2011b] or
200 Da [Sotto2013] [Cancino2011]
[Bunani2013]

45°C [DOW2014]
41 bar [DOW2014]

3...10 [DOW2014]
2...11 [Carvalho2011b]
4...11 [Sotto2013] 3...10

@ 0.48 MPa, 25°C, 2000 ppm
Ryact = 85...95 % [DOW2014]
Rugso, > 97 % [DOW2014]
Rcact = 40...60 % (@500ppm
CaCl) [DOW2014]

Ryact = 95 % @10mM, 13.8 bat,
pH 7 [Cancino2011]

Rygcr = 84 % [Zitehpour2012]

684,932 m'  [Richards2013]
0.2 um [Santa2008]

-18 mV @ pH 6.2 [Richards2013]
-10 mV @ pH 7 [Heff2013]
-37 mV @pH 9 [Cancino2011]

Isoelectric point at 3.6
[Cancino2011]

IEP pH 3.5 [Hepsen2012]

¢ = -27 mV @ pHS8
[Zirehpour2012]
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Contact angle

[Zirehpour2012]

Hydrophilic [Brito2013]
30° [Cancino2011]
29.1° [Zirehpour2012]

Hydrophilic [Brito2013]
44.7° or 63.2° [Cancino2011]
065.6° [Zitehpour2012]

Table 27: Properties of membranes from Koch Membrane Systems.

Membrane name SelRO MPF34 SelRO MPF36 SW SR100

Material Proprietary Proprietary Proprietary Proprietary
[Koch2012] [Koch2012] [Koch2012] [Koch2012]
Polysulphone active- Polyamide Polyamide
and  sublayer and
cellulose acetate
support
[Matsumoto2005] ot
Polydimethylsiloxane
[Othman2010] or
Polysulfone on
Polypropylene
[Ramadan2010]

Type NF [Koch2012] NF [Koch2012] RO [Koch2012] NF [Koch2012]
(dense
[Darvishmanesh2009])

Pore radius

Thickness REM image in
[Matsumoto2005]

Tnax 50°C [Koch2012] 50°C [Koch2012] 45°C [Koch2012]  50°C [Koch2012]
70°C [Sungpet2004] 70°C
[Sungpet2004]
Pmax 35bar  [Koch2012] 35 bar [Koch2012] 82,75 bar 41.4 bar

[Arkell2013] [Arkell2013] [Koch2012] [Koch2012]

pH 0...14 [Koch2012] 1...13 [Koch2012]  4...11 [Koch2012] 4...10 [Koch2012]
[Guastalli2009] 0...14

[Guastalli2009]

MWCO 200 Da  [Koch2012] 1000 Da 200 Da
[Arkell2013] [Koch2012] [Koch2012]
[Sungpet2004] [Arkell2013]
325 Da [Sungpet2004]
[Matsumoto2005] or [Koschuh2005]
200 Da [Guastalli2009]
[Darvishmanesh2009]
300 Da
[Guastalli2009]

Permeability L, 2 L./m?bar h 6 L/m?bar h 1 L/m2?bar h 0.9 L./m?bar h
[Koch2012] ot [Koch2012] [Koch2012] [Koch2012]
667 m/bar/s 6.7 L/h/m?/bar
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[Matsumoto2005]
0.6072um/s/bar
[Othman2010]

2 1./h/m?/bar
[Guastalli2009]
1.75 L/m?/h/bar
[Arkell2013]

2.79 L/m?/bar/h

@60°C [Sungpet2004]

[Guastalli2009]
25 L/m?/h/bar
[Arkell2013]

21.24 L./m?/batr/h

@60°C
[Sungpet2004]
6 L/m?/h/bar
@20°C
[Koschuh2005]

Performance @ 30 bar, 30°C @ 30 bar, 30°C @ 55.2 bar, 25°C, @ 6.55 bar, 25°C,
Ryact = 35% @5% Rygso, = 92% 328 g/L NaCl, pH75,5¢g/L
[Koch2012] @5000ppm pH 75 Rygso, > 99 %
[Guastalli2009] Ryact = 10% R~ = 99.75% [Koch2012]
[Arkell2013] @5% [Koch2012] [Koch2012]
RGlucose 95 % [Guastal]i2009]
@3% [Koch2012] [Arkell2013]
Rsucrose = 97%  Rguucose 30 %
@3% [Koch2012] @3% [Koch2012]
Rsucrose = 50%
@3% [Koch2012]
Contact angle Hydrophilic
[Darvishmanesh2009]
Table 28: Properties of membranes from Alfa Laval.
Membrane NF (NF99) RO90 RO99 NF99 HF
Material Polyamide thin film Proprietary ~ thin Proprietary  thin Polyamide thin film
composite on film composite on film composite on composite on
Polyester [AL2013]  polyester support polyester support Polyester [AL2013]
[AL2013] [AL2013]
Type NF RO NF [AL2013]
Pore radius
Thickness
Performance RN(12504 > 98 0/0 RNaCl > 90 0/0 RNa2504 98 O/O RMgSO4 > 98 O/O
@2 g/], 9 bar, @2 g/, 9 bar, @0.2¢g/l, 18bar, @2000ppm, 9 bat,
pH 8, 25°C pHS, 25°C pH 8, 25°C, pHS§, 25°C
[AL2013] [AL2013] Re=890 [AL2013]
[Catarino2011] [Afonso2012] [Catarino2011]
Ryact = 97% Rya,s0, = 97%
@0.2g/l, 18bar, @0.2g/l, 18 bar,
pH 8, 25°C, pHS, 25°C,
Re=890 Re=890
[Afonso2012] [Afonso2012]
RGiucose 96 %  Rygqc = T72%
@0.2g/l, 18bar, @0.2g/l, 18 bar,
pH 8, 25°C, pH 8, 25°C,
Re=890 Re=890
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[Afonso2012]
Ryyiose = 93%
@0.2g/1, 18 bat,
pH 8, 25°C,
Re=890
[Afonso2012]
Ryact > 98%
@2 g/], 16 bat,
pH 8§, 25°C
[AL2013]

[Afonso2012]
Reucose 75 %
@0.2¢/l, 18 bat,
pH S, 25°C,
Re=890
[Afonso2012]
Rxyiose = 59 %
@0.2¢/l, 18 bar,
pH S, 25°C,
Re=890
[Afonso2012]

Tmax 50°C @max. 33 bar  50°C [AL2013] 50°C [AL2013] 50°C [AL2013]
[AL2013]
Pmax 55 bar @30°C 55 bar [AL2013] 55 bar [AL2013] 55 bar @30°C
[AL2013] [AL2013]
pH 3...10 @25°C 3...10 @25°C 3...10 @25°C  3...10 @25°C
[AL2013] [AL2013] [AL2013] [AL2013]
Permeability L, 10 kg/h/m?/bar 2..3L/m?/h/bar 13 1/m?/h/bar
[Restolho2009] @25°C [Li2010]
54118 1/m2/h/bar [Afonso2012] 1.12 L/m?bar h
[Li2010] 2...3kg/h/m?/bar  @23°C, pure
[Restolho2009] ethanol
2.5 1/m2/h/bar [Fornasero2013]
[Li2010] 1.57 L/m?bar h
@35°C, pure
ethanol
[Fornasero2013]
9...18 L/m?/h/bar
@25°C
[Afonso2012]
9...18 kg/h/m?/bar
[Restolho2009]
MWCO 200 Da 200 Da
[Catarino2011] [Catarino2011]
Table 29: Properties of membranes from GE Desal Osmonics.
Membrane SG DK DL HL CK
Material Proprietary Proprietary [GE2013]  Proprietary Proprietary Cellulose
[GE2013] Polysulphone active- [GE2013] [GE2013] acetate
and  sublayer and Polyamide [GE2013]
cellulose acetate  [Othman2010]
support
[Matsumoto2005]  or
Polyamide
[Othman2010]
Type RO [GE2013] NF [GE2013] (dense NF [GE2013] NF [GE2013] NF [GE2013]
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Pore radius

Thickness
Performance | H,0
22 1/m?h
[GE2013]
RN act ~
98.2 %
[GE2013]
Contact angle
pH 1...11
[GE2013]
Tmax 80°C
[GE2013]
Pmax 40 bar
[GE2013]
MWCO
Permeability
Lp
Charge
characteristics

u

[Darvishmanesh2009])
0.45 nm [Oatley2013]

REM image in
[Matsumoto2005]

Ju,o = 221/mh
[GE2013]

Rugso, = 98 %
[GE2013]

Ryact < 50 % @5%,
30bar, 30°C
[Guastalli2009]
[GE2013]

Hydrophilic
[Darvishmanesh2009]

2...10 [GE2013]
1...11 [Guastalli2009]

80°C [GE2013]
90°C [Guastalli2009]

40 bar [GE2013]

285 Da
[Matsumoto2005]
150-300 Da
[Darvishmanesh2009]
150-300 Da
[Guastalli2009]

1278 um/bar h
[Matsumoto2005]  or
1.1395 um/s/bar

[Othman2010]

2.4 L/h/m?/bar
[Guastalli2009]

-4 mV for KCl,
MgSO4 -6 mV  for
N2a,SO4 -14mV for
NaCl 1IEP at
pH3.5...4

0.73 nm
[Sharma2008]
Volume fraction
of small pores
18.8 % and large
pores 1.7 %
[Conidi2014]

Ju,0 = 311/m*h
[GE2013]
Rugso, = 96 %
[GE2013]
[Conidi2014]
Ryact <40 %
@5%, 30bat,
30°C
[Guastalli2009]
[GE2013]

46° [Conidi2014]

2...10 [GE2013)]
1...11
[Guastalli2009]

80°C [GE2013]
90°C
[Guastalli2009]

40°C [GE2013]

150-300 Da
[Guastalli2009]
268 Da
[Sharma2008]

1.3665 um/s/bar
[Othman2010]

or

10 L/h/m?/bar
[Guastalli2009]

Effective charge
density of -
2.02 meq/L
[Sharma2008]
IEP pH 3.2

Ju,0

39 1/m*h
[GE2013]
Ruygso, =
95 %
[GE2013]

3.9
[GE2013]

50°C
[GE2013)]

40 bar
[GE2013]

u

Jh,0

28 1/m*h
[GE2013]
Rya,so, =
92 %
[GE2013]

2.8 at 25°C
[GE2013]

30°C
[GE2013)]

15 bar
[GE2013]

200 Da
[GE2013]
150 Da
[Bunani2013]
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[Oatley2013] [Hepsen2012]
Thickness to 144 um
porosity ratio [Sharma2008]

Table 30: Properties of membranes from Toray.

Membrane UTC 60 uTC 70 UTC 70 HF
Material Polyamide separation Polypiperazine-amide
layer [Tsuru1994] [Ahmed2010]
Polypiperazine polyamide Polypiperazine polyamide
composite [Kim2007] composite [Kim2007]
Type NF [Kim2007] tight NF [Ahmed2010]
Low pressure RO
[Kim2007]
Pore radius
Thickness
Permeability L, 10 L/m?/h/bat  @25°C  13.2 m/d/bar [Kim2007]
[Bruggen2001]
2.5 um/s/bar
[Tsurul994]
14.9 m/d/bar [Kim2007]
pH 3...9 [Bruggen2001]
3...8 [Tsurul994|
Tnax 35°C [Bruggen2001]
45°C [Tsurul994]
Pmax 15 bar [Bruggen2001]
28 bar [Tsurul994]
Charge characteristics Positive = -51.1mV @ 10 mM
Negative @pH 7 NaCl, pH 7 [Kim2007]
[Tsurul994]
( =-347mV @ 10 mM
NaCl, pH 7 [Kim2007]
MWCO =~ 200 Da 65 Da [Kim2007]
150 Da [Kim2007]
Performance @30 mol/m?, 5bar, Rygcr = 99.52 %
25°C @1.5 g/1.,7.5 bar
Ryact = 58 % [Ahmed2010]
RNa2504 =97% RNaCl =99.5 %
Rugct, = 65 % [Kim2007]
RNaCl = 45...55%
[Kim2007]
Contact angle 51.6° [Kim2007] 54.4° [Kim2007]
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Appendix D — Model input data and testing

Besides parameters that ate specific of the membrane (Section 6.1) and the feed solution (Section 6.5 and 6.6)
the model requires a number of physical constants and system parameters that should be listed here in order
to be clear about their values used in the computations.

e Molar gas constant 8.3144621 J/mol/K

e Feed side characteristic length of the channel L is 0.17 m
e Avogadro constant 6.02214129*(10723) in 1/mol

e Constants for Sherwood: a = 0.002 b = 0.04

1010
Pressure
in bar;
1005
200
E 100
;'c} 1000 60
-8 50
3 40
g 995
s 30
; ~25
Z 990 --20
[-*]
a) —15
=10
985 --5
—1
980
0 10 20 30 40 50 60

Temperature in °C

Figure 86: Density of water as a function of temperature for different pressures in bar. Calculated using the
formulation proposed by [Tanaka2001].

Program code for the pure water density formulation:
function [waterdensity] = Density( temp, TMP )

% water density formulation
% from Tanaka-M. 2001 Metrologia.pdf

temcelsius = temp - 273.15; %conversion from K to °C
TMPPa = (TMP+1)*10"(5); %conversion from bar to Pa
aal = -3.983035; %in °C

aa2 = 301.797; %in °C

aa3 = 522528.9; %in °C

aad = 69.34881; %in °C

aab = 999.97495; %in °C

kkO = 50.74*10"(-11); %in 1/Pa
kkl = -0.326*10"(-11); %in 1/Pa/°C
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kk2 = 0.00416*10"(-11);

%in 1/Pa/°C?

waterdensity = aab* (1l-
((temcelsius+aal) "2* (temcelsius+aa?))/ (aa3* (temcelsius+aad)))* (1+ (kkO+kkl*temc
elsius+kk2*temcelsius”2) *TMPPa) ;
end
2
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Figure 87: Viscosity of water as a function of temperature for different densities (expressed as pressures by the
relationship in Figure 86) calculated using the formulation proposed by [Huber2009].

Program code for the pure water viscosity formulation:

function [waterviscos] = Viscosity( temp, waterdensity )

$From Huber-M.L. 2009 J.-Phys.-Chem.-Ref.-Data.pdf

%dimensionless formulation

t quer = temp/647.096; %relative to critical temperature in K

rho quer = waterdensity/322; Srelative to critical density in kg/m?

$p _quer = TMP/220.64; %relative to critical pressure in bar
%0. zero density term

HO=1.67752;

H1=2.20462;

H 2 = 0.6366564;

H 3 = -0.241605;

mu 0 = 100* (t quer)~(0.5)/(H 0 + H 1/(t quer) + H 2/(t quer”2) +
H 3/(t_quer”3));
%1. residual density term

H 00 = 5.20094*10"(-1) ;
H 10 = 8.50895%10" (-2) ;
H 20 =  -1.08374 ;
H 30 =  -0.289555 ;
H 01 = 2.22531%10%(-1) ;
H 11 = 9.99115*%107(-1) ;
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H 21 = 1.88797 ;
H 31 = 1.26613 ;

H 51 = 1.20573*10%(-1)
H 02 = -0.281378 ;

H 12 =  -0.906851 ;

H 22 = -0.772479 ;

H 32 = -0.489837 ;

H 42 =  -0.25704 ;

H 03 = 1.61913*10"(-1)
H 13 = 2.57399%10"(-1)
H 04 =  -0.0325372 ;

H 34 = 6.98452*%10"(-2)
H 45 = 8.72102*%10"(-3)
H 36 =  -0.00435673 ;

H 56 = -0.000593264

mu 1i0 = (1/t _quer - 1)"
1)*(1)+H_02* (rho quer-1)
mu 1il = (1/t gquer - 1)"

1)~ (1)+H 12* (rho_quer-1
mu 1i2 = (1/t_quer - 1)
1)~ (1)+H 22* (rho_quer-1
mu 1i3 = (1/t quer - 1)

1)*(1)+H_32* (rho quer-1)
mu 1i4 = (1/t quer - 1)"(
mu 1i5 = (1/t _quer - 1)"(5)
mu 1 = exp(rho quer *
%2 . nearcritical term - not considered here

’
*

(H_00* (rho_quer-1)"(0)+H 01* (rho quer-

)+H _04* (rho _quer-1) " (4)+H 03* (rho _quer-1)"(3));

*

(H_10* (rho_quer-1)~(0)+H 11* (rho quer-

)+H 13* (rho quer-1)"(3));

*

))

*

(H _20* (rho_quer-1)*(0)+H_21* (rho_quer-

(H_30* (rho_quer-1)~"(0)+H _31* (rho quer-

)+H _34* (rho _quer-1) " (4)+H 36* (rho_quer-1)"(6)

*

*

(H_42* (rho_quer-1) *(2)+H_45* (rho_quer-1) " (
(H _51* (rho_quer-1) " (1)+H 56* (rho quer-1) " (

(mu_1i0+mu_ 1lil+4mu 1i2+mu 1i3+mu_ lid+mu 1i5));

mu 2 = 1;

% Combination of the three terms
mu quer = mu 0O * mu 1 * mu 2;
waterviscos =

end
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mu_quer * 107(-6); S%water viscosity in Pa*s

) ;
5)
6)

)
)
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Figure 88: Relative permittivity of water as a function of temperature for different densities (expressed as pressures
by the relationship in Figure 86) calculated using the formulation proposed by [Fernandez1997].

Program code for the pure water permittivity formulation:

function [eps b] = Permittivity( avogadro, boltzmann, temp, eps O,
waterdensity )

% Water relative permittivity from Fernandez-D.P. 1997 J.-Phys.-Chem.-Ref.-
Data.pdf

$parameters from Fernandez-D.P. 1997 J.-Phys.-Chem.-Ref.-Data.pdf
Nk( )=0.978224486826;

2)=-0.957771379375;

)=0.237511794148;

)=0.714692244396;

)=-0.298217036956;

)=-0.108863472196;

)=0.949327488264*10"-1;

)=-0.980469816509*10"-2;

)=0.165167634970*10"~ 4'

0)=0.937359795772*10"-

1)=-0. 123179218720*10A 9'

2)=0.196096504426*10"-2;
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geesum=0;
for i=1:11

geesum=geesum+Nk (1) * (waterdensity/322) " (eyek (1)) * (647.096/temp) ~ (Jayk(i)) ;

end
gee=1l+geesum+Nk (12) * (waterdensity/322) * (temp/228-1) " (-1.2);

waterpolarizability = 1.636*10"(-40); %unit: C?/J/m?

waterdipolemoment = 6.138*10"(-30); %unit: C*m

watermolarmass = 0.018015268; %unit: kg/mol
asubden=waterdensity/watermolarmass; Swater amount of substance density in
mol/m?3

afern = (avogadro * waterdipolemoment”2 * asubden*gee)/(eps 0 * boltzmann *
temp) ;

bfern = (avogadro * waterpolarizability * asubden)/(3* eps 0);

eps_b counter = (1 + afern + 5 * bfern + (9 + 2 * afern + 18 * bfern + afern”2
+ 10 * afern * bfern + 9 * bfern”2)”(0.5));

eps b denom = (4 - 4 * bfern);

eps b = eps b counter/eps_b denom;

end
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— Model input data and testing
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Figure 89: Testing the model: Calculation of hindrance factors for different values of pore radius. The results differed
only in the range of 10-4 and can thus be seen as an accurate representation of the equations used.

157



Hoyer — Post-mining water treatment: Nanofiltration of uranium-contaminated drainage.
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Figure 90: Corrected mass transfer coefficient at different hydrodynamic conditions, i.e. versus cross-flow velocity
and for different volumetric permeate flux values (the value is indicated in the legend behind the ions name, where
e.g. “Cl- 5” means for a flux of 5¥10”-5 m/s). Conditions used for the calculation: NaHCO3 and KCI both at 10mM,
25°C, 15bat. Test cell geometry as specified in Section 4.
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Figure 91: Pore dielectric constant calculated according to Equation (4.2).
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Figure 92: Born partitioning coefficient versus pore radius at the example given in the caption of Figure 90.
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Figure 93: Steric partitioning coefficient versus pore radius at the example given in the caption of Figure 90.
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