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Abstract

Due to increasing competitive pressure and a growing focus on environmentally friendly and
sustainable production processes, energy-efficient and resource-saving processes are becom-
ing more and more important. Organic solvent nanofiltration (OSN) is a relatively young
membrane-based separation technology offering a high potential in process intensification com-
pared to usual fluid separations: OSN enables up to 90 % energy savings and is able to separate
mixtures without thermal stress or the use of additives.

Despite these advantages application in industry still faces many challenges. The lack of pre-
dictability of separation performance of polymeric membranes currently requires time-consum-
ing, experiment-based process development. Contrarily, the pressure for accelerated process
development based on experience or simulations is increasing, particularly in the specialty
chemicals industry. Ceramic membranes promise a better predictability of separation in ad-
dition to higher resistance in terms of chemical, thermal and mechanical stress in comparison
to polymeric membranes, but their development for OSN is considerably less advanced. Data

and experience is marginal, particularly in the region of low cut-offs (<600 g/mol).

In this work two different approaches are pursued to significantly accelerate the development
of OSN processes. On the one hand, with regard to polymeric membranes a systematic inves-
tigation on the interactions between membrane, solvent and solute is carried out. From these
results, an heuristic approach is developed which allows the identification of the best membrane
for a given separation problem based on easily accessible or computable properties. Addition-
ally, predictability and understanding of the complex separation performance is significantly
improved.

On the other hand, the separation behavior and the influence of diverse properties of ceramic
membranes are investigated, in parallel to the development of new, narrow-pore separation lay-

ers for ceramic membranes, which are particularly suited to organic solvents. A transport model
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originally developed for aqueous nanofiltration is adapted and extended to an organic environ-
ment. The results of a permporometry measurement serve as the only input parameters for this
new model. This measurement provides information about the mean pore size and the number
of defect pores in the separation layer. The experimental results of rejection of the new mem-
branes and the simulation are in very good accordance.

Finally, the economic potential of organic solvent nanofiltration in a multi-purpose process en-
vironment is evaluated for a real production facility. Special terms and conditions in producing
the high value and high purity substances, such as the application of a plant for several products

at the same time with high yields and a good cleanability, are considered.



Kurzzusammenfassung

Durch steigenden Wettbewerbsdruck und einem zunehmenden Fokus auf ressourcenschonende,
nachhaltige Produktionsverfahren, werden flexible, energie- und rohstoffsparende Prozesse in
der chemischen Industrie immer wichtiger. Die organophile Nanofiltration ist ein relativ junges,
membranbasiertes Trennverfahren, welches gegeniiber herkdmmlichen thermischen Trennpro-
zessen ein grofles Potenzial zur Prozessintensivierung bietet. So konnen mit diesem Verfahren
Stoffgemische mit bis zu 90 % weniger Energieaufwand, ohne Temperaturbelastung der ent-
haltenen Produkte und ohne den Einsatz von Additiven getrennt werden.

Trotz der genannten Vorteile steht der groBtechnische Einsatz dieser Technologie immer noch
vor vielen Herausforderungen. Die schlechte Vorhersagbarkeit des Trennverhaltens polymerer
Membranen erfordert aktuell eine zeitaufwendige, auf Experimenten basierte Prozessentwick-
lung. Dem steht jedoch insbesondere in der Spezialchemieindustrie ein immer grofer wer-
dender Druck zur schnellen erfahrungs- oder modellbasierten Prozessentwicklung entgegen.
Keramische Membranen versprechen gegeniiber polymeren Membranen neben einer besseren
Vorhersagbarkeit der Performance eine hohere Stabilitéit hinsichtlich chemischer, thermischer
und abrasiver Belastung. Allerdings ist hier die Membranentwicklung deutlich weniger fort-
geschritten, so dass die Daten- und Erfahrungslage vor allem im Bereich niedriger Trenngren-
zen (<600 g/mol) noch sehr gering ist.

Um die Prozessentwicklung von Membranverfahren zukiinftig deutlich beschleunigen zu kon-
nen, werden im Rahmen dieser Arbeit zwei verschiedene Ansitze verfolgt. Fiir polymere Mem-
branen wird eine umfassende Untersuchung der dreidimensionalen Wechselwirkungen zwi-
schen Membran, Losungsmittel und Komponenten durchgefiihrt. Aus den Ergebnissen wird
eine Heuristik entwickelt, die es ermdglicht auf Basis von einfach zugénglichen oder berechen-
baren Stoffparametern die geeignetste polymere Membran fiir ein gegebenes Trennproblem zu
identifizieren. Dadurch kann das Verstdndnis und die Vorhersagbarkeit des komplexen Trenn-

vorgangs deutlich verbessert werden.



Kurzzusammenfassung vi

Fiir keramische Membranen werden begleitend zu der Entwicklung von neuen, engporigeren
Trennschichten fiir den Einsatz in organischen Losungsmitteln das Trennverhalten und der
Einfluss verschiedener Eigenschaften der neuen Membranen untersucht. Zudem wird ein ur-
spriinglich fiir die wéssrige Nanofiltration entwickeltes Transportmodell fiir die organische
Umgebung angepasst und erweitert. Als Eingangsparameter fiir das neue Modell dienen lediglich
Daten, die aus Permporometriemessungen gewonnen werden. Diese gibt Auskunft iiber die mit-
tlere PorengroBe und den Defektporenanteil. Der Riickhalt der neuen Membranen kann so mit
sehr guten Ubereinstimmungen zwischen Modell und Experiment simuliert werden.
Abschliefend wird das wirtschaftliche Potenzial in einem Multi-Purpose-Prozessumfeld am
Beispiel eines realen Produktionsbetriebes der Merck KGaA bewertet. Dafiir werden die speziel-
len Bedingungen, die die Herstellung der hochwertigen und extrem reinen Substanzen wie die
flexible Einsetzbarkeit der Anlage fiir verschiedene Produkte bei gleichzeitig zu realisierenden
hohen Produktausbeuten und die Reinigbarkeit aller produktberithrenden Anlagenteile, beriick-

sichtigt.
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Nomenclature

Latin Variables

A

Cmnu
Cop
CrL
Cps

cost

dsy,

Ecoh

Jo

Area [m?]
Activity [molm 2]
Fraction of solute passing by viscous flow in the model of Tarleton[ 1] [-]
Dimensionless variable in the model of Bowen and Welfoot[2]] [-]
Specific permeability of the membrane [m?]
Concentration [molm ™3]
Amortization costs [MUa™ ']
Specific heat capacity at constant pressure kg 'K
Costs for energy demand of distillation [MUa™!]
Costs for energy demand of OSN [MUa ]
Costs due to reduction of machine hours [MUa ']
Operating costs [MUa™ ']
Costs due to product losses [MUa™']
Costs due to process shortening [MUa ']
Specific rate for various resources [MU (a.u.)_l]
Diffusion coefficient [m?s™']
Thickness of a solvent layer at a pore wall [m]
Cohesive energy [J]
Parameter characteristic of mixture of solvents [3]] [sm?]



Nomenclature xii
fi Membrane parameter characteristic of the NF membrane layer [3]] [ms™']
fi Membrane parameter characteristic of the UF membrane layer [3]] [m']
H Enthalpy kg1
HVgqs Heating value of natural gas [Tkg™ o
1 Investment costs [MU]
J Membrane flux [a.u.]
k Mass transfer coefficient [ms™!]
K. Uncharged solute hindrance factor for convection [-]
K, Uncharged solute hindrance factor for diffusion [-]
K; Sorption coefficent [-]
L Coefficient [a.u.]
l Membrane thickness [m]
M Molecular weight [kgmol ]
m Mass [kel
mF Mass flow kg h~1]
N Number per year (of) [a=1]
n Empirical exponent in the model of Bhanushali[4] [-]
P Membrane permeability [a.u]
P Permeability of nitrogen in permporometry [molh~!Pa~!m~2]
P Power kg mZs 3]
p Pressure [Pa]
Ds Saturated vapor pressure [Pa]
Pe’ Modified peclet number [-]
Pot;, Technical potential [MUa ']
Pot,, Theoretical potential [MUa™ ]
Pr Profit [MUa™ ']
0 Molar flow [molh™!]



Nomenclature xiii
q (rp) Truncated probability density function [m~!]
q(rp) Theoretical probability density function [m~!]
R Rejection [-]
rp Pore radius [m]
Fs Solute radius [m]
Rins Intrinsic rejection [-]
ROI Return on investment [-]
RV Residual value [MU]
S Selectivity [-]
Sy Volume related specific surface [m?m 3]
T Temperature K]
t Time (h]
ta Payback period [a]
% Solvent velocity [ms~!]
vE Volume flow [m?s~1]
w Mass fraction [-]
wacc Weighted average cost of capital [-]
Y Dimensionless variable in the model of Bowen and Welfoot[5]] [-]
Z Valence of ion [-]
Greek Variables

2 Interaction parameter [-]
0 Solubility parameter [(J m_3) 0'5]
o Thickness of the boundary layer [m]
£ Porosity [-]
n Dynamic viscosity [kgm~!'s™!]
Np Efficiency factor distillation [-]

Activity coefficient



Nomenclature Xiv
y Surface tension [kgs 2]
Ye Critical membrane surface tension [J3] [kgs?]
Ysv Solid-vapor surface tension in the model of Bhanushali[4] kg s72]
A Ratio of solute radius to pore radius [-]
U Chemical potential [Tmol ']
0 Contact angle [rad]
1) Solute steric partition coefficient [-]
0] Sorption value in the model of Bhanushali[4]] [-]
T Osmotic pressure [Pa]
v Electric potential within the pore [V]
p Density [kgm?]
o) Standard deviation of the pore size distribution [m]
T Tortuosity [-]
v Molar volume [m?mol ']
& Association parameter [-]
Constants

kg Boltzmann constant K]
R Universal gas constant [Jmol~'K~1]
K Carman-Kozeny constant [-]

Common Indices

ay

el

Average

Bulk

Batch

Conditioning of membranes
Distillation

Electricity

Feed



Nomenclature

i Species i

J Species ]

lig Condensable gas in permporometry
M Membrane

MH Machine hour

OSN Organic solvent nanofiltration
P Permeate

PF Pore-flow

R Retentate

S Solvent

s Solute

SD Solution-diffusion

UEL useful economic life

Vv Vaporization

w Water

Abbreviations

BEP Break-even point

DCM Dichloromethane

DEA Diethanol amine

DFT Density functional theory
DMA Dimethylacetamide
DMC Dimethyl carbonate
DMF Dimethylformamide

DMSO Dimethyl sulfoxide
DoE Design of Experiments
EtOH Ethanol

GC Gas chromatography



Nomenclature XVi

GPC Gas permeation chromatography
IBC Intermediate bulk container
IKTS Fraunhofer-Institut fiir Keramische Technologien und Systeme (Institute for Ce-

ramic Technologies and Systems)
IPA Isopropyl alcohol
MeOH Methanol
MF Microfiltration
MTBE Methyl tert-butyl ether
MU Monetary unit
MW Molecular weight

MWCO Molecular weight cut off

NF Nanofiltration

NMP N-Methyl-2-pyrrolidone

OSN Organic Solvent Nanofiltration
PA Polyamide

PAN Polyacrylonitrile

PDMS Polydimethylsiloxane

PEG Polyethylene glycol

PI Polyimide

PIM Polymers of intrinsic microporosity
PMP Poly[4-methyl-2-pentyne]

PS Polystyrene

PTMSP Poly[1-(trimethylsilyl)-1-propyne]

RO Reverse osmosis
ROI Return on investment
STR Stirred tank reactor

TFC Thin film composite
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THF Tetrahydrofuran

UF Ultrafiltration



1 Introduction

Currently, Industry 4.0 is on everyone’s lips. The term originates from a high-tech strategy of
the German government and includes the digitalization of industry. In other countries this topic
is also known as "Advanced Manufacturing", "Smart Manufacturing" or "Factory of the Fu-
ture" [6]]. In this day and age, product life-cycles become shorter and shorter combined with an
increasing price pressure whereas product variety increases and the demanded time-to-market
decreases [7]. Continuous, robust, flexible and optimized processes, have been identified thus
as the main aspects for Industry 4.0 with regard to chemical process industry [6] to foster these
developments. Modularization within the process industry has been defined as a possible solu-
tion approach and thus it becomes one of the big mega trends. Modular plant design promises to
enable fast, flexible and competitive reaction to market developments [7]]. An intermediate stage
to this concept constitutes production in multi-purpose plants. Here, the process units are mod-
ularly designed and either the units themselves or the connections between them are flexibly
combinable. Contrary to the modularization concept, which predominately intends automated

continuous manufacturing, these processes are mostly run step-by-step in batch mode.

A material class which has been manufactured in multi-purpose plants for several years are spe-
cialty chemicals. Their very dynamic production is caused by frequent changes in the product
portfolio as well as an often low total production volume. Specialty chemicals make up the
largest share in German chemical production with an increasing forecast and therefore make a

decisive contribution to safeguarding Germany as an industrial location for the chemical indus-

try [8].

Further mega trends in chemical process industry [9] are focussed on cost reduction and compet-
itiveness such as process intensification and operational excellence or process analytical tech-
nology to increase the automation of chemical processes. Due to increasing energy and resource

scarcity and the increasing awareness for sustainability, ecological and sustainable processing
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becomes more and more important. Reduction of product carbon footprint, energy and raw

material efficiency are thus heavily pursued as well.

Organic solvent nanofiltration (OSN) is a relatively new, emerging pressure-driven membrane
technology for downstream processing with the potential to address most of the latter trends.
Although the concept of membrane separation has been known since the eighteenth century, the
first use only came up after World War II in the 1960s. Larger industrial applications emerged in
the eighties in micro- and ultrafiltration technologies [10]. An application, however, was until
recently only possible in aqueous environments due to the instability of the employed membrane
materials against organic solvents. The development of solvent resistant membranes over the
last twenty years enables entirely new possibilities for an application in the chemical industry.
Now, membrane technology can be used for the separation and purification of compounds in
a molecular weight range between 200 and 1000 g/mol in organic solvents. OSN has thus in
principle the potential for energy and raw material efficient manufacturing. Energy savings up
to 90 % compared to thermal separations are reported [11] and process integrated recycling of

e.g. solvents [[12H15]] or catalysts [[16-19] enables resource savings.

Consequently, OSN is a versatile tool for process intensification and an aid to design sustainable
processes. The major question that shall be addressed in this thesis is whether the technology
is also capable for a use in a modular process concept where no dedicated plants are used and
the downstream unit has to be applicable to several products and different processes. This will
be examined by using the example of the production of specialty chemicals in a multi-purpose

production environment.

To answer this question there are some general challenges in OSN that will have to be pur-

sued:

* Process development for OSN requires a tremendous effort because the most suitable
membrane for each process has to be defined by experimental evaluation. The identi-
fication of the most suitable membrane has to be addressed to simplify and accelerate

laboratory process development.

* Mass transport in OSN is not completely understood. An improvement of the under-
standing of factors influencing the transport mechanism in OSN is essential to estimation

of the process parameters rejection and flux and thus the potential of an OSN process.
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Furthermore, unnecessary, expensive trial-and-error experiments, which are often lead-
ing nowhere, could be reduced. Short-cut models that accelerate the process development
and enable a fast estimation of process feasibility are, thus, the most important task to

evolve OSN into a standard unit operation in process engineering.

* Ceramic membranes promise several advantages as compared to polymeric membranes,
but there is a lack of data and membranes to evaluate whether these membranes are an

alternative to the current state-of-the-art.

* Finally, the economic benefit of OSN in multi-purpose batch processes has to be ques-

tioned with regard to its most decisive process parameters.

An overview of the state-of-the-art of OSN and on the fundamentals of a multi-purpose pro-
duction environment is given in chapter 2| to define the subjects of this thesis more precisely.
In chapter [3] these subjects are elaborated and the consequential structure of this work is pre-

sented.

The results of this work shall provide a first approach to assess the technological and economic
potential of an application of OSN in a multi-purpose process environment. As a prerequisite,
different aspects will be investigated to ease the process development of OSN and improve the
current understanding of the occurring transport phenomena, thus providing an enhanced pre-
dictability of OSN process feasibility. Due to the focus on industrial applications, this work will
not consider the wide range of membranes in developmental stage or membrane development

itself but only membranes which were commercially available at the beginning of this study.



2 State of the Art

2.1 Multi-purpose process environment

The present work focuses on the potential of organic solvent nanofiltration (OSN) in a multi-
purpose production typical for specialty chemicals. The characteristics and requirements in

such a production environment will be examined therefore first.

2.1.1 Production of specialty chemicals

Depending on the different process industries, manufacturing of the products has to fulfill dif-
ferent requirements and to handle with diverse necessities. Figure [2.1] depicts the production
characteristics of the most typical chemical process industries in order to emphasise the distinc-

tive features of specialty chemicals manufacturing.

= Synthesis steps
= Specific price
= Specific waste

amount

= Need for flexibility

= \VVolume
_, " Plant throughput
= Process efficiency

Petro Bulk Specialties  Pharma

Figure 2.1: Characteristics of different chemical industries
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The volume of the products declines from petrochemical industry, where huge quantities of
mineral oil are continuously processed, to pharmaceutical industry. In conjugation with the
produced volume, the plant throughput naturally declines as well. In continuous processes with
long run-times, it is much easier to optimize the process. This is why the process efficiency
decreases likewise from the petrochemical to the pharmaceutical industry, where typically batch
production processes dominate. In contrast, the processes become more complex. The number
of synthesis steps and thus the amount of specific waste and as a consequence the specific price
increases. It is common, that a pharmaceutical compound is manufactured in twenty or more
synthesis steps.

In principle two main characteristics of specialty chemicals are decisive for their production.
These are the fact, that on the one hand specialty chemicals usually have very short life cycles,
which causes in frequent changes in the production portfolio. On the other hand the volume
demand is low and thus only small batch quantities need to be manufactured. In many cases
several variants with different functionalities of a material class are produced and the number of
synthesis steps results additionally in a large number of precursors and intermediates. For these
reasons, dedicated plants are mostly not feasible. It is obvious that the production of specialty
chemicals demands a highly flexible process environment. Multi-purpose plants fulfill these

flexibility requirements.

2.1.2 Fundamentals of multi-purpose plants

Depending on the mobile parts and achieved flexibility of the units, five different types of multi-

purpose plants are distinguished [20].

* standard multi-purpose plant
* modular multi-purpose plant
» multi-purpose plant with pipe distributors
* pipeless multi-purpose plant

* multi-purpose plant with mobile transfer containers [21]]

Modular multi-purpose plants and multi-purpose plants with mobile transfer containers are the
most common types in the production of specialty chemicals. For this reason, they will be

explained in more detail in the following section.
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2.1.2.1 Modular multi-purpose plant

A modular multi-purpose plant is characterized by an immovable stirred tank reactor (STR).
The periphery around the reactor, like feed vessels, filters, dryers and storage vessels is mod-
ularly designed and thus the operating units are flexibly applicable allowing to adapt them to

each specific process. Figure [2.2] schematically illustrates this type of multi-purpose plant.

material
supply

reaction
vessel

solid-liquid w

separation

dryer —

collection
vessel

Figure 2.2: Modular multi-purpose plant [20]

2.1.2.2 Multi-purpose plant with mobile transfer containers

In this case, the operating units are all permanently installed. By using mobile transfer con-

tainers (IBC) with flexible hose couplings for the connection between the units, flexibility is
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achieved. The basic design is given in Figure[2.3]

material
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dryer
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Figure 2.3: Multi-purpose plant with mobile transfer containers [21]]

2.2 Fundamentals of organic solvent nanofiltration

A membrane describes a semipermeable system which serves as a selective barrier between
two phases. A membrane is permeable for some species so that these can pass through the
membrane when exposed to the action of a driving force. For other species the membrane
remains impermeable whereupon these are concentrated. All the membrane processes have in
common that this driving force is based on a difference in the electrochemical potential between

the two phases at the membrane.

Nanofiltration (NF) is a pressure driven membrane process which means that pressure difference
accounts for the largest part in electrochemical potential. It deals with the filtration of molecules

in the range between 200 and 1000 g/mol at pressures from 3 to 60 bar. Figure[2.4]illustrates the
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classification of nanofiltration within the other pressure driven membrane processes according
to the compound size that is separated and the pressure demand. In the upper solute size range
(> 1000 g/mol) nanofiltration is confined against ultrafiltration (UF) whereas for the separation

of solutes smaller than 200 g/mol or monovalent salts typically the term reverse osmosis (RO)

1s used.
100
— Reverse
< Osmosis
2
v Nano-
> 10 filtration
0
o
o
)
c
o
o]
€
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g Micro-
= filration Particle Filtration
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Particle/Molecular size [nm]

Figure 2.4: Overview pressure driven membrane processes [22]]

Depending on whether membranes have microscopically identifiable pores or not, they are dis-
tinguished as porous or dense membranes [23]. With the decrease in particle/solute size from
filtration to RO, the pore size decreases as well up to RO where the membranes are dense.
Nanofiltration is in the transition region, i.e. there are both porous and dense membranes.

Most of the processes shown in Figure are typically carried out in aqueous environments.
In OSN, the largest differentiation from existing membrane processes is that it is used within
organic solvents and hence enables the separation of dissolved molecules from organic solvents.
As such, the technology offers high potential to replace or support conventional (thermal) sepa-
ration techniques in the chemical process industry. OSN is, however, a relatively young technol-
ogy. It has just emerged during the past 20 years with the development of stable solvent resistant
nanofiltration membranes. Because of the availability of suitable membranes, the technology
is still in its infancy with not all relevant questions for process description and layout being

answered today as will be shown in the next sections.
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2.2.1 Principles of the technology

In the process the membrane is housed in a membrane module. The part of the feed solution
which is retained by the membrane is called retentate, the permeate is the part of the feed which

passes through the membrane. A schematic illustration is shown in Figure

° ©0 oo ©
0 ® o o .0
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o '») ()
Lo
o o
o ° ° o ° o

Figure 2.5: Principle of a membrane process [23]]

To characterize a membrane process, basically two parameters are of central importance: The
permeate flux through the membrane and the separation rate of the membrane described by
the selectivity or the rejection. The selectivity S is the ability of the membrane to separate the
compounds and can be calculated by the mass fractions w of permeate P and feed F' as follows
[23]]:

Wip
S = 2.1)

ij
Selectivities are often used e.g. in gas separations when all species of a system are able to pass.
In fluid separations, a more common value to define the quality of a separation is the rejection

R of a compound i [23]].
Wwip

Ri=1-— (2.2)

WiF
Permeate flow referred to as flux J is described by the permeate volume flow Vlf in relation to

the active membrane area Ayy.
vE
_'p

J—
Aym

(2.3)

In ultrafiltration and nanofiltration another value characterizing the separation behaviour of dif-
ferent membranes is often applied, the molecular weight cut off (MWCO). It is usually defined
as the molecular weight of a molecule that is 90 % retained by the membrane and thus enables

the differentiation of membranes in terms of molecular size selectivity. In aqueous applications
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molecular standards of dextran or polyethylene glycol are usually used to determine the rejec-
tion of a species by molecular weight. The MWCO can then be readily obtained from such a
rejection curve. This curve resembles the grade efficiency curve that is used in the classification
of larger particles. It is in widespread use for OSN, however, there is no common standard

method for its determination (see chapter[2.2.3.4)).

2.2.1.1 Operating modes

In membrane technology two operating modes concerning the flow configurations are distin-
guished. These are the dead end mode, where the feed flow is vertical to the membrane and
the cross-flow mode, where the feed flows tangential across the membrane. Figure[2.6 gives a

schematic illustration.

feed

retetante

o © o o o ° °
] [+ o
[} o [+ [+]
membrane membrane
permeate permeate

Figure 2.6: Different operating modes in membrane processes adapted from Mulder [10]

left: dead-end mode right: cross-flow mode

It is common practice to use the dead-end mode in microfiltration and filtration of larger parti-
cles. In OSN, it is usually only used for feasibility studies, membrane screenings or small and
expensive product samples. Due to its simple set-up, the system is mostly pressurized by an
inert gas, thus allowing for small feed volume. Based on the high concentration of compound
on the membrane surface the transport resistance increases during the process. In larger scale,
dead-end filtration is therefore only feasible for very dilute solutions.

In cross-flow mode, the flow on the feed side generates thorough mixing on the membrane sur-
face, which induce a convective backhaul of retained species to the bulk flow. This reduces the
concentration effect so that more highly concentrated solutions can be processed. For this rea-

son, membrane applications are typically set up in cross-flow mode. This set-up has, however,
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the disadvantage that a significantly higher feed volume is required because of the circulation

pipes and a pump is needed to realize the cross-flow.

2.2.1.2 Driving force reducing effects

Starting from the basic approach

driving force

flux = 2.4

resistance

there are different phenomena leading to reduced membrane performances due to an increase

of the transport resistance.

Fouling

If a cover layer forms on the membrane which increases the resistance of the membrane, this
effect is called fouling. The layer is mostly compressible and can be formed on the membrane
surface as well as in the membrane pores. Reasons for the formation can be adsorption and ac-
cumulation/sedimentation of biological, chemical or colloidal substances or the precipitation of
dissolved species when the solubility limit is exceeded (also known as scaling) [[10]. The foul-
ing layer acts as a filter cake introducing an additional transport resistance that increases when
the layer grows over filtration time. Particularly, scaling and contained colloids in the process

solutions may lead to problems in OSN, whereas e.g. biological fouling is almost absent.

Concentration polarization

Particularly during the start up of pressure driven membrane processes, solutes are transported
convectively to the membrane surface. This leads to an increase of the concentration on the
membrane surface, if the amount of the solutes transported convectively to the membrane is
higher than the amount of solutes, which diffuse back to the bulk. This phenomenon is called

concentration polarization. The corresponding concentration gradient at equilibrium is given in
Figure[2.7]

Due to the increase of the concentration at the membrane surface, a boundary layer with thick-
ness O arises. At equilibrium, the permeate flux is the sum of the convective flow to the mem-

brane and the diffusive back flow [10].

d
Jep=Jc+DE 2.5)
dx
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Figure 2.7: Concentration polarization: concentration gradient at equilibrium according to

Mulder [10]

The mass transfer coefficient k describes the ratio of the diffusion coefficient D and the thickness
of the boundary layer §.

k= 5 (2.6)

By integration of the equation under the assumption that the concentration of the solute at the

permeate side cp is zero (complete rejection), the following equation results:

M _ oxp? 2.7)
CB k

This indicates the two factors that are responsible for concentration polarization: the membrane
flux (J) and the hydrodynamics (affecting the concentration profile at the feed side). A thorough
mixing of the feed on the membrane surface is necessary to minimize the boundary layer and
thus the effect of concentration polarization. This can be achieved by the use of feed spacers
(geometrical fixtures in the feed channel that increase turbulence by sacrificing feed pressure
drop), the selection of suitable membrane modules with good flow configuration and high cross

flow rates.

As can be seen in Figure[2.7] with concentration polarization an observed rejection does not
correspond with the actual rejection. In experiments only the concentration in the bulk can

be determined. The real rejection R;,; is dependent upon the maximal concentration cy; at the
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membrane surface [[10].
cp

Ripy=1—— (2.8)
Osmotic pressure
If the concentration at the membrane cj; increases, the driving force is additionally reduced by
the osmotic pressure. Osmotic pressure 7 rises with an increase of the concentration of solutes.
Under the assumption of complete rejection, it can be calculated according to the following
equation [[10]:

RT
= —Tlnai (29)

For dilute solutions the equation can be simplified to:
T=RT) ¢ (2.10)

As solute concentration is requested in most membrane applications, the applied pressure has

to be continuously enhanced during the process to keep the performance constant.

2.2.2 Applications and potentials of OSN

OSN is a versatile tool for process intensification and offers several advantages in comparison
to conventional separation technologies. No thermal energy is usually required because separa-
tion is solely driven by a pressure difference. On the one hand these gentle process conditions
may result in higher qualities especially of temperature-sensitive products. On the other hand
OSN is less energy-intensive, because vaporization of the solvent is not required. For this rea-
son high energy savings can be obtained by replacing distillation with OSN. Boam and Nozari
[L1] reported energy savings up to 90 % for product concentrations compared to distillation.
Processing times can be reduced as well in many cases because membrane fluxes can be eas-
ily adjusted by the installed membrane area. This allows to increase the flow velocity of the
separated fractions and free capacity of existing plants can be generated to increase production
quantities. In comparison with separation technologies like extraction and adsorption, OSN has
the advantage that no additional additives like solvents or adsorbents are necessary, which may
be expensive, difficult to handle or may induce impurities. A scale-up of the technology is easily
achieved just by a simple enlargement of membrane area (i.e. increasing the membrane mod-
ules for large processes). Separations with OSN are possible in a continuous set-up as well as

in batch processing. A combination with other separation units, as e.g. a distillation column, is
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also feasible allowing for the design of hybrid processes. Existing plants can be easily retrofitted
with OSN due to the simple set-up which can then result in higher plant throughput [24]]. Based
on the energy savings and the possible recirculation or recycle of process streams, the applica-
tion of OSN can help, moreover, to reduce the product carbon footprint significantly, which is
more and more important for industries. For these reasons, the application of OSN in chem-
ical industry is very promising for several separation tasks. Meanwhile, numerous successful
feasibility studies and applications concerning product concentration (25, 26], separation of ho-
mogeneous catalysts [16-19], solvent recycle [[12H15]], product purification e.g. separation of
intermediates, by-products or oligomeric products from reaction mixtures [27H32]] and solvent
exchange (33! 134]] have been published in literature. Furthermore, there are already some stud-
ies on the integration of OSN in hybrid processes e.g. in combination with crystallization [35]

and distillation [36-H38]].

2.2.3 Membrane materials and module geometries
2.2.3.1 Polymeric membranes

Materials and preparation

The key to high performances of an OSN membrane is a thin active layer minimizing the re-
sistance against transport through the polymer. This requires a more porous support layer to
stabilize the active layer against the high pressures why these membranes typically have an
asymmetric structure. A distinction is made between integrally skinned and thin film composite

(TFC) membranes [24]. The construction principle of these is schematically illustrated in Fig-

ure 2.8

Figure 2.8: The two types of polymeric nanofiltration membranes left: integrally skinned

membranes right: thin film composite membrane [24]
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The differences in structure result from the differing preparation routes. Integrally skinned
membranes are made via a phase inversion process for which the two layers are of the same
composition. TFC membranes usually consist of different materials. Several techniques have
been established for applying the thin layer on the support: dip coating, interfacial polymer-
ization, spray coating, spin coating, in situ polymerization, plasma polymerization and grafting
[39]. The advantage of the TFC type is that both active layer and support layer can be optimized
independently in order to achieve the ideal membrane performance. Table|2.1|lists several poly-

mers reported to be suitable for OSN membranes.

Commercially available

Despite the large number of publications concerning the development of new membranes for
OSN, the number of commercialized membranes is rather limited. Koch Membrane System:s,
Inc. (Wilmington, Massachusetts, USA) was the first company offering membranes suitable
for organic solvents. Meanwhile, this membrane type is not offered anymore. The Starmem®
membranes, consisting of non-cross linked polyimide P84® or Matrimid, have been widely
used to investigate solvent fluxes, solute rejections and separation principles in OSN [62-70]].
The Starmem® membranes were originally manufactured by W.R. Grace (Columbia, Mary-
land, USA) who later sold this business off to UOP (Des Plaines, Illinois, USA). Membrane
Extraction Technology Inc. (MET) (London, UK) was the reseller for W.R. Grace and UOP
in Europe. Additionally, this spin-off from the Imperial College of London commercialized
the DuraMem® series membranes. These are cross-linked polyimide (PI) membranes that are
able to withstand even harsh polar solvents as DMF or NMP. In 2010, MET was acquired by
Evonik Industries AG (Essen, Germany) who developed the PuraMem® series membranes as
replacement for StarMem. Both membrane types are made from P84® polyimide [42]. SolSep
BV (Apeldoorn, The Netherlands) offers a UF membrane and five NF membranes suitable for
organic solvents with diverging MWCOs [71]. The material of the membranes is not known,
but the membranes seem to be hydrophilic, as they all work in alcohols. GMT Membrantech-
nik GmbH (Rheinfelden, Germany) is a subsidiary company of the BORSIG Group (Berlin,
Germany) and offers three different membranes for applications in organic solvents. They are
all composite membranes made of Polydimethylsiloxane (PDMS) on a Polyacrylonitrile (PAN)

support.

Modules

In technical applications membranes have to be housed in a membrane module. These support
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Table 2.1: Typical polymers used for preparation of OSN membranes

Name Structure Reference
\ .0 _/
Polydimethylsiloxane s + j%?' (40, 411,
GMT
o 6]
*““
(o] o) o !
PI (Lenzig P84) o o [42-46]

CH, ®
JFNMN @:}\ Duramem®,
Y O I O \ 7 Puramem®
o o HCy CHs
PI (Matrimid 5218) %NN [47, 48]
0 o o

PTMSP _Si. (49]]

PIM-1 :@?0 O’.O j [50]

Polyphenylsulfone 4—@%@00% (511
Polysulfone TS)O H (52554
¥ N
Polyaniline ﬁ O\NQ ©\\ 1 55, 56]
H

Polyacrylonitrile M [57]

CN

Polyether ether ketone %O@ (58]
H
Polybenzimidazole +</:N/>_©+ [S9-61]]
H

the membrane against the high pressures and determine the flow conditions over the membrane

and thus driving force reducing effects. For feasibility studies and process development all
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membranes are distributed as flat sheets. Mostly available in DIN A4 size, the individual shape
of the lab module can be cut out of the sheet. In technical applications of nanofiltration, spiral
wound modules are usually used. They offer a good pressure resistance and a compact assem-
bly. In these modules flat envelopes are wound around a tube wherein the permeate is collected.
The feed flows against the membrane package, disperses in the feed layers and passes along
the length of the module. The permeate and the feed side contain spacers to enable the flow
in the membrane package. A sliced spiral wound module is given in Figure 2.9]to show the

composition of the different layers within the module.

permeate spacer

membrane back side

feed spacer

membrane
front side

mechanical
support

permeate
collection channel

Figure 2.9: Sliced spiral wound module

Besides the standard modules, GMT Membrantechnik GmbH offers an envelope-type module.
These modules distinguish oneself by the adhesive-free fabrication, short permeate distances,
a spacer-free construction and an adjustable feed flow [[72]. This special construction enables
to exclude impurities caused by adhesives and even filtration of solutions with high viscosities

becomes possible.

2.2.3.2 Ceramic membranes

Materials and preparation
The most common materials for the preparation of ceramic nanofiltration membranes are oxides

of zirconium, aluminum, titanium and silicon or mixtures of them [10, 73-78]]. They usually
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have an asymmetric structure because they consist of multiple layers with decreasing pore sizes

as illustrated in Figure

NF layer
UF layer

___— MF layer

. Support

Figure 2.10: Structure of a ceramic nanofiltration membrane

The active nanofiltration layer is mostly prepared by sol-gel-techniques either by the ’colloidal
gel’ route or by the *polymeric gel’ route. In the former case, the metal alcoholates are mixed
with an excess of water and due to full hydrolysis form colloidal oxide particles with a particle
size in the range of 5 - 10 nm. After sintering, the particles adhere and the voids between the
particles generate the pores which are limited by the particle size to a minimum of 3 - 5 nm. This
technique is commonly used for the preparation of ultrafiltration membranes and the support
layers of tighter membranes. In the second case, only a defined quantity of water is added to the
alcoholates causing an incomplete hydrolysis and thus longchained polymers are formed. By
addition of complexation agents, the incomplete hydrolysis can be additionally assisted [79]].

Via this route nanofiltration layers with pore sizes smaller than 1 nm can be produced [74]].

Commercially available

In the nanofiltration range (MWCO <1000 g/mol) there are only two membranes for aqueous
and one for nonaqueous applications available to date. All are offered by Inopor GmbH (Veils-
dorf, Germany), a subsidiary of the Rauschert Group (Judenbach, Germany). In Table 2.2] an

overview of those membranes concerning their technical parameters is given.

Modules

The membranes described above are offered as monochannel or multichannel tubes with lengths
of up to 1200 mm. The active membrane layer is always inside the channels and thus permeate
is collected at the outside of the membranes. Figure 2.11] shows the different geometries of

ceramic membrane tubular modules.



State of the Art 19

Table 2.2: Commercially available ceramic membranes in the nanofiltration range

Material Mean pore size MWCO Porosity Type
[nm] [g/mol] [%]
SiO, 1.0 600 30-40 hydrophobic
TiO, 1.0 750 30-40 hydrophilic
TiO, 0.9 450 30-40 hydrophilic

A
—
S

00
000
00

Figure 2.11: Different geometries of ceramic membrane modules

To realize high packing densities usually multiple multichannel membranes are arranged in a
module for technical applications. Inopor offers modules for 1, 3, 7, 14, 19 and 37 membranes

[801].

2.2.3.3 Comparison between polymeric and ceramic membranes

Every membrane material has its advantages. Currently, the cut-off of polymeric membranes is
far less than that of ceramic membranes, whereas ceramic membranes promise higher chemi-
cal, mechanical (resistance against abrasion) and thermal stabilities. The storage and cleaning
of ceramic membranes is much easier as those allow for steam sterilization and back flushing
and they can be stored dry. For these reasons, the membranes have mostly a higher longevity
than polymeric membranes. Ceramic membranes feature considerably lower packing densities
compared to polymeric membranes which can be compensated by higher permeabilities. In
Table [2.3] the direct comparison between polymeric and ceramic membranes for several prop-
erties is given. The given information are partially predicted characteristics adopted from other
filtrations because the knowledge of the behaviour of ceramic membranes in organic solvent

nanofiltration is still limited.
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Table 2.3: Comparison between polymeric and ceramic membranes
Polymeric Ceramic
Solvent stability depending on solvent independent
Chemical stability low high
Mechanical stability sensitive separation layer higher resistivity
Thermical stability up to 80°C up to 350°C

Leaching possible (pore fillers/polymer) not reported
Compaction yes no
Swelling yes not expected
Minimal pore size dense unknown
Pressure range up to 60 bar up to 40 bar
Area per volume high low
Cleanability difficult back-flush possible,
sterilizable
Storage only wet dry storage possible

2.2.3.4 Characterization of OSN membranes

Due to the interactions of the membrane materials with the solvents, the rejections (and thus
the MWCO) of a membrane strongly depend on the specific solvent [81,182]] and therefore, it is
difficult to find a consistent method for the determination of the MWCO in OSN. One proposed
method is the filtration of a mixture of polystyrene oligomers with different molecular weights
in toluene [83]]. To consider the interactions between membranes and solvents, See-Toh et al.
[84]] extended the method to several solvents.

Because of their simple analysis, dyes are also widely used as model solutes. Several newly de-
veloped membranes, in particular at universities, are characterized by rejection measurements
of dyes, for example Rose Bengal (MW: 1017 g/mol) [47,'48, 51,85, 186], Safranin O (MW: 351
g/mol) [87], Brilliant Blue R (MW: 826 g/mol) [49, |87], Bromothymol Blue (MW: 624 g/mol)
(86, 88], Methyl Orange (MW: 327 g/mol) [47, 48] and Crystal Violet (MW: 408 g/mol) [88]].
Other authors use homologous series of e.g. polyolefins [89] or alkanes [43] to determine a
rejection curve. In individual cases diverse linear and aromatic hydrocarbons [44, 50] are uti-
lized. Only a few new OSN membranes are characterized according to the method of See-Toh
et al. [43,'45, 150, 55, 56]. It must be stated that all these methods differ largely in their choice
of solvents and filtration conditions. Up to now, no standard of testing OSN membranes has

been agreed upon. This makes it rather difficult for the end user to judge between different
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membranes and/or manufacturers. In addition, it is quite hard to compare the membrane perfor-
mances with each other as there is no collective method within the membrane manufacturers as

well.

2.3 Transport mechanism in membrane separation

Without a fundamental understanding of the occurring transport mechanism in membrane sep-
aration a tremendous experimental effort is necessary to identify the best membrane for a given
separation problem and to specify a suitable process window. A thorough knowledge of the
mechanism and mathematical models describing the transport enables the simulation of the
separation over the membrane and thus the prediction of expected fluxes and rejections for a
certain membrane. In addition, a flow-sheeting simulation of the whole process would be pos-
sible. This would facilitate detailed engineering and process optimization.

Despite extensive research and a growing number of publications during the last years, there is
still debate on a universal transport model for OSN [65} 90, 91]]. Different approaches have been
published, which try to extend the known and accepted models of mostly aqueous membrane
processes in ultrafiltration and reverse osmosis to organic solvent nanofiltration. In general,
transport models are divided in membrane independent and dependent models [23]. Mem-
brane independent models consider the membrane as a black box and are based on irreversible
thermodynamics as the Kedem-Katchalsky-Model [92] and the Spiegler-Kedem-Model [93]].
Membrane dependent approaches are based on an idea about the structure of the membrane and
take membrane properties into account. These models are the solution-diffusion and pore-flow

models which are described in the following section.

2.3.1 Membrane dependent models

Generally, there are two different models with respect to their assumptions on the fundamental
membrane structure - the pore-flow model for porous membranes and the solution-diffusion
model for dense membranes. Both models assume a phase equilibrium at the interface between
the liquid and the membrane. Transport is driven by a gradient in the chemical potential u; the

first by a pressure gradient, the other by a gradient in the activity (c.f. Figure[2.12)) and thus both
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can be described by the simple equation:

du;
J=r,H @2.11)
dx

Wijmans and Baker [94] reviewed and compared both models.

Pore-flow model Solution-diffusion model
A A
feed membrane permeate feed membrane permeate
Hi Hi
p
p
i )i

Figure 2.12: Gradient profiles of the chemical potential, the pressure and the activity assumed
for the pore-flow and the solution-diffusion model adapated from Wijmans and

Baker [94]]

2.3.1.1 Pore-flow models

The pore flow mechanism assumes convective flow through the pores of a membrane. The
concentration across the membrane is assumed to be constant. The driving force - the gradient
of the chemical potential - is established only by the pressure gradient and can be expressed
according to Darcys law with the membrane thickness [/ [94].

Po— Di
l

Ji=1L; (2.12)

Due to the mostly negligible concentration gradient of the solvent between the feed and the
permeate side, the solvent flux can generally be fitted either with the Hagen-Poiseuille equation
(eqn[2.13)) or the Carman-Kozeny equation (eqn[2.14). The distinction results from the assumed

membrane structure. The different membrane types are illustrated in Figure|2.13

The most common approach is the Hagen-Poiseuille equation assuming the membrane as a
system of parallel cylindrical capillary tubes of equal diameter (see Figure [2.13] left). In this

case, the flux is dependent on the porosity &, the radius of the pores r),, the dynamic viscosity
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HINHIL  #2%set

Figure 2.13: Possible pore structures adapted from Mulder[10]

n of the fluid and the tortuosity 7. Tortuosity describes the ratio between the real length of the

capillary tubes and the membrane thickness [23]].

81’ Ap
J =P 2.13
=5 (2.13)

The Carman-Kozeny equation can be used if the structure of the membrane conforms to a

packed bed of particles (see Figure [2.13| right) with the Carman-Kozeny constant K and the

volume related specific surface Sy [10].

3
€ A
Ji=—-°F (2.14)
KnSZ (1—¢)” 1
To calculate the rejection of solutes, and the solute fluxes respectively, several models [5, 95+
98] have been developed. These models are based on the correlation between the hindrance

factors for convection K, and for diffusion K; and the ratio A of the solute radius ry to the pore

radius r), [24] which is expressed in the solute steric partition coefficient ¢.
‘ 2
0= <1——‘) =(1-2) (2.15)

Bowen and Welfoot [3] developed a model for the separation performance of porous nanofiltra-

tion membranes based on the extended Nernst-Planck equation.

d (ln}/l) ciK;D dp dCl ziciKyD dl;/
Js =K.civ—ciK;D — Vi— — K;jD— — F—
g cCiV T Citd dx RT 'dx dx RT dx

(2.16)

where D is the solute bulk diffusion coefficient and y is the electric potential within the pore.
The equation can be used for ionic and uncharged solutes. In the case of uncharged components,
the last term equals zero. The second term can also be neglected based on the assumption that
the concentrations within the pores are small or the concentration gradient in the membrane
is small. The model differs, therefore, from the widely adopted hydrodynamic models by the

inclusion of the pressure term [S]]. Solute flux can be described as well as

Js =cpv 2.17)
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Since the pressure gradient is assumed to be constant within the pore, it can be replaced by the
Hagen-Poiseuille relationship in equation[2.16]
Based on this, equation can be rearranged resulting in the following expression for the

concentration gradient:

dc \% K;,D 8n
_ oL le— 2.1
dx KD |:( ‘ R1T v rpz) ‘ CP:| ( 8)

Neglecting concentration polarization, integration of the equation over the membrane thickness

0 < x < [ with the boundary conditions
Cx=0 = PcF (2.19)

and

Comt = Bep (2.20)

leads to the following expression for the rejection:

K.—Y
R=1- ( )9 2.21)
1—(1—(K.—Y)¢)exp(—Pe)
with the modified Peclet number Pe’
K.—Y)r,?
pe = Ke 1)1’ (2.22)
ST]KdD

Under the assumption that vy and D are independent of concentration the following dimension-

less variable Y is defined for simplicity [S]].

. K;D 87]

Y = Vy—
RT srpz

(2.23)

The equations for the calculation of the hindrance factors can e.g. be taken from Bowen and

Mohammed [99]].

K.=(2—¢)(1+0.0541 —0.988A7 +0.4411°) (2.24)

K;=1-23A+1.1544% +0.2241° (2.25)

As there is sufficient evidence for an increase of viscosity in narrow nanofiltration pores [100-

104], Bowen and Welfoot [5] proposed a simplified approach for the pore viscosity

2
s () o (%) ] 226)
Tp r'p

n="no




State of the Art 25

where 1) is the bulk viscosity and ds;, the thickness of a solvent layer at the pore wall. However,
Bowen and Welfoot showed that there is just a marginal effect of the pore viscosity on the solute
rejection.

Furthermore, the above model can be extended to integrate the effects of concentration polar-
ization or pore size distribution. Bowen and Welfoot [2] proposed the log-normal distribution

to take different pore sizes into account, expressed in a probability density function g (r,)

p b 2
q(rp) = ——=exp |- . (2.27)
P e 2mh 2b

including

b =log

2
1+ <@) ] (2.28)
p

where 7, is a mean pore size and o), is the standard deviation. The theoretical probability
density function considers pore sizes between 0 and oo. As this is unlikely in reality, Bowen
and Welfoot [2] suggested the truncation of the distribution. The new distribution function is

restricted to pore radii 0 < r, < Fipqx.
q(rp)

Tmax

f‘](rp)drp
0

q (rp) = (2.29)
They suggest to use an upper limit for the maximum pore radius of twice the mean pore radius.

As a consequence of the pore size distribution all values dependent of r, now have to be calcu-

lated for pores between 0 and ry,,,. Thus, the overall rejection for all possible pores is defined

anw (q’ (”p)’”p4m> drp
0 n(rp)
R = (2.30)

as

2.3.1.2 Solution-diffusion models

Lonsdale et al. [105] originally introduced the solution-diffusion model in 1965 for desalination
with cellulose acetate membranes. It is based on the assumption of a dense membrane without
any defects. Permeating components are assumed to be sorbed by the membrane material, to
diffuse through the membrane and to be desorbed afterwards on the permeate side meaning

separation is caused by different diffusion and sorption behavior of the compounds [90].
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Due to the fact that no pressure gradient exists within the membrane, the flux through the mem-

brane driven by a gradient of the chemical potential can be written as

RTL;dc;
J= 1 mida 2.31)
c;i dx
where the term 225 can be replaced by the diffusion coefficient D; according to Ficks law.

Ci

Integration over the membrane thickness then leads to

Cio —Cil

Ji=D; 7 (2.32)

Equation describes the sorption equilibrium at the feed side interface of the membrane:

YiF

x=0

CiF (233)

Cix=0 =
For the ratio of the activity coefficients the sorption coefficient K; can be introduced.
Cix=0 = KiciF (2.34)

At the permeate side, the pressure difference between pg and p; has to be taken into account.

Rearranging and substituting for the sorption coefficient results in the following expression

C,‘7x:1 = K,’Cip exXp (%) (2.35)

By substituting the concentrations in Ficks law [2.32] with equation [2.34] and [2.35] the following

equation for the membrane flux can be obtained:

Ji = ll d |:CiF — CipEXpP <w):| (236)

The rejection can be calculated by insertion of the concentrations in equation

To consider defects in the membrane or free volumes due to swelling, Mason and Lonsdale
[106] developed the solution-diffusion model with imperfections in 1990, which assumes an
additional viscous flow through pores. Consequently, they extended the equation for the mem-

brane flux through solution-diffusion Jsp by a convective term Jpf:

Ji=Jisp+Jipr (2.37)
ciBo

JipF = A 2.38

WPE = P (2.38)

where By is the specific permeability of the membrane.
Paul [[107] extended the solution-diffusion model by the Maxwell-Stefan multicomponent diffu-

sion to take solute-solvent coupling and interactions between solvent and solute into account.
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2.3.2 Transport in organic solvent nanofiltration
2.3.2.1 Transport description by adopting existing models

As mentioned above, there is still debate among researchers about the transport mechanism in
OSN. Mainly, it is tried to adopt the models which are established e.g. in UF and RO processes
because they are close to NF. The solution-diffusion model has been extensively used by several
research groups to describe solvent permeation in OSN with polyimide membranes [44} [108]]
as well as with PDMS membranes [109]. However, especially with PDMS membranes good

correlations were also found with the pore-flow model [90, [110]].

Silva et al. [65] compared the pore-flow model and the solution-diffusion model for the perme-
ation of mixtures of toluene with methanol and ethyl acetate through a StarMem® 122 mem-
brane and found better agreement for solution-diffusion. Dijkstra et al. [90] modeled the per-
meation of pentane/decane and pentane/dodecane mixtures through PDMS membranes suc-
cessfully with both the solution-diffusion model with imperfections and the Maxwell-Stefan
equation. However, the values of the estimated parameters (membrane thickness / and spe-
cific permeability of the membrane B() were more realistic using the Maxwell-Stefan transport.
Hesse et al. [69] were able to predict the fluxes of ethyl acetate, toluene, i-propanol and ethanol
through a StarMem® 240 polyimide membrane with their newly developed model based on
the Maxwell-Stefan approach. They determined the model parameters to describe sorption and
diffusion in the polymer network of the active layer of the membrane from independent mea-
surements 111, 112]. The modeled solvent fluxes showed an excellent agreement with the ex-
perimentally determined fluxes. Postel et al. [113]] investigated transport behavior of a PDMS-
based composite membrane on a polyimide support. They were able to predict the rejection
of n-alkanes in toluene, isopropyl alcohol and methanol using the generalized Maxwell-Stefan
equation, but the single solvent based fitting data were insufficient to predict solute rejection in

binary solvent mixtures.

Marchetti and Livingston [114] conducted a comprehensive study on the accuracy of differ-
ent transport models. They compared irreversible thermodynamics models [92, 93], simple
solution-diffusion [94]], classical solution diffusion [94], solution-diffusion based on Maxwell-
Stefan equation [107], Donnan steric pore-flow [5], modified surface force pore-flow [1135]
and the solution-diffusion with imperfections model [116, [117] in terms of regression per-

formance and the experimental effort required to fit the unknown model parameters. They
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tested systematically commercial integrally skinned asymmetric cross-linked (DuraMem®) and
non cross-linked (PuraMem® 280) membranes and commercial thin film composite silicone-
coated PI membranes (PuraMem® S600) all from Evonik with polystyrene and Safranin-O dye
in different solvents in their study. Non-commercial polymeric membranes were also taken
into account by taking data from literature (PTMSP (Poly[1-(trimethylsilyl)-1-propyne]), PMP
(Poly[4-methyl-2-pentyne]) membranes [118] and thin film composite silicone-coated PI mem-
branes [119]). The best performing model for the Pl membranes was the Maxwell-Stefan model
whereas the classical solution-diffusion model could describe the performance very good as
well while fewer experimental data are necessary. Only the performance of the glassy PTMSP

and PMP membranes were better represented by the modified surface force pore-flow approach.

Others tried to find semi empirical approaches to describe the solvent permeability in OSN.
Mostly, those provide efficient results for a certain set of compounds, though they cannot be
readily transferred to other systems. Bhanushali et al. [4] conducted solvent permeation studies
with different solvents as well as different membrane materials (hydrophobic and hydrophilic).
A reasonable correlation for the solvent flux through hydrophobic membranes has been obtained

for the following relation which is based on the solution-diffusion theory:

Vs
J~—= (2.39)
n

An incorporation of surface free energy of the membrane sy and sorption values ¢ was pro-

posed to predict the flux through various membranes.

vy 1
J o~ =
n ¢"Ysv

(2.40)

Later, it has been shown in other studies that this approach is not universally applicable to
describe solvent permeation [120, [121]].
A semi-empirical approach adapted from the Hagen-Poiseuille equation was proposed by Mach-

ado et al. [3] that uses a series of coupled transport resistances through the membrane.

Ap
J= 2.41
fol(Ye =)+ fin]+ fan 4D

Transport is affected by a solvent parameter fj, the critical membrane surface tension 7., the

surface tension of the solvent ¥ and solvent independent intrinsic membrane parameters f| and
/> characterizing the NF layer and the support layer, respectively. The model showed a good

agreement for their permeation measurements of mixtures of acetone with water, paraffins and
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alcohols through an uncharged silicone polymer membrane (Koch MPF-50). Again, this model
was also disproven [82].

Geens et al. [122] carried out a series of permeability measurements with water-methanol,
water-ethanol and methanol-ethanol mixtures and seven membranes of different materials. They
compared the Hagen-Poiseuille equation, the Machado [3] and the Bhanushali [4] model in
terms of their obtained results. They introduced a correction of the Bhanushali model by the
difference in surface tensions between the membrane and the solvent Ay to consider solvent-

membrane interactions.
Vs
nAy

However, they concede that the model is only suitable for polar solvents and NF-membranes

(2.42)

and particularly useful for hydrophobic membranes.

Dobrak et al. [91] measured the permeance of alcohols, tetrahydrofuran (THF) and mixtures of
toluene with isopropyl alcohol and THF with N-Methyl-2-pyrrolidone (NMP) / Dimethylfor-
mamide (DMF) / Dimethylacetamide (DMA) / Dimethyl sulfoxide (DMSO) through a PDMS
and a P membrane. They checked the agreement of the determined fluxes with the viscous flow
model, the Bhanushali approach [4], the Geens approach [122], swelling, and the quotient of

swelling and the solvent viscosity [40]. They found the best agreement for the latter.

For ceramic membranes there are considerably fewer publications concerning solvent perme-
ation. Darvishmanesh et al. [[123] adopted the idea of Machado et al. [3]] to develop a coupled
series-parallel resistance model for solvent permeation through ceramic nanofiltration mem-
branes. According to them the solvent flux results from the resistances (1) against the trans-
port from the bulk to the active layer of the membrane, (2) against convection through the
pores and (3) against diffusion through the membrane material. This model seems to work
well for ceramic NF membranes whereas it fails for UF membranes. The converse holds true
for the Hagen-Poiseuille equation. Marchetti et al. [124] developed, thus, a semi empirical
model bridging between nanofiltration and ultrafiltration. Buekenhoudt et al. [125] analyzed
the solvent flux behavior of water and 11 different organic solvents through different ceramic
membranes with pore sizes ranging from 0.9 nm to 100 nm. They observed a simple linear
relationship between the product of permeate flux and viscosity of the solvent and the Hansen
solubility parameter of the solvent independent of the membrane material and the pore size.

All the models introduced so far refer to the prediction of solvent permeation. If solute rejection
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is considered research is even less advanced.

Van der Bruggen et al. [126] modeled the rejection of diverse organic molecules in aqueous
nanofiltration by using the Spiegler-Kedem model and compared different approaches to cal-
culate the reflection coefficient. They identified the log normal model to be the most useful
one to predict the reflection coefficient in practical applications, because it consists of only
two parameters. Later the same model was applied to explain the transport of organic com-
pounds in organic solvents: Geens et al. [127] conducted measurements with several polymeric
membranes as well as ceramic membranes and six dyes as reference substances dissolved in
methanol, ethanol, acetone, ethyl acetate and n-hexane. By calculating the reflection coefficient
according to different models (Steric hindrance pore model [128| [129], Ferry [98]], Verniory
[130] and log normal [[126]), they found high correlations between the experimental data and
the predicted values. Gibbins et al. [131] published a similar study. They used the Ferry, the
SHP and the Verniory model to determine the pore size of polymer membranes from measured
rejections and obtained reasonable results.

Tarleton et al. [1]] suggested a semi-empirical model for solute rejection which considers a
combination of convective and diffusive fluxes for solutes whereas solvent flux is assumed to
be viscous. The solute flux is given by equation [2.43| where a is the fraction of solute passing

by viscous flow and P the membrane permeability.

PA D(cr —
J,:aCFl p+(1—a)M (2.43)

D and a are fitting parameters which they obtained from their experiments with xylene, cyclo-
hexane and n-heptane as solvents and iron(Il)acetylacetonate and 9,10-diphenylanthracene as

solutes by using a PDMS membrane.

2.3.2.2 Factors influencing separation behavior in OSN

An alternative approach found in literature is the investigation of parameters influencing the
separation behavior in OSN to gain a better understanding of the occurring phenomena. Know-
ing the determining parameters an inference on the transport mechanism and particularly a

prediction of the separation behavior is possible based on experience.

Bhanushali et al. [[132] claimed that coupling effects of solvent and solute flux cannot be ne-
glected. Geens et al. [133]] concluded from their investigations with six compounds dissolved

in ethanol and methanol, that solute transport is affected by (1) solute-solvent interactions due
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to changing effective solute diameters, (2) membrane-solvent interactions determining the ef-
fective pore size due to swelling and pore wall solvation and (3) membrane-solute interactions
based on polarity differences. From the measurements of rejections of several dyes (314 - 1017
g/mol) dissolved in alcohols with a PDMS membrane, Gevers et al. [134] observed a significant
influence of the solute charge on the rejection especially for small molecules and a negligible

role of solute size.

Zheng et al. [133]] investigated the influence of molecular shape on the rejection in OSN with
a PDMS and a polyimide membrane. They used small, neutral molecules in the range between
120 - 230 g/mol with similar solubility parameters, but different configurations (linear, branched
and with aliphatic rings). They found an increase of rejection with increasing molecular weight
for molecules with similar shape. However, the transport of linear molecules was preferred by
all membranes followed by molecules with cyclic groups and the branched ones. In order to
better account for the molecular size instead of its weight, they compared various molecular
size parameters as the Stokes diameter, the equivalent molar diameter, the empirical effective
diameter, the molecular length, the radius of gyration and the calculated mean size. It was
concluded that the calculated mean size which is defined as the smallest molecular volume

taken up by the solute provides the most characteristic size parameter.

Several authors [110, [136] pointed out the dependence of solvent fluxes through a polymer
membrane from the Hildebrand solubility parameter. Apart from this, investigations concerning
differences in rejections based on the solubility parameter of the solutes have been carried out
by Bhanushali et al. [132] and Darvishmanesh et al. [70, [137]. The solubility parameter 9§ is a

numerical value describing the relative solvency of a material, derived from the cohesive energy

density [138]].
_ ZEcoh
5= /—Zv (2.44)

It indicates whether substances are likely to be miscible, which is the case if the solubility
parameters of the substances are similar. With the help of solubility parameters, the degree
of swelling can be expressed by the polymer-solvent interaction parameter . It is considered
to be the sum of the enthalpic component of polymer-solvent interactions Yz and the entropic
component or free-volume dissimilarity xg [139].

)
X:%S‘l‘XH:XS‘i‘é(SI—aZ) (2.45)

The Hildebrand solubility parameter has been successfully used for the prediction of polymer
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swelling [139] [140] and therefore seems to be appropriate to cover the interactions between
membrane and solvent.

Hansen [141] developed a three dimensional solubility parameter approach. This parameter
considers dispersion, dipole-dipole and hydrogen-bonding forces. Methods for calculation by

group contribution were proposed e.g. by Hoy [142,|143]] or Van Krevelen [139].

Darvishmanesh et al. [137] studied the mechanisms of solute rejection with three marker sub-
stances of the same family and a polyimide membrane (StarMem® 122) over the whole range
of solvents. By molecular modeling they investigated the effect of the solvent on the solute
size. As a result a correlation between the employed solvent and the solute molecular size was
given. However, the effect of the solvents on the membrane superposes this solute size effect in
different solvents. Solute-solvent interactions were analyzed by means of a solubility parame-
ter which indicates the affinity among two materials. They reported lower rejections for higher
solute-solvent affinities. Even these interactions are more pronounced in the comparison of sol-
vents from similar chemical identity. Negative rejections were measured for n-hexane. This
phenomenon was explained by the higher affinity of the solute to the membrane than between

the solvent and the membrane.

In a subsequent publication [70] the influence of solute size, polarity, dipole moment and
solubility parameter using azo dyes of similar molecular structure with approximately equal
molecular weight (350 g/mol) was investigated. The rejection measurements were conducted
in methanol and ethanol with two nanofiltration membranes for aqueous systems, which are
nevertheless stable in these alcohols, and a DuraMem® 150 polyimide membrane. Here, they
observed a good correlation between the rejection and the dipole moment of the solutes which
is independent of the membrane characteristics. In this study no clear correlation between sol-

ubility parameter and rejection was found.

Schmidt et al. [68] presented a comprehensive study concerning rejections in multi-component
mixtures of three different solvents (n-hexane, toluene, isopropyl alcohol). They used two com-
mercial polyimide membranes (StarMem® 122, PuraMem® 280) and chose five marker sub-
stances of similar molecular weight but absolutely different structural characteristics. They
highlighted the importance of Hildebrand solubility parameter, solute critical diameter and

membrane swelling on rejection behavior.

Postel et al. [144] investigated swelling behavior of PDMS in pure solvents, binary solvent

mixtures and solvent/solute mixtures. They found a clear correlation between the degree of
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swelling and the Hansen solubility parameter. They observed high rejections if the degree of
swelling of the solute/solvent mixture is lower compared to the pure solvent. In contrast, higher
degrees of swelling using dissolved solutes compared to pure solvent leads to low or negative
rejections.

However, a transfer to other component systems is not feasible, because all these studies do not

cover the complete three-dimensional space of interactions of OSN.

Concerning ceramic OSN membranes less research could be conducted due to the only recent
availability of ceramic OSN membranes. Marchetti et al. [145] studied the effect of solute-
solvent competition with hydrophilic ceramic membranes in organic/water mixtures. The effect
of the solute charge was identified to be important for rejection in water while it is less signifi-
cant in the presence of organic solvents. They found the solute-solvent competition in terms of
preferential solvation to affect the rejection of charged solutes. This effect has been identified
to be more significant at low pore dimensions and become negligible in the UF range. The
influence of the solvent type on the ion rejection could be explained by considering the Hansen
solubility parameter of the ion, the solvent and the preferential solvation of the ions. Hossein-
abadi et al. [[146] compared the separation behavior of a hydrophilic unmodified membrane
with their Grignard functionalized modification. They demonstrated clear effects of solute- and
solvent-membrane affinity detected by the solubility parameters and contact angle measure-
ments [147]], respectively. They pointed out the Hansen solubility parameter as an efficient tool

to quantify the affinities and the rejections.



3 Gap analysis and approach

As emphasized in chapter 2] organic solvent nanofiltration is a relatively new, highly promising
downstream processing method. It enables the separation of mixtures without thermal stress
and any additives combined with a high potential for energy and resource savings and is thus a
suitable tool for process intensification. Despite those advantages, there are still some obstacles
that need to be overcome before OSN based on polymeric as well as ceramic membranes can
become a widespread standard downstream operation. Particularly, an implementation in a

multi-purpose production of specialty chemicals offers some additional challenges.

3.1 Gap analysis

The dedicated application of OSN in continuous processes with high throughputs has already
been implemented and the economic benefit is appraisable and attested [[148]]. Currently, it is
unclear whether the advantages of OSN can be exploited as well in specialty chemical indus-
try where multi-purpose production is typically applied. A multi-purpose production site (see
chapter [2.1)) distinguishes itself by an extremely high demand for flexibility. Different unit op-
erations are connected with one another as required depending on the process and are used for
a huge number of products. An OSN plant in such a environment has to offer the same features
to be used for multiple products and thus to achieve a sufficiently high occupancy and cost ab-
sorption. Additionally, for short life cycle products the effort for process development needs to

be substantially eased. Summarizing, the following main challenges have to be solved:

 Simplification of the identification of a suitable membrane for a separation task
As presented in detail in section [2.2.3.4] currently, there is no common standard method

to characterize OSN membranes and therefore different membranes are not comparable in
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terms of their separation performance. Additionally, from existent methods conclusions
regarding real separation tasks and concerning other solvents cannot be drawn in general.
A large time-consuming experimental effort of trial and error is thus inevitable to identify
a suitable membrane for a given separation problem. Regarding the implementation of an
OSN plant in a multi-purpose environment this implies that all imaginable processes have
to be surveyed. This leads to extremely high cost for process development and a high risk

of failure.

* Predictability of relevant process parameters
The estimation of feasibility and efficiency of an OSN processes to reduce the risk is
almost not possible since decisive technical information about the OSN process, like
rejection and flux, cannot be estimated because no suitable short-cut methods for pre-
diction of the separation behavior exist (see chapter [2.2.3.4). A substantiated theoretical
potential assessment is not possible with the current state of knowledge and requires time-

consuming and cost-intensive preliminarily investigations.

solvent

solvent <> membrane

membrane

Figure 3.1: Three-dimensional interaction space of OSN

A lot of effort has been put into the description and prediction of transport phenomena
in OSN (see chapter 2.3.2). Although in most of the published studies the measured
data are described well with the therein used or developed models, still no consistency
can be found when different membrane materials or solvents come into consideration. A

unified transport model for polymeric membranes does not yet exist. However, the effort
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of a detailed process modeling for a multitude of separation tasks in specialty chemicals

processing would overshoot the benefit.

Besides modeling, several studies aimed at the identification of physicochemical param-
eters influencing the separation behavior in OSN (see chapter 2.3.2.2). None of these
studies covered the complete three-dimensional space of possible interactions in OSN
including different polymeric membrane materials, different solvents with varying prop-
erties such as e.g. polarity and a diversity in the used solutes (see Figure[3.1)). Mostly, one
of the factors was fixed and the investigations were only conducted in a two-dimensional
space. These current findings cannot necessarily be transferred to systems involving other

components, due to the aforementioned complex interactions.

* Availability of data for the estimate of potential use of ceramic membranes in OSN
Ceramic membranes promise to overcome the aforementioned hurdles of polymeric mem-
branes as e.g. the solvent independent separation performance and their possibility of dry
storage and product interchange (see chapter [2.2.3.3)). In particular the promised solvent
independent separation performance makes ceramic membranes very interesting for an
application in a multi-purpose environment. However, membranes with cut-offs in the
lower nanofiltration range do not exist yet (see chapter [2.2.3.2). Today those advantages

cannot yet be realized for organic solvent nanofiltration.

In conclusion, this thesis shall contribute an estimate for the potential of the technology in
multi-purpose processing. Besides a thorough analysis of the specifics of the processes and
their applicability for OSN, emphasis must be put into the acceleration of process development
to enable a fast estimation of process feasibility. This can be facilitated by the development of
short-cut models or heuristics for the membrane selection process. Furthermore, the promising
properties of ceramic membranes need to be exploited in terms of their separation behavior
in real process solutions as well as the governing transport behavior in OSN. Only with these
deeper insights a reliable estimate of realization potential can be given that can help to pave the

way for OSN to become a standard unit operation in process engineering.
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3.2 Approach and structure

The theoretical potential of the implementation of OSN in a multi-purpose production is sys-
tematically assessed in chapter ] using the example of a typical specialty chemicals production
facility including a sensitivity analysis of the most relevant process parameters that need to be

achieved for a reasonable economic potential.

In order to improve the predictability of an OSN process with polymeric membranes, a system-
atic experimental investigation covering the complete space of interactions of a typical class of
specialty chemicals is carried out for the first time. These results are summarized in chapter [3|
and consequently an heuristic is developed that enables to define the most suitable polymeric
membrane for a given separation problem within that material class. These findings are meant
to improve the understanding of the underlying transport mechanisms in polymeric OSN mem-
branes and thus should allow for a rough estimate of the expected membrane rejection. The
heuristic is tested for its ability to be extrapolated to substances not covered in the experimental

assessment.

Chapter [6] aims to gain a deeper insight into the applicability of ceramic membranes in OSN.
The separation behavior of new ceramic nanofiltration separation layers, which were developed
by Fraunhofer Institute for Ceramic Technologies and Systems (IKTS) in parallel to this work,
are experimentally investigated. The membranes are examined with regard to their applica-
tion in a multi-purpose environment and on the assumed prerequisites given in chapter [2.2.3.3]
Furthermore, their transport behavior is studied and a transport model originally developed for
aqueous nanofiltration is extended for an organic environment to describe the measured mem-

brane performances.

Finally, in chapter [7| the results of chapter [5|and [6] are applied in order to improve the potential
assessment presented in chapter[d] The specifics of the process environment in terms of process
and plant design are also included in the study to finally conclude on the realizable potential of

the technology in specialty chemicals production.



4 Potential of OSN in a

multi-purpose-process environment

As emphasized in chapter the production of specialty chemicals is typically characterized
by very small production volume, short product life-cycles and many different synthesis steps.
The production plants demand for flexibility is very high because dedicated production lines
are not feasible in general. This chapter focuses therefore on the question to what extent are the

advantages of OSN economically exploitable in such a flexible production environment.

4.1 General procedure of the assessment

In chapter [2.2.2] the economic and technical advantages of OSN have been introduced. In order
to estimate the potential of implementation of OSN within specialty chemicals production, a

systematic assessment [[149] of an OSN plant in a multi-purpose environment is conducted.

The assessment of potential is subdivided in three steps according to Figure {.1] First of all,
the theoretical potential which embraces the unrestricted, maximum savings is determined. It
is estimated based on assumptions and experiences. Subsequently, technical limitations are
considered to determine the technically realizable potential. In the last step, investments based
on the requirements of a multi-purpose environment and necessities for success are taken into
account to identify the economic potential. This method was applied to a typical multi-purpose
production facility manufacturing specialty chemicals. Initially, the complete synthesis and
downstream processing steps of the 39 substances with the highest production volume produced
in this facility were collected. In order to understand the occupancy within the facility, the

quantitative amount of the different production steps, e.g. reaction, distillation, chromatography,
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Type of potential Description of potential

Method to analyze

Economically realizable Savings with regard to economic
potential boundaries

Calculation of investment, ROI

Possible Savings in Theory

Theoretical potential

References, workshops, experts

Figure 4.1: Assessment of technological potential of OSN adapted from [149]

crystallisation, etc. was determined. The 39 selected substances are produced in 336 steps, 248
of them are downstream processes. The breakdown in figure {f.2] clearly shows that distillation
accounts for the highest share in terms of downstream processes. In general, distillation in a
multi-purpose production is performed batchwise in stirred tank reactors. More than 80 % of

the 75 distillations are intended for solvent exchange or product concentration.

others

distillation

extraction crystallization

Figure 4.2: Distribution of different downstream process steps sorted according to their num-

ber in an exemplary multi-purpose production facility

Due to the long processing time of distillation and thus, a high plant allocation in addition

to the highest percentage of processing steps, the distillation steps offer a high potential for
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optimisation and process intensification. Fot this reason, this potential assessment is focused on

the application of OSN to shorten distillation processes.

4.2 Theoretical potential

In order to get a rough overview of the potential, the savings which can be achieved by a com-
bination of OSN and distillation compared to distillation alone are considered. The calculation
is based on a two-stage filtration (filtration of the permeate in the second stage). The reduction
of costs is based on shorter processing times and the difference in energy demand. Product
losses to the permeate are considered as well as the energy demand of the pumps in an OSN
plant. Product losses in distillation are assumed to be zero. The theoretical potential for savings
Potr), of a product i is derived from the sum of the savings due to reduction of process time Cpg,
machine hours Cysy, energy for distillation Cgp, the energy costs for OSN Cgp and the costs

for product losses Cpy, to the permeate.
Potry; = Cps i +Cypn,i+Cep,i +Ceo,i +CpL,i 4.1)

The different items are calculated as follows:

Cps describes the economic advantage of a reduction of the processing time. By reducing the
process time, the tied capital of a company is available earlier for e.g. new investments. In
measurable terms this advantage can be expressed by the weighted average cost of capital wacc
on the earlier available capital (market price of the products cost) for the respective period

(process time for distillation #p of the permeate mp compared to the time required for OSN

processing tosn)-

Cps = (tp —tosn) Np - wacc - Ny, - m - cost (4.2)
with
tp = ’”_g (4.3)
Mp
mp
t = — 4.4
OSN p-J-Ay 4.4)
and
mg

mp =mg — (1 — WR7max) . (4.5)

WR max

N,, is the number of batches produced per year. The mass of the total amount of solvent per

batch and the quantity of product are represented by mg and my, respectively. mp describes
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the mass of permeate which has to be removed to achieve the maximum concentration of the
retentate Wg mqy. It is that part of the solvent that does not need to be removed by distillation if

OSN is applied.

Due to the reduction of the process time, the manufacturing costs are reduced as well. The
manufacturing equipment is occupied less by the respective product and thus fewer machine

hours are allocated to the products.

Cyn = (ID — tOSN) -Np, - costyg (4.6)

For the estimation of the energy demand of distillation, solvent properties of the main solvent
were assumed. Interactions and influences due to other solvents, the product or byproducts were
neglected. Distillation temperatures were taken from the operation instructions for each product
and each distillation. Energy losses because of heat transfer, etc. were taken into account by a

fixed estimated efficiency factor np of 0.7.

mp-cp - AT +mp-AH
PpS F Y N Costgas 'Nb

Cep = 11 4.7)

The energy demand of the OSN process is determined by the electrical power of the pumps
Ppumps. The total runtime of the pumps including the membrane conditioning time f. is consid-
ered.

Ceo = —Ppumps - €oster - (tosy +1c) - Np 4.8)

Product losses to the permeate were calculated with the average product concentration wy,,.

TP Wav  costs -Np, (4.9)

CrL=—
I —way

The overall theoretical potential of an implementation of OSN in the multi-purpose production
facility is the sum of every theoretical potential in case the savings amount for >7000 MU per
batch. The limit of savings was set to 7000 MU per batch to consider the additional expense for

an extra process unit.

n 1, if Potry,;p > 7000
Potrysora = Y., | Potrn,- ’ (4.10)
i=1 0, else

Processes in which e.g. the product losses exceed the savings due to processing time and energy
demand are not incorporated. All assumptions made for the calculation are summarized in

Table Variations in the weighted average cost of capital wacc and product prices cost, are
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considered by a multiplication factor. All cost values and the interest rate are taken from Merck

KGaA database whereas mg is based on the experiences of the respective production facility.

Table 4.1: Assumptions for the parameters necessary for the assessment of the theoretical

potential
Sensitivity analysis
Parameter Assumption lower upper
boundary boundary
R rejection [-] 0.9 0.8 1
J flux [I/m?h] 30 1 100
Ay membrane area [m?] 100 50 150
mg distillate flow [kg/h] 100 80 300
WR max maximum retentate 0.5 0.2 0.6
concentration
t, conditioning [/] 2 1 4
Jwace changes in wacc [-] 1 0.6 1.2
Jeosts changes in product price [-] 1 0.5 1.5
costyn costs machine hours [MU/A] 1855 1686 2811
cost,; costs electricity [MU/kWh] 1.4 0.7 2.1
COStgag costs gas [MU /m?] 5.5 4.9 6.3
() energy efficiency distillation [-] 0.7 0.8 0.5

With these assumptions, the theoretical potential calculated according to equation for an
implementation of a OSN plant in a multi-purpose production environment is 14m MU/a. The
OSN process results in an additional benefit due to the reduced equipment occupancy of up to
10,000 h/a. This would enable to free one STR per year. However, concentration with OSN is
only profitable for 11 of the 75 considered distillations. The others fail mostly due to too high

costs for product losses or already too high concentrations.

Figure [4.3] indicates the distribution of the costs affecting the potential of OSN by means of
two exemplary products out of the considered portfolio. The bars show the percentage of the
respective cost term based on the overall potential. It clarifies that in the special case of a multi-
purpose environment, the energy demand does not have a significant impact on the production
costs and thus, contrary to large scale chemicals production energy savings are not the most

beneficial advantage of OSN.
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Figure 4.3: Percentage of the costs contributing to the theoretical potential using the example

of two selected products manufactured in the multi-purpose facility

The influence of the two fundamental process parameters of OSN, namely rejection and flux,
on the theoretical potential are shown in Figure 4.4 and 4.5] The potential rises steeply with
an increasing rejection whereas the potential increase stagnates at fluxes above 20 1/m”h. The
same behavior is observed for the number of economic processes that account for the theoretical
potential, which are indicated by the line with the black numeric character. The number of
processes can not be increased by higher membrane fluxes, whereas higher rejection minimizes
the product losses of the high value products and thus more processes become feasible. Only
45 out of the 75 considered processes are economically viable assuming complete rejections
and the estimated values given in Table d.1] However, about half of the processes have to be
implemented to save 90 % of the theoretical potential (indicated by the line with the white
numeric characters). The potential of the six processes which are the main contributors to
the potential stays nearly constant with increasing rejection, but with higher rejections more

processes have promising potential.

In order to check the reliability of the potential assessment, a sensitivity analysis of the theo-
retical potential was conducted with a Monte-Carlo Simulation with varying process parame-
ters. For this purpose, the software Oracle Crystal Ball (Oracle Corporation, Redwood Shores,
Canada) was used. The influence of the different parameters and the stability of the potential

against those factors was evaluated by a fluctuation of the parameters between the minimum and



Potential of OSN in a multi-purpose-process environment

44

theoretical potential [M MU]

50

45

40

35

30

25

20

15

10

25 A
/

20

0.85 0.9 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99 1
rejection [-]

Figure 4.4: Influence of rejection of a membrane on the theoretical potential of a two-stage
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Figure 4.5: Influence of flux of a membrane on the theoretical potential of a two-stage OSN

plant in a multi-purpose environment (rejection is fixed at 0.9) and the number of
economic processes (black numbers) as well as the minimal number of processes

that amount to 90 % of the possible savings (white numbers)
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maximum limits given in Table .1l By varying the factors within this range, a huge amount
of data points for the potential are generated and the most probable potential can be identi-
fied. This procedure enables to take economic uncertainties such as e.g. the product price or
the weighted average cost of capital and process variations e.g. the maximum concentration or
the conditioning time into account. The range of certainty of 95 % varies between 0 and 60m

MU/a. The mean potential is 10m MU/a.

The sensitivities of the different factors on the theoretical potential Potsj, 10141 are given in Figure
.6l The diagram fortifies that rejection has the highest influence on the accessible savings when
using OSN in a multi-purpose production for the acceleration of concentration steps. Other OSN
process parameter such as membrane flux, membrane area and the maximum concentration of
the retentate show almost no measurable effect on the potential. Another substantial influence
is exerted by the distillate flow, since the savings are lower the faster the distillation is. Higher
distillate flows cause lower processing time for distillation and reduce the benefit of OSN (lower
Cur and Cps). Minor influence on the potential is given by the product price and the costs per

machine hour and the weighted average cost of capital rate.

Concentration max
Membrane Area
Interest

Membrane flux
Costs machine hour
Product pricé

Distillate Flow

Rejection

-40 -30 -20 -10 0 10 20 30 40 50 60
Sensitivity [%]

Figure 4.6: Sensitivity of different factors on the theoretical potential Pot; sora1

The results of the first rough potential assessment show the huge dependency of the potential
of an OSN plant in a specialty chemicals production from the rejection of the membrane. To
improve the potential assessment, the most important step is a reasonable prediction of the rejec-
tion. As aforementioned, there is no suitable tool for the prediction of membrane performance
(chapter 2.2.3.4] 2.3.2] [3)). A refinement of the potential estimation can only be done after a
thorough analysis of the capabilities of polymeric (see chapter[5) and ceramic membranes (see
chapter|[6)) and the development of a tool to predict membrane rejections in OSN. The results of

the refined potential incorporating these analysis can be found in chapter[7]



5 Investigations on polymeric
membranes in organic solvent

nanofiltration

This chaptelﬂ presents the systematic investigations concerning the separation behaviour of
polymeric membranes in OSN. They were conducted in order to gain a deeper insight into the
underlying mechanisms and the interactions between membrane, solvent and solute and to de-

velop a suitable tool to accelerate membrane selection for process development of OSN.

5.1 Materials and Methods

In order to identify the influencing parameters that impact membrane performance the following

criteria for material selection have been defined for this thesis:

* Solvents must be of typical use in specialty chemicals production and cover the whole

range of properties from polar to non-polar and from protic to aprotic.

* Membranes need to be commercially available in flat sheets as well as in spiral wound
modules to obtain results of economic and industrial relevance. As highlighted in chapter

[2.2.3.1] the number of commercially available membranes is limited. This limitation at

! The content of this chapter was partially adopted from: Zeidler, S.; Kétzel, U.; Kreis, P.: Systematic investigation
on the influence of solutes on the separation behavior of a PDMS membrane in organic solvent nanofiltration.
Journal of Membrane Science 429 (2013), 295-303 and Blumenschein, S.; Kitzel, U.: An heuristic-based selec-
tion process for organic solvent nanofiltration membranes. Separation and Purification Technology 183 (2017),

83-95
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the beginning of this work led to the investigation of two different membrane materials, a

hydrophobic and a hydrophilic one.

* Solutes have to cover a wide range of different sizes and properties. A typical mate-
rial class produced at Merck KGaA (Darmstadt, Germany) was chosen because it offers
molecules of different weights and with a similar core structure and diverse functional

groups.

5.1.1 Polymeric membranes

As mentioned above, commercially available polymeric membranes should be applied in this
work. In order to cover the widest possible range of membrane materials, the hydrophobic
GMT-oNF membranes (GMT Membrantechnik GmbH, Rheinfelden, Germany) and the hy-
drophilic DuraMem® series (Evonik MET Ltd., Wembley, United Kingdom) were selected. Ta-
ble [5.1] details the characteristics of the employed membranes. GMT Membrantechnik GmbH

characterizes their membranes by a differing rejection experiment, summarized in Table[5.2]

Table 5.1: Commercially available polymeric membranes used in this work

Manufacturer Name Material MWCO Type
[g/mol]

GMT Membran-  GMT-oNF-1 PDMS/PAN support - Composite
technik GmbH

GMT Membran-  GMT-oNF-2 PDMS/PAN support — Composite
technik GmbH

Evonik MET Ltd. DuraMem 200 PI crosslinked with 200 Integral asymmetric

Polyamide (PA)

Evonik MET Ltd. DuraMem 300 PI crosslinked with PA 300 Integral asymmetric

2:3The manufacturer declaration is given in Table|5.2

43determined by rejection measurements of styrene oligomers in acetone [150]]

As an indication for the hydrophobicity/hydrophilicity of the membrane, the solubility param-
eter of the material of the selective layer can be used. The solubility parameter for PDMS
was taken from literature [153H155] where it is reported to be 15 (J / cm3) Y 2. Due to the un-
known cross-linking of the selective layer of the DuraMem®, the use of literature values for

polyimide is not reasonable. For the selective layer of the DuraMem®, a solubility parameter of
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Table 5.2: Characterization of the GMT membranes given by the manufacturer [1511 [152]

Rejection [%]

Membrane GMT-oNF-1 GMT-oNF-2
Tetracosane (339 g/mol) in toluene 55 75
Hexatriacontane (507 g/mol) in toluene 96 98
Methyl Orange (327 g/mol) in isopropyl alcohol 88 93

28 (J / cm3) 1/2 was directly obtained from Evonik MET Ltd. [156].
A new membrane was used for each experiment. The GMT membranes were conditioned by

storing them for at least 12 hours in the respective solvent prior to the rejection measurements.

The DuraMem® membranes contain a polyethylene glycol preservative that has to be flushed
out by filtration with pure ethanol, acetone or THF prior the experiments. According to the man-
ufacturers information, the membranes were first flushed with a permeate volume of 40 1/ m?
at 20 — 30 bar [150]. If possible, the membranes were washed with the respective pure solvent
of the following experiment. In the case of experiments with other solvents e.g. n-heptane or
MTBE, THF or acetone was used for flushing. Subsequently, the solvent was changed to the

respective solvent to prepare the membrane and to wash out the flushing solvent by filtration.

5.1.2 Substances
5.1.2.1 Specialty chemicals

The present work focuses on a class of specialty chemicals with an elongated molecular struc-
ture. They consist of one to five ring-type core molecules (e.g. aromatic rings, cyclohexyl
rings, etc.). The rings are either connected directly or via linking groups. Further functional
groups as e.g. alkyl-, fluoro- or carboxyl may be attached. For the production portfolio of this
material class at Merck KGaA, 15 two, three and four ring-type substances were selected in
order to investigate their separation behavior in OSN. In Table [5.3] they are listed with their
respective molecular weight and molecular structure. The molecular weight ranges from 220
to 480 g/mol. This range in molecular weight by keeping a similar structure allows to repre-
sent the measured rejections in terms of a rejection curve for the material class similar to the

method of styrene oligomers (c.f. chapter [2.2.3.4)). The explicit structure of the solutes cannot
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be given for reasons of confidentiality. The functional group R symbolizes linear alkyl side
chains with different length (R1<R2<R3<R4), X symbolizes a polar endgroup. Additionally,
some of these molecules carry a fluorination. As the core structure of the molecules remains
mostly unchanged, the influence of these functional groups on the OSN performance can be

directly determined.

For the first rejection experiments solutions with 0.1 wt.-% of the respective solute (see Table
5.3) were prepared in the different solvents. Later, these results were compared to rejections
measured with a mixture of the solutes in the respective solvent. Exemplarily, the comparison
for the GMT-oNF-2 used with THF is given in Figure 5.1 The figure shows the average re-
jection during a three hours run and the standard deviation by the error bars. As there were no
statistically significant deviations due to the solute-solute interactions observed, further experi-
ments directly used the mixture approach to reduce the experimental effort.
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Figure 5.1: Comparison between the rejections measured with a mixture of the solutes and

rejection [%)]

the single molecule (here GMT-oNF-2 in THF)

Two solute mixtures were prepared to ensure that during analysis with gas chromatography
(GC) (see chapter [5.1.4.1)) their peaks do not overlap in the chromatogram. In the mixture
0.1 wt.-% of each solute is dissolved in the respective solvent. The composition of the two mix-
tures is given in Table [5.4]together with the retention time of the gas chromatography analysis.
Due to the low solubility of the four core molecules in polar solvents (e.g. ethanol), those tests

were conducted without the four core molecules (L, M, N, O) in the mixtures.

The molecules are substances being not yet tested completely and having very short product
life cycles, thus, only few physical properties of the substances are known. However, in order
to develop a predictive model of the separation behavior of these molecules, several proper-

ties influencing the transport across the membrane have to be known. Because of the strong
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Table 5.3: Specialty chemicals used for membrane characterization

Name Structure Molecular weight
[g/mol]
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Table 5.4: Classification of the molecules of Table|5.3|in the two groups and their GC retention

times
Group A Group B

Name Retention Name Retention
time [min] time [min]

B 21.1 A 16.0

F 16.3 C 12.3

G 34.8 D 19.5

I 25.5 E 21.2

K 30.4 H 34.4

M 45.8 J 374

N 48.9 L 49.5

O 52.4 - -

interactions between membrane, solvent and solute in OSN, properties which describe those
characteristics of the substances are required apart from such typical properties as molecular
size and volume. These properties should be easily obtainable since costly experiments are not
affordable for several hundreds of specialty chemicals the model shall be applicable to. Besides
simple modeling of substance data, group contribution methods are particularly suited to deter-
mine properties of such molecules, because the values can be calculated only by the knowledge

of the molecular structure without any further a priori known data.

One of these parameters which seems to be helpful in understanding the transport performance
in OSN is the Hildebrand solubility parameter [68, 110,136,137, [157] (c.f. chapter . Di-
verse group contribution methods have been proposed [139,158-161] to estimate this parame-
ter. The solubility parameters of substances similar to the specialty chemicals were calculated
with different methods in order to compare them with literature data [[162]. The results are
given in Table[5.5] The method of Stefanis et al. [161] provides the smallest deviation from the
experimentally determined values in the literature [162] (c.f. Table [5.5). For this reason, this

method was chosen to calculate the solubility parameter of the solutes.

The dimensions of the substances were determined by force field calculations via the software
Spartan *08 (Wavefunction Inc., Irvine, USA). The dipole moments were calculated by density
functional theory (DFT) with the M06 functional [163] via the software Gaussian 09 (Gaussian

Inc., Wallingford, USA). The calculations were commissioned and performed at Merck KGaA.
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Table 5.5: Substances of similar chemical structure to validate the calculation methods for the

solubility parameter by means of the experimental values [162]

Name Structure Solubility parameter [(J / cm3) 1/ 2}

Daubert  Van Krevelen Fedors Stefanis
[162] [139] [158] [161]

Bicyclohexyl =0 16.99 16.96 1747 16.82
Bipheny! 19.38 20.09 2115 19.05

Cyclohexylbenzene O—Q 19.00 18.29 19.13 18.06

p-Terphenyl O O O 17.39 21.20 22.15 19.55

Diphenylmethane 19.42 19.75 20.81 19.18

Diphenylethane 18.87 19.21 20.26 18.15

Diphenylether ®°© 18.77 20.92 21.41 18.23
(0]

2-Cyclohexyl- m 18.77 18.33 19.52 18.79

cyclohexanone
min. deviation [%] 0.2 0.6 0.1
max. deviation [%] 219 274 12.4

Due to the frequent notion of the molar volume of solutes as determining factor in the separation
behavior of OSN [4)},[122]], the density was determined for five substances (A, F, G, I, L) to calcu-
late the molar volume. The measurements were conducted at Siemens AG Prozess-Sicherheit in
Frankfurt am Main, Germany with a Micromeritics MultiVolume Pycnometer 1305. The above

mentioned data are summarized in Table [A.T]in the appendix.

5.1.2.2 Solvents

All solvents used for the experiments were supplied by Merck KGaA, Darmstadt, Germany. Ta-
ble lists the solvent grades used in this work. Ethanol was of absolute, undenatured quality

to exclude interactions of the membrane or the solute with the denaturant.
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To consider the influence of the solvents on the interactions in the separation behavior of OSN,
their properties are of particular interest. Relevant properties of the solvents taken from Small-

wood [164] are listed in Table

5.1.3 Experimental set-up

To investigate the transport behavior of the polymeric membranes, a modified METcell Cross-
flow System (Evonik MET Ltd., Wembley, United Kingdom) was used. The feed vessel had
a volume of 600 ml. The system was extended by a permeate recirculation in order to keep
a largely constant feed concentration realized by a high pressure pump (Smartline Pump 100,
Wissenschaftliche Gerdtebau Dr. Ing. Herbert Knauer GmbH, Berlin, Germany). The set-up is

shown schematically in Figure [5.2]

N> permeate recirculation /\

retentate recirculation

]

membrane cell ~ | permeate
s
vessel
0.6l permeate
sampling
v

circulation pump

graduated

feed sampling cylinder

Figure 5.2: Schematical set-up of the experiments with the polymeric membranes

Two kinds of module were used in the lab experiments to house the flat sheet membranes.
Predominantly, the METCell module was replaced by a rectangular membrane cell supplied by
OSMO Membrane Systems GmbH, Korntal-Miinchingen, Germany. The active membrane area
in the rectangular cell is 80 cm?. The feed channel is 47 mil high, 200 mm long and 40 mm wide.
The cell was used with a feed spacer, thus, the hydrodynamic conditions resemble those in a
spiral wound module. According to the manufacturer’s specifications the cross-flow velocity is

doubled when using a spacer. Figure shows an illustration of the rectangular module.
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Figure 5.3: Rectangular membrane module

For some screening tests the radial 4" filtration cells (Evonik MET Ltd., Wembley, United
Kingdom) were used because the experimental set-up system enables the connection of multiple
radial cells in series and hence to test several membranes in one experiment. These cells have

an active membrane area of 54 cm?. Figure shows the opened radial module.

permeate permeate outlet
collection ~
channel

feed flow

Figure 5.4: METCell 4" radial membrane module

Experiments were carried out at room temperature (25 +3°C) and a fixed feed flow of 1 I/min
resulting in a cross-flow velocity of 0.65 m/s in the rectangular cell when using a feed spacer.
The system was pressurized with nitrogen to a constant transmembrane pressure of 30 bar. Per-

meate mass flow was determined by measuring the increase of permeate mass on an analytical
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balance over time. Samples were taken after 30, 60, (90), 120, (150) and 180 min to observe the
start-up and compaction behavior and the steady-state. A long-term experiment regarding pure
solvent fluxes lasting for 8 h and 7 h for the GMT and the DuraMem® membranes, respectively,
was carried out for each membrane to verify that steady-state is reached after 3h. The results
are shown in Figure [5.5p and Figure [5.5b. The diagrams show that the deviations of the fluxes
are marginal (< 1 % for GMT-oNF-2 and < 3 % for DuraMem® 200) per hour after 3 h.
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Figure 5.5: Pure solvent flux measurement with a membrane housed in the rectangular cell
measured at 30 bar, room temperature and 1 1/min feed-flow in a long-term exper-
iment.

a) GMT-oNF-2 b) DuraMem® 200

The course of rejections was also investigated and is given in Figure [5.6|for both membranes in

the different solvents for one solute.
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O
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Figure 5.6: Rejection course of one solute in the three solvents THF, n-heptane and ethanol as

a function of the time for both membranes

During the first two hours, some fluctuations and compaction effects can be detected. Constant

rejections after two hours were verified in a long-term experiment. The slight changes in flux
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are sufficient to start and run an OSN process because rejection is the more relevant separa-
tion parameter when investigating the potential of OSN in specialty chemicals production (c.f.

chaper {4)).

5.1.4 Analytics
5.1.4.1 Gas chromatography

Concentrations of the specialty chemicals (Table in the permeate and retentate were an-
alyzed by gas chromatography (AutosystemXL, Perkin Elmer, Massachusetts, USA). It was
equipped with a flame-ionisation detector. Nitrogen was used as carrier gas with a flow rate of
3.2 ml/min. A polyphenylmethylsiloxane column (CP-Sil 8CB, Agilent, Boblingen, Germany)
was used with a length of 50 m, a diameter of 0.32 mm and a film thickness of 0.012 mm. Cali-
bration curves were obtained in advance to the rejection experiments for 10 solutes each in THF,
n-heptane and ethanol to enable the computation of mass concentrations in the range of oper-
ation. A comparison of the calculated rejections via the calibration curves and the rejections
calculated directly via the GC peak areas showed negligible differences. For this reason, the

rejections of the other solvent-solute systems were directly calculated with the peak areas.

5.1.4.2 Rotary evaporator

To prove the developed model, rejection measurements with real production solutions were
carried out. Here, the concentrations of the samples were determined via the dry residues. The
mass of the solution samples was weighed on an analytical balance. The mass of the solutes
was then weighed after evaporation of the solvents in a rotary evaporator (BUCHI Labortechnik

GmbH, Essen, Germany).

5.2 Membrane-solvent interactions

First of all, the pure solvent fluxes were measured in order to start with the two dimensional
interaction level between different solvents and the membranes. The results of the flux mea-

surements are illustrated in Table
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Table 5.6: Pure solvent flux measured at 30 bar and 25+3 °C

Solvent Flux [1/m? h]
GMT-0oNF-2 DuraMem® 200
THF 91.5 40.9
n-Heptane 121.2 52.9
Ethanol 4.5 31.0
Methanol 2.0 54.2
Ethyl acetate 68.4 38.5
Toluene 86.6 7.8
Isopropyl alcohol 11.5 6.8
Acetone 30.3 97.8
Water 0.0

Swelling of the membrane is repeatedly mentioned to be a pivotal factor in the performance of
polymeric OSN membranes [110,[137,1165]. In literature the equilibrium swelling of a polymer
vs. the solubility parameter of different solvents is reported to be a bell-shaped curve with the
maximum at the solubility parameter of the polymer [[139]. According to several publications
[110,1140], the degree of swelling of PDMS depends on the difference of its solubility parameter
and that of the solvent. This correlation concerning the swelling could later also be confirmed
for a composite PDMS/PAN membrane by Tarleton et al. [153]]. If the difference approaches
zero, high swelling is obtained and the dense thin film becomes looser. This behavior has also
been proven by Tarleton [[166] for a polyimide membrane by the expansion measurement of a
StarMem® 122. The StarMem® 122 membrane is a integrally skinned membrane made of P84 as
well as the DuraMem®. The highest expansion rate was measured in the range of 29 (J/cm?) 1z,
The difference in solubility parameter of a polymer and solvent should be thus also a suitable
indicator for the amount of swelling of a membrane. The measured permeate fluxes of both
membranes are illustrated therefore as a function of the solubility of the respective solvent in
Figure|S.7|to check the influence of swelling on the performance of the membranes investigated
in this work. The dashed line symbolizes the solubility parameter of the selective membrane

layer.

Regarding the GMT-oNF-2 membrane, the figure demonstrates that the closer the solubility
parameters of the membrane and solvents are the higher the solvent flux is. Keeping in mind

that no solvents with a solubility parameter significantly lower than PDMS were used, even the
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Figure 5.7: Pure solvent flux through the membranes as a function of the solubility parameter

of the solvent and the solubility parameter of the membrane polymer (dashed line)

a) GMT-oNF-2 b) DuraMem® 200

solvent fluxes follow in a way the bell-shaped curve just like the degree of swelling. The results
in Figure[5.7|reveal thus that swelling of the selective layer of the PDMS composite membrane

has the highest influence on solvent transport.

However, regarding the pure solvent fluxes through the DuraMem® membrane, there is no clear
dependence of the solubility parameter of the solvents or of any other solvent parameter recog-
nizable. This suggests that on the one hand swelling is not as decisive for the transport behavior
of the DuraMem®. The comparison of literature data on the degree of swelling determined by
gravimetric measurements of pure polymers confirm this presumption: Favre [140] measured
mass uptakes of up to 80 % for PDMS (in toluene), whereas Hesse and Sadowski [[111] gained
a maximum mass uptake of 20 % for P84. On the other hand, the transport seems to be affected

by a complex combination of different other factors.

Besides, the solvent fluxes of the GMT-oNF-2 correlate also with solvent properties like polarity
index and dielectric constant (c.f. Figure [A.T). Since those give a description of the polarity
of a solvent it also gives a certain indication about the affinity to another component. These
results show that swelling and the affinity between the components are essential for the transport
through PDMS membranes and that the interactions between membrane and solvents can be
simply described by a consideration of the solubility parameter of the selective layer material
of the membrane and the solvents. Moreover, this suggests that even solute transport might be
significantly regulated by the affinity between the membrane and the solute or in other words

the solubility of the solute in the membrane material.
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Several researchers have already found good correlations for solvent permeation especially
through PDMS membranes according to the pore-flow model [90, [110]], therefore, this should
also be surveyed with the results of this work. According to the Hagen-Poiseuille equation
(2.13)), viscosity is the only variable factor at equal pressures when using the same membrane
under the assumption that porosity, tortuosity, membrane thickness and pore radius are mem-
brane specific constants. Considering this, the solvent fluxes versus the inverse of the viscosity
should lie on a straight line [110]. To verify if transport through the membranes follows the
pore-flow mechanism, the pure solvent fluxes (Table [5.6) are plotted against their inverse vis-
cosity in Figure[5.8] Clearly, there is no proportional correlation between the inverse viscosity
of the different solvents and the solvent flux. However, as became apparent above, the "pore
radius" cannot be assumed to be constant in different solvents at least for the GMT-oNF-2 mem-

brane, since swelling of the selective layer is the determining factor for the solvent transport.
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Figure 5.8: Pure solvent flux through the membranes as a function of the inverse viscosity of

the solvent a) GMT-oNF-2 b) DuraMem® 200

To exclude the effect due to different amounts of swelling, the viscosity was varied by measuring
pure solvent fluxes at different temperatures between 15 and 55 °C. The results of the GMT-
oNF-2 membrane, given in Figure [5.93, show a linear dependency for the fluxes of n-heptane
and THFE. This points to a convectively dominated transport in the measured range. In contrast,
the fluxes of ethanol through the PDMS membrane show an exponential behavior on the inverse
viscosity and illustrate a different transport mechanism. The solubility parameter of ethanol

differs substantially from that of the membrane and hence there is almost no interaction between
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the GMT-oNF-2 membrane and the solvent and the separation layer swells only marginally.
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Figure 5.9: Pure solvent fluxes of ethanol, n-heptane and THF as a function of their inverse

viscosity a) GMT-oNF-2 b) DuraMem® 200

Plotting the solvent fluxes through the DuraMem® against the inverse viscosity (see Figure[5.9p)
does not result in a straight line. The curves of each solvent rather show an exponential behavior.
The diffusion coefficient in liquids as well as in solids shows a non-linear dependency on the
temperature, therefore, this exponential course could give a hint on a solution-diffusion driven
transport mechanism through the PI membrane (similar to what was shown already in literature
(65,169, 114]) as well as for ethanol through the PDMS membrane. Concluding, solvent flux is
affected by parameters influencing solution and diffusion, which results in a complex interplay

of the different phenomena.

From the long-term flux measurements (see Figure [5.5) the first differences between the two
membrane materials or the membrane structure became apparent. Regarding the GMT-oNF-
2, there is a slight increase of the permeate flux detectable in the first two hours whereas the
permeate flux through the DuraMem® 200 decreases by more than 50 % in the first hour fol-
lowed by a slight decrease of about 3 % per hour. This observation suggests that the thin dense
PDMS layer of the composite membrane still swells marginally when starting the filtration pro-
cess when the solvent is forced through the membrane material. Contrarily, the decrease of the
permeate flux through the integrally skinned PI membrane might also be an effect of swelling.
Solvents might swell the membrane causing a density increase of the more porous structure of
the integrally skinned membrane. The solvent flux is thus a combination of the density increase
of the membrane material by swelling and the affinity between solvent and the membrane when
diffusing through the material. This would explain the somehow ambiguous dependencies of

the permeate flux from the solvent properties. The fact that the PI membranes are not in contact
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with the respective solvent prior to the experiments might be the reason why the change of flux
is more distinctive compared to the PDMS membrane. Here, the swelling process just starts
with the filtration experiment. Furthermore, the integrally skinned PI membrane might be more
sensitive to a compaction of the selective layer due to the more porous membrane structure com-
pared to the composite membrane which additionally reduces the permeate flux over filtration
time. This would imply, that even for the rejection of the DuraMem® membrane, the solubility
parameter of the solvent is of importance because swelling would be important for the rejection

of solutes.

Basically, it has to be mentioned that the performance of the DuraMem® 200 changed signifi-
cantly during this work. After the acquisition of MET by Evonik the membranes were reworked
and optimized. This became particularly apparent when considering the n-heptane fluxes. At
the beginning of this work, these fluxes were the highest despite the low affinity to the mem-
brane material. A possible explanation could be found in the integrally skinned structure of
the membrane. A certain degree of swelling might be necessary to densify the top layer of the
membrane. Solvents like n-heptane, which do not swell the material, can thus pass through lit-
tle pores where phase inversion e.g. stopped too early. After the optimization of the membrane,
maybe by an increase of the top layer thickness (indicated by a general trend to lower fluxes
regardless of the solvent), the membrane might have become denser and swelling lost impor-
tance. Moreover, to conduct the measurements in n-heptane, the membranes had to be flushed
with acetone. If acetone swells the membrane, the n-heptane flux could additionally profit by

this preparation.

5.3 Membrane-solvent-solute interactions

5.3.1 Experimental database

Firstly, the rejection of the two membranes GMT-oNF-2 and DuraMem® 200 for the chemicals
listed in Table [5.3] were measured. The experiments were conducted with solutions containing
only one solute. The obtained values are given in Table The rejections as a function of
the molecular weight of the solutes are illustrated in Figure[5.10] As expected, the results vary

widely between the different solvents and the molecular weight range.
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Figure 5.10: Rejections of specialty chemicals in ethanol, THF and n-heptane vs. their molec-
ular weight. Values taken after 180 min at 30 bar transmembrane pressure.
a) GMT-oNF-2 membrane, star symbols the separation characterization given by
the manufacturer determined by rejection measurements of alkanes in toluene.
b) DuraMem 200 membrane, dotted line symbols the MWCO given by the

manufacturer determined by rejection measurements of styrene oligomers in ace-

tone.
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For both membranes, the highest rejections were measured in THE. With the GMT-oNF-2 the
rejection generally increases with the molecular weight of the solutes and is between 55 and
95 %. The specification for toluene given by the membrane manufacturer is exceeded in THE.
Molecules larger than 330 g/mol are retained by more than 90 %. The increase of the rejection
with the molecular weight is significantly lower for the DuraMem® 200. Here, the rejections are
between 77 and 88 % except for solute E which has a considerably lower rejection of 57 %. The
specification of the manufacturer (MWCO: 200 g/mol measured with polystyrenes in acetone)
could not be reached with any of the solutes.

The rejection in n-heptane differs radically between the two membrane materials. With the
GMT-oNF-2 membrane rejection values are within a range of 20 and 80 % and are thus be-
low the rejection level in toluene as given by the manufacturer. In particular at low molecular
weights, the rejections in n-heptane were significantly lower than in THE. These results can
be explained by the high swelling of the PDMS layer in n-heptane because they show similar
solubility parameters as reported e.g. by Van Krevelen [139]. If the structure of the active layer
becomes looser due to swelling, solute permeation is eased. The DuraMem® shows negative
rejections for the majority of the solutes (-30 - -1 %), but rejection increases with the molecular
weight resulting in low positive rejections (9 and 16 %) for the largest molecules. Negative
rejection means that the concentration of the solute in the permeate is higher than the concen-
tration in the retentate. Concentration polarization can be excluded as a root cause due to the
very low concentrations applied in the experiments.

In Ethanol the behavior is the opposite. The rejection of every molecule measured with the
GMT-oNF-2 is negative and ranges between -10 and -45 %, but there is no clear dependence of
the rejection on the molecular weight. The rejection of the DuraMem® is in a range between 30
and 85 % and thereby lower than in THF. This is again explainable by the high affinity of the
membrane to the solvent and thus swelling of the membrane material. However, the membrane
seems to swell not to the same extent as the PDMS membrane because the difference to the

rejections in THF is marginal.

The dependence of the separation performance from solvent demonstrates again that the MWCO
is not a suitable measure to select an adequate membrane. In order to check the reproducibil-
ity, the experiments with substance G in ethanol was repeated three times. The value given in
Table is the average of the measurements. The standard deviation in this case is 3.6 % for
the hydrophobic membrane and 1.9 % for the hydrophilic membrane, respectively, indicating

statistically significant results of the measurements.
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Permeate fluxes of the above rejection measurements (see Table [A.5) varied widely within one
solvent, as for each experiment a new membrane sheet was used. It can be assumed that small
irregularities in the layers have a significant impact on the membrane flux. The observation of
the partial fluxes of the solutes given in Table|5.”/| gives more reliable results. The partial fluxes
were calculated by equation [5.1] and are only given for the solutes for which a GC calibration

curve were determined and thus the solute concentration in the permeate exists.

F
mp-w
Jy = % (5.1)
Table 5.7: Partial fluxes of the solutes in THF, n-heptane and ethanol
GMT-oNF-2 DuraMem® 200
Name THF n-heptane ethanol THF n-heptane ethanol

[mol/min] [mol/min] [mol/min] [mol/min] [mol/min] [mol/min]

A 191103 378103 0.18107° 085103 0.89103 0.3210°3
D 1521073 2.081073 0551073  3.051073

E 1.811073 173102 02010 1.65103 1.741073 0971073
F 173102 219103 0271073 078103 32810 025103
G 0.801073 1.11102 018103 038103 1331073 0.561073
I 1.00103 1351073 0.131073 03010~ 393103 039103
J 0391073 1.62107° 0161073 045102 340103 0411073
M 0.57103 0531073 0481073 0931073

N 0.16 1073 0.29 1073
¢} 0.141073 0491073 0.141073  1.171073

Because of the high degree of swelling of the GMT-oNF-2 membrane in heptane, those fluxes
are the highest decreasing with an increase of the molecular weight. The same behaviour occurs
for THF but with lower fluxes compared to heptane. This is in accordance with the above
mentioned theory of the solubility parameters (see chapter [5.2). The difference between the
solubility parameter of the membrane and the solvent is higher for THF compared to n-heptane,
therefore swelling in THF is lower and the partial fluxes are lower as well. The fluxes of the
solutes in ethanol are all in the same range and show no significant dependence on the molecular
size of the solute. The fluxes of the small molecules in ethanol are significantly lower than in
THF and n-heptane. This suggests that due to the minimal swelling in ethanol, the transport

mainly occurs by diffusion. It can be assumed that the dominating transport mechanism changes
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when the size of the solute increases because the partial fluxes of the larger solutes J, M and
especially O in THF become similar to the partial fluxes in ethanol. This assumption would also

lead to the fact that a 100 % rejection will not be achievable in the nanofiltration range.

In contrast to the GMT-oNF-2 membrane, the fluxes through the DuraMem® membrane are
the highest at negative rejections. This is in accordance with the theory, that the DuraMem®
stays more open in solvents which do not swell the membrane. This allows the solutes and
solvent to easily pass the membrane. The effect might be additionally intensified by the required
flushing of the membrane with acetone or THF prior to the experiments. The partial fluxes of
the solutes in THF and ethanol are in a similar range and comparable to the values of the GMT-
oNF-2 membrane, where diffusion is assumed. After the acquisition of MET by Evonik, the
DuraMem® type was reworked and quality standards were defined. During that initiative, the
membrane seems to have been changed or modified over the time while this work was conducted
(c.f. Figure[A.2). Meanwhile, e.g. heptane fluxes are the lowest while rejection in n-heptane still
stays negative. As already mentioned in the previous chapter, a possible explanation is that the
structure of the integrally skinned membrane was optimized so the separation performance is
less influenced by the swelling of the material. However, the general rejection behavior did
not change with the differences in fluxes and thus, these changes do not affect the general goal
of this work. Secondly as shown in chapter {] for specialty chemicals rejection is the most

important process property whereas flux changes are not as economically important.

To elucidate the partly extreme deviations between the rejections of the solutes, the next section

addresses the membrane-solvent-solute interactions.

5.3.2 Influence of solute on the separation behavior

To investigate the influence of the solutes on the separation behavior, several solute properties
were investigated and taken into consideration. As summarized in chapter[2.3.2.2] some prop-
erties related to transport behavior have already been identified in previous publications. These
are e.g. the mean size [1335]], the dipole moment [[70] or the solubility parameter [[68} (137, 144]
of the solute. However, none of the studies span the complete OSN range concerning differ-
ent membrane materials, solvents over the whole polarity range and solutes of different sizes
and properties. Nevertheless, these proposed solute properties were considered to prove their

universal validity.
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According to Zheng et al. [135]], the molecular size of the molecule was represented best by
the mean size which is defined as the smallest molecular volume. Because of the inflexible,
linear structure of the molecules, here, the width was used to represent the minimum size of the
molecules depending on the orientation towards the membrane. The rejection in dependency of
the maximum width determined by force field calculations (c.f. Table [A.1) is shown in Figure
Over the complete range of solutes, no relationship between the rejection and the size of

the solutes can be detected, thus, other measures have to be taken into consideration.
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Figure 5.11: Rejection in dependence of the maximum width of the solutes determined by

force field calculations a) GMT-oNF-2 b) DuraMem® 200

The dipole moment, which showed good correlation in the study of e.g. Darvishmanesh et al.
[70], is considered in Figure No dependence between rejection and dipole moment could
be identified with the solutes-solvents-membranes system investigated in this work. Even when
taking the dipole moments of the solvents (THF: 1.75; n-heptane: 0; ethanol: 1.7) into account,

the picture does not become clearer.

The solubility parameter was already helpful to explain the pure solvent fluxes, therefore, the
solubility parameters of the solutes are added to the considerations. The solubility parameter
has furthermore the advantage that it allows for the incorporation of the other involved parties,
namely membrane and solute. The difference in the solubility parameters of two components
provides an insight about the affinity between them. Due to the very non polar nature of the
solutes, the Hildebrand solubility parameter was chosen and calculated by the group contribu-
tion method of Stefanis [161]. The computed values are listed in Table The rejections vs.

the solubility parameters including the values of PDMS and PI, respectively and the respective
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Figure 5.12: Rejection in dependence of the dipole moment of the solutes calculated by den-

sity functional theory (DFT) a) GMT-oNF-2 b) DuraMem® 200

solvent are shown in the following Figures (Figure [5.13| [5.14] and [5.15)). In order to exclude

significant size effects of the solute on the rejection in the interpretation of the results, the

pre-

sentation of the rejections of the solutes is divided in three groups by their amount of cyclic

carbon rings named as 2-, 3- or 4-cores.
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Figure 5.13: Rejection in dependence of the solubility parameters of the solutes calculated
by the method of Stefanis [161]] and the solubility parameters of the membrane
(dashed line) and THF (solid line) a) GMT-oNF-2 b) DuraMem® 200

First of all, Figure [5.13|illustrates the rejection in THF, where both membranes have a good

performance. Comparing the solubility parameters of membrane material, solute and THEF,

the values of the solubility parameters of the solutes are close to THF (|Ssolute — Osolvent|max =

Abmax = 4 (J / cm3) 1/ 2). This indicates that the affinity of the solutes to THF is very high and
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the interactions of both with the membrane are moderate. The driving force of dissolution and
permeation of the solutes in and through the membrane is marginal, therefore, rejections in THF

are highest.

Rejections of both membranes in n-heptane are shown in Figure[5.14] The solubility parameters
of n-heptane and the membrane material PDMS are very similar, indicating high swelling of
the membrane and similar affinities of the solutes to the membrane and to n-heptane and hence
rejection in n-heptane is not as high as in THF. Furthermore, a decline in rejection can be
observed with an increase of the solubility parameter, but a dependence of the molecular weight

(symbolized by the number of cores) can still be observed.
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Figure 5.14: Rejection in dependence of the solubility parameters of the solutes calculated
by the method of Stefanis [161]] and the solubility parameters of the membrane
(dashed line) and n-heptane (solid line) a) GMT-oNF-2 b) DuraMem® 200

In contrast, the rejection of the PI membrane is linearly dependant on the solubility parame-
ter of the solutes without any influence of their molecular weights. The closer the solubility
parameter of the solute to the membrane, the lower is the rejection. The difference between
the solubility parameter of the membrane and n-heptane is very large (Osolvent — Omembrane =
Abs_pm =13 (J / cm? ) 1/ 2) indicating a low affinity of the solvent to the membrane. The solu-
bility of the solutes in the membrane material is preferred to the solvent and therefore the flux
of the solute through the membrane is higher in relation to that of the solvent causing negative

rejections.

Rejections of the PDMS and the PI membrane in ethanol are illustrated in Figure [5.15] Here,

the same rejection behavior is observed for the PDMS membrane as for the PI membrane in
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n-heptane. The difference between the solubility parameter of PDMS and ethanol is very large
(8solvent — Omembrane = A8s—m = 11.2 (J /cm?) Y ) Consequently, the affinity between solvent
and the membrane and thus swelling of the selective layer is low. The solubility parameters of
the solutes indicate a higher affinity to the membrane, therefore, the dissolution of the solutes
in the membrane material is preferred compared to the solvent and rejection becomes negative.
Rejection linearly increases when the solubility parameter of the solute approaches that of the

solvent as well.
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Figure 5.15: Rejection in dependence of the solubility parameters of the solutes calculated
by the method of Stefanis [161]] and the solubility parameters of the membrane

(dashed line) and ethanol (solid line) a) GMT-oNF-2 b) DuraMem® 200

Rejections of the DuraMem® 200 in ethanol are lower than in THF, as indicated by the small
difference between the solubility parameter of the membrane material and that of ethanol. The
membrane swells thus to a higher extent compared to THF and the solutes can pass easier

through the membrane. The same behavior was observed with the GMT-oNF-2 in n-heptane.

Although it is not possible to predict rejections exactly with this comparative examination,
it easily allows an estimatation of the expected range of rejection. This is already of large
importance because it facilitates membrane selection for a given solvent/solute mixture during
process development. Of course, to conclude on general rules, the findings have to be extended

to other membrane types.
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5.3.3 Influence of functional groups on the separation behavior

The fact that solutes of similar molecular weights have significantly differing rejections in some
cases clearly shows that even besides size exclusion other effects have to be considered. The
comparison of the rejection of substance e.g. G and J or E and F (A molecular weight = 3
g/mol) indicates that functional groups can have a distinct influence on transport behavior. By
incorporating the substances A-O (except B and C) into a complete Design of Experiments
(DoE) [167, [168]], the most important functional groups to be considered in the estimation of
rejection could be defined with a manageable number of experiments. The DoE software Modde
(Umetrics AB, Umea, Sweden) was applied for the analysis. In Table the varied functional
groups that were used as factors in the DoE are listed. Figure [5.16]explains the notation of the

functional groups.

Table 5.8: Functional groups used as factors in the DoE

Factor Type Value
number of cores quantitative 2,34
endgroup qualitative polar/nonpolar
left side chain quantitative R2/R4
right side chain quantitative -/R1/R2/R3/R4
fluorination qualitative yes/no
right end core qualitative benzene/cyclohexane

left side chain " leftendcore ' right endcore ' right side chain
here: nonpolar alkyl here: polar
endgroup endgroup

Figure 5.16: Example for the notation of the functional groups

Because of the restricted number of tests that can be performed due to the fixed structure of the
molecules and the categorical factors (endgroup, fluorination and right end core), a D-optimal
design of experiments was designed. A manual candidate set was generated which takes the
limited combination of factor settings into account. Further background information about the

general procedure of Design of Experiments can be found in [167, [168]]. The fitted model is a



Investigations on polymeric membranes in organic solvent nanofiltration 71

linear regression model without interactions. In its basic form it is described by the following

equation (here for three factors A, B and C):
y = bo+baxs + bpxp + bcxc (5.2)

where y is the response value (here: rejection), by a constant term, b4_c the estimated coeffi-
cients of the different factors and x4_¢ represent the settings of the factors in the experimental
domain. The necessary extensions to handle higher-order terms and categorical factors in a re-
gression model are described in [[168]]. The interpretation of the data was done individually for
each solvent because the solvent itself would otherwise give the highest impact factor on the
rejection and would suppress the other factors. The analysis of the DoE allows for a qualitative
comparison of the factors influencing the measured result. Figures[5.17] and [5.18]illustrate the
functional groups having a significant impact on the response value for the three solvents. The

bars show the coefficients of the centered and scaled settings of the factors:

2()6 - xcenter)
Xcentered&scaled = (—

(5.3)

Xmax — Xmin )
By centering and scaling the influence of different factors with different scales can be compared
[167]. Those are presented in the diagrams for the most significant functional groups. The error
bars represent the confidence intervals of the respective coefficient with a confidence level of

95%.

THF n-heptane ethanol
30 30 30

m side chain right

fluorination
15 A - 15 15 | mendcore (benzene)
0 [ 0 - 0

* * I
15 A Hcores .15 A .15 A

side chain left mcores
m side chain right

centered & scaled coefficient

m side chain right

-30 -30

-30

Figure 5.17: Functional groups influencing the rejection of the GMT-oNF-2 in different sol-

vents

Concerning the GMT-oNF-2 membrane (see Figure[5.17), the molecular weight (represented by
the number of cores) is a crucial factor in the analysis of the DoE as well, as already shown in
Figure[5.10] especially for the solvents THF and n-heptane where size exclusion is the proposed
separation mechanism. An elongation of the side chains causes an increase of the molecular

weight and the size as well and therefore a positive impact on the rejection in n-heptane. Figure
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[5.10] already illustrated that the molecular weight has no influence on the rejection in ethanol.
This result is also reflected by the results of the DoE where the number of cores does not show

any impact on the rejection.

However, the effect of the right side chain in ethanol is very distinctive and significant. Here, an
elongation of the right side chain has a negative effect on the rejection. In this case the reason is
not the change in the molecular size but in the polarity of the solute. On the one hand polarity
decreases slightly with an elongation of the side chain. On the other hand the molecule features
a polar endgroup, if the length of the side chain on the right side is zero. With decreasing
polarity of the solute the affinity to ethanol gets lower. Additionally, the affinity of the solute to
the membrane rises and causes lower rejections. Fluorination and benzene as an endcore only

show a small negative impact on rejection in ethanol.

As mentioned, the right side chain has a considerable influence on the polarity of the solute
besides the impact on the molecular size. The mixture of effects in the factor right side chain

probably causes the negative, less significant influence of this functional group in THF.
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Figure 5.18: Functional groups influencing the rejection of the DuraMem® 200 in different

solvents

The influence of the functional groups on the separation of the DuraMem® 200 membrane is
illustrated in Figure [5.18] It has to be mentioned that the influence of the investigated factors
on rejection in THF and ethanol is significantly lower (up to a factor of 50) compared to n-
heptane as well as compared to the GMT-oNF-2 membrane. The cores show a positive effect
on the rejection in THF and ethanol as well as for the PDMS membranes in THF and heptane.
The very low dependence of rejection based on the molecular weight (represented here by the
number of cores) compared to the GMT-oNF-2 has already been depicted in Figure An
elongation of the right side chain causes better rejections in each solvent as the polarity of the
solute decreases and thus the affinity of the solute to the membrane. Due to the same reason, the

polar endgroup has a negative effect on the rejection in heptane. According to the outcome of
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the DoE, a benzene endcore influences the rejection in THF and ethanol positively. This effect
might appear due to a distribution of the polarity of the polar endgroup by delocalized electrons
of the aromatic ring. Partly, the functional groups factors are closely linked with each other
like the right side chain with the polar endgroup (no right side chain = polar endgroup). For
this reason, effects due to changes in molecular weight might be mixed with effects based on
the polarity of the solute, therefore, some inaccuracies due to combined positive and negative
effects on the rejection may occur. This might be the reason e.g. for the negative, less signif-
icant influence of the right side chain on the rejection in THF of the GMT-oNF-2. To assure
the significant effects of the polarity of the solutes on the rejection behavior suggested by the
DoE and to eliminate uncertainties due to averaging effects, the results were fortified by a direct

comparison of two molecules which only differ in one functional group.

In the following section, the comparisons for the left side chain, the polarity of the endgroup, the
endcore and the fluorination (for nomenclature of the substances see Table [5.3)) are discussed.
The figures show the average values of the rejection after 3 h and their standard deviation for

the three solvents THF, n-heptane and ethanol.

Using the example of substance G and K, Figure [5.19] demonstrates the influence of different
left side chain lengths (alkyl chains) on the rejection. The figure shows the rejections in the
three solvents for the GMT-oNF-2 (Figure left) and for the DuraMem® 200 (Figure [5.19]
right). In all cases, except for the GMT-oNF-2 in ethanol, a longer left side chain (substance
G) has a slightly positive influence on the rejection due to the higher molecular weight, as it
has already become apparent from the results of the DoE. In contrast to the results of the DoE,
the longer left side chain shows a clear improvement of the rejection of the GMT-oNF-2 in
n-heptane. This is in accordance with the hypothesis that a convective transport mechanism
and therefore size exclusion is dominant in THF and n-heptane. The higher polarity of a short
side chain leads to a better rejection of the GMT-oNF-2 in ethanol and a worse rejection of the
DuraMem® 200 in heptane due to lower affinity to the PDMS membrane and the higher affinity

in the case of the PI membrane, respectively.

The comparison of the rejections of the two solutes (J and G) with a polar and a nonpolar end-
group, respectively, is contrasted in Figure for both membranes. The results demonstrate
that the polarity of a functional group has a significant impact on the membrane performance,

although the influence of the polarity on the rejection of the DuraMem® is significantly lower
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Figure 5.19: Rejection of two molecules which differ only in their left side chain length

(Rg > Rg) a) GMT-oNF-2 b) DuraMem® 200

than on the rejection of the GMT-oNF-2. For both membranes a general trend can be found that
rejections are higher for solutes with a lower affinity to the membrane. This means that rejec-
tions of solutes with polar endgroups (here: J) are lower for the DuraMem® and higher for the
GMT-oNF-2 compared to solutes with nonpolar endgroups (here: G). This is even true for the
rejections in solvents where the membranes show negative rejections. The only exception oc-
curs with the GMT-oNF-2 in n-heptane. Following the above interpretation the rejection should
be better for solute J which has a lower affinity to the membrane. This behavior is also known
and verified by molecules investigated within the scope of chapter |/l Contrarily, the rejection
of solute J in n-heptane is significantly lower. In terms of the polar group analyzed within this
chapter, the lower rejection of the more polar solute might be an effect of an interaction of the
polar group with the very similar functional groups of the support layer of the membrane. Due
to the high extent of swelling in heptane, this might come into effect and cause an additionally
enhanced transport of the polar molecule. The results of the GMT-oNF-2 also demonstrate that
despite the convectively dominated transport in non-polar solvents the polarity of a solute has,
nevertheless, a significant influence on the rejection. Even though the molecular weight of sub-
stance J is slightly lower, the rejection in THF is higher due to the higher polarity of J and thus

the lower affinity to the membrane.

The results reinforce the outcome of the DoE considering that the polar endgroup is linked to the
factor ’right side chain’ in the DoE. The comparison of solutes G and J shows the same results
for the GMT-0NF-2 as the results of the DoE. With an elongation of the right side chain and
an associated increase of the affinity to the membrane layer, the rejection in THF and ethanol

decreases, while in n-heptane the rejection increases. The comparison for DuraMem® reflects
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Figure 5.20: Rejection of two molecules which differ only in their endgroup (G: nonpolar; J:

polar) a) GMT-oNF-2 b) DuraMem® 200

the results of the DoE as well, except for the predicted positive effect of a polar endgroup and
the negative effect of an elongation of the left side chain on the rejection in ethanol. However,
due to the minor differences in the rejections of the DuraMem® and the limited significance of

the above mentioned factors, those results of the DoE have to be handled carefully.

Figure compares the rejections of the two solutes E and B possessing a polar endgroup.
The polar endgroup is either bound to a cyclohexane ring or to a benzene ring. The substances
differ thus only by 6 g/mol in their molecular weight. The comparison confirms the hypothesis
that a polar endgroup linked to a cyclohexane ring has a stronger influence on the rejection than
a polar endgroup bound to an aromatic ring, particularly for the DuraMem® 200. The rejec-
tions of the GMT-oNF-2 measured in THF show no clear differences, but those of substance B
with an aromatic endcore are worse in heptane and ethanol. In contrast, the rejections of the
DuraMem® 200 in THF and ethanol are better for the solute with the benzene ring because the
electrons are able to delocalize and the affinity to the membrane is lowered. This effect can
be very well captured by comparison of the solubility parameters. As already shown in Fig-
ure [5.15b, negative rejection is more or less linearly dependent on the solubility parameter of
the solute. The rejection decreases with minor differences between the solubility parameter of
the solute and the membrane. Therefore, the rejection of the DuraMem® 200 of substance E
(8 =19.6(J/cm3) /%) is better than B (5 = 20.8(J/cm®) /%) and vice versa for the GMT-oNF-2

in ethanol.

The influence of a fluorination on the rejection is investigated in Figure[5.22]by the comparison



Investigations on polymeric membranes in organic solvent nanofiltration 76

100 100

80 - _ 80 A z
< 801 _, 60 z
S 40 A S, 40
c = c
2 20 1 NE S 20 A mE
8 2 g o ’
9__." 0 T T T - &_)‘ T T - T

220 - T -20 A -

-40 A -40 A

-60 -60

THF n-heptane ethanol THF n-heptane ethanol
(a) (b)

Figure 5.21: Rejection of two molecules which differ only in their endcore (E: cyclohexane;

B: benzene) a) GMT-oNF-2 b) DuraMem® 200

of a solute with a fluorine substituent (here: H) and a solute consisting only of hydrocarbons
(here: G). Fluorination has an impact on the molecular weight as well as on the dipole moment
of the solute. Both increase with fluorination (c.f. Table [A.T). In accordance with the results
of the DoE, where fluorination shows no significant influence on the rejection, the differences
in the direct comparison are hardly measurable as well. A significant variation in the rejection
can merely be observed for the GMT-oNF-2 in THF and n-heptane due to the slight increase of

molecular weight and polarity caused by the fluorination.
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Figure 5.22: Rejection of two molecules which differ only in the fluor substituent (G: no flu-

orination; H: fluorination) a) GMT-oNF-2 b) DuraMem® 200

Generally, the direct comparison of two molecules which differ only in the functional group
reflects the results of the DoE. The polarity of a solute seems to have a minor effect on the
rejection in THF, while the effects in n-heptane and ethanol are significantly higher. This implies

that for a given solute/solvent system in process development the membrane selection process
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must include the polarity of the solute to find suitable membranes.

5.3.4 Separation behavior in solvent mixtures

In industrial applications, products are not exclusively separated within pure solvents, but often
in solvent mixtures. In order to enable the prediction of the separation behavior even in solvent
mixtures, the experiments were conducted in binary solvent mixtures of different compositions
as well. The rejections of the solutes of group A were measured at compositions of 25, 50 and
75 mol-% to visualize the influence of the relation of the solvent molecules to each other in
the mixture. Rejections of the GMT-oNF-2 within pure solvents were taken from chapter[5.3.1]
Rejections of the DuraMem® 200 in pure solvents were remeasured with the same membrane
batch used for the solvent mixtures due to the changes of the DuraMem® performance.

In Figure [5.23] the rejections in a mixture of THF and ethanol vs. an increasing proportion of
ethanol are illustrated. The rejections of the GMT-oNF-2 decrease from THF to ethanol to neg-
ative values because of the decreasing affinity of the solvent to the membrane. For compositions
of 25 and 50 mol-% of ethanol the distribution of rejections for different solutes widens. Inter-
estingly, the order of rejection changes in pure ethanol, e.g. solute O always shows the highest
rejection in THF and in mixtures of THF and ethanol, whereas it shows least rejection in pure

ethanol.
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Figure 5.23: Rejection progression of specialty chemicals (squares: 2-core solutes; circles:
3-core solutes; triangles: 4-core solutes) in a mixture of ethanol and THF of

different composition a) GMT-oNF-2 b) DuraMem® 200

For the DuraMem®, the rejections decrease slightly in ethanol due to swelling of the membrane

indicated by similar solubility parameters of ethanol and the membrane. The distribution of the
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rejections is very narrow and the effect of swelling only becomes visible at very high ethanol
concentrations. This demonstrates once more that rejection behavior of the DuraMem® is far

less affected by swelling compared to the GMT-oNF-2.

Rejections in a mixture of THF and n-heptane are illustrated in Figure [5.24] Regarding the
GMT-oNF-2, rejections increase with an increasing amount of THF and the differences in re-
jections become smaller. The increase in rejection of solutes with higher solubility parameters
is more distinctive than for those with lower solubility parameters.

Rejections of the DuraMem® 200 behave linearly except for rejections in pure n-heptane. This
behavior is equal to the course of rejections of the GMT-oNF-2 in a mixture of ethanol and
THE. In both cases solvents with the best rejection and solvents causing negative rejections are

used.
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Figure 5.24: Rejection progression of specialty chemicals (squares: 2-core solutes; circles:
3-core solutes; triangles: 4-core solutes) in a mixture of THF and heptane of

different composition a) GMT-oNF-2 b) DuraMem® 200

In Figure [5.25|rejections in a mixture of n-heptane and ethanol are shown. In general the range
of rejections of the GMT-oNF-2 is constant from pure heptane up to a 1:1 mixture similar to the
behavior in THF/ethanol. Then, rejection drops sharply for higher proportions of ethanol. Ebert
et al. [41] investigated the performance of polyethylene glycols (PEG) in mixtures of ethanol
and n-alkanes and detected an increase of rejection with an increase of the alkane proportion as
well for PEG in the lower molecular range.

For rejection of the DuraMem® there is no significant shift in the order of the rejections. How-
ever, the maximum at a 1:3 composition of n-heptane/ethanol attracts attention. The same

behavior has been observed by Schmidt et al. [68] for the StarMem® 122 and the PuraMem®
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280, which are PI based membranes as well, with different solutes in a mixture of n-hexane and
isopropyl alcohol. It is likely that this is due to an effect of a reduced degree of swelling due to
the lower proportion of ethanol. Figure already demonstrated that the effect of swelling in
ethanol can be easily suppressed by a small amount of a second solvent with a lower solubility

parameter.
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Figure 5.25: Rejection progression of specialty chemicals (squares: 2-core solutes; circles:
3-core solutes; triangles: 4-core solutes) in a mixture of heptane and ethanol of

different composition a) GMT-oNF-2 b) DuraMem® 200

In order to gain a deeper insight into the behavior of solute rejection in solvent mixtures, the
solubility parameters of the involved components are now additionally taken into consideration.
The solubility parameter of the solvent mixture is the arithmetic mean of the solubility parame-
ters of the two solvents and was calculated by the volume fractions ¢ according to equation[5.4]
[169]:

Is152 = Ps1 651 + Ps2 Os2 (5.4)

It has been ensured that the two solvents are completely miscible in each other. The calculated

solubility parameters for each solvent composition are given in Table

Table 5.9: Solubility parameters of the solvent mixtures

Molar ratio 0:1 1:3 1:1 3:1 1:0
Ethanol/THF | (1/em?)'/?] 186 203 23 246 274
THFfcheptane | (J/en®)'?] 153 158 165 173 186

n-heptane/ethanol | (J/em?)'?| 274 218 187 167 153
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The membranes are now compared in terms of similar affinities to the solvents, e.g. mix-
ture of the solvent which has a similar solubility parameter compared to the membrane and
a solvent that causes negative rejections due to the large difference between the solubility pa-
rameter of the membrane and the solvent. The course of rejection will be discussed by the
two core substances B and F, which have the largest difference in their solubility parameters
(6 = 20.88 (J/cm3)1/2; Op = 14.63 (J/cm3)1/2). They show thus the most distinguishable
changes. In the interest of clarity, their rejections are illustrated in a second diagram (Fig-

ures [5.26] [5.27], [5.28)) together with their solubility parameter and those of the solvent mixture

(taken from Table[5.9) and the membrane.

Firstly, rejections of the hydrophobic GMT-oNF-2 are contrasted with those of the hydrophilic
DuraMem® 200 in Figure in a mixture of a solvent in which the membrane swells signif-
icantly (ethanol for DuraMem® and n-heptane for GMT-oNF-2; As_y < 1 (J/cm?) t/ %Y and a

solvent that possesses high rejections (THF).
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Figure 5.26: Rejection of substances B and F (symbols) in solvent mixture of a solvent with
high rejections and a solvent with a high affinity to the membrane. Additionally,
the solubility parameter (lines) of the solutes B and F, the membranes (Mem) and
the solvent mixture (SM) are given.

a) GMT-oNF-2 in n-heptane/THF b) DuraMem® 200 in THF/ethanol

Regarding the GMT-oNF-2, rejection of solute B increases linearly with the amount of THF in
the mixture. The extreme difference of rejections can be attributed to the reduction of swelling
and to the fact that solutes with polar endgroups like substance B have worse rejections in n-
heptane and better rejections in THF than solutes with nonpolar endgroups (c.f. chapter [5.3.3).
Rejection of solute F stays on a constant level at different compositions in the mixture. This

might also be an effect of the inverse rejection behavior in n-heptane and THF concerning the
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endgroups of the solute (c.f. Figure[5.20) and of the high affinity of the membrane to the solute
(86w = 0.37 (T/em3)'/?).

Rejection of the DuraMem® 200 for solute F remains nearly constant due to the very low affin-
ity of the nonpolar solute to the membrane (6p_p = 13.37 (J / cm3) 1/ 2). In contrast, rejection
of solute B decreases by 20 % if the membrane structure gets looser due to swelling occurring
at high concentrations of ethanol (> 75 mol-%), because the affinity of substance B to the mem-
brane is higher (og_p = 7.12 (J / cm3) 1/ 2). The comparison again confirms that the separation

performance of the DuraMem® 200 is far less affected by swelling.

Figure[5.27|compares the separation of solutes from the mixture of one solvent, for which rejec-
tions are very high (THF for both membranes) and one inducing negative rejections (ethanol for
GMT-oNF-2 and n-heptane for DuraMem®). The membranes show the same rejection behavior

with respect to their affinity to the solvents and the solutes.
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Figure 5.27: Rejection of substances B and F (symbols) in solvent mixture of a solvent with
high rejections and a solvent causing negative rejections. Additionally, the sol-
ubility parameter (lines) of the solutes B and F, the membranes (Mem) and the
solvent mixture (SM) are given.

a) GMT-oNF-2 in THF/ethanol b) DuraMem® 200 in THF/n-heptane

Substance B, the solute with a polar endgroup and the higher solubility parameter, is retained
well by the GMT-oNF-2 whereas the rejection for substance F is worse. For the DuraMem®
200, the effect is inverse. Rejection of the nonpolar solute F is higher and solute B is retained
worse. This observation can be attributed to the lower affinity of solute B to the hydrophobic

membrane and the higher affinity to the hydrophilic membrane, respectively, and vice versa
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for the nonpolar solute. This effect has already been described in the previous chapter [5.3.3]
Furthermore, rejections of the substance with lower affinity to the membrane decrease linearly
to negative rejections whereas rejections of the solute with the higher affinity to the membrane
decline faster and seem to stagnate at a minimum for both membranes. The constant mini-
mal rejection of those molecules might be attributed to the fact that rejection within solvents
of large differences in their solubility parameters to that of the membrane is predominantly a

function of the solubility parameter of the substance (c.f. Figures[5.14p,[5.15p,[5.33p and[5.34p).

In Figure [5.2§] rejections in a mixture of ethanol and heptane are compared. Those solvents
cover the largest difference in the solubility parameter among the investigated solvents and lead

to swelling of the membrane and negative rejections, respectively.
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Figure 5.28: Rejection of substances B and F (symbols) in mixture of n-heptane and ethanol.
Additionally, the solubility parameter (lines) of the solutes B and F, the mem-
branes (Mem) and the solvent mixture (SM) are given.

a) GMT-oNF-2 b) DuraMem® 200

For low concentrations of n-heptane the affinity of solute B to the GMT-oNF-2 membrane is
higher than the affinity of the solvent mixture. At 25 mol-% n-heptane the affinity of the solute
(6 = 20.88 (J/cm3) 1/2) and the solvent mixture (6sp = 21.8 (J/cm3) 1/2) to the membrane is
similar and rejection is close to zero. Then, at concentrations of n-heptane > 50 mol-% the ef-
fect that substances with polar endgroups are retained more poorly in n-heptane is becoming
relevant and rejection decreases again. Interestingly, solute F exhibits an extreme minimum at
1:3 composition of n-heptane and ethanol of -100 % (it is therefore not visible in the diagram).

Solute F has nearly the same solubility parameter as the membrane and thus a very high affinity
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to the membrane and a very poor affinity to ethanol. Adding n-heptane to this system, might
swell the membrane to a certain extent and solute F could pass easier into the membrane ma-
terial whereupon the low affinity to the solvent mixture additionally drives the solute into the
polymer. This observation definitely gives a hint to non-ideal solubility effects.

The maximum in rejections of a DuraMem® 200 at a 1:3 composition of heptane and ethanol
can be attributed to a decrease of swelling of the membrane due to the lower amount of ethanol
and a decrease in the averaged solvent solubility parameter. The affinity of the solvent mixture
to the membrane (osp—ym = 6.2 (J / cm3) Y 2) is still higher than the affinity of the solute to the
membrane (Ssorutes—m > 7.12 (J/cm?) 1 %), If this relation is significantly reversed (> 75 mol-%
n-heptane), rejection becomes negative.

In the majority of cases rejection in solvent mixtures can thus roughly be predicted by a linear
combination of the rejections in pure solvents. However, the detected minima and maxima in the
rejection course within solvent mixtures indicate some non-ideal effects of the solubility. Simi-
lar effects were found by Schmidt et al. [68] who measured the rejection in solvent-mixtures as
well. These results show that solvent mixtures can not be taken into account solely by an ideally
calculated solubility parameter to predict membrane performance (c.f. rejections in THF and in
a 1:1 mixture of n-heptane and ethanol). Nevertheless, the relation of the solubility parameters
helps to understand the course of rejection when keeping the general effect of the pure solvents
(e.g. swelling) in mind. These investigations reinforce the statement of Schmidt et al. [[170]] that
a membrane process can be optimized by adding an additional solvent.

Generally, as already described in chapter rejections are high, if the affinity (indicated by
the solubility parameter) of the solvent to the membrane is higher than the affinity of the solute
to the membrane. If these affinities are contrary, rejections are very low or negative. However,

there seems to be a range of tolerance Ads_y ~ 3 (J/ cm3)1/ 2

, 1.e. the solubility parameter of a
solute can be slightly closer to the membrane than the solvent and rejection still remains posi-
tive (c.f. rejections in THF in Figure [5.13).

The permeate fluxes of the above presented rejection experiments are given in Table It has
already been mentioned (chapter that permeate fluxes varied widely, especially for the
DuraMem®. Evaluation of the fluxes is difficult because a new membrane sheet was used for
every experiment. As a tendency, it can be stated that permeate fluxes of the solvent mixtures
range between those of pure solvents. Despite those large differences, rejections are repro-

ducible particularly in terms of their relation to each other. Most noticeably, the flux perfor-

mance of the DuraMem® changed during the course of the work. Obviously, the membrane was
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improved by the manufacturer. At the beginning especially n-heptane fluxes were conspicuous
because they were the highest though there is a low affinity of the solvent to the membrane. For
the experiments presented in this section the fluxes are lower than expected from the previous
data. In order to verify this behavior the rejections of the DuraMem® were determined again.
The measured fluxes are all significantly lower and the flux in n-heptane is the lowest among
all tested solvents. Rejections in THF and ethanol are slightly better, whereas rejections in n-
heptane are unchanged. For further details see Figure These results show that the rejection

behavior is not necessarily correlated with the permeate flux.

5.4 Validation of the resulis

5.4.1 Verification of the influence of the membrane material on the

separation mechanism

To ensure that the identified effects influencing the separation behavior in organic solvent
nanofiltration can be attributed to the membrane material and that they are not specific to the
applied membranes, the results were validated with higher cut-offs but the same membrane

materials (see Table[S.1I). These results are illustrated in Figure[5.29
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Figure 5.29: Rejections of specialty chemicals in ethanol, THF and n-heptane vs. their molec-
ular weight. Values taken after 180 min at 30 bar transmembrane pressure.

a) GMT-oNF-1 b) DuraMem® 300

Considering the lower separation limit, the results are exactly identical within the accuracy of
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the measurement (see Figure[5.10). Rejection of the GMT-oNF membranes in THF is predomi-
nantly dependent on the molecular weight. Even putative outliers exhibit the same behavior e.g.
in both cases the rejection of substance F, which has the lowest solubility parameter, is about 20
% lower than those of other substances of similar size. Furthermore, the unexpected fact that
substances with the polar endgroup have lower rejections in heptane than those with nonpolar
side chains (c.f. Table and Figure [5.20) has been proven. In Figure [5.30] the rejections are
subdivided in those two classes. Within their classes the rejection follows the influence of the

molecular weight, but there is a difference of approximately 20 % between the two trends.

The relations between the rejections of the DuraMem® 300 in the different solvents are identi-
cal, but rejections in THF and ethanol are significantly lower compared to those of the tighter
DuraMem® 200 membrane. Moreover, rejections are in direct dependency of the molecular
weight and the influence of other solute properties seems to decrease with increasing MWCO.
Permeate fluxes are given in Table[A.6] N-heptane fluxes through the DuraMem® are once more
the highest, whereas the permeate fluxes of GMT-oNF-1 in ethanol are the lowest. Rejections
of the GMT-oNF-1 in ethanol and of the DuraMem® 300 in n-heptane are also very low and

negative, respectively, and once more in linear dependence of the solubility parameter.
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Figure 5.30: Rejections of GMT-oNF-1 in n-heptane subdivided in the specialty chemicals

with polar endgroups (filled square) and without (unfilled square)

Summarizing, the general rejection behavior observed in the previous chapter was confirmed
by membranes with higher separation limits. However, the effect of solute properties seems
to become negligible with an increase of the separation limit if the affinity between solvent
and membrane is higher than the affinity between solute and membrane because size exclusion
becomes dominating. Solubility parameters of the solutes and polarity of functional groups

seem to have a minor effect on the rejection of PI membranes compared to PDMS.
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5.4.2 Verification of the influence of the solvents on the separation

mechanism

In chapter [5.3.2] the solubility parameter has been identified as a suitable tool to predict the
affinity between membrane, solvent and solute and thus the separation performance. In order
to validate this theory and to exclude that this dependency is an effect of the structure of the
selected solvents, the experiments were complemented with solvents of different structures but
with similar solubility parameters. THF was replaced by ethyl acetate, n-heptane by methy] tert-
butyl ether (MTBE) and ethanol by dimethyl sulfoxide (DMSO) and isopropyl alcohol (IPA),
respectively. The corresponding solubility parameters are given in Table [A.3]as well. Experi-
ments in DMSO were carried out with the DuraMem® 200 T2, because the DuraMem® 200 T1
support is not stable in DMSO. The GMT-oNF-2 is not stable in DMSO as well. Due to a lack
of alternatives, isopropyl alcohol had to be used for the validation. Unfortunately, there is a
larger difference in the solubility parameters Adethanol_1pa = 3.9 (J / cm3) 1/ 2. The experiments
were conducted with mixtures of the solutes according to Table[5.4] (mixture A: solute B, F, G,
I, K, M, N, O; mixture B: A, C, D, E, H, J, L). Rejections of the solutes (data given in Table
[A7) vs. their molecular weight in the three validation solvents are illustrated in Figure [5.31]
In principle the results follow the rules found in section [5.3.1] and are in the same order except
for the rejection of the GMT-oNF-2 in ethyl acetate which replaces THF and is worse than the
rejection in MTBE.

For a more detailed interpretation of the differences in separation behavior, rejections of the
solutes in dependence of their solubility parameters are also considered. Firstly, rejections of
the solutes in ethyl acetate vs. their solubility parameters are illustrated in Figure The
results are generally in accordance with THF (c.f. Figure [5.13). However, the performance
of the GMT-oNF-2 is a bit worse in ethyl acetate compared to THF even though there is no
significant discrepancy in the other solvent properties of THF and ethyl acetate. The general
behavior is the same as in THE, but the range of rejections is more widespread and rejection
of the largest molecules is about 20 % lower. Rejection in ethyl acetate seems to be more
sensitive to the size (number of cores) and to the solubility parameters of the substances as e.g.
the rejection of substance F which has a solubility parameter equal to those of the membrane

A8;_n = 0.37 (J/cm?) 112 is zero.

Rejections of the DuraMem® 200 in ethyl acetate are identical to those in THF. Once more
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Figure 5.31: Rejections of the substances in ethyl acetate, MTBE and isopropyl alcohol and
DMSO, respectively vs. their molecular weight. Values taken after 3 h at 30 bar
transmembrane pressure.

a) GMT-oNF-2 membrane, star symbols the separation characterization given by
the manufacturer determined by rejection measurements of alkanes in toluene.
b) DuraMem 200 membrane, dotted line symbols the MWCO given by the man-

ufacturer determined by rejection measurements of styrene oligomers in acetone.
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a nearly linear rejection curve, independent on the molecular weight was observed. In ethyl
acetate and THF (except for solute E) neither a significant dependence on the molecular weight

nor on the solubility parameter of the solute or any other property can be detected.

Figure [5.33] shows the rejections of the specialty chemicals in MTBE. The separation perfor-
mance of the GMT-oNF-2 membrane is nearly the same as in n-heptane. It has to be noted
that rejection is predominantly dependent on the molecular weight. Convective flow seems to
dominate the transport through the membrane and to prevail over other interactions. However,
slightly better rejections of the solutes with the polar endgroup can be observed in particular
for the two core substances. This behavior contradicts the results obtained in n-heptane, but it
emphasises the general behavior that polar solutes are retained better by the GMT-oNF-2 than
nonpolar solutes. The reverse observation in n-heptane can be ascribed to an exception due to

special interactions with this specific polar group.
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Figure 5.33: Rejection in dependence of the solubility parameters of the solutes calculated
by the method of Stefanis [161]] and the solubility parameters of the membrane
(dashed line) and MTBE (solid line) a) GMT-oNF-2 b) DuraMem® 200

Rejections of the DuraMem® 200 are very low because the affinity of the solutes to the mem-
brane is higher than the affinity of the solvent to the membrane. Even in the case of MTBE a
slightly decreasing influence of the polar endgroups on the rejection can be detected. This is
also reflected by the linear trend of the rejection just as in n-heptane. Rejections decrease, the
closer the solubility parameter of the solute is to that of the membrane. However, rejections are

about 30 % higher compared to n-heptane.
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Rejections in DMSO or IPA, which are intended to validate the results in ethanol, are illustrated
in Figure [5.34] Rejections of GMT-oNF-2 are nearly the same as in ethanol and show again
a linear dependence of the rejection on the solubility parameter. Regarding DuraMem®, a sig-
nificant dependency of the molecular size on the rejection can be detected which is contrary
to the rejections in ethanol. Rejections are also in a medium positive range, but a bit lower
than in ethanol, particularly for the two core substances. DMSO is a universally known solvent
for polymer casting [24]] because it possesses a very good solubility for many polymers [47].
Despite the stability of the DuraMem® 200 T2 in DMSO, a very high swelling occurs induc-
ing the lower rejections and the high dependence on the molecular weight. This swelling can

not be predicted solely by the comparison of the solubility parameters (c.f. Sethanol - ODMSO =
0.8 (J/cm?) 1/2).

In summary, the general trend was confirmed by the validation. Both membranes show rejec-
tions in the medium range for solvents with almost equal solubility parameters which indicates
significant swelling of the membrane. If the difference of the solubility parameters between the
membrane and the solvent is moderate and the solubility parameters of the solutes are in the
range of the solvent, the rejection is predominantly the highest. Rejection in solvents with a
large difference in the solubility parameter of the solvent and the membrane are very low up to

negative rejections.
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Figure 5.34: Rejection in dependence of the solubility parameters of the solutes calculated
by the method of Stefanis [161]] and the solubility parameters of the membrane
(dashed line) and the solvent (solid line) a) GMT-oNF-2 measured in IPA b)
DuraMem® 200 (T2) measured in DMSO
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In order to verify the effect of the functional groups in these solvents, the results were incor-
porated into a DoE as well. The analysis of the influencing factors is given in Figure [5.35] for
the GMT-oNF-2 and in Figure for the DuraMem® 200. The results for the GMT-oNF-2
correlate with the results presented in chapter[5.3.2] In ethyl acetate the numbers of cores show
the highest effect on the rejection just like in THF, but the amount of the effect is significantly
lower than in THF. Besides the number of cores, here, the left side chain has a significant posi-
tive influence on rejection as well because of their impact on the molecular weight and size. The
previously mentioned mixed effect of the right side chain and the polar endgroup (c.f. chapter
[5.3.2) becomes apparent in the positive effect of the polar endgroup. A shortening of the right
side chain results in a polar endgroup (except for substance I) and thus a higher polarity of the
molecule which lowers the affinity to the membrane and causes higher rejections. Fluorination
has here an additional positive effect on rejection due to its slight influence on the polarity and
the molecular size. This effect was not distinctive in the analysis of the DoE for THEF, but is
significant when directly comparing the rejection of the two substances G and H.

The results in MTBE confirm the first impression that rejections are solely dependent on the
molecular weight. Only functional groups with an exclusive impact on the molecular weight,
namely the number of cores and the length of the left side chain, show a significant effect on the
rejection. An analysis of the rejections in isopropyl alcohol by a DoE was not possible because
of the small number of rejection data due to the low solubility of the substances in isopropyl
alcohol. However, the rejections in IPA are very similar to those in ethanol and lie on a straight

line as well when plotted vs. the solubilty parameter of the solutes (c.f. and [5.34).
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Figure 5.35: Functional groups influencing the rejection of the GMT-oNF-2 in varying sol-

vents to validate the results of chapter@

The effect of the functional groups on the rejection of the DuraMem® 200 in ethyl acetate is
negligible and despite the influence of the left side chain, there is no significance for one of the

factors. This result is not surprising because rejections are almost unchanged over the whole
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range of molecular weights (c.f. Figure [5.31). A similar behavior was already observed for
THF except for one solute (E, which is very polar). Rejections in MTBE depend strongly on
the molecular weight (here: number of cores). Although the effect of the polar endgroup is
not very significant, the strong effect of the polarity of the solute can be fortified by the direct
comparison of e.g. substances G and J, and supports the results of the DoE for n-heptane. The
rejection behavior in DMSO is somehow contrary to the behavior in ethanol. The number of
cores and the left side chain have a distinctively higher and very significant positive effect on
the rejection since the membrane seems to swell more in DMSO than in ethanol. According to
the DoE, the influence of the polarity indicated by the right side chain is opposed to the results
in ethanol. The same unexpected behavior occured for the influence of the polar endgroup on

the rejection of the PDMS membrane in n-heptane which also caused high swelling.
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Figure 5.36: Functional groups influencing the rejection of the DuraMem® 200 in varying

solvents to validate the results of chapter@

In general, the rules identified with THF, n-heptane and ethanol were confirmed by the valida-
tion experiments and can thus now be treated as a general guideline for the development of an

heuristic.

5.4.3 Verification of the influence of the solutes on the separation

mechanism

In order to verify the transferability of the results to other solute classes, a short literature re-
view is conducted. Schmidt et al. [68] investigated the rejection of five solutes (n-hexadecane,
2,2,4,4,6,8,8- heptamethylnonane, 1-phenyldodecane, 2,6-diisopropylnaphthalene and triphenyl-
phosphine) with the two commercially available PI membranes StarMem® 122 and PuraMem®
280 in the three solvents toluene, n-hexane and isopropyl alcohol (IPA). In general, their results

are in accordance with the findings of the present work. Besides the solubility parameters, the
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authors additionally highlighted the importance of the critical diameter of the solutes which
varied widely in their size. They found a good correlation of the critical solute diameter with
rejection in high swelling solvents (IPA). In toluene and n-hexane, the solute solubility param-
eter dominated the rejection behavior. They also observed non ideal flux minima and maxima
in solvent mixtures.

Micovic [37]] performed membrane screening experiments for the rejection of hexacosane in
decane. Three PDMS membranes (including GMT-oNF-2 and GMT-oNF-1), the polyimide
membrane PuraMem® 280 and a silicon-coated polyimide membrane PuraMem® S380 were
tested. In accordance with the findings in this work, rejections of the polyimide membrane are
around zero (because of the large difference in solubility parameters) whereas the tight PDMS
membranes and the silicon coated membrane retain hexacosane by 60-80 %. As the solubility
parameter of decane and the membrane (15 (J /cm3)1/ 2) is the same, the silicon membranes
swell in the solvent and rejections are moderate.

Postel et al. [119] investigated the separation behavior of a composite membrane consisting of
a polyimide support and a thin film of silicone acrylates as active layer (15.5 (J / cm3) 1 2). They
measured the rejection of n-alkanes, polystyrenes (PS), polyethylene glycols (PEG) and car-
boxylic acids in methanol, isopropyl alcohol, toluene and n-hexane. The values of the solubility
parameters are given in Table [A.I0] In toluene, the rejection of all solutes are positive and in-
crease with their molecular weight as well as in n-hexane (except for polyethylene glycol which
is not soluble in n-hexane). Rejections of carboxylic acids and n-alkanes in isopropyl alcohol
and methanol are negative and thus they are in accordance to the observations with the PDMS
membrane in ethanol and isopropyl alcohol in the present work. Rejections of both, n-alkanes
and specialty chemicals in methanol, isopropyl alcohol and ethanol, respectively, decrease with
an increase of molecular weight. Polyethylene glycols are retained by 40-80 % in both solvents.
The separation behavior of polystyrenes was not determined for reasons of solubility. Postel et
al. explain the rejections with the solubility parameter of the components and the affinity to
each other as well. However, there are some inconsistencies compared to the present work.
The result in methanol is somewhat surprising as the affinity of the polyethylene glycols to the
membrane is higher than the affinity of the solvent to the membrane according to the given
solubility parameter. Pursuant to the findings of this work, rejection should be low. The high
rejections might be caused by the polar ether group due to the free valence electrons. The solu-
bility parameters given in the cited work are compared with solubility parameters calculated by

the methods [158] [161]] used in the present work in Table [A.T0] The comparison between the
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solubility parameter values shows significant differences which attracts attention. The results
of Postel et al. [119] in dependence of the solubility parameter calculated by this method of
Stefanis [[161] are shown in Figure Using those values, rejection in methanol follows the

same rules as the rejection of the specialty chemicals in this work.
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Figure 5.37: Rejections of a silicone acrylate composite membrane in methanol as a func-
tion of the solubility parameter of the solutes calculated by the method of

Stefanis[[161]]. Data taken from Postel et al. [[119]

In a following publication, Postel et al. [113]] presented rejections of n-alkanes in binary solvent
mixtures of toluene/isopropyl alcohol and toluene/methanol. They found minima in rejection at
compositions between 50 and 75wt.-% of toluene and alcohol similar to the findings observed
in this work (c.f. Figure [5.25). Rejections decline more strongly when adding methanol to
toluene compared to the addition of isopropyl alcohol. Less methanol than isopropyl alcohol is
necessary to reach the point where the transport of the bigger solutes through the membrane is
preferred compared to solvent transport because the solubility parameter of methanol is higher

and thus the affinity to the membrane is lower.

Darvishmanesh et al. [137] measured the rejection of Sudan II (276 g/mol), Sudan Black
(457 g/mol) and Sudan 408 (465 g/mol) in methanol, ethanol, acetone, methyl ethyl ketone,
toluene and n-hexane by the polyimide membrane StarMem® 122 (MWCO: 200 g/mol). Rejec-
tions in n-hexane are negative for all solutes. Rejections in methanol and ethanol are the highest
whereas those in acetone and methyl ethyl ketone are in a range of 30 and 55 % and in toluene
between 60 and 80 %. They calculated the solubility parameters of the solutes by the method
of Fedors [I38] (Sudan II (25.6 (J/cm3)'/?), Sudan Black (25.4 (J/cm3)"/?) and Sudan 408
(21.8 (J / cm3) Y 2)) and claimed a solubility parameter for the membrane of 23.2 (J / cm3) Y 2.

However, according to several publications [68, [171]], the solubility parameter of the membrane
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material (Lenzing P84) is significantly higher: 26.8 (J /cm3)1/ * and 27 (J /cm3)1/ 2, respec-
tively. Taking this solubility parameter into account, the measurement results (illustrated in
Figure [5.38) follow the same correlation as identified in this work, except for the rejections
measured in toluene which are higher than expected. The differences in rejection of the solutes
of similar solubility parameters (around 25.5 (J / cm3) 1/ 2) can be attributed to the effect of the

difference in the molecular weight (MW) of the solutes (AMW = 180 g/mol).
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Figure 5.38: Rejections in different solvents in dependence of the solubility parameter of the

solutes calculated by the method of Fedors [158]. Data taken from Darvish-

manesh et al. [137]

Tsarkov et al. [118] investigated the rejections of membranes of glassy polymers with high free
volume fraction (PTMSP, PMP and PIM-1) for different dyes (Safranine O (25.6 (J / cm3) Y/ 2),
Solvent Blue 35 (23.7 (J/cm3) /%), Orange IT (29.2 (J/cm?) /%), Remazol Brilliant Blue R

(29.4 (J / cm3) Y 2)) in ethanol. Since the first three solutes all have a molecular weight of 350
g/mol, size exclusion effects can be neglected in the consideration. Except for solvent blue,
the dyes are of ionic nature. Even for these completely new membrane polymers and the ionic
solutes, the identified rules can be verified. In Figure[5.39|the rejections as a function of the sol-
ubility parameters are represented together with the solubility parameter of the solvent and the
membrane materials. Rejections are the lowest for solvent blue, because the affinity of the solute
to the membrane is higher than the affinity of the solvent to the membrane. With an increase of
the solubility parameter, the rejections increase, because the affinity to the membrane decreases
and thus the difference between the solvent-membrane and the solute-membrane affinity. Re-
jections are the highest, when the solvent-membrane affinity is higher than the solute-membrane
affinity. The PTMSP membrane has the highest free volume fraction, therefore rejections for

each solute are the lowest. PIM-1 was reported to have the lowest free volume fraction, but re-
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jection of Safranine O is lower compared to PMP. This might be an effect of the higher affinity

of Safranine O to the membrane material PIM-1.
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Figure 5.39: Rejections in dependence of the solubility parameter of the solutes calculated
by the method of Van Krevelen [139] for high permeability glassy polymers in

ethanol. Data taken from Tsarkov et al. [[118]]

Soltane et al. [[172] analyzed the rejections of different dyes and alkanes with a PDMS pervapo-
ration membrane in different solvents (e.g. toluene, DMC, ethanol). The used solutes and their
rejections are summarized in Table Although it is not a membrane intended for OSN,
even those results are in accordance with the identified governing rules (see Figure[5.40). How-
ever, a precise interpretation of the data is difficult as the rejections of the alkanes and of the
dyes primarily increase with their molecular weight as well as with the solubility parameters.
Furthermore, it has to be mentioned, that the authors used the Hansen solubility parameter, cal-
culated with the HSPIP software and the Y-MB Group method. Thus, the values vary from the
other calculation methods (c.f. Table for alkanes, Tsarkov [[118]] for Sudan Blue = Solvent
Blue 35, Disperse Red 82 calculated by the method of Fedors [158] = 24.3 (J/ cm3)1/ 2.

This literature review shows that the identified correlations can also be transferred to other
solute types and even to other membrane materials. However, depending on the method used
for calculation of the solubility parameter of the solute the interpretations vary significantly. For
this reason, the method should be chosen carefully and preferably be verified by data of similar

solutes or experimental measurements.
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Figure 5.40: Rejections in dependence of the solubility parameter of the solutes for a PDMS
membrane (PERVAP™ 4060)(symbolized by the dotted line) in toluene, DMC

and ethanol. Data taken from Soltane et al. [172]

5.5 Heuristic rules

As emphasized in chapter (see Figure [4.6) rejection is the crucial factor for the success of
OSN in specialty chemicals industry. Due to the high value of the products, losses have to be
minimized by high rejections. The heuristic is therefore solely based on rejection and not on
permeate flux because this is of minor importance (c.f. Figure #.4] and .5)).

In this work rough rules to estimate the rejection of a separation problem have been generated
on the one hand. These rules are summerized in chapter[5.5.1] On the other hand, based on these
results, an heuristic for the identification of the best membrane for a given separation problem

has been developed which is presented in chapter[5.5.2]

5.5.1 Rejection estimation

In general, three different cases could be identified by the investigation on the separation behav-
ior of the specialty chemicals. Moreover, the literature review (c.f.[5.4.3)) shows, that these rules

can be widely used and are also transferable to other membrane materials or solute types.

First case

The difference between the solubility of the membrane and the solvent is very small.

6Membrane ~ 6Solvent

This indicates that the membrane swells in the respective solvent to a high extent which leads to

slightly lower rejections because the polymeric network becomes looser (in particular for dense
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composite membranes).

Second case
The difference between the solubility parameters of the membrane and the solute is larger than

the difference between the solubility parameters of the membrane and the solvent.

‘ ASMembmnefS()lute | > |A8MembmnefS0lvent ‘

In this case, transport of the solvent through the membrane is preferred to transport of the
solute. If high rejections for the solute are required, this is the optimal case. Even within
solvents in which negative rejections are observed (e.g. in isopropyl alcohol for the specialty
chemicals), high rejections can be reached if the solute has a lower affinity to the membrane
than the solvent (c.f. the specification for the GMT-oNF-2 given by the manufacturer for methyl
orange in isopropyl alcohol (c.f. Table [5.2) or the results of Postel et al. [119] for PEGs in

methanol).

In the first and second case, additionally the molecular weight of the solute has to be taken into
account whereby it should be noted that this effect is more pronounced with the PDMS compos-
ite membranes. In terms of the latter case, the MWCO can give a hint on the molecular weight
which is 90 % rejected. Rejections of separation tasks that fall under the first case are accord-
ingly lower. The effect of functional groups has to be considered as well when estimating the
expected rejection. Polar functional groups can increase the rejection of the PDMS membrane

whereas they might slightly reduce the rejection of DuraMem® membranes.

Third case

The solubility parameters of the solutes range between the solubility parameter of the membrane
and the solvent. The difference between the solubility parameters of the membrane and the
solute is thus smaller than the difference between the solubility parameters of the membrane

and the solvent.

| A5Membrane—$01ute | < | A6Membmne—Solvenl ‘

This relationship of the solubility parameters indicates a higher affinity between the solute and
the membrane than between the solvent and the membrane. Solution of the solute in the mem-
brane is preferred and rejections are low and very often negative. For the specialty chemicals
used in this work, a linear dependence of the solubility parameter of the solute on the rejection

was observed independently of the molecular weight of the substances.
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This classification illustrates that the selection of a suitable membrane is in the first instance
determined by the solvent of the given separation problem. If the solvent can be chosen freely,

this enables the optimization of the OSN process.

These rules were used in chapter[7.1]to estimate the rejection of the separation tasks considered
in the analysis of the technically realizable potential. Solvent mixtures were considered by the

averaged solubility parameter according to equation

Besides giving a first clue on the expected rejections and estimating the feasibility of a mem-
brane for a specific separation task, the above described simple procedure could additionally
give a hint about the dominating transport mechanism and the main influencing effects. Gener-
ally, the obtained results indicate that the separation behavior is dominated by different transport
mechanisms depending on the solvent. If the solubility parameters of the GMT-oNF-2 mem-
brane and the solvent are similar, the results suggest a contribution of convective flow for solute
transport. The separation layer swells in the solvent, the structure becomes thus looser and the
solutes are then mainly retained by size exclusion. This is in good agreement with the results
of Robinson [[110], who measured the flux through dense PDMS membranes. Robinson used
several apolar solvents like n-heptane, i-octane, cyclohexane and xylene, which have solubility
parameters in a range between 14 and 19 (J / cm3) !/ > He could explain the fluxes successfully

by using the Hagen-Poiseuille equation (eqn[2.13).

This is also supported by the solvent flux measurements presented in chapter[5.2]in particular by
Figure where the fluxes of THF and n-heptane follow a straight line in contrast to ethanol.
Nonetheless, the affinity of the solute to the membrane may have a significant additional effect
on the rejection, especially in n-heptane. From the results in this chapter it became clear, that
transport is solely affinity driven when the solute-membrane affinity is higher than the solvent-
membrane affinity. The same behavior was observed for the DuraMem®. However, indicated by
the measured fluxes, the transport seems to be also convectively driven besides the affinity effect
indicated by the linear dependency of the solubility parameter of the solute in solvents which
do not swell the membrane very well like n-heptane. After the optimization of the membranes
the convective part became negligible. The fact, that there is nearly no detectable solute size
effect in the rejection of the DuraMem® in solvents with a high affinity to the membrane, leads
to the conclusion that the transport here is dominated by solution-diffusion. The identified

predominating transport effects are summarized in Table[5.10]
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Table 5.10: Predominating transport mechanism in dependency of the respective solvent and

membrane type

Membrane low solvent solubility medium solvent high solvent solubility
parameter solubility parameter parameter
GMT-oNF size exclusion as well mostly driven by size affinity driven
as affinity driven exclusion
DuraMem® affinity driven diffusive diffusive

5.5.2 Heuristic for membrane selection

An heuristic was defined as the most suitable tool for simplification of OSN membrane selection
for specialty chemicals which are produced in a multi-purpose production. This approach allows
a fast decision for the high quantity of different products which have to be evaluated based on
simple and easy accessible parameters. The later point is even more essential in the production

of specialty chemicals where only few product properties are known.

In chapter[5.3.T]and in many further publications [82, [119,[137] the solvent has been identified
as the main factor influencing the transport in organic solvent nanofiltration. The solubility
parameter of the solvent has emerged as a helpful tool for the identification of interactions of
the membrane material with the solvent. The solubility parameter of the solvent is thus the first
step in the developed heuristic (see Figure[5.41)) to select the most suitable membrane for a given
separation problem. Differences in rejections of solutes in one solvent are based on differences
in molecular weight, solubility parameter and polarity depending on the membrane and the

solvent as pointed out in chapter [5.3.2] and [5.3.3] To consider these effects, specific solute

properties are integrated into the heuristic in the following step in cases where the properties

are relevant to separation behavior.

The final decision is driven by the presence of a second solvent. An additional solvent may
drastically reduce rejection if the second solvent is unsuitable for the membrane or improves

rejection e.g. due to reduced swelling of the membrane in the solvent mixture as investigated in
chapter[5.3.4]

The estimated values in the heuristic in Figure (like 350 g/mol) are based on the membranes
investigated in this work. For the selection of membranes with higher cut-offs because of larger

solutes or if higher fluxes are required, these values have to be adjusted. For the specialty



Investigations on polymeric membranes in organic solvent nanofiltration

100

An Heuristic for Membrane Selection in Organic Solvent Nanofiltration

<
g
]
7] <18 R > 21-
5 Sovey”
[
=
h 4
If Smembrane = Osolvent 15 -5
2 strong swelling gh;lg;l]branselv i isr(;lvent
?;’ reduces rejection, 18 < Ssovent < 21 - g o g
) higher impact of MW reducesrejection
Y
Polar Polar
Y N
" group T s
o
5
[oR
< @
o
jo)
g <350
2 >350  ——>350
2 No
@ <350
b 4 A A v
<Solven 8Solven 8Solven @%
] >21
Y Yes
S
S
£ <18
g @ n— N 0N N N Mss M N
2 >18
2 <21 No
IS <21
g No
n <25 No
Y
<18 >18 mol%
v | J
A A 4 N r \J )4
g o N > 251 <|2_5rﬂ/
58 Hydrophobic >21 ] > Hydrophilic
[7] »
= No .

Figure 5.41: Heuristic for membrane selection



Investigations on polymeric membranes in organic solvent nanofiltration 101

chemicals applied in this work, the flux performance of the membrane is of negligible interest
whereas rejection is expected to be the highest possible. The comparison of the two tightest
membranes of the individual membrane compositions is therefore the most practical approach.
Successful verification of the heuristic by solutes which were not used for the development will

be presented in chapter



6 Investigations on ceramic membranes

In organic solvent nanofiltration

This chapterﬂpresents the investigations concerning the applicability of ceramic membranes in

a multi-purpose-production environment.

6.1 Materials and methods

6.1.1 Ceramic membranes

As mentioned in chapter [2.2.3.2] there are hardly any ceramic membranes for organic solvent
nanofiltration. Only one membrane in the upper nanofiltration range (MWCO: 600 g/mol) is
commercially available. However, this membrane showed no rejections for the relevant spe-
cialty chemicals (chapter[5.1.2.1). The Fraunhofer Institute for Ceramic Technologies and Sys-
tems (IKTS), Hermsdorf, Germany developed new membranes focused on higher rejections in
the lower nanofiltration range. These membranes are intended for aqueous as well as organic
solvent environments. The separation layer was prepared by the polymeric sol-gel technique.
By addition of complexation agents and sintering under inert conditions the pores of the mem-
branes became narrower and more hydrophobic. Further details about the preparation procedure
can be found elsewhere [173]. Results presented in this work were mostly obtained with the
newly developed membranes concentrating on the fundamental understanding of the function-

ality of ceramic membranes for their use in organic solvents. An overview of the ceramic

I The content of this chapter was partially adopted from: Zeidler, S.; Puhlfiir3, P.; Kitzel, U.; Voigt, L.: Preparation
and characterization of new low MWCO ceramic nanofiltration membranes for organic solvents. Journal of

Membrane Science 470, (2014), 421-430
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membranes used within this work is given in Table [6.I] To prevent solvent residues and water
vapor condensation in the pores the membranes were stored for at least 12 h under vacuum

(100-250 mbar) at 80°C in a drying cabinet before the rejection measurements.

Table 6.1: Ceramic membranes

Type Material Agent Membrane No.
1 710, silanisation
2 TiO,/ZrO, diethanol amine NO0265 (less sublayers), N0328,
(DEA) N0330, N0353, N0354, N0403 -
NO411
3 TiO/ZrO, phenolic resin NO157, N0O288
4 TiO,/ZrO, - N0346, N0426

The prototype membranes were provided as single channel tubes with a length of 250 mm, an
outer diameter of 10 mm and an inner diameter of 7 mm [80]. The active membrane layer

2. Prior

is located on the inner surface of the tube and amounts to approximately 4800 mm
to the experiments, the membranes were characterized by permporometry at the Fraunhofer
IKTS. Here, the permeation of a mixture of an incondensable and a condensable gas through
the membrane is measured. The incondensable gas (here nitrogen) is loaded stepwise with
the condensable gas. The decrease of the permeation due to pore blocking by the condensed

gas is recorded for each composition. Cyclohexane was used as condensable gas because the

wettability of the pores with a hydrophobic solvent is of interest here.

From the measurement of the molar flow rates Q, the transmembrane pressure Ap and the

temperature 7', the partial pressure of the condensable gas can be calculated

Qliq
ig=—=——°1— (po+A 6.1
Plig Oria+ On, (po+Ap) (6.1)
Vini
Qliq: M, (6.2)

with the feed flow rate ViF , the density p; and the molecular weight of the condensable gas M;
[174]. The permeability of nitrogen P was then calculated from the permeate flow rate Qp, the

transmembrane pressure and the membrane area Ay as follows:

__Or
ApAM

(6.3)
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Using the Kelvin equation,

In (ﬁ) _ Yeos¢ 2v (6.4)
Ds rp RT

the pore size distribution of the membrane can be calculated. The contact angle ¢ is set to zero
because complete wetting is assumed. An example of a determined permporometry curve is
given in Figure [6.1] The relative permeance related to the pure nitrogen permeance is plotted
over the pore diameter of equation[6.4] Subsequently, the nominal pore radius was determined

by the interpolation of the permeance curve at a relative permeance of 50 %.
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Figure 6.1: Permporometry measurement using the example of membrane N0328 (data kindly

provided by Fraunhofer IKTS)

Permporometry was known as a tool for the characterization of ultrafiltration membranes [[1735].
During the development of the new membranes it was perceived that permporometry might also
be a valuable tool for organic solvent nanofiltration membranes. In addition to the information
obtained about the pore sizes, it was found helpful for quality control because defects in the
membrane separation layer can be detected [173]]. The results of the permporometry measure-
ment of each membrane listed in Table [6.1] are presented in the Appendix in Figure
[B.3] The data concerning the mean pore size and the defect pores derived from the permporom-

etry measurements are given in Table [B.1]

6.1.2 Polystyrene oligomers

First of all, the functionality of the new ceramic membranes was tested according to the method
proposed by See-Toh et al. [84]. A styrene oligomer mixture containing PSS-ps560, PSS-
ps1.8k and PSS-ps5.6k (Polymer Standards Service GmbH, Mainz, Germany) was used. One
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gram of each standard was dissolved in one liter of the respective solvent. It was thus possible
to obtain a rejection curve from a single experiment due to the different molecular weights of

the styrene standards.

6.1.3 Experimental set-up

Experiments with the ceramic membranes were carried out in a Multi-Purpose-Cross-Flow-
Membrane Plant at Merck KGaA, Darmstadt, Germany. A schematic diagram of the part of the

plant which was used for the experiments is shown in Figure [6.2]

permeate sample
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membrane plunger pump
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Figure 6.2: Multi-purpose cross-flow membrane plant

The stirred feed vessel had a volume of 2.8 1. The feed temperature could be controlled via the
double jacket of the feed vessel, while the whole tubing was isolated to prevent temperature
changes across the test set-up. The feed was circulated across the membrane by a membrane
plunger pump (Hydracell GO3, Wanner Engineering, Inc., Minneapolis, USA). The membranes
were housed in a vertically fixed monochannel module (Andreas Junghans, Frankenberg, Ger-
many). Figure[6.3]shows a picture of the module. The feed flow is axial through the membrane
tube. The permeate drains off outside the membrane at the bottom of the module. At the top of

the module the permeate channel can be vented.

By closing the pressure valve behind the membrane module, the system was pressurized. Both,

the retentate and the permeate were recirculated into the feed vessel. A coriolis mass flow meter
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Figure 6.3: Lab scale ceramic module housing

was integrated in the permeate recirculation to determine permeate mass flow. If the permeate
flow was below the detection limit, it was determined by measuring the increase of permeate

mass on an analytical balance per time.

The characterization experiments were always carried out under the same standard process con-
ditions, i.e. a transmembrane pressure of 20bar, a temperature of 20°C and a feed flow of
6 1/min, i.e. a cross-flow velocity of 3 m/s. In long-term experiments conducted exemplary for a
type 1 and a type 4 membrane, the flux behavior over time was evaluated to secure constant con-
ditions for sampling. The trends are shown in Figure[6.4] After 1 h the permeate flux deviates
less than 0.5% per hour, therefore, membranes were always conditioned for 1 h after reach-
ing equilibration of the process conditions in the system. Subsequently, retentate and permeate

samples were taken to determine the rejection of the membrane.
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Figure 6.4: Pure solvent flux measurement measured at 20 bar and 20°C in a long-term exper-

iment. a) type 1 b) type 4
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6.1.4 Analytics

The concentrations of the polystyrene fractions in the retentate and the permeate were deter-
mined by gel permeation chromatography (GPC) (Hitachi Elite LaChrom, Hitachi High Tech-
nologies America, Illinois, USA). The used colums Shodex GPC KF-801, KF-802 and KF-
806M were supplied by Showa Denko K.K., Tokyo, Japan. The measurements were conducted
at the chromatography lab of the central analytics department at Merck KGaA, Darmstadt, Ger-

many.

6.2 Experimental investigations on the separation

behavior of ceramic membranes

6.2.1 Investigations on the solvent flux through ceramic membranes

The separation of ceramic membranes is supposed to follow the pore-flow transport mechanism.
In order to check the validity of the Hagen-Poiseuille equation, pure solvent fluxes were mea-
sured at a constant transmembrane pressure of 20 bar and different temperatures varied between
15 and 55 °C. The results of the commercially available hydrophobized 600 Da membrane and

a newly developed membrane are illustrated in Figure [6.5]
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Figure 6.5: Pure solvent fluxes of n-heptane, ethanol and THF
a) commercially available hydrophobized membrane

b) newly developed hydrophobic membrane

It can clearly be seen that the solvent fluxes through the commercial membrane are extremely

high and are determined by the viscosity independent of the used solvents. Regarding the newly
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developed membrane, there is no correlation detectable of the permeate flux with the viscosity
and thus the pure solvent flux does not follow the pore-flow theory (Hagen-Poiseuille equation)
anymore. This first observation indicates that with lower separation limits changes in transport
mechanism occur and that further properties and effects influence the separation of narrow pore

ceramic size membranes.

6.2.2 Identification of parameters determining the suitability of a

membrane for OSN

In order to prove the applicability of the newly developed membranes for OSN, all membranes
were characterized by rejection measurements of different polystyrene oligomers as proposed
by See-Toh et al. [84] in THF. Those results are subsequently compared with the membrane
properties provided by the permporometry measurements to investigate how the rejection be-
haves against the pore size or whether there is a hint on the suitability of these membranes for
the use in organic solvents detectable.

In Figure [6.6] and [6.7] the permporometry measurements and the results of the MWCO determi-
nation according to See-Toh et al. [84] are illustrated. Despite the same mean pore size of the

two membranes the rejection curves differ significantly.
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Figure 6.6: Characterization of a new membrane (N0354)
a) Permporometry measurement by use of cyclohexane as condensable vapor (data
kindly provided by Fraunhofer IKTS)

b) rejection curve determined with polystyrenes in THF at 20 bar

This can be attributed to the course of the permporometry curve at larger pore diameters. Mem-

branes that have a constant relative permeance for larger pores (> 5 nm) in the permporometry
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measurement like membrane N0353, show an incomplete rejection for higher molecular weight
oligomers. The rejection curve often stagnates or even decreases. This implies that the larger
molecules are able to pass through some larger pores, which is undesirable and therefore called

defect pores.
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Figure 6.7: Characterization of a new membrane (N0353)
a) Permporometry measurement by use of cyclohexane as condensable vapor (data
kindly provided by Fraunhofer IKTS)

b) rejection curve determined with polystyrenes in THF at 20 bar

In aqueous applications this effect seems to be negligible. Rejection measurements of aqueous
NF membranes (type 4 sintered under air) with a mixture of polyethylene glycols in water show

excellent rejections despite a considerable portion of defect pores (see Figure[6.8).
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Figure 6.8: Characterization of a new membrane type 4 (N0426) for aqueous nanofiltration
a) Permporometry measurement by use of cyclohexane as condensable vapor (data
kindly provided by Fraunhofer IKTS)

b) rejection curve determined with polyethylene glycol in water at 10 bar (data

kindly provided by Fraunhofer IKTS)

There are different explanations for the observed behavior. On the one hand the water molecules
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are smaller than the solvent molecules and additionally show a better wettability of the mem-
brane surface. For this reason, they can pass more easily through the very small pores and the
relative transport through the defect pores becomes marginal. On the other hand, in water there
are also electrostatic repulsion forces acting between the membrane surface and charged solutes
(not the case for PEG) so that larger pores may also be masked by such an effect, which is
not existent in organic solvents. Nevertheless, the results clearly show that if good OSN per-
formance of ceramic membranes is sought, the reduction of the number of defect pores in the

membranes active layer is essential.

If defect pores are reduced to a minimum, the performance of ceramic membranes is mostly
determined by the mean pore size as expected. In Figures and the membranes with the
lowest amount of defect pores are presented. Membrane NO157 (Figure [6.9), prepared with a
phenolic resin (type 3), has a very good pore size distribution with a mean pore size of 1.55 nm
and no pores bigger than 2.5 nm. It can be seen, that larger polystyrenes are almost completely
retained. A MWCO of ~ 1000 Da was determined at a permeate flux of 240 1/m?h for this
membrane. However, the pore size is still too large to achieve significant rejections in the

nanofiltration range.
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Figure 6.9: Characterization of a new membrane (NO157) hydrophobized by a phenolic resin
a) Permporometry measurement by use of cyclohexane as condensable vapor (data
kindly provided by Fraunhofer IKTS)

b) rejection curve determined with polystyrenes in THF at 20 bar

A type 2 membrane (N0328) is presented in Figure The mean pore size is significantly
reduced (~ 0.6 nm) compared to membrane NO157 and the number of pores > 2 nm is marginal.
The rejection curve measured with polystyrene in THF is given in Figure[6.10b and provides a

cut-off of 350 g/mol. Molecules larger than 1800 g/mol are completely retained. The permeate
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flux at 20 bar transmembrane pressure was 70 1/m?h. The MWCO has been clearly improved,

but the reduction of the pore size entails a drastic decline in permeate flux.
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Figure 6.10: Characterization of a new membrane (N0328) hydrophobized by DEA
a) Permporometry measurement by use of cyclohexane as condensable vapor
(data kindly provided by Fraunhofer IKTS)

b) rejection curve determined with polystyrenes in THF at 20 bar

Those MWCO measurements revealed that a low mean pore size is not the most important
property of a good OSN membrane. Defect pores have been identified having a strong negative
impact on the performance in organic solvents. The permporometry measurement emerged
as a helpful tool to detect those defects. However, it delivers no indication on the amount
of pores in the module. Permeate flux is dependent on the amount of pores in a module and
on their size. The pore size distribution provided by the permporometry measurements gives
only an idea of the pore size and of the amount of defect pores which could induce higher
fluxes. Besides, the dry nitrogen permeance measured prior to the loading with condensable
gas in the permporometry measurements could help to indicate highly permeable membranes.
Together with a low amount of defect pores a good performing membrane should be identifiable.
Figure [6.11] depicts the maximum rejection of all characterized membranes determined with
polystyrene in THF in dependency of the ratio of the dry nitrogen permeance and the amount
of defect pores represented by the relative permeance at 5 nm pore size. It is noticeable, that
maximum rejection increases with a higher ratio of permeance to defect pores. Furthermore,
defect pores seem to limit the rejection to a greater extent the lower the nitrogen permeance
is. Dry nitrogen permeance should therefore also be considered when characterising a ceramic

OSN membrane.
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Figure 6.11: Maximum rejection of a membrane measured with polystyrenes in THF as a
function of the ratio of dry nitrogen permeance and the permeance at a pore size

of 5 nm (representing the number of defect pores in the membrane)

6.2.3 Influence of solvent on rejection

It is known from polymeric OSN membranes that considerable deviations in fluxes and rejec-
tions occur when different solvents are used for separations [68, 182, (119,127, 157]]. All known
transport models for solvent permeation and solute transport through ceramic OSN membranes
are more or less based on the pore-flow theory. Some authors extended the models by further
influencing factors as the surface tension [[121} 123} [124], dielectric constant [[121} [123]], dipole
moment [124]], effective molecular dimension [[121}124] or a solubility parameter [125]]. How-
ever, with all the models and according to Darcy’s law, only the viscosity, the applied pressure
and the molecular size of the solvent should cause differences in permeations. Assuming the
validity of the models also for the new nanofiltration membranes, MWCO should not change
much when switching from THF to other solvents. In an experimental assessment the sin-
gle layer DEA membrane (MWCO: 490 g/mol) was also characterized with polystyrenes in
n-heptane and ethanol. The results are given in Figure [6.12] The experiments were conducted
in the sequence THF, ethanol, n-heptane, n-heptane and ethanol again. As the results of the sec-
ond measurements were comparable, only the results of the first run are given in the figure. The
rejection curves clearly illustrate that similar to the investigations with polymeric membranes,
substantial differences exist between the rejections in the different solvents. THF provides the
highest rejections. The rejections in ethanol are about 40 % lower and polystyrene in n-heptane
is not retained at all up to a solute size of 2000 g/mol. Those results contradict the expectations
based on the pore flow theory. If rejections are solely dependent on the different viscosities
of the solvents and the effective molecular solute size in the solvent, rejection curves should

only be shifted along the x-axis. Even the polarity of the solvents cannot solely explain those
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extreme differences in rejections. The polarity as well as the viscosity increases from n-heptane

< THF < ethanol, whereas rejection increases from n-heptane to ethanol and THF.
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Figure 6.12: Rejection curves of the DEA membrane (N0265) determined with polystyrene

in n-heptane, ethanol and THF

It has been proposed for solvent filtration, that the performance of a membrane is dependent
on the first medium permeating the membrane [[125]. As the rejections in THF (cyclic solvent)
were always better than the rejections in other solvents, a similar effect due to cyclohexane
used for permporometry could be assumed here. In order to check the influence of the prechar-
acterization by permporometry on the performance of the membranes, nine membranes were
produced via the same synthesis route as membrane N0328. Three of them were character-
ized by permporometry to ensure the quality of the membranes. Subsequently, the rejection
curves of one precharacterized membrane and two membranes without a pretreatment were
determined in THF, ethanol and n-heptane, respectively. The results are shown in Figures [6.13}

Permporometry results of the membranes are given in Figure [B.4

Rejections in THF (Figure [6.13)) seem to be better after preconditioning with cyclohexane by
permporometry measurements. This may be due to the structural similarity between THF and
cyclohexane which are both cyclic solvents. Cyclohexane could potentially adsorb at the pore
walls whereby the THF could pass easier through the pores by reason of a higher affinity. How-
ever, a deteriorated performance based on defect pores cannot be excluded because the quality

of the supports and the separation layer could not be verified beforehand.

If a permanent solvent layer is really formed at the first use of the membrane, the rejections
in ethanol of a precharacterized membrane should be lower than the rejections of an untreated

membrane because the affinity of the nonpolar cyclohexane to the small polar ethanol molecule



Investigations on ceramic membranes in organic solvent nanofiltration 114

100
901 & . *
80 { &
= 70 ¢
Sl 60 -
c
S 50 4
8 40
9_) 30 4
20 A < after permporometry
10 - without precharacterization 1
0 without precharacterization 2
0 2000 4000 6000

molecular weight [g/mol]

(a)
Figure 6.13: Rejection measurements of membranes containing DEA in THF. One mem-
brane was characterized with permporometry prior to the rejection measurements

(N0403), the other two membranes were measured untreated (N0406, N0407)

is very small. Figure[6.14]illustrates that the measured results substantiate this hypothesis. The
rejections after the permporometry measurement are negative meaning that the solutes preferen-
tially permeate instead of the solvent. Since the solute (polystyrene) is similar to the prechara-
terization solvent (cyclohexane), the affinity is higher than to ethanol and therefore permeation
could be preferred. In particular the rejection of the smallest molecules is significantly worse
than that observed with the untreated membrane. For the larger molecules this effect might be

extenuated due to sterical hindrance.
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Figure 6.14: Rejection measurements of membranes containing DEA in ethanol. One mem-
brane was characterized with permporometry prior to the rejection measurements

(N0405), the other two membranes were measured untreated (N0410, N0411)
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The significantly worse results of the rejection measurements compared to the results achieved
with membrane N0265 (c.f. Figure [6.12)) can be attributed to the high amount of defect pores
(relative permeance at Snm = 8 %) and the higher mean pore size (c.f. Figure B.4c). Fur-
thermore, the high rejections measured with membrane N0265 might be also an effect of the
history of the membrane because THF was the first solvent in contact with the membrane af-
ter the permporometry measurement. Since THF is a more polar solvent than cyclohexane,
this pretreatment could influence the rejection positively similar to the negative effect of the

cyclohexane pretreatment.

Rejection curves in n-heptane are given in Figure [6.15] Here, no differences between the mem-

branes could be identified. None of the molecules were retained by any of the membranes.
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Figure 6.15: Rejection measurements of membranes containing DEA in n-heptane. One
membrane was characterized with permporometry prior to the rejection mea-
surements (N0404), the other two membranes were measured untreated (N0408,

N0409)

The permeate fluxes of the measurements are given in Table [6.2] Following the above theory,
one would expect significant differences in permeate flux particularly for ethanol. Here, no
distinctive effects are identifiable. A high amount of measurements would be necessary to
evaluate the results statistically since no characterization data are available for the untreated

membranes.

Concluding, some differences due to the pretreatment of the membranes with cyclohexane in

permporometry measurements could be identified. These, however, cannot solely explain the
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Table 6.2: Permeate fluxes of THF, ethanol and n-heptane of type 2 membranes with and

without precharacterization

THF Ethanol n-Heptane
[1/m?h] [1/m?h] [1/m?h]
after permporometry 200 270 170
without pretreatment 1 350 400 230
without pretreatment 2 200 200 400

large change in rejections for different solvents in ceramic OSN membranes. For instance, the
membranes show no rejection in n-heptane independent of the pretreatment. This discrepancy
should be a topic of further research and is believed essential for a successful implementation

of ceramic OSN membranes in industry.

In order to check the influence of different solvent properties on the rejection, further rejection
measurements were conducted. The solvents THF, toluene, MTBE and ethyl acetate have been
selected which are partially similar and partially differing in terms of their different properties
(c.f. Table[A.3)). The rejection curves of the four solvents measured with polystyrene are illus-

trated in Figure [6.16] Rejections occur in the order THF > ethyl acetate >> toluene > MTBE.
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Figure 6.16: Rejection curves of the DEA membrane (N0328) determined with polystyrene
in THF, MTBE, toluene and ethyl acetate

The order of the solvents concerning several solvent properties is given in Table[6.3] Comparing
the order of the rejections and that of the properties, the main influence can be attributed to those

properties related to the hydrophobicity. The order of the rejections correlate with the order of
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the dipole moment and the polarity and roughly the trend of the solubility parameter.

Table 6.3: Order of THF, MTBE, toluene and ethyl acetate in terms of different solvent prop-

erties

Solvent property Order of the solvents

Molecular weight THF < MTBE = ethyl acetate < toluene

Molar volume THF < ethyl acetate < toluene < MTBE
Viscosity MTBE < ethyl acetate < THF ~ toluene
Dipole moment toluene < MTBE < ethylacetate ~ THF
Polarity toluene < MTBE < THF = ethyl acetate

Solubility parameter MTBE < toluene ~ THF = ethyl acetate

Another explanation could be an adsorption of the solvent molecules at the pore wall. If the
solvent molecules form a layer, the effective pore diameter is dependent on the molar volume
of the respective solvents. This is in accordance with the order of the rejections and the reverse
order of the molar volume of the solvents. THF, which has the smallest molar volume, forms
the thinnest layer and allows for a flux of the solvent through the smaller pores. The larger the
solvent, the more pores are blocked by the formed layer. Transport has to occur more and more
through the larger defect pores where solutes are less retained. Since fewer pores are available

for solvent permeation, the solvent fluxes decrease for solvents with higher molar volumes.

This theory is also confirmed by the permeate fluxes (see Table [6.4). The permeate fluxes are
in the chronological order of the experiments. It is noticeable that the viscosity of the solvent
seems to have no significant impact while this property plays the dominant role in the assumed
pore flow models. However, it has to be mentioned that the measured values could also be

influenced by pore blocking of the polystyrenes.

6.2.4 Rejection of specialty chemicals

The transferability of the results to the specialty chemicals and the applicability of ceramic
membranes in a multi-purpose process environment has been verified by rejection measure-
ments according to the experiments conducted to develop the heuristic (chapter [5). The rejec-
tions of the membrane N0265 in the solvents THF, n-heptane and ethanol for the substances

presented in Table [5.3] were determined. The results are presented in Figure [6.17p.



Investigations on ceramic membranes in organic solvent nanofiltration 118

Table 6.4: Permeate fluxes determined for membrane N0328 in the chronological order of the

experiments
Solvent Permeate flux
[1/m?h]
THF 45
ethyl acetate 45
MTBE 8
toluene 10
100 < 100
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Figure 6.17: Rejections of specialty chemicals in ethanol, THF and n-heptane vs. their molec-
ular weight.
a) NO265 (Values taken after 180 min at 30 bar transmembrane pressure)

b) N0O346 (Values taken after 60 min at 20 bar transmembrane pressure)

The MWCO of 490 g/mol determined with polystyrenes in THF is symbolized by the dotted
line. The rejection of the specialty chemicals in THF substantiate the MWCO. The rejections in
heptane and ethanol are significantly lower as well as with polystyrenes. This type of membrane
shows once more a strong dependence of the rejection on the solvent. Interestingly, a similar
picture emerges for the rejection of the ceramic membrane in heptane as for the DuraMem® 200
(c.f. Figure [5.10). Exactly the same substances deviate from the general trend. These are the
nonpolar (no polar functional groups) substances C, D and F among the two core substances,
which attract attention by higher rejections than the trend, and substance J having a significantly
lower rejection. The latter is the only substance with a polar endgroup among the three core

molecules. Ceramics are in general polar materials and despite the hydrophobization the mem-
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brane is probably rather polar. Nonpolar molecules, especially those of low molecular weights,
are therefore retained better. Solutes with polar functional groups are retained worse due to
the higher affinity to the membrane. Possibly, molecules with polar endgroups might be ori-
ented to the membrane and thus permeation through the pores is simplified for the elongated
substances. Nevertheless, solute properties even seems to have an influence on the rejection of
ceramic membranes at least in the range of narrow pores. In order to prove whether the be-
havior is influenced by the complexation agent, the rejections of the specialty chemicals were
investigated with a membrane manufactured without DEA. These results are presented in Figure
[6.17b. In comparison, there are no differences concerning the influence of the solvent, except
for the lower rejections caused by the significantly higher MWCO. Differences in rejection due
to different functional groups become marginal as it is the case with higher MWCO polymeric
membranes as well. These results indicate interactions between ceramic membranes, solvent

and solute to a similar extent compared to polymeric membranes.

6.3 Rejection modeling of ceramic membranes

This chapter EI aims to identify a transport model for OSN with ceramic membranes that allow
for acceleration of process development due to the prediction of the membrane process parame-
ters as rejection and permeate flux. Furthermore, a suitable model would enable the simulation
of the complete production process including the effects of a membrane module as well as

preceding and subsequent downstream process steps.

6.3.1 Model structure

In order to describe the complex separation behavior of organic solvent nanofiltration, the sim-
ulation environment Aspen Custom Modeler™ (Aspen Technology, Inc., Cambridge, Mas-
sachusetts, USA) was used. Aspen Custom Modeler™ (ACM) enables the user to implement
own models and features a freely self-designable model structure and thus, the model can be

easily expanded and modified. The model structure used is illustrated in Figure [6.18]

2 The content of this chapter was partially adopted from: Blumenschein, S.; Bocking , A.; Kitzel, U.; Postel, S.;
Wessling, M.: Rejection modeling of membranes in organic solvent nanofiltration. Journal of Membrane Science

510, (2016), 191-200
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The model Membrane_Module consists of the submodels Membrane_Discrete, which contains
the submodel Flux_Ceramic, and the databases DATA_MemMaterial, DATA_MemModule,
DATA_Solvent and DATA_Solute. The submodels DATA contain specific data concerning the
membrane material, the geometry of the modules, solvent properties and properties of the so-
lutes, respectively. Membrane_Module transfers the input parameter and required data to Mem-
brane_Discrete. Here, the membrane can be split into discretes to enable the consideration of
changes in pressure, concentration, velocity and temperature during the flow across the mem-
brane. The way of discretization of the single channel membranes used in the present work are
schematically illustrated in Figure[6.18|as well. The input parameters of every discrete element
are passed to Flux_Ceramic where the output parameters are calculated by the actual transport

model.

6.3.2 Mass transfer model

The transport model of Bowen and Welfoot [5], presented in chapter [2.3.1.1] has emerged ad-
vantageous compared to other transport models due to its flexibility and extensibility and was
therefore implemented in the submodel Flux_Ceramic. To adapt the existing model to OSN
applications, pore size dependent viscosity (see chapter [2.3.1.1 equation 2.26)) and pore size
distribution (see chapter [2.3.1.1] equation [2.29) of the ceramic membrane were implemented.
Unknown solute parameters such as molar volume, solute radius and diffusion coefficient were

estimated in dependency of the respective solvent. The values calculated for the polystyrenes

are listed in Table B2

Molar volume

The molar volume of the respective solutes was estimated by the group contribution method of
Fedors [158] assuming independence on the solvent. The solute molecules are split in several
groups (CHs,CHo, e.g.) for which fractional values can be found in [[158]. The sum of the indi-

vidual contributions results in the total volume of the solute.

Solute radius

Assuming no interactions of the solute molecules due to the low concentrations, the radius of the
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solutes in dependence of the solvent can be calculated by a combination of the Wilke-Chang-
Equation (Equation [6.5) and the Stokes-Einstein-Equation (Equation [6.6). The association pa-

rameter & of the solvents has been taken from Baerns et al. [176]].

VEMST
Dys=7.4- 10—8% (6.5)
SUs”
orS= 1T (6.6)
3mNsDys

rS? _V EMgy 6.7)

An empirical relation between water and an organic solute was found by Van der Bruggen and
Vandecasteele [[177].
2r," = 0.065M9438 (6.8)

The combination of Equation[6.7/and [6.8] allows for the estimation of the solute radius.

Diffusion coefficient
The diffusion coefficient was calculated by equation [6.5] which implies that the molar volume

of the solute is known.

6.3.3 Results of modeling

The rejections were initially simulated with the constant standard process parameters and the
properties of THEF, polystyrene and the membranes. Molar masses and densities of the mixtures
of the polystyrenes were taken over from ASPEN Properties. Membrane specific data were
obtained from the manufacturer and their permporometry measurements. According to the
manufacturer the active separation layer has a thickness of ~ 50 nm. The pore length was
assumed to be twice the thickness. The porosity of the membranes is between 0.3 and 0.4 and
was set to 0.35 as a standard in the simulation. Pore radii and the defect pores are an outcome
of the permporometry measurements. The default for the maximum pore radius r;,,x was set
to twice the mean pore radius r, of the respective membrane. The MWCO was identified by
rejection measurements of polystyrenes in THF (c.f. chapter[6.2.2)). Table[6.5]gives an overview

about the experimentally determined characteristics of the used membranes.
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Table 6.5: Ceramic membranes used for the verification of the rejection modeling

Name  Hydrophobization = MWCO Mean pore radius Defect pores

by [g/mol] [nm]
NO157 phenolic resin 1200 0.78 ca. 1% rel. permeance
N0265 DEA 490 0.55 ca. 6% rel. permeance
NO0288 phenolic resin 2000 0.35 ca. 8% rel. permeance
N0328 DEA 350 0.3 ca. 2% rel. permeance
N0330 phenolic resin 650 0.43 ca. 4% rel. permeance

Due to the simple geometry of the modules radial parameter changes are assumed to be negligi-
ble, therefore, the membrane modules were split in one-dimensional discrete elements (Number
of discretes was set to 5). Changes in concentrations and velocity are considered between the
discretes. However, pressure and temperature differences are not expected because of the short
and thermally insulated membrane module and are thus neglected. For the presented results,
concentration polarization was not incorporated as the concentrations applied in the verification

measurements were very low.

Rejections of the polystyrenes could thus be calculated without any fitting parameter. A selec-
tion of those simulation results for four membranes with different nominal pore sizes in com-
parison with the experimentally determined rejections are illustrated in Figure [6.19] and [6.20]
The calculated rejections are shown without pore size distribution and with standard deviations

of the pore size distribution of 0.1, 0.2 and 0.5.

As expected the calculated rejection curves for membranes with narrow pore sizes (< 0.5 nm)
given in Figure show a steeper slope than those with larger pores sizes. The rejection
is lower for bigger standard deviations and nominal pore sizes. In total, the differences be-
tween the rejections gradually decrease by increasing the standard deviation. The simulated
curves are generally in good agreement with the experimentally determined rejections of the
polystyrenes. The simulated rejections of membrane N0328 exhibit the closest agreement with
the experimental results which are represented excellently by the proposed model with a pore
size distribution of 0.1. Overall, there is a recognizable tendency that membranes with mean
pore sizes r, <0.5nm (c.f. Figure show the best match with higher standard deviations
whereas membranes with mean pore sizes r, > 0.5 nm (c.f. Figure [6.20) give the best fit with

the experimental results without pore size distribution or with very low standard deviations.
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Figure 6.19: Simulation results of rejection of polystyrene in THF with different standard de-
viations of the pore size distribution (6, =0; 0.1; 0.2; 0.5) and the experimental
results

a) N0328 (r, = 0.3) b) N0330 (r, = 0.43)
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Figure 6.20: Simulation results of rejection of polystyrene in THF with different standard de-
viations of the pore size distribution (6, =0; 0.1; 0.2; 0.5) and the experimental
results

a) NO157 (r, = 0.78) b) N0265 (r, = 0.55)
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This is in accordance with the observation that defect pores have higher impact the lower the
pore size is (c.f. Table [6.5). Due to the higher portion of permeation of solvent and solute
through the defect pores, rejections of membranes with very narrow pores are slightly lower
than expected. This can be reflected by a higher standard deviation. However, the simulated
results for solutes with high molecular weight are overestimated compared to the experimentally
observed rejection. Those incomplete rejections due to the defect pores cannot be described by
a variation of the standard deviation of the pore size (see Figure [6.19b). Pore flow models
are based on the assumption that molecules with diameters larger than the pore size (1A > 1)
are completely retained. Rejection will converge in any case to 100 % rejection and hence
will not stagnate at lower rejections. Incorporation of concentration polarization would not
improve the accordance of the rejection of larger molecules with the experimental results. Even
by an adjustment of the maximum pore size, this effect cannot be represented (discussion in
chapter [6.3.3.1). Another opportunity to reflect the influence of the defect pores would be the

implementation of a bypass stream or a bimodal pore size distribution.

In Table [6.6] the experimental and simulated permeate fluxes according to equation [2.13] are
given. It is obvious that measured fluxes are significantly lower than the calculated ones. This
could be attributed to the fact that solvent molecules are larger than water molecules and thus
the amount of pores, which are available for transport, is less. Furthermore, the solvent transport
might be hindered by the lower affinity of solvents to the ceramic material compared to water.
Another explanation is a lower porosity of this membrane type for example due to a higher
complexation by DEA or phenolic resin and therefore tortuosity is higher than given. By a
simple permeation experiment prior to the simulation, an effective porosity and tortuosity can
be easily fitted to reflect the permeate fluxes as well, however, permeate flux prediction was not
in the focus of this work since rejection turned out as the more relevant process parameter in

the production of specialty chemicals.

6.3.3.1 Influence of membrane parameters on the modeling results

A sensitivity analysis for the membrane model was performed with respect to some membrane
parameters in order to verify their influence on the simulated rejections and the opportunity to
improve the reproduction of the experimental results by an adjustment for membranes, which

show indications of defect pores in permporometry. First, the influence of the estimated value
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Table 6.6: Calculated and measured permeate fluxes in [I/m?h]

Permeate flux [I/m?h] Faktor
Name experimental simulated sim/exp
NO157 240 3966 16.5
NO0265 110 1998 18.2
NO0328 70 595 8.5
NO0330 115 1192 10.4

of rmax Was investigated. In Figure [6.21]it is shown that even an enlargement of the maximum
pore size ry,,, would not reflect the incomplete rejection of membranes with defect pores since
the largest polystyrenes are still larger than the maximum pore size. Higher limits of the pore
size would also reduce the rejection of the smaller molecules. However, in case of high amounts
of defect pores, it might be reasonable and helpful to increase the maximum pore size in order
to improve the accordance with the actual rejections and implement a bimodal pore size distri-

bution or a bypass stream.
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Figure 6.21: Influence of 7,,4(= x - 7,) on calculated rejections of polystyrene in THF (exem-

plarily shown for membrane N0328 with 6, =0.15)

An example for the clear improvement of the results with a variation of the standard maximum
pore size is given in Figure[6.22] Even the calculation with the highest standard deviation (0.95;
Fmax =2 1p) could not reflect the experimental results, but an increase of 7,4, to 2.5 r), enables
the representation of the rejections of the small polystyrenes. As mentioned above, however, the
incomplete rejection of large molecules cannot be reflected. The only possibility to represent the

permeation through the defect pores is thus the implementation of a bypass for the permeation
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through the membrane.
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Figure 6.22: Improvement of calculated rejections of polystyrene in THF by enlargement of

the maximum pore size 7,4, (exemplarily shown for membrane N0288)

Other membrane specific values like the pore length and the porosity have almost no influence
on the calculated rejections because porosity and tortuosity have only an indirect influence
on the rejection in the proposed model. Only the solvent permeability is changed by these
parameters. An adaptation of those parameters can thus be used to represent the fluxes without

a significant influence on the calculated rejections.

6.3.3.2 Variation of process parameters

In order to check the suitability of the model for process design, the representation of the in-
fluence of the process parameters was verified. Since membrane N0328 showed the best ac-
cordance of the simulated rejections with the experimental ones at standard conditions, this
membrane was selected for further experimental investigations. To analyze the effect on the
simulation the pressure value in the model was varied between 5, 20 and 30 bar. The rejection
of the solutes increases with increasing pressure (see Figure[6.23)). Due to the ratio of solute ra-
dius to pore radius, the effect is lower for bigger solutes than for smaller ones. There is no effect

for solutes with (A > 1). The pressure effect on rejection decreases with increasing pressures.

This result can be explained by the equation for the modified Peclet number (see equation
[2.22)). With increasing pressure this modified Peclet number increases and the subtrahend in the
equation for the rejection (see equation [2.21)) decreases. For high pressures, the influence of the

modified Peclet number is smaller due to the exponential function.
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Figure 6.23: Influence of transmembrane pressure on the calculated (lines) (6, =0.1) and ex-
perimentally determined rejections of polystyrenes (symbols) in THF at 20°C, 6
I/min of membrane N0328

The influence of temperature and feed velocity is presented in Figure[6.24] Variation of temper-
ature shows only a marginal effect on the rejection which is in accordance with the experimental
validation. Feed flow has no significant influence on rejection which was confirmed by the ex-
perimental measurements as well. As expected the transmembrane pressure emerged as the

most crucial process parameter.
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polystyrenes (symbols) in THF at 20 bar of membrane N0328
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6.3.3.3 Influence of solvents on the modeling results

As presented in chapter[6.2.3] the use of some solvents leads to unexpected bad rejections. The
influence of the solvent on the calculated rejection is investigated by changing the solvent to n-
heptane and ethanol. Using solutions with ethanol the solute sizes are slightly increased while
in n-heptane the sizes are decreased (see Table [B.2). Because of the different solute sizes in
the different solvents, the rejections differ as well in dependency of the solute sizes r; and
hence the calculated rejection decreases in n-heptane and increases in ethanol (c.f. Figure[6.25).
However, these results do not reflect the experimental measurements. Although the calculated
rejections in different solvents exhibit significant differences (presented in Figure [6.25), the
drastic discrepancies determined in the measurements (c.f. Figure [6.12)) could not be reflected
by the simulation. In description of rejection in different solvents, the model fails. As already
mentioned in chapter [6.2.3] the transport in ceramic OSN membranes is less investigated and
these large differences in rejection in different solvents are up to now not sufficiently explained.
A possible theory might be that different solvents create differing layers in the ceramic pores or
even block them in dependence of the affinity between the solvents and the membrane material.
With further insights into the root causes of this behavior, the model could be easily extended,

e.g. by a solvent dependent pore size.
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Figure 6.25: Calculated rejections (lines) of membrane N0265 in comparison to experimen-
tally determined rejections of polystyrene in THEF, n-heptane and ethanol (sym-

bols)

The predicted effect of the solute size is thus superseded. However, by using different standard

deviations for the pore size distribution for the different solvents these effects can be partially
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compensated. This is shown in Figure [6.25| by the example of ethanol rejections, which are
in good accordance with the simulated results using a standard deviation of 0.5 whereas the

rejections in THF are reflected best without a standard deviation of the pore size.

6.3.3.4 Transferability of the modeling results to other solutes

In order to check the transferability to other solutes and the adaptability to real life applications,
the rejections of the specialty chemicals (see Table [5.3)) were measured with one of the mem-
branes (N0265). Similar to the measurements with polystyrenes, the calculated rejections are in
good agreement with the experimental results in THF (see Figure whereas experimentally

determined rejections in ethanol and heptane were significantly lower than predicted with the

model.
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Figure 6.26: Calculated rejections of specialty chemicals (open symbols) of membrane N0265
in comparison to experimentally determined rejections (filled symbols) in THEF,

n-heptane and ethanol

6.4 Conclusion

Currently, ceramic membranes do not keep the promise of several advantages over polymeric
membranes. Permeate fluxes of narrow-pore ceramic membranes with acceptable rejections of
molecules in the range between 200 and 600 g/mol are in the same range as polymeric mem-
branes or even lower. Contrary to widespread expectations, even the rejection of ceramic mem-
branes depends substantially on the specific solvent just like the polymeric OSN membranes.

This dependency and the influencing factors should be further investigated in the future in order
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to enable industrial application for ceramic OSN membranes. The reason for the dependence
on the solvent remains unclear, but affinity effects seem to have a higher impact than properties
typically influencing pore flow. Further investigations are necessary to clarify this phenomenon.
An application of ceramic membranes in a multi-purpose production environment is thus not
(yet) conceivable at this point in time.

Permporometry was identified as a suitable and helpful tool for quality control of the membrane.
It might be a useful tool for the customer as well as it allows for the identification of a good OSN
membrane (in THF). Based on the permporometry measurements substantial requirements of a
ceramic membrane for organic solvent nanofiltration were identified: One the one hand, pores
have to be small enough to retain the molecules, but big enough to enable solvent permeation
(mean pore size >0.5 nm in permporometry). The smaller the pores, the more difficult is the
prevention of permeation through defect pores. Elimination of defect pores is therefore the most
important target for the development of tighter ceramic OSN membranes besides the reduction
of the pore size.

A transport model based on the original aqueous nanofiltration model of Bowen and Welfoot
[S] was developed which is able to predict rejections of ceramic OSN membranes. The rejec-
tions of polystyrenes as well as of specialty chemicals in THF could be very well predicted
without any fitting parameters in the model. Membrane parameters necessary for the model
were given by the manufacturer or obtained by permporometry measurements (conducted by
the manufacturer). However, the effect of defect pores cannot be reflected by the model. Nev-
ertheless, rejections of small polystyrenes can be represented very well. Since the focus of an
OSN membrane is the rejection of molecules smaller than 1000 g/mol, this is adequate for pro-
cess simulation within this molecular range. A further restriction of the model is its applicability
only for suitable solvents so far. The model fails in terms of the description of various solvents
as n-heptane or ethanol, because unknown interaction effects occur here. The dependencies and
the influencing factors should be further investigated in future in order to modify the model re-
garding rejection prediction for a wide range of solvents. The identification of such parameters
would allow the development of an heuristic for membrane selection of ceramic membranes
and thus an equalization of ceramic and polymeric membranes concerning their application in

process development.

Moreover, the calculated fluxes obtained with the proposed model are overestimated by a factor
of 10-15. By fitting porosity and tortuosity to experimentally determined fluxes this gap can be

easily closed without any effect on the rejection curve because these parameter do only affect
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the solvent flux. The clarification of the effects influencing the permeance reduction has to be
a focus in further investigations anyway. Nevertheless, the proposed model offers a solid basis

for further development and expansion to different solvents.



7 Refined potential assessment

In this chapter the approach to estimate the potential of OSN in a multi-purpose environment
presented in chapter []is refined based on the results and the knowledge gained from chapter [5]

and [6

7.1 Technically realizable potential

The next level of detail in the assessment of the potential of OSN (c.f. Figure considers
technical limitations or restrictions regarding an implementation within a multi-purpose pro-
duction of specialty chemicals. With the help of the insights gained in the previous chapters, it
1s now possible to refine the assumptions made for the membrane performance in calculation of

the theoretical potential in chapter [4.2]

The following aspects will be revised in this chapter to estimate the technically realizable po-

tential:

¢ Maximum solute concentration in the retentate:
The maximum retentate concentration wg 4, influences the degree of concentration by
the OSN process and thus the process time. Consequently, this parameter affects every

term of the potential (c.f. equation ..

* Rejection:
In chapter [4.2]this parameter emerged as the most important factor regarding the potential
of OSN within a specialty chemical production environment. A general rejection of 90 %
was assumed in the theoretical potential as no adequate short-cut models were available
to estimate it. Based on the insights gained in chapter [5| and [6] which allow for a pre-

estimation of the expected rejection, it now becomes possible to fine tune the potential.
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* Feasibility of the process:
Last but not least, the feasibility of the processes has to be ensured in terms of suitable

membranes, requirements for the OSN plant, technical limitations, etc.

In order to define the maximum retentate concentration, the solubility of the substances in the
respective solvents has to be taken into account. To prevent crystallization in the filtration
process, 90% of the solubility limit is taken as wg ;uqx. Though crystallization will not start at
the solubility limit but will need a certain amount of oversaturation, it has to be kept in mind
that a safety buffer must be used. This is because of concentration polarization effects which
cause higher retentate concentrations at the membrane surface than in the bulk solution. Some
solubility data are taken from an internal solubility database of Merck KGaA. If no solubility

data were available, they were estimated from similar products or solvents.

With the help of the rejection rules (chapter [5.5.1)) and the developed heuristic (chapter [5.5.2),
the assumed rejection of 90% in each process in the calculation of the theoretical potential (c.f.
chapter [4.2) could be revised. Ceramic membranes are not considered in this estimate because
the influence of the solvent is not sufficiently understood and rejections are currently lower

than those of polymeric membranes. In Table [C.1] [C.2] and [C.3| the products, their solubility

parameters and the solubility parameters of the solvents as well as the estimated rejections,
which are used for the assessment of the technical potential, are given. To verify the suitabil-
ity of the estimation process of rejection, several products were experimentally tested in real
production solutions to incorporate all additional substances and their potential effects on the
membrane performance. The comparison between the estimated and the experimentally deter-
mined rejection values is presented in Table In general, the experimental results prove the
recommendation of the membrane type in the heuristic and the measured rejections correspond

very well to the estimated values.

After these refinements to some of the parameters necessary for the calculation of the potential,
the processes of interest are scrutinized with regard to the practicability of a separation by OSN,
special requirements to the plants and the membranes because of their use for specialty chemi-
cals as well as technical limitations and demands due to the implementation in a multi-purpose
environment. First of all, the different processes (i.e. the solvents involved therein) which are
taken into account for the potential assessment were proven in terms of their compatibility with
existing OSN membranes. For some solvents there is still no suitable membrane (e.g. in terms

of stability) commercially available. Those processes were excluded from the calculation of the
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Table 7.1: Comparison between the estimated rejection and experimental results for several
typical production solutions of specialty chemicals (same class as used for the de-

velopment of the heuristic)

Estimated Experimental
Product Solvent Membrane type R [%] Rhydrophobic [%]  Rnydrophitic [%]

P1  THF/n-hexane hydrophobic 80 66

P2 THF/n-hexane hydrophobic 85 79 3
P4 THF/n-hexane hydrophobic 85 86 41
P14  THF/n-hexane hydrophobic 50 31

P20  ethyl acetate/ hydrophilic 90 88

methanol

P27  toluene/ethanol hydrophilic 90 37 88
P31 ethyl acetate hydrophilic 85 95

potential. In the scope of this work, the processes in dichloromethane (DCM) are affected in

particular.

Technical requirements to the membrane:
Due to the use in a multi-purpose environment, the membrane is exposed to frequent solvent
and pressure changes. In the present case, six main solvents are used in the relevant process

steps and another six solvents in mixtures with them (c.f. Table [C.T} [C.2] and [C.3)). Regarding

the practical handling of such solvent exchanges, present data in literature is marginal. The
stability of the membrane material during solvent exchanges was thus experimentally-confirmed
in this work even with a solvent that causes negative rejections for the specialty chemicals.
In Figure the rejections of a new PDMS membrane are given in THF and ethanol. In
contrast, the rejections of membranes are shown which underwent a solvent exchange from
the respective other solvent e.g. firstly ethanol, then THE. As can be clearly seen, there is no
detectable difference and thus, separation performances induced by the solvents are reversible.
This also proves that negative rejections are not a result of a damage to the membranes. In
conclusion, solvent exchanges should not pose a problem for the integration of OSN in a multi-

purpose production.

Moreover, an easy clean-up of the membranes is essential due to the high demand of purity
for the affected products. Extractables from the membrane may not exceed ppb-levels (some

even lower) to secure the performance of the specialty chemical products in their respective
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Figure 7.1: Rejections of solute B in THF and ethanol measured with a new membrane (GMT-
oNF-2) in comparison with the rejections measured with a membrane which was

used in the respective other solvent before

applications. These issues have to be investigated and appropriate cleaning and flushing proce-
dures have to be defined. The general possibility to remove and reduce the extractables to the

specified limit has been proven elsewhere [178]].

Technical requirements to the plant:

As a basic principle, a multi-purpose filtration plant has to be easy to handle in terms of its
weight and dimension, since the plant has to be movable between several STRs within the
whole facility. This requires a very compact, lightweight construction with an even weight
distribution. Moreover, the filtration plant has to be integrated in the process control system of
the production site and needs a connection to every eligible tank reactor. The production site
is classified as hazardous (Zone 2 Ex T4 II b), therefore, every device of the plant, like pumps,
valves, control elements, etc. demands an ATEX certification for use in zone 2. Furthermore,
the plant has to be naturally easy to clean as well as dead volume zones have to be minimized

to reduce the risk of contamination by other products.

Another issue to be resolved is the fact that the OSN separation unit has to be able to handle
different membrane types because no one available membrane is capable to deal with every
solvent in the relevant processes. This could be either pursued by the design of two identical
plants which are dedicated for one membrane type. The other possibility would be to design
interchangeable membrane modules with good accessibility and safe and contamination-free
removal process. However, this requires the storage capacity for the membrane modules and

their housings.

Except for the exclusion of processes in DCM, there are no further limitations in the imple-
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mentation of OSN in the specialty chemicals production based on the aforementioned technical
requirements. With the above refinements, the potential was recalculated based on equation
M.1)and the limitations for considering in the assessment according to equationd.10} The eval-
uation of the technically realizable potential results in only five economic processes with an
overall potential of 5.13mMU/a. In Figure the single potential of these processes is shown
and split in the individual terms contributing to the potential. The technically realizable poten-
tial is only about 30% of the theoretical potential. An implementation of these OSN processes
would free up 4000 production hours of a stirred tank reactor. This might be a further benefit

when production capacities are limited and new equipment is needed.

P1 P7 P8 P20 P22
5000

4000
3000
2000
1000

I =

0 -
-1000
-2000
-3000

-4000

-I
—
l

technically realizable potential [T MU/a]

CPS mCMH mCED OCEO =mCPL

Figure 7.2: Distribution of the different costs on the technical potential (according to equation
A1) of the realizable five products (costs due to process shortening Cps, costs due
to reduction of machine hours Cysy, costs for energy demand of distillation Cgp,

costs for energy demand of OSN Cgg, costs due to product losses Cpr)

This dramatic decrease in potential is mainly caused by the more realistic rejections used for
the calculation. Figure [4.4] already emphasized the enormous impact of the rejection on the
theoretical potential of an application of OSN in the multi-purpose environment. However, as
the potential is strongly dependent on the rejection, this also means that more processes may
become economical with the development of new tighter membranes. Especially applications

in nonpolar solvents would be of interest for further membrane research.
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7.2 Economically realizable potential

To evaluate the economic efficiency of an implementation of OSN in a multi-purpose process
environment, some financial key figures will be used to assess the economically realizable po-
tential of an implementation of an OSN plant for product solution concentration in a multi-
purpose environment. These are the return on investment ROI and the payback period 74. Re-
turn on investment describes the ratio between the profit and the total capital. To evaluate a
single investment, it is common to consider the benefit due to the investment in relation to the
investment costs /. In the present study the technical potential Pot;, accounts for the potential

benefit.
POt[e

1

ROI =

(7.1)

The capital costs were roughly estimated on the basis of the technical requirements (c.f. chapter
[7.1) and includes the purchasing price of the membrane plant, the technical installation (labor
costs and infrastructure) and the integration into the process control system. Here, the return

flow is 22 %l/a.

The payback period 74 depicts the period of time to recoup the investment costs. An useful
economic life 7y of the OSN plant of ten years is assumed. After that time no residual value
RV of the plant exists. A linear approach was used for the calculation of the payback period
because constant sales volumes and constant process conditions are assumed.

I—RV

- 7.2
Pr+Cy (7:2)

A

The profit Pr gained by the new investment is the technical potential of the implementation
of an OSN plant reduced by the amortization costs Cy4, the weighted average cost of capital
and the operating costs Cop. The operating costs contain an annual exchange of the modules,
occupancy costs, costs for an annual exchange of the seals and for the exchange of the oil of the

pumps.
I+RV

Pr = Pot;, — Cy — -wacc — Cop (7.3)

To calculate the amortization costs, a linear depreciation is applied.

_I-RV

IUEL

Ca (7.4)

To visualize the calculations, a break-even analysis based on these assumptions is presented in

Figure
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Figure 7.3: Break-even analysis for different production outputs of a two-stage multi-purpose

production plant for specialty chemicals

The revenue is presented here by the technical potential reduced by the imputed interests. The

total costs are composed of the capital costs and the operating costs of the membrane plant.

The break-even-point (BEP) is reached after 6.6 years assuming a constant production output.

A production increase and a decrease of 30 % are also incorporated into diagram and show the

drastic impact of the output on the BEP (3.5 years and 24 years, respectively). With a typical

lifetime cycle of the investigated specialty chemical class of five to ten years, a payback period

of two years is usually considered as a positive investment option. An implementation of a

multi-purpose OSN plant is thus currently not of high potential. However, when contemplating

a three-stage OSN plant (see Figure [7.4), the BEP declines drastically because product losses

diminish.
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Figure 7.4: Break-even analysis for different production outputs of a three-stage multi-

purpose production plant for specialty chemicals

Furthermore, the amount of economic processes which come into consideration in the assess-

ment increases from five to fourteen. Increasing the number of membrane stages, however,
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implies an increase of the plant volume as well which should be kept to a minimum in a pro-

duction environment with very low product volumes and high product values.

As already mentioned, it has also to be kept in mind that an implementation of OSN accom-
plishes new facility capacity besides the savings on the considered products. This might offer
further possibilities for benefits due to higher sales volumes or larger capacity for new prod-
ucts. This potential assessment only includes the potential by current state-of-the art mem-
branes, but the potential might change drastically with new commercialized membranes which
enables higher rejections especially in non-polar solvents. Furthermore, only concentration
processes were investigated within the scope of this thesis because distillation emerged as a
time-consuming production step and the most frequent downstream process. The potential as-
sessment for an application of OSN for purification processes might additionally offer a high
potential in a multi-purpose production environment and should be further considered in fu-

ture.



8 Conclusion and Outlook

The objective of this thesis was the evaluation of the applicability of organic solvent nanofil-
tration in a multi-purpose process environment in terms of its technical realizability and its
economic potential. To assess the potential of a process, performance data of the unit oper-
ation are necessary. From a thorough analysis of the literature it became apparent, that due
to the young age of this technology and complex interactions between membrane, solvent and
solute, neither general mathematical methods nor short-cut models for the determination of the
membrane performance parameters exist. Currently, feasibilities of OSN processes have to be
verified by experimental measurements. However, targeting an application of an OSN plant in a
multi-purpose production, the screening effort for a high amount of different products which are
necessary to guarantee a high utilization of the plant is not viable under the consideration of the
expenditure of time and the risk to fail. To address this problem, this work was also focussed
on improving the understanding of the underlying transport phenomena in OSN and thus the
predictability of processes for polymeric as well as ceramic OSN membranes since these are

essential for an assessment of potential in a multi product plant.

To identify the most promising application of OSN in a multi-purpose production first, the most
typical production steps and downstream operations within a typical production facility were
compiled. Distillation for product concentration or solvent exchange emerged as the most fre-
quent process step. A general procedure for the assessment of the economic benefit of OSN was
developed thus based on the application of OSN in concentration steps. This general approach
was applied with fixed values for the unknown membrane performance parameters. Under these
assumptions, an integration of OSN was profitable only for 11 of the 75 considered distillation
steps. In a sensitivity analysis several influencing parameters were varied to consider e.g. un-
certainties in the estimation of parameters, changes over the entire useful life of the plant, etc.
Among the varied parameters, rejection turned out as the most influential parameter. An increas-

ing rejection significantly increased the number of economic processes and thus the potential of
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an application of OSN whereas the potential stagnates with increasing permeate fluxes. Based
on the decisive importance of rejection, the approaches to investigate the separation behavior of

OSN membranes were predominantly focussed on rejection.

To simplify process development and to enable a rough estimate of the performance of poly-
meric OSN membranes, simple rules for a rough prediction of the expected rejection of a spe-
cialty chemicals class had to be identified. For this purpose, a comprehensive study on the
performance parameters of polymeric membranes (particularly rejection) was conducted to in-
vestigate the influence of the solvents and the impact of the membrane material. A specialty
chemicals class, which is usually produced in multi-purpose facilities and which possesses dif-
ferent molecular sizes and diverse functional groups by keeping an unchanged core structure,
was selected. To span the three dimensional space of interactions between membrane, solvent
and solute over a wide range, solvents of different properties and different membrane materials
were investigated. The affinity between the components reflected by the Hildebrand solubility
parameters was identified as the most crucial factor determining the membrane performance.
This observation was verified by solvents with similar solubility parameters but completely dif-
ferent molecular structures. However, the solubility parameter could not entirely represent all
effects on the rejection of the solute. The effect of different functional groups of the solutes was
therefore examined by a Design of Experiments and a direct comparison between two solutes
which only differ in their functional groups. A positive effect of polar functional groups on the
rejection with hydrophobic membranes and vice versa was observed. Subsequently, the findings
were verified with differing solvents of similar solubility parameters, membranes of the same
material but higher cut-offs and literature data in matters of diverse solutes. In addition, the sep-
aration behavior in solvent mixtures was investigated. Overall, the solvent emerged as the most
influential factor regarding the solute rejection provoking even differing effects of the solute
properties (as molecular weight) and the functional groups on the separation behavior. Besides
the collection of rules to roughly predict rejection, these results were also used to address the
membrane selection hurdle in specialty chemicals industry: An heuristic to identify the most
suitable membranes for a given separation problem was developed. Such an heuristic based on
easily accessible solute and solvent properties allows for a fast identification of a suitable mem-
brane which is essential for the high amount of solutes which have to be screened. Furthermore,
compared to detailed transport modeling, this approach is also viable if no relevant property pa-
rameter is known which is usually the case for most of the products produced in multi-purpose

plants. This development drives the decision whether there is a suitable membrane for a given
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separation problem even prior to any experimental investigation. It also already gives a hint
whether it is economically worthwhile to develop an OSN process which finally yields a signi-
fication acceleration of the total development process. Moreover, the assessment of the potential
of OSN becomes more realistic as predictability of the membrane performance has been sig-
nificantly improved. This reduces the risk of failure during the process development and the

economic risk of an implementation in production.

Although the solubility parameter of the compounds emerged as a huge help in the prediction
of membrane performance, several effects remained which could not be represented by the
solubility parameters. To predict these data more precisely, further effort should be put into
detailed mass transport description. For solutes with poor availability of material properties,
such as the investigated specialty chemicals, empiric models based on a comprehensive data
base might be an option to predict membrane performance mathematically and to take further
aspects into account. Future work should also focus on the expansion of the prediction of
membrane performance parameters and of the heuristic for membrane selection to other material
classes and further polymeric membrane materials as well as ceramic membranes. To develop
the heuristic into a generalized tool for universal use in process industry, particularly the range
of solutes has to be spread significantly considering e.g. different solute geometries and further
functional groups to represent typical products of each industrial sector. Besides, the generated
heuristic rules consider only the rejection of the solutes. Depending on the specific processes
the permeate flux could be an important process factor as well and has also to be taken into

account for the identification of the best membrane.

Since ceramic membranes promise decisive advantages like higher chemical stability, no swell-
ing and a marginal solvent dependency for an application in a multi-purpose environment, per-
formance data of ceramic membranes were required as well to gain comparative data against
polymeric membranes. However, due to the early stage development of ceramic OSN mem-
branes, the approach here was more focussed on a fundamental understanding of the transport
behavior. By investigating the separation of new membranes with tighter selective layers, which
were developed in parallel to this work, quality parameters of ceramic membranes for OSN
could also be defined. Low mean pore sizes (about 0.6 nm) and especially a very low amount
of defect pores (relative permeance at pore sizes > 5 nm) are required to come to low molecular
weight cut-offs. Those parameters are most easily accessible with the help of permporometry

measurements. Surprisingly, even for ceramic membranes differences in rejections of solutes
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with similar molecular weights could be detected in the experiments as well as an influence
of the used solvent on the rejection. Furthermore, a history effect depending on the previously
used solvent was determined. This combination made it difficult to allocate the root-cause of the
observations to one of these effects. Especially in terms of an application of these membranes
in a multi-purpose environment, a comprehensive study on the background of the influence of
solvents on the separation performance as well as on the history effects induced by different
solvents is necessary to keep pace with polymeric membranes. As a prerequisite, membranes

with secured, defined pore size distributions and without defect pores are required.

Up to now data about the transport through ceramic membranes in organic solvents was marginal.
To improve the predictability of ceramic membrane performance a first approach to describe
the transport was developed in this work. Based on a model originally developed for aqueous
nanofiltration [3]], a transport model for ceramic OSN membranes was generated which was able
to predict rejections of polystyrenes as well as of specialty chemicals in THF very well. Even
a variation of process parameters such as pressure, temperature and feed velocity was in very
good accordance with the model. Required membrane parameters were provided by the manu-
facturer or obtained by the permporometry measurements. Although the model was not able to
reflect the effect of defect pores and the extreme dependency of the solvent on the rejection, it
offers a solid basis for evolution as it is simply extendible e.g. by a bimodal pore size distribu-
tion to include the defect pores. Future work should intensively focus on the understanding of
the transport and the description of the effects of different solvents on the transport mechanism
to generate a universally applicable transport model. These investigations should also address
the improvement in description of permeate fluxes. Summarizing these results, ceramic mem-
branes are not yet suitable for an application in an multi-purpose process environment at the
current state of the art as there are still too many uncertainties e.g. in terms of reproducibility,

unknown solvent effects, low fluxes.

Overall, the achievements of this thesis significantly improve the understanding of the sepa-
ration performance of OSN membranes and the industrial relevance of this technology. The
heuristic for membrane selection was verified by real process solutions of the production fa-
cility used for the assessment of the economic potential. Furthermore, the knowledge of the
applicability of ceramic membranes and their transport behavior could be improved. Thus, this
work is an important step to pave the way for OSN to become a standard unit operation in

process engineering.
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The applicability of OSN was proven in terms of its compatibility to a flexible, interchangeable
production equipment and other technical requirements in a multi-purpose process environment.
Several technical aspects important for an integration in a multi-purpose production as solvent
and pressure changes and plant design were considered and incorporated in the potential assess-
ment. Finally, by means of the insights gained in this work, the first approach for the assessment
of the potential of OSN in a multi-purpose production environment could be concretized. This
refined economic potential turned out at only a third of the theoretical potential. In this case
study, the pay-back period of an OSN plant would thus be higher than 5 years and requires a
long run-time which cannot be ensured in case of specialty chemicals. Increasing the mem-
brane stages of the considered plant from two to three stages would significantly increase the
potential and more processes would become feasible. However, this would provoke higher plant
volume which might be a problem for products with low production volumes. Enhancement of
the membranes regarding their rejection capacities especially in very nonpolar solvents such as
n-heptane would increase the potential as well. Furthermore, this potential assessment covers
only the implementation of OSN to support and shorten concentration steps. An expansion
of the assessment to purification tasks or hybrid processes should be pursued to fully exploit
the potential of this technology in a multi-purpose process environment in specialty chemicals

industry.
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Figure A.1: Pure solvent flux through the GMT-oNF-2 membrane as a function of the a) Po-

larity according to Smallwood [[164] b) Dielectric constant of the solvents
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Table A.2: Solvent grades used in the experiments
Name Supplier Purity grade
THF Merck KGaA Emplura® (> 99%)
n-Heptane Merck KGaA Emplura® (> 99%)
Ethanol Merck KGaA Emplura® (> 99.5%)
absolute, undenatured
Methanol Merck KGaA Emplura® (> 99.5%)
Ethyl acetate Merck KGaA Emplura® (> 99.5%)
Toluene Merck KGaA Emplura® (> 99%)
Isopropyl alcohol ~ Merck KGaA Emplura® (> 99.5%)
Acetone Merck KGaA Emplura® (> 99%)
DMSO Merck KGaA Emplura® (> 98%)
MTBE Merck KGaA Emplura® (> 99%)
100 100
80 - 80 - *
— 601 I I — 601 I
% 40 j % 40 -
S 20 mG S 20 A < mG
S 01 H S 01 . H
= .20 A = .20 -
-40 A I -40 -
-60 -60
EA MTBE IPA EA MTBE DMSO

(a)

Figure A.6: Rejection of two molecules which differ only in the fluor substituent (G: no fluo-

(b)

rination; H: fluorination) a) GMT-oNF-2 b) DuraMem® 200
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Table A.4: Rejection in [%] of the chemicals in THF, n-heptane and ethanol

Name MW GMT-oNF-2 DuraMem® 200
[g/mol] Rejection [%] in Rejection [%] in
THF  n-heptane  ethanol | THF  n-heptane  ethanol

A 227 64 21 —17 78 —31 75
B 255 72 26 —22 80 =27 65
C 230

D 272 72 54 —42 82 9 30
E 261 72 38 —12 57 —20 54
F 265 55 54 —41 77 8 84
G 335 82 65 -35 85 -1 75
H 353 87 72 —41 80 —1

I 314 83 42 —27 84 -5 70
J 332 90 54 —17 82 —22 75
K 307 78 56 -31 84 -3 60
L 431 87 75
M 403 89 78 79 9

N 449 95 —44 79
O 477 96 79 88 16
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Table A.S: Permeate fluxes in THF, n-heptane and ethanol
GMT-oNF-2 DuraMem® 200
Name THF n-heptane ethanol THF n-heptane ethanol
[1/m?h] [1/m?h] [1/m?h] [1/m?h] [1/m?h] [1/m?h]
A 133 137 5 79 24 34
B 84 83 4 76 55 47
D 121 141 6 69 114 39
E 151 98 6 88 61 61
F 89 137 7 81 148 44
G 141 132 6 74 59 52
H 105 121 6 72 51
I 128 102 4 65 181 48
J 131 126 6 73 112 51
K 135 91 9 67 97 48
L 146 154
M 139 130 69 53
N 83 7 51
0] 131 131 51 76

Table A.6: Permeate fluxes of the membranes with higher MWCOs (GMT-oNF-1 and

DuraMem® 300)

THF n-heptane ethanol

Membrane [1/m?h] [1/m?h] [1/m?h]
GMT-oNF-1 104 95 8
DuraMem® 300 127 190 90
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Table A.7: Rejection in [%] of the chemicals in ethyl acetate, MTBE and DMSO and iso-
propyl alcohol, respectively
Name MW GMT-oNF-2 DuraMem® 200
[g/mol] Rejection [%] in Rejection [%] in
ethyl MTBE isopropyl| ethyl MTBE DMSO
acetate alcohol | acetate

A 227 41 38 —18 73 3 34
B 255 46 57 70 18 51
C 230 19 31 -30 7 30
D 272 28 47 =35 77 13 40
E 261 44 50 —18 77 10 44
F 265 0 44 70 27

G 335 54 73 —31 72 30 66
H 353 59 64 78 16 62

I 314 50 63 72 25 62

J 332 70 66 —13 77 11 61
K 307 48 64 71 24 61
L 431 70 76 80 22

M 403 65 84 74 41

N 449 73 89 75 50

0] 477 77 92 76 54

Table A.8: Permeate fluxes in ethyl acetate, MTBE and isopropyl alcohol (GMT-oNF-2) or

DMSO (DuraMem® 200)

ethyl acetate MTBE IPA / DMSO
Membrane [1/m?h] [1/m?h] [1/m?h]
GMT-oNF-2 71 96 7
DuraMem® 200 19 16 6
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Table A.9: Permeate fluxes of the pure solvents and their mixtures in the rejection measure-
ments
Permeate flux of Permeate flux of
GMT-oNF-2 DuraMem® 200
[1/m?h] [1/m?h]
Molar ratio o1r 13 1:1 31 1.0 | 01 1:3 1:1 31 10
Ethanol/ THF 84 110 52 34 4 39 62 49 44 27
THF/ n-heptane 104 147 84 166 84 27 10 26 20 39
n-heptane/ 4 61 60 143 104 27 13 16 15 27
ethanol

Table A.10: Comparison of solubility parameters of the solutes used by Postel et al. [119]

Name Formula Solubility Parameter (J / cm3) 1/2
Postel Stefanis Fedors
[119] [161]] [158]
n-Alkanes
Decane CioHpo 15.8 15.9 15.8
Dodecane Ci2Hyg 16.1 15.7 16.1
Tetradecane Ci4Hs3g 16.3 154 16.2
Hexadecane Ci6H34 16.5 15.2 16.4
Octadecane CigHsg 16.7 15.0 16.5
Docosane CooHyg 16.7 14.6 16.7
Tetracosane Cy4Hs 16.7 14.3 16.7
Octacosane CogHsg 16.7 13.9 16.8
Polystyrenes [CsHg], 18.7
Polyethylene glycols
HO [C,H40],H 23.7 28.6 26.1
HO[C,H40] s H 20.5 33.7 21.7
Carboxylic acids
Myristic acid C3H,7COOH 17.5 20.0 18.9
Stearic acid C17H35COOH 16.6 19.6 18.7
Docosanic acid C,1H43COOH 159 19.2 18.5




Additional information concerning the investigations on polymeric membranes 184
Table A.11: Rejections of the PDMS membrane PERVAP™ 4060 measured by Soltane et al.
[[172]. Values written in italic type are estimated from the diagrams.

Name MW Solubility Rejection [%] in
parameter
[g/mol] [(J/cm?) 1/2] toluene DMC ethanol

Sudan Blue 350.4 21.02 36 20 -10

CI Disperse Red 82 439.0 21.9 56 64 29

Alphazurine FG 792.9 35.3 99 78 90
n-tetracosane 338.7 16.4 40
n-triacontane 422.8 16.6 60

n-pentacontane 703.3 16.8 100




B Additional information concerning
the investigations on ceramic

membranes

Table B.1: Pore radius and defect pores of the membranes used in this work

Name Nominal pore radius [nm] rel. permeance at 5 nm [%]
NO157 0.775 1
N0265 0.550 6
NO0288 0.350 8
N0328 0.300 2
NO0330 0.425 5
N0346 0.600 5
NO0353 0.425 5
N0354 0.425 2
N0403 0.503 6
N0404 0.503 6
N0405 0.600 8
N0426 0.550 5
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Figure B.1: Permporometry measurement by use of cyclohexane as condensable vapor (data

rel. permeance

kindly provided by Fraunhofer IKTS) of type 2 membranes.
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Figure B.2: Permporometry measurement by use of cyclohexane as condensable vapor (data

kindly provided by Fraunhofer IKTS) of type 2 membranes.

a) NO157 b) N0288
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Figure B.4: Permporometry measurement by use of cyclohexane as condensable vapor (data

kindly provided by Fraunhofer IKTS) of the membranes which were used for

the comparison of the performance with and without precharacterization by

permporometry.

a) Membrane (N0403) characterized with THF c.f. Figure[6.13]
b) Membrane (N0404) characterized in n-heptane c.f. Figure[6.15]
¢) Membrane (N0405) characterized in ethanol c.f. Figure @
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Table B.2: Calculated properties of the polystyrenes

PS  M; Ps Uy Drur  rs.tHF  Dpion Ts EtoH  Dhepr  Ts_phept

221 ) [z 1107°7) [m]  [10°7]  [am]  [107°%] [nm]
1 210 1815 0.21 1.66 0.27 0.57 0.28 2.14 0.23
2 314 2713 0.29 1.35 0.33 0.46 0.33 1.74 0.28
3 419 3612  0.38 1.15 0.37 0.39 0.38 1.49 0.31
4 522 4510 0.47 1.02 0.41 0.35 0.42 1.32 0.35
5 627 5409 0.55 0.92 0.44 0.31 0.45 1.19 0.37
6 1873 7714 1.55 0.50 0.71 0.17 0.73 0.64 0.60
7 6039 24876 5.01 0.25 1.19 0.08 1.21 0.32 1.01
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