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Abstract

Nanofiltration processes are energy saving and product-friendly. However, many effects
and phenomena are still hidden or not understood. In particular, for processes with
organic solvents as process medium has lacked standardized measuring methods and
reliable data. Further, findings are rare from the combination of aqueous nanofiltration
(ag. NF) and organic solvent nanofiltration (OSN).

Collaborative tests were performed with partners at various research institutions to
standardize an experimental procedure. The results were statistically evaluated. The
assessment certified high-quality data as an outcome of the standardized method. A
process design optimization for membrane cascades was carried out with the statistical
data. It showed that small differences affect a possible process configuration. Sub-
sequently, five optimization scenarios were used to investigate the design of an OSN
cascade. As a unique condition, at least one of the solutes had a negative retention
value. This condition means that the membrane did not retain this substance. The
solute instead accumulated in the permeate. The achievable selectivity is dependent
on the mutual distance of the respective retentions. Also, their position on the reten-
tion scale is significant. The experiments were continued in the field of Solvent tolerant
nanofiltration (STNF). The polymeric membranes used were developed for the OSN or
aqg. NF. Water was successively added to the organic solvent to create an appropriate
process medium. The dominant effects changed in solvent mixtures with an ethanol
content of between 60 wt% and 80wt%. This result applied for charged and uncharged
solutes. Similar, a ceramic membrane type was used, which was coated with polyelec-
trolytes in water. This membrane type had previously only been used in the ag. NF. The
retention and flux results were explained by the cononsolvency effect combined with
the polarity effect of the solution. Cononsolvency were traced back to the disturbing of
hydrogen bonds.

This thesis proves the quality of retention and flow data from the standardized method.
This quality provides the necessary reliability to spread the technology of OSN and
STNF. Even small data deviations can lead to a changed optimal process setup. The
selectivity in such a configuration depends on the difference in retention and the position
on retention scale. Process performance can be varied by adding water or an organic
solvent to the process fluid. In mass transfer through membranes are also little known
or unknown effects involved. Such effects have been demonstrated in experiments, e.g.,
cononsolvency or preferential solvation.

vii






Zusammenfassung

Nanofiltrationsprozesse sind energiesparend und produktschonend. Viele Effekte und
Phanomene sind jedoch noch unbekannt oder nicht verstanden. Insbesondere bei Pro-
zessen mit organischen Loésungsmitteln als Medium fehlen standardisierte Messverfah-
ren und zuverlassige Daten. Darlber hinaus sind Ergebnisse aus der Kombination von
wassriger (ag. NF) und organophiler Nanofiltration (OSN — Englisch: Organic Solvent
Nanofiltration) selten.

Diese Dissertation zeigt die, in Zusammenarbeit mit verschiedenen Forschungsein-
richtungen, durchgeflihrten Tests zur Standardisierung einer experimentellen Messme-
thode. Die statistische Auswertung der Ergebnisse bescheinigte qualitativ hochwertige
Daten. Mit der standardisierten Methode kénnen hervorragend Daten reproduziert wer-
den. Ebenso wurde mit den Ergebnissen das Prozessdesign flr Membrankaskaden
optimiert. Es zeigte sich, dass bereits kleine Unterschiede eine mdgliche Prozesskon-
figuration beeinflussen. AnschlieBend wurden finf Optimierungsszenarien verwendet,
um das Design einer OSN-Kaskade zu untersuchen. Als besondere Bedingung hatte
mindestens einer der geldsten Stoffe einen negativen Riickhalt. Dies bedeutet, dass die
Membran diese Substanz nicht zurlickgehalten, sondern der geldste Stoff sich stattdes-
sen im Permeat angesammelt hat. Die erreichbare Selektivitat ist nicht nur vom Abstand
der jeweiligen Ruckhalt-Werte zueinander abhéngig, sondern auch von ihrer Position
auf der Ruckhalt-Werte-Skala. Die Experimente wurden im Bereich der sogenannten
,solvent tolerant nanofiltration“ (STNF) fortgesetzt. Daflir wurden Polymer-Membranen
verwendet, die fir die OSN oder aq. NF entwickelt wurden. Dem org. Lésungsmittel
wurde sukzessive Wasser zugesetzt. Die dominanten Effekte anderten sich bei Gemi-
schen mit einem Ethanolgehalt zwischen 60 und 80 wt%. Die Anderungen wurden so-
wohl flr geladene als auch fiir ungeladene geldste Stoffe beobachtet. AuBerdem wurde
ein keramischer Membrantyp verwendet, der mit Polyelektrolyten in Wasser beschichtet
wurde. Dieser Membrantyp wurde bisher nur in der ag. NF verwendet. Die Rickhalt-
und Flussergebnisse wurden durch die Polaritat der Lésung in Kombination mit dem
,LCononsolvency“-Effekt erklart. Dieser Effekt wurde dabei auf die Stérung der Wasser-
stoffbindungen im Medium zurlckgefihrt.

Die Dissertation beweist die Qualitat der Ruckhalt- und Fluss-Daten aus der standar-
disierten Methode. Diese Qualitat bietet die notwendige Sicherheit, um die Technologi-
en (OSN und STNF) in der Industrie zu etablieren. Schon kleine Datenabweichungen
kénnen zu einer veranderten optimalen Prozessgestaltung fiihren. Die Selektivitat in
einer Prozesskaskade hangt von der Differenz der Rlckhalte und der Position auf der
Rickhalt-Werte-Skala ab. Die Prozessleistung kann durch Zugabe von Wasser oder
einem org. Loésungsmittel verandert werden. Beim Stoffaustausch durch Membranen
sind auch wenig bekannte oder unbekannte Effekte beteiligt. Solche Effekte wurden in
Experimenten nachgewiesen, z.B. ,Cononsolvency“ oder bevorzugte Solvatisierung.






1 Introduction

1.1 Motivation

Our industrial society has a responsibility to future generations. Prosperity
is based on globally available resources and secure, reliable and affordable
energy supply. Besides, such energy savings and resource conservation
result in a reduction of CO, emissions. For sustainable use of energy, it is
not only the energy production that must be considered but also the entire
energy chain from production to use by the consumer. The intelligent use
of energy also offers significant potential for the conservation of resources
[Unit2015]; [Euro2010]; [Blum2017]; [Bart2016]; [SusC2018]. In general,
we have to improve the handling and recovery of resources continuously.

Therefore, the redesign and new approaches for production processes
in classical process engineering are of great importance. Separation pro-
cesses (especially thermal separation processes) are the most energy in-
tensive processes in the chemical, petrochemical and pharmaceutical in-
dustries. These processes have a significant energy saving potential and
account for 50 % to 90 % of total production costs [Mart2012]. Politics has
already recognized this and reacts supportively with new goals for the most
efficient and ecological use of raw resources and energy.

In Germany the "energy Concept for an environmentally friendly, reliable
and affordable energy supply" was developed in 2010 [BMWi2010]. This
concept is to be understood as a guideline for reliable, economical and
environment-friendly energy supply in future. To achieve these ambitious
goals, the German government expanded its energy and climate policy in
2011 by promoting research and developments in sustainable energy tech-
nologies. This strategic approach is laid down in the "6th Energy Research
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Programme of the Federal Government" [BMWi2011]. Besides, the funding
initiatives are regularly evaluated and, for example, published in the "Bun-
desbericht Energieforschung 2018" [BMWi2018].

With a contribution of 45 %, industry, commerce, trade, and services are
major energy consumers in Germany [BMWi2011]; [AGEB2018] . There-
fore, they are of central importance for the implementation of energy system
transformation and climate protection. Under the heading "3.1.3 Energy ef-
ficiency in industry, commerce, trade, and services" the funding areas for
the chemical industry can be found. Such areas include "reducing the use
of energy in the process" and "optimizing existing processes."

Separating

Standard Tog_l_r ; 5
-
! cesses
4 Crystallization

Figure 1.1: The overall ambition of the ESIMEM project: Integration of the OSN
technology into the "standard toolbox" of separation processes.

Distillation

Intensive energy savings and recovery of essential chemicals, as well as
product-friendly separation of different valuable substances in the process
streams, can be realized by membrane processes. Accordingly, research
projects in this area are being supported. The collaborative project "En-
ergy Efficient Material Separation in the Chemical and Pharmaceutical In-
dustries by Membrane Processes" (ESIMEM) was established as part of
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the funding program "Energy Saving and Energy Efficiency." The ESIMEM
project is located in the field of nanofiltration with the ambition to enable
OSN technology to be integrated into a standard process toolbox (Figure
1.1). To compete with the traditional processes, process developers have
to evaluate the applicability of the OSN process early. Accordingly, a re-
liable, standardized method for determining the separation properties of
membranes was the primary objective. The progress and outcome of this
project mainly resulted in this dissertation.

RIEEI T
® »
.o. o L
* » ® «* 0O * »
°.0° g
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» . *
ol /ol B
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» .. 0.

Process Microfiltration Ultrafiltration Nanofiltration Reverse osmosis
Pore size ~0,1pm ~ 0,01 pm ~ 0,001 pm ~0,0001 pm
Pressure 0,3 - 3 bar 0,5 - 10 bar 3-60 bar 10 - 200 bar
Retention of ~ Particles [‘::] Proteins Org. molecules @  Salts #

Bacteria Polymers 200 - 1000 kg kmol*

Figure 1.2: Pressure-driven membrane processes in liquid phase.

Nanofiltration is a membrane process that is positioned between ultrafil-
tration with porous membrane structures and reverse osmosis with dense
membrane structures. In this intermediate range, substances above ap-
proximately 200 kg kmol~! are retained which typically requires a pressure of
3 bar to 60 bar (Figure 1.2). The selective mass transport through the mem-
brane is based on steric effects, but also intermolecular interactions and
electrostatic interactions.

A distinction is made between aqueous nanofiltration (Ag. NF), organic
solvent nanofiltration (OSN), and solvent tolerant nanofiltration (STNF) de-
pending on the medium treated by nanofiltration.
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1.2 Nanofiltration processes

Membrane processes are mainly used for the separation, concentration,
and recovery of valuable materials. The most common are three-end pro-
cesses (or modules) with a feed stream, a retentate stream, and a perme-
ate stream. The semipermeable structures of the membranes allow se-
lective separation of substances with similar properties. The difference in
chemical potential between the retentate and permeate side causes the
driving force [Meli2007]. In particular, the difference in concentration and
pressure, as well as the affinities between the substances, are essential for
nanofiltration processes described in the chapters of this thesis.

Polymeric membranes can be used in all nanofiltration processes. Three
key advantages of polymer membranes are the often simple large-scale
production process, large membrane areas with small modules, and good
commercial availability. Three disadvantages of membranes made of poly-
mers are the limited chemical and thermal stability as well as the necessity
to use often harmful chemicals during production.

Besides polymeric membranes, developments have been made in the
field of ceramic membranes for use in nanofiltration applications [Marc2013];
[Marc2014]. For instance, layer-by-layer methods (LbL) can be used to
upgrade ceramic porous micro- or ultrafiltration membranes [Menn2016b].
With this method, a coating of the basic structure is applied which can be
tailored to the process requirements and conditions.

The main advantages of ceramic membranes are high chemical and ther-
mal stability coupled with no swelling or compression. Their disadvantages
include a complex and energy-intensive manufacturing processes and less
understood transport phenomena.

Aqueous nanofiltration is the most widespread nanofiltration process. It is
mainly used in drinking water production and water purification [Van 2008];
[Moha2015]; [Oatl2017].

In contrast, the OSN is still in its incubation phase. Consequently, the
demand for new innovative membrane materials and sophisticated predic-
tive models is accompanied by a request for standardized experimental
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procedures and thus high data quality. The latter enables a faster and
more reliable process design. As a result, more and more OSN processes
can be implemented. Some applications for these processes can be found
in the pharmaceutical industry and the production of specialty chemicals.
However, the possibilities for applications of this technology are continously
growing and become gradually available in other areas as well [Vand2008];
[Peev2010]; [Marc2014].

So far, significantly less research has been conducted on STNF pro-
cesses. Nevertheless, these processes also gain a growing interest in the
industry. For example, agrochemicals and specialty chemicals can benefit
from these processes. In their production, mixtures of water and organic
solvents as process streams exist in many cases [Post2015]; [Mert2018].

1.3 Scope of this work

This thesis presents investigations in nanofiltration with organic solvents in
the medium. Both organic solvent nancfiltration (OSN) and solvent tolerant
nanofiltration (STNF) are addressed.

Organic solvent ,.-"éolvent tolerant

Aqueous
nanofiltration nanofiltration nanofiltration
(STNF) (Ag. NF)

Chapter 2 Chapter 4

Standardized Ty . 4
experimental Sne Superimposing

effects

procedure

Chapter 3
Process design
with negative
retentions

Chapter 5
Using LbL
coated ceramic
membranes

S
e

Polymeric
Ag. NF-Membranes

Polymeri S
OSN-Membranes’.

Figure 1.3: Outline of this thesis.

Initially, issues in the OSN and the modeling of such processes are dis-
cussed. The following chapters cover the field of STNF. This research field
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was entered by adding water to the solvent system. The results from the
first STNF experiments inspired the experimental investigation of coated
ceramic membranes. Such membranes were developed for aqueous nanofil-
tration. Hence, this time, the addition of organic solvents to the originating
solvent system (water) leads to investigations in STNF. Beyond the exper-
imental results, an outlook is gained on the application of this membrane
type in OSN processes (Figure 1.3).

In chapter 2, the standardized ESIMEM-procedure for the experimen-
tal characterization of OSN membranes is proposed. This standardized
process is an important step within the community to generate reliable
and high-quality data for the development of new membrane processes.
Solvents (ethanol, isopropyl alcohol (IPA), butanone (MEK), ethyl acetate,
toluene, and heptane) and dissolved solutes (polystyrene (PS), alkanes,
sucrose octaacetate (SOA), poly-(methylmethacrylate) (PMMA)) are cate-
gorized and combined to ideal model systems. With experimental test se-
ries in different research facilities and industrial development laboratories,
the always occurring deviations and possible sources of errors were deter-
mined. As a result, the effects of the statistical deviations on the process
design are presented.

Chapter 3 addresses emerging questions on the ideal connection of
membrane cascades in OSN. The process design is optimized in several
scenarios in which combinations of negative and positive retentions are ap-
plied. Several retention differences of two solutes are considered as well
as the shift of a constant retention difference on the retention scale. In each
case, the model found the optimal configuration for a membrane cascade
with three stages and showed how the connections change due to the se-
lected conditions.

Chapter 4 continues on the experimental part. The solvent is extended
by another component so that now both, water and organic solvents, are
contained. As the organic component ethanol or n-methyl-2-pyrrolidone
(NMP) are used. Salts and water-soluble polymers (polyethylene glycols
(PEGs)) are applied as dissolved substances. The retention and flux mea-
surements should determine which effects occur and how these superim-
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pose each other.

In the penultimate chapter (chapter 5) a coated ceramic membrane is
used. Such membranes were previously used in agueous nanofiltration by
Menne et al. [Menn2016b]. The ceramic supporting structure of the mem-
brane offers various possibilities in the production of nanofiltration mem-
branes and some advantages compared to the conventional polymer or
ceramic membranes. The application of these membranes in water-solvent
mixtures has not been investigated previously and is therefore presented
here for the first time.







2 Can the variance in membrane
performance influence the
design of organic solvent
nanofiltration processes?

This chapter has been published as:

Axel Bécking, Velichka Koleva, Jan Wind, Yvonne Thiermeyer, Stefanie Blu-
menschein, Rebecca Goebel, Mirko Skiborowski, Matthias Wessling

Can the variance in membrane performance influence the design of organic
solvent nanofiltration processes?, Journal of Membrane Science, 2019
DOI: 10.1016/j.memsci.2018.12.077
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Investigation and evaluation of a standardized experimental procedure for the

characterization of polymeric membranes used in organic solvent nanofiltration.




Chapter 2. Can the variance in membrane performance influence the design of organic
solvent nanofiltration processes?

2.1 Introduction

Taking membrane research from its initial phase of concept development,
material and membrane design into process development requires sub-
stantial resources and time. This is not special but true for many innova-
tions starting with an innovation trigger. This is also known as the Gartner
Hype Cycle [Lind2003]. Judgment of the quality of the innovation trigger
occurs often through reproducibility and applications studies and generally
also creates - after a peak of inflated expectations - a trough of disillusion.

In membrane research, the innovation trigger is assumed to occur through
the availability of new materials and membranes made thereof. Yet, it is of-
ten not well known how statistically significant the mass transport properties
of new membrane materials and new membrane products are. In a recent
meta-study for example [Liu2016], published in this journal with more than
3000 references, the authors pose the fundamental questions (a) whether
there is an average proton conductivity for Nafion membranes, (b) how the
proton conductivity due to Nafion modification has evolved over past 10
years, (c) which additives really contribute to a conductivity increase, (d)
how temperature or humidity affect conductivity. While such questions are
not scientifically inspiring and do not initiate a new hype cycle, such ques-
tions are important in order to understand and judge the significance of
a new material or membrane type. Here we pose similar questions with
respect to the statistical significance and comparability of characterization
methods to quantify mass transport properties for membranes used in or-
ganic solvent nanofiltration. As opposed to the meta-study, we have chosen
to engage different labs and research groups with comparable analytical in-
frastructure, to use a round robin test evaluating the results of a developed
standard experimental procedure. This leads to conclusions on standard
deviations in flux and retention values in a complex parameter space for
different membrane materials in various solvent/solute systems.

10
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Figure 2.1: Retention measurements using different solvents and solutes for
PuraMem® S600 at 30 bar and 25 °C show different behaviour of the membrane.

2.2 Background

Organic solvent nanofiltration (OSN) became a new member of the family of
pressure-driven membrane processes by the discovery of solvent resistant
membranes. Up to now, a great number of various applications were de-
veloped since the production and reactions in organic solvents comprises
a wide range [Marc2014]; [Peev2010]. Although OSN is still in the fo-
cus of industry as an energy-efficient separation process, there are only a
few established plants [Cupe2015]; [Blum2015]; [Have2017]. However, the
progress in the investigation of this field is still growing, and the challenges
include a wide spectrum of different issues. For instance, the community
knows that flux and retention depends on the interaction of solutes, sol-
vents, and membranes [Yang2001]; [Geen2005a]; [Zwij2012]; [Post2016];
[Solt2016]; [Schm2013]; [Hoss2016]. Stamatialis et al. [Stam2006] sug-
gested a three-dimensional space of properties determining the mass trans-
port properties of solvent and solute transport.

Due to this complex interplay, the molecular weight cut off (MWCO), de-
fined as the molecular weight that is rejected by 90 %, also depends on the
system of compounds. Figure 2.1 shows retention curves for PuraMem®-
S600 at 30 bar in two different solvents using two different solutes. It

11
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demonstrates the strong dependence of the functional membrane charac-
teristic on the used compounds.

Nevertheless, the MWCO is measured and determined for OSN mem-
branes in many different ways, and no standard test system is established
[Post2013]; [Dave2017]; [Li2009]; [Silv2015]. See Toh et al. [See 2007]
proposed first to standardize the method for a membrane characterization
measurement of the MWCO in OSN. The idea was to use a homologous
series of polystyrene oligomers which are soluble in many organic solvents
to find the MWCO and possibly recognize leak flux. In fact, lot of data
can be found in the literature for commercially available and new developed
membranes [Bast2017]. These data are commonly presented as individual
or a few measurements, and often it is not stated if the data are repro-
ducible.

This diversity of methods and lack of information about comparability and
reproducibility is delicate for research as well as an industrial application of
the technology, since it complicates and delays a possible commercializa-
tion of new membranes. In addition, it poses a risk to process design since
data for specific products have to be retested and evaluated. Thus, the
expansion of OSN plants in real processes slows down and turns out of
focus of the process designer. However, Schmidt et al. [Schm2014] have
offered a process design workflow for general new OSN processes, and
there exist manuals to support membrane experiments for process design
[Cupe2012]. These approaches are indeed steps towards a higher accep-
tance of OSN in industry, though we still owe a proof of accuracy for results
from membrane characterization experiments. Also, Shi et al. [Shi2017]
conclude that new research in module and process design is necessary
besides new membrane materials to achieve for example ultra-high perme-
ance. Marchetti, Peeva, and Livingston [Marc2017] point out the selectivity
challenge in OSN and suggest that process engineering solutions lead to
a need of standardized procedures for membrane characterization. In their
general review of data quality, Keller et al. [Kell2017] highlight the impor-
tance of data quality and especially accuracy and precision as important
elements for a correct interpretation and evaluation of experimental results.
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2.2. Background

In order to achieve this aim and to follow the recommendations of Shi et
al. [Shi2017] and Marchetti, Peeva, and Livingston [Marc2017], a consor-
tium of research groups and industrial partners has been formed, working
on a comparison and validation of experimental results. The main objective
of this consortium is to define and assess a standard experimental pro-
cedure for several chemical systems. The standardized procedure should
enable an estimation to determine whether (new) membranes/materials are
suitable for process design. For this purpose, results for a membrane must
ideally exist for a similar chemical model system. We categorized the sol-
vents and solutes to combine ideal model systems. The results from the
experimental plan ought to be comparable and reliable between different
institutions. Therefore, we performed extensive round robin testing to show
for the first time the comparability and reliability of such measurements by
cooperative experiments. Subsequently, we evaluated the results of the
standardized procedure with statistical methods. Furthermore, additional
bilateral cooperative tests were performed for other chemical systems and
evaluated accordingly as well. During the development of the standard-
ized procedure different sources for occurring errors, caused e.g. by the
different analytic methods, were identified and ruled out. For an evalua-
tion of the comparability of the measurements at the different locations,
a statistical analysis is indispensable to avoid arbitrary criteria. The error
estimation enables end-users to select suitable membranes more quickly.
Besides, it allows membrane manufacturers to judge faster whether it is
economically viable to bring newly developed membranes to production.
The present work is consequently of major importance for the transfer of
research results in the field of membrane development to later processes
and the evaluation in industry.
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Table 2.1: Properties of the selected test solvents for the experimental standard procedure [Smal2012]; [Hans2007].

solvent nanofiltration processes?

Hansen Solubility Parameter

Otot 04 Op on e  Polarity
Solvent [MPal/? -] EN[%] Category
Ethanol (EtOH) 26.52 158 8.8 19.4 224 654  protic-polar
Isopropyl alcohol (IPA) 23.58 15.8 6.1 16.4 18.3 54.6  protic-moderate polar
Butanone (MEK) 19.05 16.0 9.0 5.1 18,5 32.7  aprotic-polar
Ethyl acetate (ESTP) 18.15 158 53 7.2 6.02 23 aprotic-moderate polar
Toluene 18.16 18.0 1.4 2.0 2.38 9.9 aprotic-non polar
n-Heptane 153 153 0.0 0.0 1.92 1.2 aprotic-non polar

Chapter 2. Can the variance in membrane performance influence the design of organic
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2.3. Experimental standard measurement procedure

2.3 Experimental standard measurement
procedure

Materials and categorization

An appropriate categorization usable for test systems has to be as simple
as possible and as accurate as necessary. Following this maxim, we de-
cided to categorize the solvents in protic and non-protic solvents. In protic
solvents, we extended the category with two degrees of polarity and for
non-protic solvents with three degrees of polarity. Therefore, the normal-
ized polarity index of Reichardt [Reic1994] supplies the values. The same
as the polarity, in this way a wide range of the Hansen-Solubility parameter
[Hans2007] and the relative permittivity [Smal2012] is covered. Overall, six
solvents were chosen to define the set of ideal test-solvents (Table 2.1), of
which ethanol and toluene were used as solvents in the round robin tests.
The purity of all solvents used is ACS grade. The supplier of the solvents
could be chosen individually by the contributors.

The categorization of solutes is much more complicated than for the
solvents because of the multitude of possible compounds and functional
groups. Additional to a classification of the structure, polarity and molecu-
lar weight, it is beneficial to give the branch of industry in which the solutes
and related solutes are often used. Supplementary, we take solubility, an-
alyzability, and costs into account. Thereby, the solute groups are chosen
in such a way that either MWCO curves or individual retention as indicator
for estimations on real substances can be measured.

Table 2.2 shows three solute groups defined with the solute properties
for the ideal test systems. All solute substances used are of ACS grade pu-
rity. The contributors used as solutes in the round robin tests polystyrene
oligomer mixtures containing PSS-ps560 and PSS-ps1.8k (Polymer Stan-
dards Service GmbH, Mainz, Germany) with a molar mass distribution from
266 to 1800 kg/kmol. The bilateral cooperative test systems consisted of
these polystyrene oligomers in the remaining solvents from Table 2.1 as
well as n-alkanes (Thermo Fisher Scientific Inc.) and sucrose octaacetate
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Table 2.2: Properties of the selected test solutes for the experimental standard procedure [Post2013]; [Shi2015]; [Li2011];

solvent nanofiltration processes?

[Wypy2016].

Solute group Selected examples Mw Structure Polarity Branch of industry

(Category) [kg/kmol]

n-Alkane Decane - ca. 140 - 500 Linear Non-polar Petrochemistry
Hexatriacontane

Sugar and Sucrose 677 Branched out Moderate Food- and

Derivative sugar octaacetate (SOA) widely polar agricultural chemistry

Polymer Polystyrene (PS), ca. Linear PS: non-polar Commodity
Poly-(methyl methacry- 200 - 2000 PMMA: moder- chemicals and
late) (PMMA) ate polar polymer chemistry

Chapter 2. Can the variance in membrane performance influence the design of organic
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2.3. Experimental standard measurement procedure

(SOA) (Merck KGaA) in each solvent and poly-(methyl methacrylate) (Poly-
mer Standards Service GmbH) in each solvent. We selected the solute
combinations concerning solubility and simple analysis assuming that so-
lute/solute interactions have no significant influence on the measurements
[Hoff2015].

The OSN membranes can be distinguished in terms of membrane mate-
rial and membrane type [Marc2014]. For the standard measurement proce-
dure development, we focused on polymeric membranes and tested sev-
eral integrally skinned asymmetric membranes as well as some thin film
composite membranes. Four different membranes were used in the round
robin test by each contributor: DuraMem® 200 and 300 (polyimide-based
membranes), PuraMem® S600 and a PDMS membrane (both with silicone-
based separation layer). DuraMem® and PuraMem® membranes are prod-
ucts of Evonik Resource Efficiency GmbH and the Helmholtz-Zentrum Ge-
esthacht provided the PDMS membrane. The membranes with a polyimide-
based separation layer are suitable for applications in polar solvents (e.g.
ethanol) whereas the silicone-based membranes are more appropriate for
nonpolar solvents (e.g. toluene). Therefore, the particular membranes se-
lection covers a broad range of possible membrane uses (e.g. solvents and
solutes with different physico-chemical properties).

While the different partners were performing the same experiments, there
were important differences in the experimental set-ups and the analytical
methods. Some set-ups are commercially available (e.g., METcell cross
flow set-up from Evonik Resource Efficiency GmbH), some are tailor-made
by an equipment manufacturer, and one is self-constructed. Therefore,
membrane test cells with different geometry (round cells, rectangle cells)
and scale were applied throughout the tests. The active membrane areas
used vary between 50 and 100 cm? per module. Test system volume, control
instruments (pressure, temperature, flow) and analytical devices were vari-
ous too. This is representative for the diversity that is present not only in the
scientific community, but also in industrial laboratories. The diversity brings,
naturally, a high number of important factors that can potentially contribute
to differences in the experimental results. Such results might even lead to
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different conclusions. Therefore, it is indispensable to implement a stan-
dard measurement procedure, as well as to evaluate the variance in the
obtained results, as has been done in the scope of the current study.

Experimental standardized procedure

All contributors unified the measurement procedure together. At least two
identical membrane coupons were tested at the desired conditions. Usually
the testing cells were connected in parallel. The DuraMem® and PuraMem®
membranes were pre-washed using the process solvent until 5 mlcm=2 per-
meate was collected or permeate became colorless. This procedure is nec-
essary to prepare the membrane for its use, by removing the conditioning
agent from its surface. Furthermore, the solvent treatments of the mem-
branes have to be equal since they have a major impact on the membrane
performance [Raza2017]. The membrane performance was determined
by measuring the pure solvent permeate flux and the retention of different
molecules (markers) in different solvents.

Figure 2.2 illustrates the agreed process conditions of the experimental
standardized procedure. The pure solvent flux measurements were carried
out at a pressure of 20 bar and 30 bar, a temperature of around 25°C and a
cross-flow velocity of 1ms~1. Flux was measured by collecting 5 ml of per-
meate sample. The amount of collected permeate was controlled with a
mass balance (especially important by low permeate flux and high volatile
solvent). Also, measured flux values of electronic flow meters were vali-
dated by this method.

For the retention measurements, samples were taken at the same pro-
cess conditions as in the permeation measurements. The process pressure
was sequentially increased (20-30-40 bar) whereby permeate and retentate
samples were taken at the end of each pressure step. The solute con-
centration in the feed mixtures was kept constant during the experiments
(continues permeate return) at a maximum of 1gL~! for each used solute

group.
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2.3. Experimental standard measurement procedure
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Figure 2.2: Schematic illustration of the experimental standardized procedure.

Following the membrane manufacturer recommendation, polyimide-based
membranes were operated under pressure for 4 h before taking samples for
flux and retention measurements. The time is required for the membrane
to reach the steady state of its performance and abating representative re-
sults accordingly. When silicone-based membranes were applied, the time
for compaction was set to 2h. Permeate and retentate samples were taken
simultaneously to determine the membrane retention. The retention was
calculated by:

Ri—1-— Ci (Permeate) (21)

Ci (Retentate)

Analytic methods

Evonik, Merck and TU Dortmund University applied the high-performance
liquid chromatography (HPLC-method) described by See Toh et al. [See
2007] after all round robin tests and for tests with Poly-(methyl methacry-
late) (PMMA). The existing facilities of the partners were used. The used
HPLC device at Merck KGaA, for example, is an HPLC Hitachi LaChrom®
(Hitachi High Technologies America, lllinois, USA) equipped with an UV-vis
detector. RWTH Aachen University and the Helmholtz-Zentrum Geesthacht
(HZG) used a gel permeation chromatography (GPC) method to determine
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the concentrations of the polystyrene oligomers and PMMA. The GPC were
executed with a UV/vis detector and minimum two columns (SDV, 100 A
pore size, 3um particles, 8.0x300mm (IDxlength), Polymer Standards Ser-
vice GmbH, Mainz, Germany). Tetrahydrofuran (AnalaR) was used as mo-
bile phase, and the UV detector was set at the same wavelength as in the
HPLC-method (264 nm). The solvent had to be evaporated from the sam-
ples before analysis, and the solutes had to be re-dissolved in the mobile
phase. These steps were carried out in a very cautious way (evaporat-
ing at low temperature, accurate re-dissolving) to minimize loss of solute.
Samples from tests with alkanes and sugar were analyzed by gas chro-
matography as described by Postel et al. [Post2013]. The used GC device
is dependent on the contributor. At RWTH, for example, a GC 6890 system
(Agilent, CA, USA) with liquid autosampler and flame ionization detector
(FID) was used. An Agilent 19091J-413 HP-5 column was used coated
with 5% phenyl methyl siloxane, 30 m length, 0.32mm inner diameter and
0.25 mm thickness.

In order to compare the analytical technique used by the partners, they
mutually exchange samples (permeate and retentate) during the experi-
mental phase and re-analyze these in their laboratory. The resulting reten-
tion curves were compared and an analytical error was calculated.

2.4 Statistical analysis and evaluation

While it is often stated that comparable results have been obtained in dif-
ferent studies, these statements are qualitative and therefore subjective. To
avoid such subjectivity and allow for a meaningful quantitative reference, we
considered a statistical evaluation of the results. Thus, we defined a degree
of congruence. The difference between a random sample and a reference
or confidence intervals compared to each other are typically used. Confi-
dence intervals should give the precision of an estimated value. However,
real values for flux or solute retention cannot be determined because of the
limited influenceable structure of membranes.

We considered confidence intervals, stated at the 95 % confidence level,
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as a measure of precision. The arithmetic mean values for flux and re-
tention measurements were determined based on the taken samples, and
the related confidence intervals were calculated. As result there is a 95%
probability that such an estimated interval contains the real value. Further-
more, intervals with a breadth of one (estimated) standard deviation (10)
are reported to relate the obtained data points to the probabilistic distribu-
tion of measured values. The smaller the interval, the more narrow is the
expected distribution.

Obvious single outliers and failed tests had to be identified and removed
from the database prior to the statistical evaluation. Failed tests were rec-
ognized by an overall visible lower retention or a significantly higher flux
value compared to the parallel tested module. They could occur by sealing
problems (leak flux) inside the membrane module, membrane defects or
contamination of the samples before analyzing. These tests were repeated
to get a reliable database with minimum 18 raw data points for every single
pure solvent flux and nine raw data points for retention of each molecular
weight. The amount of samples arose from the number of parallel tested
membranes and contributors with the assumption of one failed test. For
flux measurements this number were doubled since higher deviations were
expected. In total, this approach generated at least 81 data points for re-
tention curves measured in ethanol and 90 data points for retention curves
measured in toluene.

The calculation of the standard deviation and the confidence intervals
was based on the assumption that the given samples (data points) are un-
biased, independent and statistically normally distributed [Walt1997]. Fur-
ther we had to notice that the original variance is unknown. Hence, the
variance s> with the unbiased sample variance arise from:

2= S (- a)? (22)

n—1

n is the number of measurements, z;, and z are the individual measured
values and the related mean value, respectively. The standard deviation o
is accordingly the square root of the variance s2. Due to the limited sample
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size, the confidence interval calculation uses the student’s t-distribution,
considering the (1—«/2) quantile of t. The quantile is tabled in the literature
[Mein2006]. Thus, the confidence intervals result from:

[T+t (2.3)

_ S S
z— t(l—a/?)% (Hy/z)ﬁ

With this way of calculation, the range of reliable mean values is de-
termined. Confidence intervals from future experiments can overlap and
therefore narrow the range in regard to a real value. However, the primary
objective of this study is to define a standard experimental procedure and
perform a statistical analysis of the obtained results, allowing for a rep-
resentative retrospective on reported data in literature. The effort of the
contributors to generate comparable results become apparent in the stan-
dard deviations of the data points. Assuming an exact normal distribution
of the measurement data, reflecting random differences of the membrane
material (e.g. thickness of the active layer) it is expected that 95 % of all
measurements will be located in the vicinity of the interval with 20 range
around the real mean. Thus, almost all of the measurements should be lo-
cated within a range of two (estimated) standard deviation, around a value
within the confidence interval of the mean.

In addition, tests of normality evidenced the assumption of statistic nor-
mally distributed data. The gathered results were tested on normal dis-
tribution with the methods of Anderson-Darling (a Goodness-of-Fit-Test)
[Ande1952]; [Step2004] and Shapiro-Wilk (an omnibus test) [Shap1965];
[Roys1995]; [Rahm1997]. The Shapiro-Wilk-Test analyzes the variance.
Data are normally distributed if the estimated variance is near the hypo-
thetical variance of the normal distribution. With the Anderson-Darling-Test
data are sorted and transformed into a uniform distribution. The distance to
the hypothetical normal distribution is, in this case, the critical value. Nor-
mal distribution was granted if the results passed both sensitive tests.

The bilateral cooperative test systems cannot be compared in this way,
since only two contributors measured the data. In these cases, minimum
four data points are available, which is too few for a reasonable calculation
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of confidence intervals. The results comply with our claims if the deviation
of each data point to the related ones is less or equal than the deviation
between the data points in the round robin tests.

Superstructure optimization

In order to evaluate the effect of the extent of uncertainty related to the ex-
perimentally determined performance metrics, different scenarios are eval-
uated within a superstructure optimization approach considering a sam-
pling within the ranges of the determined confidence intervals around the
estimated mean values. The superstructure represents a so-called state-
space approach [Baga1992] and builds on a previous implementation for
the optimization of reverse osmosis processes for seawater desalination
[Skib2012]. Similar superstructures have been used for the optimization of
gas permeation processes for natural gas upgrading [Scho2015] and nitro-
gen removal from natural gas [Ohs2016].

Splitter OSN-stages
Feed l

I

—
Final Permeate

>
Final Retentate

Mixer T T

Figure 2.3: Superstructure for membrane network optimization.
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An illustration of the superstructure, which consists of a generic distribu-
tion network and three OSN membrane stages is provided in Figure 2.3.
The distribution network allows distribution of the entering streams, which
are the overall feed stream and all product streams from the membrane
stages, to all outgoing streams that are the feed streams of the OSN stages
and the final permeate and retentate product streams. Thereby any kind
of combination between the different membrane stages is possible. The
performance of each membrane stage is modeled based on the available
performance metrics from the experimental data, which are an overall flux
as well as solute-specific retention. Furthermore, a concretization of the
membrane stage concerning 100 finite elements is performed to account
for the composition changes along the membrane length.

However, a constant performance regarding the experimentally deter-
mined values is assumed, and concentration polarization and pressure
drop are neglected since no information on module geometry and hydrody-
namics is considered. Operating temperature and pressure are also fixed
to the experimental conditions, such that only the membrane area remains
as a degree of freedom for every membrane stage. For the current study a
maximum membrane area of 50 m? per stage and a total of three possible
stages was considered. The objective of the optimization is to perform a
specific separation, concerning purity and recovery constraints, with a min-
imum number of membrane stages and membrane area.

The superstructure optimization model is implemented in the general
modeling framework GAMS as a mixed integer nonlinear programming
problem (MINLP). The discrete decisions account for the existence of the
different membrane stages, for which additional Big-M constraints enforce
a minimum feed flowrate for existing membranes, while further constraints
introduce additional cuts to eliminate topologically equivalent solutions by
enforcing a specific order on the available membrane stages [Skib2012].
This is important to avoid multiplicity of equivalent optima in the solution
space, which severely complicates global deterministic optimization. The
resulting MINLP is solved using the global deterministic solver ANTIGONE
to determine the best possible solution.
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2.5 Results and discussion

Considering the spent effort devoted to the standardized experimental pro-
cedure and the validation of the analytic methods, it can be concluded that
the obtained results of the round robin test are a best case representative
for the diversity of measurements in diverse laboratories. Differences are
quite normal since locations, set-ups, measurement devices, analytic meth-
ods, time of measurements and experimenter vary from each other. The
contributors endeavored to operate as equal as possible to ensure that the
experimental procedure became a standard in functional membrane char-
acterization.

Comparison of analytic methods

Testing identical samples in different laboratories resulted in a minimal data
points variation. Figure 2.4 shows two diagrams with four exemplary reten-
tion curves for the comparison of the analytical methods at different labora-
tories. The retention of the different styrene oligomers is plotted versus their
molecular weight. Single occasional outliers could be identified by com-
paring the curves. The reason for the apparent deviations at 266 kg kmol !
was the more sensitive evaluation of the small peaks obtained by analyzing
the retentate and permeate samples. The biggest differences between the
measured retention values, excluding outliers are only about 6 %, proving
the comparability of the analytic methods.

Pure solvent flux

Figure 2.5a shows the results plotted in a box plot (left part for toluene
fluxes, right part for ethanol fluxes) for each membrane to display the distri-
bution and differences of the data. Toluene fluxes could be measured only
with PuraMem® S600 and PDMS membranes. DuraMem® series mem-
branes showed very low or no permeation with toluene. Ethanol fluxes,
however, were measured with all selected membranes. One point worthy
of note, is the different scales on the flux axes. Figure 2.5b illustrates the
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Figure 2.4: Comparison of analytic results from retention measurements with the
PDMS membrane and PuraMem® S600

meaning of the boxplots, in which the dots represent the measured fluxes
while the white boxes indicate the standard deviation as 1¢ interval of the
measured data. The accompanying percentage gives the difference from
the arithmetic average to the upper or lower value of the range. Inside the
boxes the line and the dot are the median and the arithmetic average of the
data respectively. Above and below, the whiskers show the 2o interval. The
grey colored boxes represent the calculated confidence intervals (Eqg. 2.3).
The horizontal spread of the data dots is plotted this way to avoid overlap
of too many points for the same membrane. It is randomized and has no
physical meaning.

The fluxes (Figure 2.5a) for toluene are much higher than for the polar
solvent ethanol. Highest fluxes with few scattering were measured for the
PDMS membrane. The mean could be found at 90.5L m~2h~! and the corre-
sponding confidence interval is close to this value with = 3.1Lm=2h~1. The
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standard deviation has limits at + 7.3% of the mean. The results from the
flux measurements with the PuraMem® S600 membrane show wider scat-
tering with an arithmetic average of 64.9L m~2h~!. However, the breadth of
the 10 interval is + 13.4% of the mean and the measured data shows that
only single higher and lower values lead to the comparative high deviation.
The precision around the estimated mean value amounts to + 3.8L m—2h~1.

The toluene fluxes correspond to the expectations of the manufacturers.
The higher fluxes through the PDMS membrane compared to those through
the PuraMem® S600 membrane can be attributed to the structure and ma-
terial of the membranes. The selective layer of the PDMS membrane con-
sists of radiationally crosslinked PDMS with a thickness of 2 um [Thie2018].
The high toluene fluxes were expected due to the small distance of the total
Hansen Solubility Parameters (HSP) according to [Post2013] (|6asembrane —
Ssotvent| = 2.73 M Pa®> With 6y1emprane = 15.57 M Pa%> for PDMS). The coated
silicone-based layer of the PuraMem® S600 membrane is thin and sup-
ported by a polyimide structure. This supporting structure is much more po-
lar than PDMS and seems to have an inhibitory effect on the nonpolar sol-
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(a) Box plot and data points of pure (b) Meaning behind the symbols,
solvent fluxes of toluene (left) and boxes, whiskers and numbers of the
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transmembrane pressure and 25 °C.

Figure 2.5: Results of pure solvent flux measurements illustrated as box plot.
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vent. Accordingly, no flux measurement through the cross-linked polyimide-
based membranes DuraMem® 300 or DuraMem® 200 with toluene was
possible.

Fluxes of ethanol are mostly around or below 10Lm=2h~!. The lowest
fluxes were measured with the PDMS membrane and the PuraMem® S600
membrane with mean values at 49Lm=2h~! and 8.2Lm~2h~1, respectively.
The limits of their 1o intervals are around + 15.2% and + 18.4%. Results
from the confidence interval calculation show a difference from the mean
value of + 0.3L m=2h~! for PDMS membrane and + 0.6Lm~2h~! for Pura-
Mem® S600 membrane. There is a remarkable deviation in the flux val-
ues of the DuraMem® 300 membrane. The reason for it is most likely the
higher porosity of the membrane and its natural deviation from the pro-
duction process. The standard deviation interval is + 18.3% of the mean
which is 21.1Lm~2h~!. For this case, the confidence interval was deter-
mined at + 2.1 Lm~2h~1. The measurements with the DuraMem® 200 mem-
brane resulted in a mean value of 8.5L m~2h~! and a confidence interval of
+ 04Lm~2h~l. The standard deviation has limits at + 9.8 % of the mean.
For all membranes the median is close to the mean. The highest dif-
ferences are —1.1Lm 2h~! for toluene flux through the PuraMem® S600
membrane and —0.7Lm~2h~! for ethanol flux through the DuraMem® 300
membrane.

Furthermore, Figure 2.5a shows referring to the measurements in ethanol
with the PuraMem® S600 membrane more data points than for the other
measurements. The reason is testings about a reasonable size of the
database. For the membrane were additional measurements conducted,
so the number of data points rises from 19 to 28. The arithmetic mean
value changed slightly (from 8.3L m=2h~! to 8.2L m~2h~1). The initial 10 in-
terval decreased as expected from ca. + 18.6 % to 4 15.2%. The additional
measurements show the dependency of the data gathered on the number
of samples. It is evident that the chosen number of samples is sufficient.
On the one hand it is high enough to calculate reasonable standard devi-
ations and confidence intervals. On the other hand it is small enough to
avoid inefficiency and insignificant interval ranges.
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The fluxes of ethanol through the membranes match the expectations
of the manufacturers. The fluxes are significantly lower, depending on the
material of the active membrane layer. As a second factor, the degree of
cross-linking and thus the tightness of the membrane is essential. It is
challenging for polar substances, such as ethanol, to permeate through the
two nonpolar silicone-based membranes. This low permeation results in
the lowest fluxes for the PDMS membrane and only slightly higher values
for the coated PuraMem® S600 membrane. In contrast to the flux mea-
surements with toluene, the polyimide substructure of the PuraMem® S600
membrane allows a higher liquid flux for ethanol.

Besides, it is interesting to note that the flux through the PuraMem® S600
membrane corresponds approximately to that through the DuraMem® 200
membrane. According to the manufacturer, the DuraMem® 200 membrane
has a lower MWCO than the PuraMem® S600. It is evident that the silicone-
based coating (active membrane layer) appropriately hinders the perme-
ation of the polar solvent, since the supporting structure of the PuraMem®-
S600 membrane (produced of the same material as the DuraMem® 200) is
less cross-linked and, therefore, consists of a more open structure.

The observed standard deviations of the measured flux values show that
distinct differences can occur in the measurements, despite the standard-
ized procedure. These differences can be observed especially for pure
solvent fluxes. However, the differences also confirm the experience of the
membrane manufacturers. As already mentioned for the DuraMem® 300,
one possible origin of the deviations are the production tolerances that oc-
cur within a batch. It should also be remembered that the membranes in
laboratory plants have a much smaller surface area. The membrane sam-
ple can only show an average value corresponding to the large production
batches or modules if they either represent precisely the average of the
batch or are measured in sufficient numbers. The low confidence intervals
in combination with the close range of median and arithmetic mean demon-
strate that the results provide highly precise information on flux averages.
This study is unique in that the measurements were carried out at different
times in different institutions. The comparison between measurements of
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Figure 2.6: Results from the round robin test with the PDMS membrane and
polystyrene in ethanol at 30 bar transmembrane pressure and 25 °C.

laboratory size membranes and industrial membrane modules is an inter-
esting topic for future work.

The summary is based on 136 measurement data points, whereby 12
outliers were excluded. The breadths of all 10 intervals are lower than
+20%. Also, the mean values were estimated with a high precision. The re-
sults verify the reliability of the proposed standard experimental procedure
for flux measurements.

Retention measurement

To visualize the retention measurements, we depict the results of the round
robin tests in two ways (Figure 2.6). Figure 2.6a shows the array of re-
tention curves for this test system, whereby the outliers are already ex-
cluded. The outliers were identified only with the help of the regular re-
tention curves (the points were laying clearly outside of the curve). These
outliers could also have an analytical background as previously shown in
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Figure 2.7: Box plot and data points of retention values from the round robin test
with the DuraMem® 300 and polystyrene in ethanol at 30 bar transmembrane pres-
sure and 25°C.

Figure 2.4. Only six outliers out of 90 data points were identified for the
system PDMS membrane-ethanol-polystyrene. The results can therefore
be seen as representative. The curves are forming a belt, starting with a
negative retention for the smaller molecules and ending with a retention of
above 90 % for the bigger styrene oligomers, as expected. The experimen-
tal data points for the retention of each styrene (different molecular weight)
adhere to a normal distribution, with the exception of the high retention val-
ues of large oligomers (R>97 %), due to the upper limit of 100 % retention.
Consequently, outliers for such molecular weights are irrelevant for the re-
sults evaluation too.

The second depiction (Figure 2.6b) displays the relevant retention of the
different oligomers (different molecular weight) in box plots similar to Fig-
ure 2.5b. In such diagrams, it is easier to visualize the distribution of the re-
sults. Figure 2.6b shows exemplary the box plots for the PDMS-membrane
in ethanol, Figure 2.7 shows the plots for the DuraMem® 300 membrane
also in ethanol and Figure 2.8 shows the plots for the PuraMem® S600
membrane in toluene.

The values on the horizontal axis are the molecular weights from the sin-
gle styrene oligomers. They could be identified analytically with 266 kg kmol~*
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Figure 2.8: Box plot and data points of retention values from the round robin test
with the PuraMem® S600 and polystyrene in toluene at 30 bar transmembrane
pressure and 25°C.

+n - 104kgkmol~!. The boxes positions are following the retention curves.
While the boxes from the system PDMS membrane-ethanol-polystyrene
show the described increase of retention with increasing molecular weight
of the oligomers, the boxes of the system DuraMem® 300 membrane-
ethanol-polystyrene form a horizontal line above 90 % retention (Figure 2.7).
Fewer oligomers could be considered in this system because of the prox-
imity to the retention limit and the smaller MWCO in this solvent-solute
combination. The system PuraMem® S600 membrane-ethanol-polystyrene
(not depicted) behaved similarly as the system PDMS membrane-ethanol-
polystyrene. The results from the PuraMem® S600 membrane-toluene-
polystyrene experiments (Figure 2.8) shows boxes positions from charac-
teristic retention curves as well. The increase of the retention values for the
different styrene oligomers is more gradual as 60 % retention was already
achieved for the smallest styrene oligomer. In this case, the system PDMS
membrane-toluene-polystyrene (not depicted) behaved similarly. The re-
tention values in all these systems were affected by the different pressure
level only slightly. Changes primary occurred for the lower retention values.
Positive retention values increased by increasing pressure while negative
retention values decreased by increasing pressure. Regarding the scatter-
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test with the PDMS membrane and polystyrene in ethanol at 30 bar transmembrane
pressure and 25 °C. A different symbol is used for each measurement series.

ing of the data points, no tendency could be mentioned. At first glance, the
measurements seem to be comparable.

The results prove the good applicability of the developed standard testing
procedure. All 1o intervals have a low absolute range. The highest breadth
is +9.2% of the mean value at the test system PDMS membrane-ethanol.
Even with Figure 2.9 it becomes apparent that all measured curves are
within or close to the calculated confidence intervals. The intervals are
drawn as retention curves and superimposed on the array of measured
data. Thus, it shows in another way the precision of the results and the
quality of a standardized experimental procedure.

The measured retentions are in line with the expectations of the mem-
brane manufacturers. The results show that the gradient of the retention
curves is dependent on the membrane for low molecular weight solutes.
Oligomers with a higher molecular weight can only permeate to a small ex-
tent because of their high diffusion coefficients. The gradient at low molec-
ular weights is highest in both toluene and ethanol for the PDMS membrane
and lowest for DuraMem® 300 membrane in ethanol. Here the interactions
between membrane, solute and solvent are the major factors.

The nonpolar polystyrenes dissolve and permeate preferably through
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nonpolar membranes. However, increasing numbers of polar groups in
a membrane, such as the DuraMem® 300 membrane, lead to a stronger
permeation barrier. Concurrently, the nonpolar solutes can interact less
with the polar ethanol than with the nonpolar toluene. These effects result
in very high retentions even for low molecular weight oligomers using the
DuraMem® 300 membrane. The high retentions are also supported by the
dense membrane structure indicated in the manufacturers’ MWCO specifi-
cation.

The PDMS membrane, on the other hand, impedes permeation of the
solvent ethanol rather than of the polystyrene. This preferential permeation
leads to negative retentions for the low molecular weights. With increasing
molecular weight, the steric effect of the molecules increases and leads to
an increase in retention. Since a gradual increase can also be observed in
toluene, it can be assumed that the steric factors of the molecules are dom-
inant. This conclusion also corresponds to the statement from Thiermeyer,
Blumenschein, and Skiborowski [Thie2018].

The polystyrenes have a high affinity to the PuraMem® S600 membrane
due to the nonpolar coating. However, the affinity is weakened by the sup-
porting structure. The same applies for the solvent toluene as described
for the pure solvent fluxes. Therefore, toluene also provides higher re-
tention for polystyrene oligomers with a lower molecular weight using the
PuraMem® S600 membrane compared to the PDMS membrane. Similar to
this membrane, the importance of steric effects increases with increasing
molecule size. In ethanol, it is contrary for the solvent, and the nonpolar
silicone-based layer hinders the flux through the membrane. These mea-
surements showed negative retentions which were also observed for the
PDMS membrane.

From the statistical evaluation, it can be seen that the results show less
deviations compared to the pure solvent fluxes. The standard deviation is
low and the distance between median and arithmetic mean is small. The
low confidence intervals demonstrate that the standardized procedure pro-
duces precise estimates of the mean value. Accordingly, it can be assumed
that similar results will be achieved with retention measurements using the
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standardized procedure. Meaning that a few measurements per solute are
sufficient for the characterization of a new membrane.

The retention results from the bilateral cooperative tests (performed par-
allel by two contributors) were compared directly for each molecular weight.
Since there were only four data points for the retention of each solute, con-
fidence intervals were not considered and no standard deviations were cal-
culated. Figure 2.10 shows the retention of alkanes and SOA as well as
PMMA in different solvents.

The depicted retention curves of alkanes and SOA were results from
measurements with the PDMS membrane. In isopropyl alcohol (IPA) and
ethyl acetate (ESTP) negative retention occur. With increasing molecular
weight, the retention values decrease in the polar solvent IPA, whereas in-
crease in the moderate polar solvent ESTP. As mentioned above, such neg-
ative retentions were also observed in some measurements with styrene
oligomers. In the nonpolar solvent n-heptane, the measurements with alka-
nes resulted in only positive values as common retention curves. Affinity ef-
fects established with solubility parameter could give an explanation about
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(a) Retention curves of alkane and SOA (b) Retention curves of PMMA in

in various solvents at 30 bar IPA- and MEK at 30bar transmem-
transmembrane pressure and 25°C for brane pressure and 25°C for the
the PDMS membrane. PuraMem® S600 membrane.

Figure 2.10: Results from additional tests distributed to two contributors each. A
different symbol is used for each measurement series.
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this behaviour. Similar measurements and results were presented in Postel
et al. [Post2013]. SOA is a more complex branched molecule with a higher
molecular weight than the alkanes. Consequently, it can be argued that
the diffusion coefficient is high compared to that of the alkanes. Further-
more, SOA is a moderately polar solute with a high acceptance for hydro-
gen bonds due to its excellent water solubility and the bounded oxygen.
This polarity leads to the assumption of a high Hansen Solubility Param-
eter. For that reason a low affinity to the nonpolar PDMS membrane is
expected. In this combination, similar to the polyethylene glycol retention in
Postel et al. [Post2013], the size exclusion is dominant for retention in IPA
and ESTP (SOA is not soluble in n-heptane).

The retention measurements of PMMA oligomers with PuraMem® S600
membranes (Figure 2.10b) results in common retention curves. The mea-
surements with the combination butanone (MEK) and PMMA results in
higher retention values than the measurements with the combination IPA
and PMMA. Such lower retention values in IPA could also lead back to
affinity effects, since the active layer of the PuraMem® S600 membrane is
silicon based as the PDMS membrane.

The curves in both diagrams are not corrected and the plausible outliers
are easily recognizable (retention curves of PMMA in butanone (MEK) or
SOA in IPA). The total deviation in retention for each solute is, however, as
low as the one in the round robin test. Most of the data points deviate by
less than 10 % in total, and every deviation is in total less than 415 % of the
arithmetic average.

Case studies

Two different case studies were investigated using the superstructure opti-
mization approach to elucidate the effect of uncertainties of flux and reten-
tion measurement on subsequent process design. In Case Study 1 a con-
centration of one component with a molecular weight of 474 kg kmol~! solved
in ethanol is assessed, considering the experimentally determined perfor-
mance metrics of the DuraMem® 300 membrane and the mixture of ethanol
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with styrene oligomers. The flux across the membrane at 30 bar was deter-
mined to 21.052 L m~2h~! while the confidence interval was + 2.136 Lm~2h 1.
The retention for the styrene oligomer with a molecular weight of 474 kg kmol 1
was determined to 95.2 % + 2.1 %.

For the optimization a feed flowrate of 100kgh~!, a concentration from
0.05gg~! in the feed to 0.1gg~! in the final retentate and a solute recovery
of at least 98 % was assumed.

Figure 2.11 shows three of the resulting optimal process structures, for
exemplary samples within the experimentally determined confidence inter-
vals. Depending on the selected case, significant differences in the nec-
essary membrane area and the complexity of the process arise. While the
high flux and retention values lead to a simple process in a single step,
the process with the low values is much more complicated and not intu-
itive. The total feed is divided between a parallel module and a two-stage
cascade. The permeate flow of the first stage is only partially used for the
second cascade stage. The retentate streams from the module operated
in parallel and the second cascade stage are fed back to the feed of the
cascade, before the first stage. Output streams from the process are the
retentate stream from the first cascade stage and the combined permeate
streams from all membrane modules. Overall nine different scenarios were
evaluated.

As a second case study, a separation step of two solutes solved in ethanol
was chosen. The solute size equals 474 kgkmol~! and 1098 kg kmol~. The
smaller solute is assumed to be the product while the bigger solute repre-
sents an impurity. The feed contains 0.05gg~! of the product and 0.003gg !
of the impurity while the flow rate is set to 100kgh~!. The final permeate
needs to contain at least 98 % of the product, and the concentration of the
impurity in the permeate needs to be lower than 0.001gg~!. For this case
study, the experimental values determined with the PDMS membrane and
the mixture of ethanol with styrene oligomers are used. The flux was ex-
perimentally determined to be 4.925L. m~2h~! £ 0.331Lm~2h~! at 30 bar. The
retention of the styrene oligomer with a molecular weight of 474 kg kmol~?
equals —11.8% + 6.6 % and the retention of the styrene oligomer with a
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molecular weight of 1098 kg kmol~! equals 88.2 % + 6.2 %.

Compared to the first case study the flux is much smaller, and addi-
tionally, the experimentally determined confidence intervals are broader.
Overall 27 different combinations of flux and retentions were evaluated,
all of which represent samples within the ranges of the experimentally de-
termined confidence intervals. Three of the determined optimal process
structures for the second case study are depict in Figure 2.12. This case
study also shows clear differences in the necessary membrane area and
the interconnection concepts. The value combination of high flux and re-
tentions far from each other lead to a simple single-stage membrane pro-
cess with a small membrane area. On the other hand, lower flux values
and a narrower retention range between the individual solutes result in a
substantially more complex two-stage process. In this process, the main
feed is divided between the two stages, with part of the permeate from the
first stage supplementing the feed of the second stage. The feed of the
first stage is also fed with the retentate of the second stage. The output
streams are the retentate of the first stage and a mixture of the permeates
of the two stages.

Both case studies demonstrate the dependency of a subsequent process
design on accurate information of the membrane performance. A consis-
tent determination and reporting of the data quality, as indicated in the cur-
rent study, is, therefore, an essential component for the further development
and dissemination of OSN processes.
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2.6 Conclusion

The data quality of results from membrane characterizations has never
been stated as a basis for the OSN users. This uncertainty hinders the
progress in finding one or more reasonable standard systems for OSN
membrane characterization. Such standardized procedure can simplify the
assessment of membrane performance and their applicability in real sepa-
ration processes. As a result, the process design of a OSN plant in indus-
trial scale would be less difficult and troublesome.

In this study, we demonstrate the reliability and reproducibility of a stan-
dardized experimental procedure to improve and accelerate process design
for OSN applications. The procedure was applied with different test and an-
alytical equipment, for several solvents, membranes, and solutes.

The results from the round robin test were statistically evaluated. The
calculations for pure solvent flux and retention measurements demonstrate
that the precision of the determined mean values from the experiments are
high and the standard deviations reasonable. Therefore, the deviation of
the data is low enough to permit the assumption of comparable results in
future tests by using the standardized experimental procedure.

Using the statistically quantified information on the accuracy of the deter-
mined experimental flux and retention values, we further demonstrated the
effect of these uncertainties on subsequent process design. The two inves-
tigated case studies confirmed the importance of an accurate assessment
of data quality and accuracy. The standardized procedure for membrane
characterization experiments should help to assess future results better
and apply statistical methods. Then data from different sources and their
reliability can be used in optimal process design.

Further results with other test systems confirm the reliability of the method
and emphasize the comparability of the obtained results.

Considering all results, we showed that the proposed standard experi-
mental procedure, used in a conjunction with the categorized test systems,
enable generating comparable and reliable membrane performance data.
Prospectively, this procedure can become a standard to characterize OSN
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membranes and give credible performance information. Nevertheless, fur-
ther investigation on this field is desirable. A development of heuristic
method for membrane selection could promote and strengthen the method.
Furthermore, it can help with its reliable results to reveal correlations in the
complex solvent-solute-membrane system in future work.
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3 Organic solvent nanofiltration
membrane cascades for
separation of solutes with
positive and negative
retentions
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3.1 Introduction

Separation processes, such as the recovery of organic solvents, are the
main energy consumers in the chemical industry. Thus, organic solvent
nanofiltration as energy efficient separation method has become increas-
ingly popular and has aroused particular attention in the industry [Marc2014];
[Blum2015]; [Cupe2015]; [Have2017]; [Lopr2017]. In addition to the chal-
lenges already known from other membrane processes, an unusual phe-
nomenon has frequently been observed: negative retention [Post2013];
[Zeid2013]; [Solt2016]. Such negative retentions occur if the solute prefer-
ably dissolves in the membrane material. As a result, the solute accumu-
lates in the permeate. However, so far only few processes are known that
take advantage of the enrichment of a solute in the permeate [Volk2014].

Most membrane processes require more than a single-stage process to
achieve both high recovery and purities. Modeling and simulation of mem-
brane processes allow investigating a huge number of possible membrane
configuration and identifying efficient process designs. Hence, modeling is
essential to connect the membrane stages most efficiently.

This study aims to understand the optimization of a membrane cascade.
Recently Bocking et al. [Bock2019] showed the influence of statistical vari-
ance in membrane performance on process design. In this work, also nega-
tive retentions for the solutes have been observed. However, the influence
of and potential benefits of negative retention on the process design has
not been investigated yet. Therefore, we investigate the effect of negative
retentions on the process design for the first time.

» What happens with the optimal process design if one or both of the
solutes have negative retention?

» What influence does the distance between the retentions have?

* Is there a transition point in the process design if a constant retention
difference on the retention scale is shifted from positive to negative?

The development and implementation of processes are usually associated
with many difficulties. This is especially true if the processes are not yet
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part of the standard repertoire and if phenomena are not yet fully under-
stood. To answer these questions, we use a superstructure optimization
approach based on mixed-integer nonlinear programming (MINLP). This
method enables to identify the best process case from a large number of
possible processes. Values of measurements from [Post2013] with the so-
lutes PEG 400, stearic acid and hexadecane in the solvents toluene and
methanol are used for case studies.

3.2 Background

Membrane cascades enhance the selectivity and overall retention. In par-
ticular, this is necessary to improve solvent recovery and separation of
substances with similar retentions. So far, process designs are mainly in-
vestigated by laboratory experiments with small controllable cascades and
simulations. Simulations of mass transport at the membrane scale initially
precede the simulation of a cascade at the process scale. Such simulations
are used to predict the permeate concentrations and thus the retention.

Usually, three model types are used for mass transport through nanofil-
tration membranes. (a) Irreversible thermodynamic models, (b) pore-flow
models, and (c) solution-diffusion models ([Marc2014]). In the irreversible
thermodynamic models, the membranes are treated as a black box. Since
a forced thermodynamic disequilibrium enables nanofiltration, free energy
dissipates continuously and entropy increases in the system ([Blum2016]).
Based on these considerations, Kedem and Katchalsky [Kede1958] first
developed a model to describe water desalination, which was further de-
veloped by Spiegler and Kedem [Spie1966].

The other models take membrane properties into account. The pore-flow
models assume a porous membrane structure, and the solution-diffusion
models a dense membrane structure. In the pore-flow models, the chemi-
cal potential is changed across the membrane due to a pressure gradient.
This assumption allows calculating the solvent flux Jg,,en: With the Hagen-
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Poiseuille (Equation 3.1) or Carman-Kozeny-correlation (Equation 3.2).

72 0e€ Ap,
JSolvent = %7;%” (31)
63 AP,
JSolvent = o] (32)
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In these equations, ... denotes the pore radius, e the porosity of the
membrane, 7 the tortuosity, and 5 the solvent viscosity. Ap.s; is the ef-
fective pressure difference, calculated with the transmembrane pressure
difference and the difference of the osmotic pressure, by Ap.;; = Ap — Ax.
The membrane thickness is I, the Carman-Kozeny-constant is K¢, and
the surface-area-to-volume ratio is Agy-. Solute fluxes are described with
empirical model equations that are always dependent on the material sys-
tem ([Marc2014]; [Blum2016]).

In solution-diffusion models, mass transport occurs in 3 steps. First, the
substances dissolve in the membrane. Second, the substances diffuse
through the membrane matrix, and in the third step, the substances desorb
on the permeate side of the membrane. If there is no pressure gradient,
mass transport can be described with Fick’s law ([Marc2014]; [Post2014]).
With the usual pressure gradients in nanofiltration, the mass transport (flux
of substance i) results in Equation 3.3.

] — DiK.sorp,i
Ji = I (Ci,rel — Ci,perm€

—vidpef f/(RyT) (3.3)

Here D is the diffusion coefficient, K., the sorption coefficient, ¢; ,;, and
ciperm the respective concentration at the surface of the membrane on the
retentate side and the permeate side. v is the molar volume, R, the ideal
gas constant, and 7' the temperature.

The usual solution diffusion model is extended by combining pore-flow
models with solution diffusion models to the solution diffusion model with
imperfections. Thereby additional less ideal spots are inserted through
which substances can be transported convectively ([Marc2014]). Another

46



3.2. Background

extension of the solution diffusion models considers with the Maxwell-Stefan
equations the frictional forces between the materials and the membrane.
Postel et al. [Post2014] recently applied to this extended model.

The simulations or optimizations of membrane cascades on the process
scale are difficult to understand if they also contain the equations from the
membrane scale. Besides, the effort is considerable, and convergence
challenging. Therefore, simplifications are common, and results from sim-
ulations at membrane level or from experiments are used.

Caus et al. [Caus2009] simulated a four-stage nanofiltration cascade for
the separation of xylose and maltose in water. Also, Montesdeoca et al.
[Mont2016] showed experimental studies for the separation of oligosaccha-
rides by a three-stage cascade. Chun-Te Lin and Livingston [Chun2007]
conducted proof of concept experiments on OSN cascades. In particular,
they investigated the solvent exchange of toluene with methanol. These
conceptual results of feasibility were further confirmed in [Siew2013b] for
the separation of active pharmaceutical ingredients (API) with simultane-
ous solvent recovery. A three-stage cascade improved the total retention
(R) compared to a single-stage process from R = 0.55 to 0.8. The cas-
cade could also be well controlled in the laboratory experiments. The group
showed further results for membrane cascades in [Siew2013a].

In a follow-up study by Peeva et al. [Peev2014], a purity of > 99 % for
the separation of the API Roxithromycin from a potential genotoxic impurity
with a two-stage cascade was achieved. The cascade can subsequently
be combined with another process (e.g., an adsorption column) for solvent
purification. Abejon, Garea, and Irabien [Abej2014] also investigated the
separation of impurities and APIs. Methanol was used as solvent and cas-
cades of up to five stages were simulated. Additionally, they optimized the
costs based on the retentions and pressures of the individual stages.

Furthermore, Kim et al. [Kim2013] carried out experiments with two-
stage cascades and developed a MATLAB model. Both experimental and
simulation results underlined the importance of recycling retentate streams
for high yields. Renouard, Lejeune, and Rabiller-Baudry [Reno2018] re-
cently presented a simulation that can calculate up to 11 stages and dif-
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ferent recirculations. More than 75 cascade configurations were investi-
gated for the separation of a catalyst and an aldehyde in toluene. Also,
the limitations are shown due to the ambitious separation aims which lead
to unattainable concentrations in the final streams and excessive volume
reduction rates.

Adi et al. [Adi2016] performed optimization of the superstructure of cas-
cades with a MINLP for a crude oil application. Therefore, a binary mixture
of heptane and hexadecane was used as the model solvent. The cascade
design was optimized for maximum product purity with a given input stream.

3.3 Optimization model

The model applied in this study is a simplified model based on the work
of [Ohs2016]; [Scho2015]; [Skib2012] using MINLP. The primary task of
the model is to answer whether the configurations of membrane modules
and total process selectivity change as a function of the retention values.
Therefore, the model optimizes the superstructure of the membrane cas-
cade when the solutes in their combination have (1) only positive retentions,
(2) only negative retentions, and (3) both positive and negative retentions.

Furthermore, the interdependence of the stage cut and the selectivity is
investigated. The stage cut represents the feed flow that is withdrawn on
the permeate side of the membrane cascade. For example, with a feed
mass flow in the cascade of 1000kgh~!, a stage cut of 20% would corre-
spond to a permeate mass flow of 200kgh~! at the end of the cascade.

Superstructure with simplifications

The superstructure consists solely of pumps and membrane modules. Fig-
ure 3.1 shows all potential process configurations in this study. Multi-
stage membrane cascades are challenging to control and require multi-
ple compression. These conditions decrease the efficiency of the process
[Favr2010]. Thus, the superstructure for the process is limited to three
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Feed (2 } .

/ j4— Retentate
;o7
1_-7__LT—P Permeate

Figure 3.1: Superstructure approach for solute separation with OSN (adapted
from [Scho2015]; [Ohs2016]).

stages. To reduce the computational effort, unreasonable process con-
nections are not permitted. In particular, we defined the following logical
constraints: the pressure determines the driving force. Therefore, a pump
is connected to the permeate stream if it is fed to another membrane stage.
Streams can both be merged and recirculated. However, the recirculations
must always be connected at least to a preceding stage and thus can ef-
fectively only be realized for the second and third stage. The retentate and
permeate streams cannot be split.

In each case, the system of substances is modeled with one solvent and
two solutes. For the total process feed stream, it is stipulated that the two
solutes (A and B) are dissolved with the same concentration of 1wt%. The
two solutes should be separated as best as possible using three module
stages. As a measure for the separation, the selectivity S value is used:

wp/wa (3.4)

wBl-‘eed/wAFsed

wp and w, are the mass fraction of the solutes in the overall permeate of the
process. wg,.., and wy, ., are the respective mass fractions in the overall
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feed of the process.

The power specific selectivity is the objective function of the optimization
model. It is obtained by dividing the selectivity with the power demand
of the pumps. Maximizing this objective function provides insight into the
process configuration to gain the highest possible selectivity at low power
demand. Therefore, the model reveals the internal process streams and the
quantity of the needed recycling streams. The model also gives information
about the required membrane areas because these are not fixed.

Model equations

For further simplification, we assumed that the solution is ideal and the tem-
perature constant. Pressure loss on the retentate side of the membrane is
neglected. Furthermore, we do not consider possible swelling of the mem-
branes or concentration polarization. The membrane area is not divided
into discrete. Therefore, the membrane modules are treated as a black
box.

The following balances apply to all single process units and the overall
process. The mass balance is given by the equation:

Min = Moutl + Mout2 (35)

» o«

out1” and “out2” label the inlet and outlets of
the single operations. For the overall feed source, the overall retentate and
permeate sink and the pumps, .2 is set to zero. For the overall process
and the membane modules “out1” means the retentate and “out2” means

1 are mass streams, “in,

the permeate.
Furthermore, the mass balance for each component can be written as
follows:

Min * Wi = Moyt * Wi + Mout2 = Wy (3.6)
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w; means the mass fraction of the separate substances.
The energy balance is implemented with:

. 1 . 1 . 1 .
My, * 7 * Pin + Ef)pu = Moutl * — * Poutl + Mout2 * )7 “ Pout2 + XQ (37)

in outl out2

In this equation p is the density of the solution. p represents the pressure,
P,, the power of the pumps and Q the heat flow.

The modeling of the membrane modules requires further equations. The
solvent flow Jg,.en: through the membrane is calculated based on the lin-
ear ratio between flow and pressure difference Ap measured by Postel et al.
[Post2013]. This simplification is possible because the solvent concentra-
tion across the membrane remains approximately constant. The pressure
difference decisively determines the flux, and the other influencing factors
are combined to the constant C;. Therefore Equation 3.1 or Equation 3.2 is
simplified to the empirical Equation 3.8.

Jsotvent = C1 - Ap (38)

The solute fluxes result from the ratio of the individual fluxes Jg,... to the
total flux through the membrane Jr,; and the individual concentration in
permeate cgoruie, perm 0 the total concentration in permeate crorar, perm-

JSolute _ CSolute,Perm (3 9)

JTm‘,a,l CTotal,Perm

The needed solute concentrations in the permeate result from experi-
mentally measured or assumed retentions R by:

Cg, - Per
R—=1— Solute,Perm (31 0)
CSolute,Ret

The fluxes, the molar masses M and the membrane area A, deter-
mine the mass stream on the permeate side.

mout2 = (E(JSolute . A[Solute) + JSolvent . A/[Solvent) . AIVIcm (31 1)
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Mathematical problem definition

As previously stated, we used MINLP for the optimization model. The math-
ematical problem definition is similar to [Ohs2019]:

mazx f(z,y) (3.12)

as a function of:

g(z,y) =0 (3.13)
h(z,y) = 0 (3.14)
reX (3.15)
y e {0;1} (3.16)

f(x,y) represents the objective function (i.e., the power specific selectiv-
ity). h(z,y) are the model equations, such as the mass balances, for the
single process units and the overall process. g(z,y) are the constraints
which determine the boundary of the solution space. These include, e.g.,
the range of possible mass streams. z is the vector of process variables
such as stage cut or feed concentrations. y is the vector of integer vari-
ables describing the connections within the process configuration.

The optimization model was implemented in the General Algebraic Mod-
eling System (GAMS). Therefore, the programming is independent of the
solver. The optimization task for this study was solved with the solver
Branch-And-Reduce Optimization Navigator (BARON). This solver ensures
the identification of a global optimum.

3.4 Case studies

This study investigates the separation of the solutes PEG 400, stearic
acid and hexadecane in the solvents toluene and methanol. Postel et al.
[Post2013] has presented solute data, flux data, and retentions. The data
and results were measured with a development membrane from Evonik in-
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dustries, which was registered as a patent by Haensel et al. [Haen2012]
and is similar to PuraMem® S600. The total feed stream set in the model
is 2000 kgh~!. Due to the measurements from Postel et al. [Post2013], the
flux is adjusted to 4.9743x10~8 mols—! m~2Pa~! if toluene is used (Retention
case: (+ +)) and to 3.6848x10~8 mols! m~2 Pa~! if methanol is used (Reten-
tion case (+ —) and (— —)). The following results have all been calculated
with a feed pressure of 30bar for each module stage. A and B represents
the undesired solute A (higher retention value) and the desired solute B
(lower retention value). The equation for the selectivity (Equation 3.4) can
be simplified because of the equal concentration in the feed stream:

S = “B (3.17)
wA

The optimizations are carried out for five different scenarios:

1. Stage cut scenario:

1. Scenario

-~
-~
-

Selectivity
vs. Stage cut

To gain a deeper understanding of the separation process, the depen-
dency of the selectivity value on the stage cut for a one-, two- or three-
stage process is investigated. The stage cut indicates the percentage
of feed stream permeating through the membrane. The connection
of the modules is predefined, i.e. the structure of the process is not
optimized and the modules are always connected in series. The per-
meate is the feed stream of the next module (Figure 3.2). Only the
retention case (+ —) with the respective values is optimized (Table 3.1)
because we expected the highest selectivities in this case.
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Retentate
Feed
—O— —O—| —O—

Permeate

Figure 3.2: Predefined module configuration of the stage cut scenario with three
stages.

Table 3.1: Retention cases and solutes with used retention values from the exper-
imental measurements of [Post2013].
Solute values
Retention Solute A MW, Ra Solute B MWpg Rg
case [kg/kmol]  [] [kg/kmol]  []
From experiments with methanol as solvent:
(=) Stearic acid 284 -0.10 Hexadecane 226 -0.37

(+-) PEG 400 400 0.73 Hexadecane 226 -0.37
From experiments with toluene as solvent:
(++) PEG 400 400 0.73 Hexadecane 226 0.28

2. Experimental measured values scenario:

2. Scenario
X X
+ X
RO ||
- X X
(=-) (+-) (+4)

Retention case

The combinations with two positive solute retentions (+ +), two nega-
tive solute retentions (— —) and one positive and one negative solute
retention (+ —) are optimized. The optimal structure with the high-
est possible selectivity is required. The experimental measured sub-
stances from Table 3.1, flux, and retention values are used. The stage
cut of the process is set at 20 % which guarantees an appropriate per-
meate mass stream.
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3. Increasing recovery scenario:

3. Scenario

Recovery

0

—_—
Optimization
case

The retention case with one positive and one negative retention value
(+-) is investigated. No stage cut is specified. Instead, the separation
is investigated for different recoveries. The recovery rg.. is the mass
of the desired solute in the target stream (here permeate) divided by
the mass in the feed stream.

DBrom (3.18)

MBpeea

TRec =

The recovery is increased from 0.1 to 0.9, and the change in connection
between the modules and the total selectivity is considered.

4. Rising AR scenario:

4. Scenario

—_—
Optimization
case

The flux data and solute data previously used (retention case (+ —))
are applied for optimization. The difference in the retention values for
the two solutes (AR = R4 — Rp) was varied in the range of AR = 0.2
to AR = 1.8. Therefore, the retention Rp was gradually decreased
beginning at Rz = —0.1. Concurrent the retention R4 was gradually
increased beginning at R4 = 0.1. The retention difference of AR = 1.8
is reached if Rg = —0.9 and R4 = 0.9.
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5. Shifting a constant AR scenario:

5. Scenario

—
Optimization
case

As in previous scenario, the retention case (+ —) is used but the reten-
tions are varied. In this cases, the difference of the retentions remains
constant with AR = 0.8. This value approximately corresponds to the
retention difference of PEG400 and stearic acid by the measured val-
ues from Postel et al. [Post2013] (Table 3.1). The retention difference
is shifted in intervals of 0.1 from negative to positive. The higher reten-
tion value increases from R4 = —0.1 to R4 = 0.9. The lower retention
value increases from Rz = —0.9 to Rp = 0.1. The effect of the position
of the AR on the connection between the modules and the selectivity
values is investigated.

In addition to the optimizations described above, the scenarios three and
five were also optimized concerning only the selectivity value. This means
the objective function is equal to Equation 3.17 and the power demand is
not limited. The comparison of the results show the influence of minimizing
the power demand, which is finally a first approximation for a cost optimiza-
tion.

3.5 Results and discussion

This optimization study shows the sensitivity of the process design for differ-
ent retention conditions, retention distances, and positions of the retentions
on the retention scale. In scenarios two to five, the three-module stages are
connected differently. Overall, nine different configurations result from the
optimizations. In contrast, we specified the connections for scenario one.
Thus, in scenario one, the module configuration itself is not optimized.
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Stage cut scenario

1. Scenario

-
-
-~

Selectivity
vs. Stage cut

Scenario one mainly aims to develop a deeper understanding of the pro-
cess and to reveal the correlation between selectivity and stage cut. This
correlation is depicted in Figure 3.3 for a one-, two- and three-stage mem-
brane processes. The connections for the three-stage process are shown
in Figure 3.2. The selectivity value is maximized for a given stage cut. The
optimization for a single-stage membrane process showed a more or less
linear correlation. The highest selectivity value is reached at the lowest
stage cut. The selectivity decreases to 1 for a stage cut of approximately
100 %. For a two-stage membrane process, the selectivity value decreases
exponentially towards high stage cuts. In a three-stage process, this effect
is even more pronounced.

60 T T T T

50 4

Number of Stages

Selectivity [w, / w,]

Stage cut [%]
Figure 3.3: Optimization results of the stage cut scenario with one, two or three
stages.
The decrease of the selectivity value with increasing stage cut was ex-

pected. At constant pressure, a higher permeate flow can only be achieved
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with a larger membrane area. This point implies that the solute with higher
retention also passes the membrane at a higher concentration. At a theo-
retical stage cut of 100 %, the entire feed stream passes the membrane unit.
Thus, the fraction of the solutes in the feed and the permeate stream are
equal, resulting in a selectivity value of 1. If an insignificant stage cut is se-
lected, the separation of the two substances can be potentiated by a further
stage for the permeate or the shown configuration in Figure 3.2. This cir-
cumstance results in the exponential curves of these module connections.
The results are in line with the results from [Siew2013a] and [Mont2016].
However, this scenario gives a first impression of how a cascade influences
the separation of two different solutes. In the following, we investigate how
recirculation and other process connections influence the selectivity.

Retentate

Permeate

(a)
Retentate

|
|
Feed | |
o o —c—

Permeate

(b)

Figure 3.4: Resulting additional module configurations from the optimizations of
the experimental measured values scenario.

(a) is the result for the retention case (——),

(b) is the result for the retention case (+ —) and (+ +).

The desired solute Ry is enriched in the permeate.
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Experimental measured values scenario

2. Scenario

X X

x x

(=-) (+-) (+4)

Retention case

The optimizations show two different optimal configurations for the differ-
ent retention cases (Figure 3.4). If both solutes have negative retentions
(retention case (—-)), the configuration corresponds to a simple series con-
nection (Figure 3.4a). For both other cases (retention cases (+ —) and
(+ +)), the connections change significantly (Figure 3.4b). The mixture of
the process inlet stream and the retentate stream of the second stage com-
bine to the feed of the first membrane stage. The permeate of the first stage
is mixed with the retentate of the third stage. The resulting mixed stream is
then fed to the second stage. The permeate of the third stage represents
the outlet of the process. The optimized membrane areas of the individual
modules and the total membrane area can be taken from Table 3.2. Fur-
thermore, the achieved selectivity value and power demand are presented
in Table 3.2.

Notably, it is apparent that the selectivity value is highest for the retention
case (+ —). The membrane area is the highest for this retention combina-
tion. In the retention case (— —), the selectivity value is low and almost no
separation occurs.

Table 3.2: Resulting selectivities, power demands and membrane areas from the
optimization of the experimental measured values scenario.

Selectivity  Power Membrane area
Retention value demand Module 1 Module 2 Module 3 Total
case [ W] [m?]
(=-) 1.2 2031 11.0 10.2 9.6 30.8
(+-) 59.2 5372 161.4 133.4 30.8 325.6
(++) 16.7 3982 27.4 26.0 8.0 61.4

The results of this scenario show that the separation of the two so-
lutes in retention case (— —) is challenging with the given stage cut. How-
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ever, it should be considered that the distance between the two retentions
(AR = R4— Rp) is the smallest of the individual cases (AR = 0.27). The con-
figuration of the membrane modules corresponds to that of a single-stage
process with the total membrane area. The continuous purification of the
permeate does not result in a higher selectivity, which is worthwhile relative
to the power demand. Instead, a membrane area as small as possible for
the fixed stage cut is chosen. Accordingly, the lowest possible flux through
the membrane is favored. Therefore, the question arises whether the AR is
responsible for the configuration. Resulting, the second question occurs at
which AR value the "transition point" concerning the configuration exists.

For the retention case (+ —), the AR is the highest (AR = 1.1). The con-
tinuous purification of the permeate is combined with the recycle of the
retentate. This recirculation allows for larger membrane areas. Thus the
material flow can be treated while keeping the stage cut constant. The
power demand increases due to the necessary pressure increase of the
permeate. Concurrent, the selectivity for this retention case rises rapidly.
As a result, the relative value of selectivity to power demand is higher. In
the third retention case (+ +), the same configuration is optimal. Here the
AR has a value of 0.45. It is clearly below the value of retention case (+
—) and only slightly above that of (— —). Initially, this result indicates that
the value of AR is the decisive factor. Though, the position of AR on the
retention scale can also influence the configuration. Based on the scenario
results, we investigate where the maximum power demand with a stage
cut of 20% on the AR scale lays. Thus, a possible maximum would exist
regarding the recirculation. The selectivity should be as high as possible
relating to the power demand.
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Increasing recovery scenario

Recovery

0

3. Scenario

—
Optimization
case

Increasing the recovery rate of Rp in the permeate results in four differ-
ent optimal configurations. With a recovery of 0.1 up to 0.4, the configuration

from Figure 3.4b is applied. The setup from Figure 3.4a is calculated as op-
timum with a recovery of 0.5 to 0.7. At 0.8 and 0.9 recovery, new connections
are found with the optimization model (Figure 3.5). The configuration lead-

Feed

Feed

Retentate

—

ht

Permeate

(a) Recovery rate: 0.8; Objective function: power specific selectivity

Retentate
I—>

= L

= L

Permeate

(b) Recovery rate: 0.9; Objective function: power specific selectivity

Figure 3.5: Resulting additional module configurations from the optimizations of
the increasing recovery scenario in consideration of the power demand.

ing to a recovery of 0.8 of R in the permeate is shown in Figure 3.5a. The
permeate of the first stage is combined with the retentate of the second
stage to the feed of the third stage. The feed of the second stage con-
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sists of the retentate of the first stage and the permeate of the third stage.
The retentate of the third stage and the permeate of the second stage are
ejected from the entire process. Figure 3.5b shows the process if 0.9 recov-
ery is required. The process differs from the one in Figure 3.4a by mixing
the permeate from the first stage with the retentate from the second stage.
This mixture is fed to the third stage. The retentate of the third stage and
the mix of the second and third stage permeate are ejected from the pro-
cess.

Figure 3.6 shows the resulting selectivity, stage cut, power demand, and
total membrane area for the optimizations in this scenario. Results of two
different situations are depicted: the solid lines represent the optimizations
with the selectivity divided by the power demand as the objective function.
The dotted lines represent the optimizations with only the selectivity as the
objective function. Initially, the results represented as the solid lines are
discussed (Figure 3.6). The specific data for each recovery case in this
situation are listed additionally in Table 3.3.

It is noticeable that the selectivity value decreases exponentially with in-
creasingly mandatory recovery. Up to a recovery of 0.4, power demand and
membrane areas increase. At 0.5 recovery, the power demand and mem-
brane areas decrease abruptly. If higher recovery values are applied in
the optimization, the membrane area rises again, as well as the power de-
mand. The area and power demand values change significantly whenever
a new configuration results from the optimization (cf. Figure 3.6).

Considering that the flux through a membrane is dependent on the pres-
sure, the stage cut and the membrane area must be adjusted to a given
recovery rate. Therefore, one or both of these variables must rise with in-
creasing recovery at constant pressure. Increasing the stage cut expands
automatically the minimum membrane area required to reach the stage cut.
Conversely, the membrane area can increase without raising the stage cut,
since the permeate quantity can be controlled by recirculation. The config-
uration depicted in Figure 3.4b leads to high selectivities for small recovery
rates and can only be realized by large membrane areas. At the same time,
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Figure 3.6: Resulting selectivity «, <1 and stage cut @, & (a) as well as power de-
mand @, O and total membrane area a, A (b) for the increasing recovery scenario
(scenario 3).

Solid lines with closed symbols: objective function is the selectivity divided by the
power demand.

Dotted lines with open symbols: objective function is the selectivity.

The lines are interrupted when the module configuration changes.
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the required recovery rate increases the stage cut. In comparison to Figure
3.3, the achievable selectivities decrease.

The optimum of the objective function can not be achieved with three
pumps for a recovery rate above 0.5. Thus, the configuration changes and
corresponds to a single stage process containing the total required mem-
brane area. No pump increases the power demand, and no recirculation
increases the membrane area. The area is determined completely by the
stage cut. Accordingly, the selectivity has dropped as the module stages
decreased virtually from 3 to 1. However, the stage cut remains constant
for an increase in the recovery rate from 0.6 to 0.7, while the membrane
area increases. This increase in the area can be related to the decrease in
selectivity, which is feasible within the solution space. Interestingly, further
changes of the configuration are obtained to achieve a recovery rate of 0.8
and 0.9.

Therefore, additional pumps are included in the configuration of the mod-
ules, and no intuitive combinations occur in the interconnection. The selec-
tivity is near the theoretical minimum. The extremely high stage cuts require
a large permeate flow. This flow is achieved by a large membrane area di-
rectly before the permeate removal. The permeate streams of the other
modules are small and therefore, do not require high power demands. The
combination of permeate streams and retentate streams appears not to be
beneficial for the separation efficiency. However, selectivity does not matter
for the optimization as it is already too low. The achievement of the mass
flows to comply with the fixed stage cut primarily determines the optimiza-
tion. The module connections are necessary to generate the appropriate
material flow quantities through the respective membranes.

In this ‘increasing recovery scenario’, the conflict between recovery rate
or stage cut and selectivity becomes clear. Intuitively, very high stage cuts
and recovery rates are not reasonable due to the low selectivity. Similarly,
an exceptionally high selectivity cannot be achieved due to low recovery
rates.
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Chapter 3. Organic solvent nanofiltration membrane cascades for separation of solutes
with positive and negative retentions
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(b) Recovery rate: 0.9; Objective function: selectivity

Figure 3.7: Resulting additional module configurations from the optimizations of
the increasing recovery scenario without consideration of the power demand.

Figure 3.7 presents other resulting configurations with a recovery rate of
0.8 and 0.9 if the power demand is not included in the optimization variable.
At a recovery rate of 0.8, the permeate of the third stage is fed back before
the first stage (Figure 3.7a). With 0.9 recovery, the feed of the first stage
is generated from the process feed and the recirculation of the retentate
from the third stage. The permeate of the first stage forms the feed of the
second stage while the retentate leaves the process. The retentate of the
second stage is the third stage feed. The second and third stage perme-
ate are mixed and exit the process (Figure 3.7b). In addition to the new
configurations, this variant of the objective function changes the distribu-
tion of the arrangements from Figure 3.4a and Figure 3.4b concerning the
recovery rate. The setup from Figure 3.4a is only optimal for 0.7 recovery.
The configuration from Figure 3.4b is the optimal configuration for recovery
rates from 0.1 to 0.6.

The curves (dotted lines) in Figure 3.6 show similarities with the results
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3.5. Results and discussion

discussed above from the optimizations with the previous objective func-
tion. Especially the selectivities and stage cuts are similar (Figure 3.6a).
The curves of power demand and total membrane areas are identical re-
garding their shape. However, the dotted lines are shifted to higher recov-
ery rates because of the differences in configuration changes (Figure 3.6b).
With Table 3.4, it is verifiable that both values (power demand and total
membrane area) are, in some cases, more than twice as high compared to
the other objective function.

The compared values of Table 3.3 and Table 3.4 show how expensive
a small increase in selectivity can be. The respective stage cuts are only
slightly higher than in the situation discussed above. It is striking that the
simple configuration (Figure 3.4a) is always determined as optimum for se-
lectivities below 3. However, in the case of specified recovery, stage cuts
are rather above the 20% defined in the other scenarios. The considera-
tion of the power demand in the optimization leads to a faster reduction
of the selectivity depending on the stage cut (Figure 3.6). Simultaneously,
the required membrane area is kept low by the optimization concerning the
power demand at comparable high yields.

The new configuration with a recovery rate of 0.8 (Figure 3.7a) differs
only slightly from the previous arrangement with the same recovery rate
(Figure 3.5a). The new setup with a recovery rate of 0.9 (Figure 3.7b), on
the other hand, is distinctly different from the setup using the previous ob-
jective function (Figure 3.5b). However, both new configurations can only
improve selectivity to a small extent due to the high stage cut. Furthermore,
the focus is on ensuring the required material flows. Thus, the conflict be-
tween recovery rate or stage cut and selectivity remains decisive for the
configuration. The definition of a stage cut at 20 %, as specified in the other
scenarios, corresponds to a low recovery rate. However, the performed
selectivity optimizations have a broader scope for possible solutions.
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Chapter 3. Organic solvent nanofiltration membrane cascades for separation of solutes

Table 3.4: Resulting selectivities, stage cuts, power demands and membrane areas from the optimization of the increasing
recovery scenario without consideration of the power demand.

Selectivity Stage  Power Membrane area
Recovery value cut demand Module 1 Module2 Module3 Total
case [l [l (W] [m?]

Optimal configuration is depicted in Figure 3.4b.

0.1 156.80 0.12 8216 419.7 125.6 17.8 563.1

0.2 61.27 0.27 8803 315.0 282.7 40.8 638.5

0.3 27.39 0.44 9108 308.2 316.9 68.0 693.1

0.4 16.65 0.61 9408 249.8 402.0 94.8 746.6

0.5 6.77 0.74 9615 203.3 467.3 114.8 785.4

0.6 3.75 0.85 9781 200.7 484.4 131.2 816.3
Optimal configuration is depicted in Figure 3.4a.

0.7 1.75 0.84 5181 144.2 136.2 128.8 409.2
Optimal configuration is depicted in Figure 3.7a.

0.8 1.25 0.82 6074 179.0 126.3 178.8 484.1
Optimal configuration is depicted in Figure 3.7b.

0.9 1.32 0.97 4617 229.0 94.0 55.6 378.6
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3.5. Results and discussion

Rising AR scenario

4. Scenario

—
Optimization
case

The fourth scenario contains hypothetical retentions for which the mutual
distance of 4 and Ry is gradually increased. For the first case (AR = 0.2),
the optimization results in the configuration according to Figure 3.8a. The
permeate streams of the second and third stage are each fed back and
combined with the process feed, to feed the first stage. The retentate of the
first and second stage form the feed of the respective subsequent stage.
The retentate of the third stage and the permeate of the first stage are

Retentate

)
I S

Permeate
(a) AR = 0.2; Objective function: power specific selectivity

Retentate

Feed

—- —o—

Permeate

(b) AR = 0.4 to 0.6; Objective function: power specific selectivity

Figure 3.8: Resulting additional module configurations from the optimizations of
the rising AR scenario.

leaving the process. Figure 3.8b shows the optimal configuration when
AR has increased to 0.4 and 0.6. The permeate streams from stage one
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and two are mixed and fed to the third stage. While the permeate of the
third stage represents an outlet of the process, the retentate is recycled to
the first stage. The retentate of the first stage is fed to the second stage.
The second stage retentate is ejected. With all higher AR (AR = 0.8 to
AR = 1.8), the optimization resulted in the configuration from Figure 3.4b.

Table 3.5: Resulting selectivities, power demands and membrane areas from the
optimization of the rising AR scenario.

Selectivity ~ Power Membrane area
AR value demand Module 1 Module2 Module 3 Total
case [] W] [m?]

Optimal configuration is depicted in Figure 3.8a.

0.2 1.24 2685 30.7 27.7 27.7 86.1
Optimal configuration is depicted in Figure 3.8b.

0.4 1.67 2693 30.7 27.7 30.7 89.2
0.6 2.29 2785 36.8 29.7 30.8 97.2
Optimal configuration is depicted in Figure 3.4b.

0.8 4.59 4093 106.1 75.4 30.7 212.2
1.0 8.51 4490 125.0 91.5 30.7 247.2
1.2 17.71 4836 140.8 106.1 30.7 277.6
1.4 58.78 5451 168.5 132.8 30.6 331.9
1.6 4741 6167 196.8 167.8 30.6 395.2
1.8 1667 4300 113.6 86.4 30.6 230.7

As expected, the selectivity value increases with increasing AR (Fig-
ure 3.9). Initially, the increase is only marginal, but the growth becomes
exponential as soon as AR > 1. The power demand and membrane areas
increase for AR < 0.8 only slightly. Beginning at AR = 0.8, the changed
configuration results in a significant increase in the power demand and
membrane areas for module 1 and 2. The single results from the optimiza-
tions are listed in Table 3.5. Only for the highest AR applied (AR = 1.8),
the power demand and membrane areas decrease considerably. This de-
crease is particularly noticeable as the configuration does not change.

Remarkable are the two configurations (Figure 3.8) of the first two AR
cases (AR = 0.2 and AR = 0.4). They reach only a low selectivity (S < 2)
but still do not correspond to the setup of Figure 3.4a. However, a closer
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Figure 3.9: Resulting selectivity « (a) as well as power demand @ and total mem-
brane area a (b) for the rising AR scenario. The lines are interrupted when the
module configuration changes.
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look reveals similarities between the configurations of Figure 3.8 and Fig-
ure 3.4a. In this way, the setup from the first case (Figure 3.8a) can also be
understood as a single stage process. In this process, the permeate is split
and partially recycled. The recirculation changes the concentration ratio in
the feed to the advantage of selectivity. In the second case (AR = 0.4),
the first two stages can be combined to form a single membrane with the
sum of the membrane areas. Finally, the third stage is different by using
the permeate of the other stages as feed. The valuable substance is pu-
rified again to achieve the final permeate. The recycled retentate stream
improves the concentration ratio in the feed of the first stage due to its
composition. Eventually, the stream originates from the permeate of the
pre-stages. In the first stage, the concentration of the desired substance
increases and that of the undesired solute decreases.

The similar retention case (— —) from the second scenario (experimental
measured values scenario) shows a lower selectivity and as optimal config-
uration Figure 3.4a. The most critical difference is undoubtedly the position
of the AR on the retention scale. In this scenario (Rising AR scenario), the
two retentions always have different signs, which means that only the de-
sired solute is enriched in the permeate. The signs lead to a slightly higher
selectivity, which allows a higher power demand and thus a different config-
uration. The general statement from the third scenario (increasing recovery
scenario) that a selectivity below 3 always leads to the setup according to
Figure 3.4a must, therefore, be revised. Instead, the combination of selec-
tivity, stage cut, and location of the AR is responsible for the configuration.

The observation that the configuration according to Figure 3.4b is first
given with an AR = 0.8 as optimum, also supports this explanation. This
result was unexpected as in the second scenario (experimental measured
values scenario) the corresponding configuration is already considered as
optimum with an AR = 0.45. However, in this case, the signs of both solute
retentions are positive, and the achieved selectivity is significantly higher. In
this scenario (rising AR scenario), a comparable selectivity is not reached
until AR = 1.2 (cf. Table 3.2 and Table 3.5). Again, the position of the AR
on the retention scale is decisive, although intuitively higher selectivities
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would be expected at lower AR for different signs. The retention case (+
—) from the second scenario (experimental measured values scenario), on
the other hand, achieves significantly higher selectivities than comparable
AR from this scenario would suggest. In this case, the position of the AR
is not symmetrical at R = 0. We assume that this is the reason for the con-
siderable difference. The last scenario will provide clarity in this respect.

As already mentioned, the highest AR in this scenario remains striking.
The selectivity is exceptionally high with S = 1667 (Table 3.5), which is al-
most four times as high as for the previous AR. Since the configuration
does not change, only the membrane area is left as the control variable
for the flux. The stage cut of the overall process and the pressure in the
feed of the modules are fixed. The smaller membrane areas of the first two
modules (see Table 3.5) lead to lower permeate flows. These lower flows
explain the reduction in power demand. The recirculation of the retentates
from the second and third modules is reduced. Accordingly, the amount
of liquid in the overall process is smaller. The smaller amount of fluid is
enabled by the increase in AR. The configuration as a reinforcing cas-
cade increases the selectivity, whereby even small changes in the AR lead
to significant improvements in selectivity. The variable space concerning
the membrane area is limited since the total stage cut limits the permeate
streams of the modules. The reason is that the product of the stage cuts of
the individual stages results in the overall stage cut. Therefore, a smaller
membrane area, and thus a smaller amount of liquid needs to be pumped,
can lead to a better ratio between selectivity and power demand.
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Shifting a constant AR scenario

5. Scenario

—
Optimization
case

The scenario with constant AR shows the impact of the position of the
AR on the retention scale. For the combinations R4/Rp = —0.1/ — 0.9 and
R4/Rp = 0.0/ — 0.8 a configuration as shown in Figure 3.4a is optimal. The
membrane areas are adjusted to the material streams required by the stage
cut. The shift of AR gives the optimization a new scope to increase selec-
tivity by recirculations or other configurations. If the position of the AR
on the retention scale is changed to R4/Rp = 0.1/ — 0.7, the configuration
changes and is similar to Figure 3.8b. Due to a further shift of AR and
change in configuration, the membrane surfaces of the first two stages and
thus the internal material flows can be raised. For this purpose, only the
permeate stream of the second stage is connected differently. The con-
figuration in Figure 3.10 shows the optimum for the retention combination
R4/Rp = 0.2/ —0.6. In this configuration, the feed of the first stage is com-
posed of the process feed, the permeate of the second stage, and the
retentate of the third stage. The first stage retentate is fed to the second
stage feed while the first stage permeate becomes the third stage feed.
The permeate of the third stage and the retentate of the second stage are
respectively emitted from the process as output streams.

| Retentate

Feed

=4
S
A4

Permeate

Figure 3.10: Resulting additional module configuration from the optimization of
the shifting a constant AR scenario at R4/Rp = 0.2/ — 0.6 in consideration of the
power demand.
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The new configuration (Figure 3.10) is of interest because both output
streams of the first stage are fed into another membrane stage. The pu-
rification of the permeate is intensified in a second stage. The retentate,
resulting from this separation, is used to adjust the concentration ratio for
the feed of the first stage. The same applies to the second stage, which
ejects the total retentate from the process. Here, the permeate stream
containing a higher concentration of the desired solute is recycled. This
recirculation also increases the concentration ratio before the first stage in
favor of the valuable substance. However, even this configuration cannot
be maintained if the AR moves further into the positive range. The total
membrane area initially remains approximately constant. Since the opti-
mization always evaluates the selectivity divided by the power demand, it
can be assumed that a higher power demand would have been necessary
for this configuration than for the configuration of Figure 3.4b. For the con-
stellations from Ra/Rp = 0.3/ — 0.5 to R4/Rp = 0.9/0.1, the optimization
always resulted in the configuration as shown in Figure 3.4b.

In Figure 3.11, the selectivity, the power demand, and the total mem-
brane area are plotted versus the retention of the undesired solute A. The
results depicted with the solid lines are discussed first. For these results,
the objective function was the selectivity related to the power demand. The
selectivity hardly increases as long as the retention of R, is below 0.6. Mov-
ing the position of AR further to higher values results in an exponential
increase of selectivity. The power demand and membrane areas change
as the AR passes 0.0, i.e., value R4 higher 0. From this point both in-
crease until the lower retention value Rp also passes 0.0 and R4 > 0.7.
While the power demand increases more or less constant, the total mem-
brane area behaves in another way. Here, the change of configuration
at R4/Rp = 0.1/ —0.7and Ry/Rp = 0.2/ — 0.6 accompanies with significant
higher values. Further shifting AR induces a more slight increase. Table 3.6
reveals that the first two stages mainly cause a change in the total mem-
brane area. The membrane area of the third stage only increases rapidly
at R4/Rp = 0.1/ — 0.7. If the retention combination for the AR is completely
positive, both power demand and total membrane area decrease rapidly.
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Figure 3.11: Resulting selectivity «, < (a) as well as power demand @, O and
total membrane area a, A (b) for the shifting a constant AR scenario.

Solid lines with closed symbols: objective function is the selectivity divided by the
power demand.

Dotted lines with open symbols: objective function is the selectivity.

The lines are interrupted when the module configuration changes.
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Table 3.6: Resulting selectivities, power demands and membrane areas from the
optimization of the shifting a constant AR scenario in consideration of the power
demand.

Selectivity ~ Power Membrane area
Ra/Rp value demand Module 1 Module2 Module 3 Total
case [ W] [m?]

Optimal configuration is depicted in Figure 3.4b.

0.9/0.1 440.40 3361 59.0 59.0 31.1 149.1

0.8/0.0 92.37 4182 127.8 115.6 31.0 274.4

0.7/-0.1 29.36 5029 143.1 127.8 31.0 301.9

0.6/-0.2 11.23 4525 122.5 97.6 30.9 251.0

0.5/-0.3 6.80 4332 115.7 87.1 30.8 233.6

0.4/-0.4 4.59 4093 106.1 75.4 30.7 212.2

0.3/-0.5 3.59 3671 103.5 69.5 30.7 203.7
Optimal configuration is depicted in Figure 3.10.

0.2/-0.6 2.92 2980 98.9 73.9 30.5 203.4
Optimal configuration is depicted in Figure 3.8b.

0.1/-0.7 2.08 2716 32.7 27.6 30.6 90.8
Optimal configuration is depicted in Figure 3.4a.

0.0/-0.8 1.62 2028 10.5 9.3 7.3 27.1

-0.1/-0.9 1.55 2028 10.9 10.2 9.4 30.5

Since the AR always remains constant and only the position was varied,
changes must result from this position shift. With rising retentions on the
retention scale, the selectivity of the membrane cascade increases expo-
nentially. Considering that the change of the AR into the positive range
equals an increase of the retention for both solutes simultaneously, this
increase is plausible. When the selectivity is calculated (Equation 3.17),
both denominator and numerator decrease, leading to an exponentially in-
creasing function. This exponential change with the same configuration is
comparable with that from the stage cut scenario and the increasing re-
covery scenario or rising AR scenario. Thus, the selectivity seems to be
exponentially dependent on the factors stage cut/recovery, AR and location
of the AR. The configuration only changes when the selectivity drops below
3. With a simple setup, sufficient power demand can be saved to achieve a
more attractive relation between selectivity and power demand.
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The configuration from Figure 3.4b results for all cases if the optimiza-
tions are performed without minimizing the power demand. In this situa-
tion, the objective function is defined only by the selectivity. The results
are shown in Figure 3.11 as dotted lines and as individual values listed in
Table 3.7. These optimizations achieve only slightly higher selectivity val-
ues. Furthermore, the results show significantly higher power demands
and membrane areas. However, it is noticeable that the power demands
and membrane areas change only slightly for all cases.

Undoubtedly, the configuration of Figure 3.4b always achieves high-

Table 3.7: Resulting selectivities, power demands and membrane areas from the
optimization of the shifting a constant AR scenario without consideration of the
power demand.

Selectivity  Power Membrane area
Ra/Rp value demand Module 1 Module2 Module 3 Total
case [ (W] [m?]

Optimal configuration is depicted in Figure 3.4b.

0.9/0.1 455.50 4329 119.7 84.0 31.1 234.8
0.8/0.0 110.80 6166 191.7 174.2 31.1 397.0
0.7/-0.1 33.24 6165 197.1 168.1 31.0 396.2
0.6/-0.2 13.93 6164 202.5 162.0 30.9 395.4
0.5/-0.3 8.62 6162 207.1 156.8 30.8 394.7
0.4/-0.4 5.97 6161 209.4 153.9 30.7 394.0
0.3/-0.5 4.46 6159 209.3 153.6 30.6 393.5
0.2/-0.6 3.53 6158 209.0 153.2 30.5 392.7
0.1/-0.7 2.92 6157 208.9 153.0 30.4 392.3
0.0/-0.8 2.49 6156 208.8 152.7 30.3 391.8
-0.1/-0.9 2.19 6155 208.7 152.5 30.2 391.4

est selectivities with AR = 0.8. The noticeable similarity to the selectivity
values from the previously discussed situation is due to the combination
of the required stage cut and the solvent flux. The combination implies
maximum values for the possible membrane area and power demand. As
a result, a maximum amount of liquid is available in the internal process.
The optimization cannot take any further countermeasures to get higher
selectivities. This circumstance is depicted by the almost constant power
demand and membrane area for the different optimization runs. |If the
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AR were broader, as shown in the rising AR scenario, this would result
in larger membrane areas and power demands. Optimal selectivities with
lower membrane areas and power demand are gained by shifting the AR to
only positive values. The utilization of the maximum membrane areas and
power demand is not necessary.

3.6 Conclusion

The presented optimization shows under which conditions already simple
configurations of a process design change. A simplified model, as in Béck-
ing et al. [Bock2019], was used for five different scenarios. The number of
stages was limited to three in order to consider a possible control effort. It
is the first optimization to study negative retentions in a cascade.

The most frequently selected configuration by the optimization is the am-
plification mode. In this process, the retentate streams are recirculated to
the preceding stage (Figure 3.4b). The setup is not only dependent on dif-
ferent retentions, but also on the desired stage cut and the position of the
retentions on the retention scale. The higher the retention of the undesired
solutes and the broader the AR (AR = R4 — Rp) and the smaller the re-
quired stage cut, the higher the achievable selectivity.

In each scenario, the configuration of the modules switches only at low
selectivities. Accordingly, the process design only changes if high recovery
rates and therefore, stage cuts are required. Other causes for a configura-
tion change are a small distance between the solute retentions or retention
values of the undesired solute close to zero or negative. For the last rea-
son, a change in the process design is probable if solutes with only negative
instead of positive retention should be separated. The lower selectivity can
be slightly increased by changing the process design. However, there is
always a field of low selectivity where a cascade offers no advantage com-
pared to a simple membrane process.

Membrane cascades with low selectivities are just as meaningless as
cascades with low stage cut. However, the demonstrated dependencies
show that further factors need to be considered to achieve optimum pro-
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cess control. Individual decisions must be taken for each real process since
the different parameters limit each other or are partly given.

For further work, the modeling can be extended and enhanced. The
available optimizations have been calculated for the case that the valuable
solute is recovered in the permeate and has lower retention. It is also
recommended to consider the reverse situation, where the desired solute
has higher retention than the other. Furthermore, it is interesting whether
the module configurations change with concentration-dependent retention.
Besides the connection possibility can be extended to allow splitting of
streams. A more precise cost function than the limitation of the power
demand could provide more accurate results. Indeed Ohs, Falkenberg,
and Wessling [Ohs2019] already explained that the economic optimum is
of higher practical relevance as the energy demand.
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A systematic investigation of membrane characteristics in solvent tolerant nanofiltration

reveals superimposed effects that influence mass transport, flux, and retention.
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and water-NMP mixtures

4.1 Introduction

Nanofiltration has become a well-established branch of membrane separa-
tion technology in recent decades with a growing number of publications.
Generally, either a system of substances with water as solvent [Van 2008];
[Moha2015] or applications in organic solvents are considered [Vand2008];
[Marc2014]. Both research areas show different challenges that have to be
overcome in order to be implemened as industrial process. Nowadays the
number of realized processes and process possibilities increases continu-
ously. Further applications emerge when the two variants are combined.
These processes uses a homogeneous mixture of water and an organic
solvent. Such process streams occur in the synthesis of pharmaceutical,
agrochemical or specialty chemicals, for example. They are generated as
process streams or waste streams that are either treated for discharge, for
partial or complete recycling, or for recovery of value products. Their in-
dustrial relevance is contrasted by the limited number of scientific studies
on nanofiltration of these complex aqueous-organic mixtures [Post2015];
[Mert2018]; [Marc2012]; [Marc2013]; [Laba2013].

Recently we asked whether PDMS membranes (developed for use in or-
ganic solvent nanofiltration (OSN)) also retain salts from water-methanol
mixtures and compared the results with those of a commercially available
nanofiltration membrane for aqueous applications [Post2015]. In continua-
tion of this study, the present work is intended to broaden the knowledge for
nanofiltration in aqueous-organic solvent mixtures. Since most nanofiltra-
tions in research and, nanofiltration applications in industry are performed
with polymeric membranes, we have selected commercially available poly-
mer membranes for this study. We use flux and retention measurements as
a function of the organic solvent proportion to investigate which effects oc-
cur and superimpose. Both, a common mixture of water-ethanol and a less
researched but relevant solvent mixture of water-NMP is used. The discus-
sion of the results is supported by the additional measurements of the zeta
potential of the DuraMem300 membrane. The DuraMem membranes are
also developed for OSN and their membrane charges are still unknown.
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4.2 Background

Even though the nanofiltration of aqueous solutions is already being investi-
gated in numerous studies and OSN is gaining in importance by increasing
number of publications, the area in between is investigated rarely. Mertens
et al. [Mert2018] names this area solvent tolerant nanofiltration (STNF). In
their work, the retention of the dye Rose Bengal in various organic solvents
and a DMF-water mixture is studied for self-produced PVDF membranes.
High retentions of 99 % are obtained for the solvent mixture.

Postel and Wessling [Post2015] investigated salt retentions by nanofil-
tration in water-methanol mixtures. Silicone-based PDMS membranes for
OSN and polyamide-based membranes for usage in aqueous solutions
were used for the experiments. The decrease in salt dissociation explains
higher retention in methanol-rich solutions. Also, they noted that the level
of different salt retentions varies with the solvent mixtures.

In 2012, Marchetti, Butté, and Livingston [Marc2012] presented a phe-
nomenological model for predicting solvent permeation using data from
aqueous-organic solvent mixtures. In a follow-up study [Marc2013], sig-
nificant negative retentions are determined depending on the composition
of the solvent mixture water-ACN. Preferential solvation and affinities of the
dissolved substances are used as explanations. In contrast to other inves-
tigations, Marchetti, Butté, and Livingston [Marc2013] and Marchetti, Butté,
and Livingston [Marc2012] use ceramic membranes in their work.

Various binary solvent mixtures are also used in Geens et al. [Geen2005b].
The group performs the experiments with water, methanol, and ethanol.
The membrane performance was explained by the polarities and viscosities
of the solvents. Besides, it becomes clear that the retention and fluxes also
depend on the properties of the membrane. Similarly, Hestekin, Smoth-
ers, and Bhattacharyya [Hest2001] assume that the increase in viscosity
leads to a reduction in flux and, in addition, that the pores dewater as the
proportion of organic solvents increases and therefore become narrower.
Machado, Hasson, and Semiat [Mach1999] and Machado, Hasson, and
Semiat [Mach2000] explain their obtained membrane behavior by changes
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in viscosity and surface tension. Tsui and Cheryan [Tsui2004] report lower
fluxes through the membranes and a minimum in flux corresponding to the
change in viscosity through the addition of alcohol to the solvent. Further-
more, they stated that the molecular weight cut-off (MWCO) changes and
that conditioning before the experiments do not lead to differences in the
results for all membranes. The results concerning the MWCO confirmed
the results of Yang, Livingston, and Dos Santos [Yang2001], which is also
a challenge in the OSN. On the other hand, the conditioning results con-
firmed only to some extent the results of Shukla and Cheryan [Shuk2002],
which used ultrafiltration membranes in water-ethanol mixtures.

Later Labanda, Sabaté, and Llorens [Laba2013] carried out measure-
ments with up to 13vol% ethanol. They emphasized that the results de-
pend on the interaction between membrane, solvent and dissolved sub-
stances, as it is already postulated in the OSN by Stafie, Stamatialis, and
Wessling [Staf2004] and Stamatialis et al. [Stam2006]. It becomes clear
that in nanofiltration processes with aqueous-organic solution mixtures in-
teractions between the components are of considerable importance.

Charge effects or electrostatic effects also need to be considered. Thus
Zhao and Yuan [Zhao2006] explain that such effects are negligible in pure
organic solvents, but their importance increases significantly as soon as
the system contains water. A direct influence on membranes is described
in Zhang, Xu, and Liu [Zhan2007] by measuring the streaming potential
of porous charged membranes as a function of an organic-aqueous so-
lution. The streaming potential of a membrane is directly proportional to
the zeta potential. The zeta potential is the electrical potential that can
be measured at the shear layer of a charged membrane surface if a liquid
flows along it. This potential indicates the charge of a membrane. Zhang,
Xu, and Liu [Zhan2007] reported a decrease of the streaming potential
with increasing proportion of organic solvent. Zeta potential measurements
with water-ethanol mixtures on commercially available nanofiltration mem-
branes are shown in Pihlajamaki, Laakso, and Manttari [Pihl2012]. Their
results clarify that changes in the zeta potential within organic-aqueous
systems show distinct differences depending on the membrane material.
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Related research can be found, for instance, in a study of Schwer and Ken-
ndler [Schw1991]. They investigate the influence of organic solvents on
electroosmotic velocity and zeta potential in fused-silica capillaries. Also in
this study, the zeta potential decreases with increasing amount of organic
solvent. The authors’ explanation is the increase of organic solvents in the
liquid near the surface layer and an influence on the adsorption of ions or
charged molecules.

The comprehensive investigations of Zhukov [Zhuk2007] show zeta po-
tential measurements of ceramic surfaces which are in contact with organic
solvents. The results demonstrate that the surface is also charged in or-
ganic solvents. The interactions with the charged surface are determined
by the type of solvent and are identified for alcohols as acid-base interac-
tions. In addition to the solvent type, the solvation of the solutes/ions by the
solvent and the concentrations influence the potentials. Lyklema [Lykl2013]
provides a general overview of interactions in non-aqueous electrolyte so-
lutions. Specific parameters and coefficients for the calculation of detailed
models are currently only available to a minimal extent since knowledge
about ions in such solutions is lacking. Parameter values from binary sol-
vent mixtures are comparably easy to find, especially if water is one of the
solvents. In 4.6, we show various relevant properties of the used solvent
mixtures from literature.
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Table 4.1: Membrane properties as provided by the suppliers.

Material
Membrane Type Active Support Max. Max. pH MWCO
layer pressure temp. range

[bar] [°C] [-] [kg/kmol]
Filmtec™ NF270 TFC PA PSU/PE 41 45 2-11 200-300
Nadir® NP030 TFC PES PE/PP 40 95 0-14  500-600
DuraMem® 300 ISA  modified Pl (P84®) 60 50 7 approx. 300"
DuraMem® 500 ISA  modified Pl (P84®) 20 50 7 approx. 500*

TFC: thin film composite, ISA: integrally skinned asymmetric, PA: polyamide, PES: polyethersulfone, PSU: polysulfone,
PE: polyethylene, PP: polypropylene, PI: polyimide

*Styrene oligomers dissolved in acetone. See [See 2007].

Chapter 4. Superimposing effects influence membrane characteristics in water-ethanol
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4.3 Materials and methods

Membranes

Four commerecially available membranes were used in this study: the Filmtec™
NF270 membrane (The Dow Chemical Company) and the Nadir® NP030
membrane (Microdyn-Nadir GmbH) are thin film composite (TFC) mem-
branes for water applications and the DuraMem® 300 (DM300) and 500
(DM500) membranes (Evonik Resource Efficiency GmbH) are integrally
skinned asymmetric (ISA) membranes for usage in OSN. The OSN mem-
branes are selected related to their performance in polar solvents. At least
two membranes of the same kind are used per measurement. Important
membrane properties are summarized in Table 4.1.

Solvents and solutes

Different mixtures of water and ethanol (Merck KGaA), as well as mix-
tures of water and N-Methyl-2-pyrrolidone (NMP) (Fisher Scientific GmbH,
ACROS Organics™), are used in the measurements as solvents. The so-
lutes, CaCl,, LiCl and NaCl (Carl Roth GmbH + Co. KG), are diluted in
water-ethanol to measure the salt retentions. LiCl is used as solute in
water-NMP solvents. The solute (salt) concentration in the feed solution
was 90 mmol kg~!. To investigate the influence of the solute concentration
5mmol kg~! CaCl, and NaCl are used as a variation of feed concentration.

Seven different polyethylene glycols (PEGs) (200 kg kmol~! to 2000 kg kmol 1,
Sigma-Aldrich) are used as solutes in water-ethanol mixtures to observe
the membrane characteristics for uncharged solutes using the DM500 mem-
brane. The feed concentrations of each PEG was 1gL~!. All PEGs are
added simultaneously to the solvent solution. The purity of the solvents
and solutes used is ACS grade. Table 4.2 and Table 4.3 list notable solvent
and salt properties.

The membrane stability was investigated before starting the main exper-
iments. These tests were necessary to be sure that the membranes are
stable in the applied solvent solutions. Furthermore, the used membranes
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Table 4.2: Solvent properties [Smal2012]; [Hans2007]; [Reic1994].
Hansen Solubility Parameter

and water-NMP mixtures

Solvent Mw Otot 0d Op Op, e-  Viscosity Polarity Elec. dipole
moment
[kg/kmol] [MPa'?] [-] [mPas] EfN[%] [D]
Ethanol 46 26.52 158 8.8 194 224 1.19 65.4 1.7
NMP 99 2296 180 123 72 325 1.80 355 441
Water 18 4781 155 16.0 423 78.2 1.00 100 1.9

Table 4.3: Properties of the salts which are used for retention measurements [Pinh1996]; [Li2010]; [Bowe1997]; [Nigh1959];
[Li2014]; [Jass2002].

Solubility at 25°C Related ions
Salt Mw in water in ethanol in NMP Stokes radius Hydrated radius
[kg/kmol] [a/L] [nm]
CaCl, 111.0 740 162 61.7* Ca?:0.310 Ca?*: 0.412
LiCl 425 832 197 57.0 L0238 CI:0121 . g3gp CI:0332
NaCl 58.5 358 0.434 0.105 Nat*: 0.184 Nat*: 0.358

*at20°C

Chapter 4. Superimposing effects influence membrane characteristics in water-ethanol
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consist of different polymer layers. The pretests reveal if different swelling
behavior of the membrane materials can cause delamination of a single
layer. Membrane degradation due to the solvent was not observed for all
water-ethanol mixtures. Contrary, the NF270 and the NPO30 membranes
are only stable up to 50wt% NMP in water-NMP solutions. DuraMem®
membranes (in the used configuration T1) showed different swelling be-
havior of the active membrane layer and the carrier fleece in pure NMP.
Therefore, the experiments with water-NMP mixtures are performed up to
87.5wt% NMP.

Methods

A MetCell crossflow set-up (Evonik Resource Efficiency GmbH) with two
membrane modules in series is used for flux and retention measurements.
Each membrane module designed as round cell provides an active mem-
brane area of 52.8 cm?. The circulation pump conveys the feed solvent with
ca. 60Lh~1, the test system volume is 800 mL. Retentate and permeate are
recycled. Nitrogen (grade 5.0) is applied to pressurize the system.

Depending on the applied membrane, three pressure levels are set. The
maximum pressure values for the respective membrane can be found in
Table 4.1. The temperature was kept constant at 25°C. Fluxes are mea-
sured with a mass balance at steady state. Meanwhile, samples are taken
to determine the retention.

Before usage of a new solvent composition, the set-up is exhaustively
rinsed, and the membranes are pre-washed with the test solvent. The pre-
washing procedure was carried out until minimum 5mLcm~2 was collected,
and the permeate liquid became colorless. This procedure is necessary to
prepare the membrane for its usage, by removing the conditioning agent
from the membrane surface. The pre-wash procedure is repeated for each
solvent composition since the solubility of the conditioning agent is depen-
dent on the solvent.

Concerning the experimental order, some experiments are conducted in
a bidirectional manner and thereby rechecking the results. Next to single
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salts, salt blends with 90 mmol kg~! of each salt as solutes in water-ethanol
mixtures are measured regarding flux and retention using the DM500 mem-
brane. Further, experiments with PEGs as solutes are performed with the
same kind of membrane. Sample composition of feed and permeate are
measured to investigate the possibility of solvent separation. For this pur-
pose, the refractive index of the feed solution and the permeate is deter-
mined with the refractometer DR301-95 (A.KRUSS Optronic GmbH, Ger-
many). If no difference between the two samples could be measured, no
solvent separation appears.

Conductivity measurements were carried out for the solutions containing
single salts as the solute. The salt concentration in the samples results
from data of calibration curve measurements also considering differing sol-
vent composition. Salt retentions were subsequently calculated by:

Ri—1-— G (Pcrmcatc)A (4.1)
Ci (Feed)

It is important to notice that the conductivity measurements are inappropri-
ate to gain the retention values of salt blends in solutions. Therefore, cation
exchange chromatography was used which is able to separate and quan-
tify the different salt components. The samples are diluted in water with a
dilution factor of 50:1 to avoid a possible damaging of the chromatography
column by ethanol. The used system is an Agilent HPLC 1100 Series with
a Metrosep C4 250x4 mm cation exchange column (Metrohm AG, Herisau,
Switzerland) and a guard column.

The retention values of PEGs as solute are determined by gel perme-
ation chromatography (GPC). Before analysis, the samples are evaporated
at 55 °C and subsequently re-dissolved in pure water. Sodium azide (0.02 wt%)
is added to align the composition of the eluent (pure water and sodium
azide). The GPC device consists of two columns (Suprema, 30 A pore size,
3 um particles, 8.0x300 mm (ID x length), Polymer Standards Service GmbH,
Mainz, Germany) and a refractive index (RI) detector. The analysis is car-
ried out at 35°C.

To identify the surface charge of the polyimide based DM300 membrane
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the zeta potential is determined using an SurPASS Electrokinetic Analyzer
(Anton PAAR GmbH, Graz, Austria) at 0.4bar. Ahead of the measure-
ment, the membrane is prewashed as described above. Following, the
prewashed membranes are stored for minimum 24 h in the measurement
solution. The measurement solution consists of 1 mmol L=! KCI, wherein ei-
ther KOH or HCl is titrated to obtain results from alkaline mixtures and acidic
mixtures, respectively. The electric current (I) is measured four times. The
Helmholtz-Smoluchowski equation was used to calculate the zeta potential
¢

dl g 1

Cidipeweoz'

(4.2)

In this equation # is the viscosity and ¢, the dielectric constant of the mea-
suring solution. For dp the pressure (0.4 bar) and for ¢, the vacuum permit-
tivity is inserted. The membrane length is / and the cross-sectional area
where the measurement solution flows through is A.

4.4 Results and discussion

Flux and retention measurements are performed to investigate the func-
tional characteristics of the membranes in water-ethanol and water-NMP
mixtures. By default, the experiments begin in ethanol with a subsequent
increase of water proportion. However, several experiments are additionally
conducted in reverse order (beginning in water with an increasing amount of
ethanol). These experiments in a bidirectional manner show approximately
equal results. For this reason, it is assumed that the order of solvent con-
tact is not influencing the membrane performance in the experiments.
While the flux was determined by weighing the samples, the retention
analysis required the quantification of the concentration. Except for flux and
retention determination, samples were analyzed considering the refractive
index. Only for water-NMP mixtures and water content up to 50 wt%, the
refractive indices of permeate and feed samples deviated. Thus solvent
separation for water-ethanol can be excluded but have to be taken into ac-
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Figure 4.1: Solvent flux without solutes of four different membranes (O NF270,
® NP030, O DM500, B DM300) at 10 bar, exceptional for DM300 at 20 bar.

count for water-NMP. Using calibration curves of the refractive index the
permeate composition can be determined. Salt retentions are calculated
afterwards by interpolating in calibration curves of the conductivity versus
the amount of NMP in solvent.

Hereinafter, results of solvent fluxes are discussed, followed by the re-
sults of salt and PEG retention. All measurements were performed at least
twice considering the experimental effort. Therefore, the error bars in the di-
agrams show the measured maxima and minima. The results always show
the same trend at the different pressure levels. Hence only one pressure
level is shown in the figures. Effects caused by different pressure levels are
mainly observed on the water-rich side of the solvent compositions. In gen-
eral, it could be noticed for all membranes that the retention also increases
with an increase in pressure. The fluxes through the membrane also in-
creased as expected. Finally, zeta potential measurements of the DM300
are shown and discussed to discover the fixed charge of polyimide based
membranes for OSN.
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Solvent flux without solutes

Figure 4.1 presents the measured solvent flux without solutes as a function
of the solvent composition for water-ethanol (Figure 4.1a) and water-NMP
(Figure 4.1b). It is visible that the trend of the fluxes is similar for all mem-
branes: Due to the addition of solvent the flux decreases. Figure 4.1a
shows a pure water flux in the range of 70 to 180kgm=2h~!. The highest
flux is found for the DM500 membrane followed by the NF270, NP030, and
DMB300. The DM300 was pressurized with 20 bar minimum because a flux
through the membrane can only be detected when this pressure level is
reached. The addition of ethanol leads to a reduction in flux, which is steep
for small quantities of ethanol and decreases further with more ethanol, but
less pronounced. The order of the membranes based on the flux (high to
low) changed due to the addition of ethanol. In pure ethanol fluxes through
DM500 and NP030 are similar as well as the fluxes through the NF270 and
the DM300.

The observations from the experiments can be explained by interactions
between membrane and solvents and interactions between the solvents
themselves. The viscosity of the solvent mixture increases sharply up to
50 wt% ethanol, which leads to a decrease in flux. In contrast to other stud-
ies ([Geen2005b]; [Tsui2004]), no increase in flux can be observed with
high ethanol contents for any membrane. In these studies, this increase
was explained by the decrease of the solvent mixture viscosity. We assume
that in our case the viscosity effect on the flux is superimposed and com-
pensated by effects with the membrane material. Further, the solvent prop-
erties of mixtures change concerning density and molar volume. While the
density of the mixture continuously decreases, the molar volume increases
[Khat2012] (cf. Figure 4.10a). Consequently, it supposedly becomes more
difficult for the solvent to penetrate into the membrane.

Also, the polarity and the dielectric constant decrease, which can be de-
duced from [Schw1991]; [Peto2000]. The membranes for aqueous nanofil-
tration can be classified as polar or hydrophilic due to their primary field of
application. The contact angle measurements of Qiao and Chung [Qiac2006]
indicate a polar active layer for DuraMem® membranes. Therefore, it can
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be assumed that the membranes permit fewer interactions in solvent mix-
tures than in water, resulting in lower affinity and flux.

Figure 4.1b presents the solvent flux without solutes for water, NMP and
their mixtures. The pure water flux is comparable to the results measured
during the water-ethanol experiments (Figure 4.1a). The presence of NMP
in the solvent mixture results in a sharp decrease of the flux. The highest
fluxes in the presence of NMP (up to 50wt%) are obtained for the NP030
membrane, whereas the flux was close to zero for the DM300 and NF270
membrane. As stated before the NPO30 and NF270 are not used for the
whole range of solvent mixtures because of their limited chemical stability.

Similar to water-ethanol mixtures, the primary cause of flux reduction
seems to be the viscosity. The viscosity rises significantly in water-NMP
(about double as high as in water-ethanol) and has a maximum at approx-
imately 70wt% NMP [MacD1971] (cf. Figure 4.11b). Since the measure-
ments at higher NMP proportions were only possible with the DM300, it
can be seen that the flux has a minimum and increases a few percents
between 75 and 100wt% NMP. Nevertheless, the increase is marginal and
we assume that higher increases are hindered by the reduction in solvent
polarity. NMP is considerably less polar than ethanol, although the elec-
tric dipole moment is significantly higher than for ethanol or water (Table
4.2). The reason is that, contrary to water or ethanol, NMP is an apro-
tic solvent and is not able to form hydrogen bonds to the same extend as
ethanol or water [Stri1997]. Therefore, the low fluxes of ca. 1.5kgm=2h~1
can be explained by the minor interactions of the NMP with the membrane.
The polarity of the membrane material is dependent on the electric proper-
ties and on the properties of the solvent as a result of sorption of solvent
molecules inside the polymeric matrix. Generally, the polymer polyether-
sulfone (PES) of the NP030 apply higher polarity than polyamide (PA) of
the NF270 because of more mutual interactions in PA and a higher degree
of solvent sorption in PES [Domi2012]. Therefore, higher fluxes also in less
polar solvent mixtures could be the result. According to the results, similar
properties to PA regarding polarity could be assumed for polyimide (PI) of
the DuraMem® membranes. Nevertheless, the porosity of the membranes
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also matters and, in this context, the NPO30 has a higher porosity than
the NF270 or DM300. The higher porosity is indicated by the molecular
weight cut off (MWCO, Table 4.1) which marks the molecular weight at a
retention value of 90 %. However, it should be noted that the measurement
with pure NMP through the DM300 was only performed for the solvent flux
measurement without solutes thereby the membrane remained stable. To
avoid membrane stability issues, further experiments with water-NMP (salt
retention) are performed up to 87.5 wt%.

Salt retention
Single salts in water-ethanol mixtures

Figure 4.2 presents the flux and retention measurements for four different
membranes (NF270, NP030, DM500, DM300) in water-ethanol containing
90 mmol kg~! salt as solute. Since the data of the set pressure levels show
similar trends, only one pressure level is represented at a time. If the shown
data refers to a pressure level that is not recommended for all membranes,
representative data from a different pressure level are given for the respec-
tive membrane. The same method was applied if not enough results are
obtained for a single measurement series because of failure during the ex-
periment or sample analysis.

Figure 4.2a shows the measured flux, and Figure 4.2d shows the reten-
tion values for the tested membranes with LiCl as the solute in different
solvent mixtures at 30bar. The results of measurements with the DM500
membrane are depicted for the pressure level of 20 bar. Fluxes follow the
same trend as solvent fluxes without solutes: The fluxes decrease expo-
nentially with the increase of the ethanol content in the solvent. The in-
fluence of the salts on the viscosity is negligible at the used salt concen-
trations. This could be proven by random measurements of the viscosity.
Strikingly, the measurement with the NP030 resulted in a flux plateau for
the solvent mixtures with 25 to 75 wt% ethanol. The flux for the NF270 mem-
brane decreases the most and is equal to the flux of the DM500 at 100 wt%
ethanol. The DM300 membrane has the lowest flux in ethanol while the
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Figure 4.2: Flux (a,b,c) and retention (d,e,f) for four different membranes (0 NF270, @ NP030, ) DM500, B DM300) in water-
ethanol containing 90 mmol kg ! salt as solute.
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NPO030 has the highest.

LiCl is retained differently by the various membranes. The retention
levels of DM500 and NP030 are in the water-rich solvents approximately
constant and thus independent of the ethanol content in the solution. At
the membranes DM300 and NF270 the retention decreases linearly with
increasing ethanol concentration in the solvent. Between 60 and 80wt%
ethanol the retention has a local minimum, thereafter it increases strongly.
In the same range of ethanol content, the retention of the DM500 and
NPO030 also increases sharply. All measured membranes show a maxi-
mum retention in ethanol.

Measurements with NaCl as solute with 90 mmol L~* were only possible up
to an ethanol content of 75wt% due to the solubility in ethanol. The results
of the measurements at 20 bar are shown in Figure 4.2b and 4.2e. The mea-
surements result in similar diagrams as the results for LiCl as the solute.
The fluxes decrease with increasing ethanol content of the solvent. Also for
this salt, the fluxes through the NP0O30 are almost constant in the solvent
mixtures. At 75wt% ethanol, the fluxes through the NP030 and DM500 are
in the same range (~ 40kgm—2h~!), whereas the flux is halved through the
NF270 and quartered through the DM300.

The NaCl retentions (Figure 4.2e) of the membranes NF270 and DM300
are towards 25wt% ethanol very similar. The presence of more ethanol
leads to further decrease in retention which is more pronounced for the
NF270. On the contrary, the retentions of the NP0O30 and DM500 are com-
parable in all solvent mixtures and decline only slightly. The NaCl retentions
at all membranes are below 10 % for solvents containing 75 wt% ethanol. Re-
markably, the NF270 has slightly negative retentions from 50 wt% ethanol
on.

Figure 4.2c and 4.2f show the flux and retention data from the tests with
CaCl, as solute. Up to 25 wt% ethanol the fluxes decrease excessively, fol-
lowing the decline of the flux flattens. The flux through the NP030 is again,
also for the third applied salt, stable in the range of 25 to 75wt% ethanol.
The value in ethanol for this membrane is around 24kgm=2h~1, while the
fluxes through the other membranes are below 6 kgm—2h~1.
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Considering the retentions of CaCl,, the differences to monovalent salts
become evident. The DM300 retains more than 65 % CaCl, in water. The
retention of this membrane increases continuously with increasing ethanol
content and is over 90 % in ethanol. In contrast, the retentions of the mem-
brane NF270 remain up to 50 wt% ethanol constant at approximately 65 %
and decline significantly below 30% in ethanol-rich solutions. The reten-
tions of DM500 rise with increasing ethanol concentration in the solvent in
a similar way as of the DM300. However, the gradient is significantly higher,
meaning the retention of marginally less than 15 % in water is increased to
about 80 % in ethanol. In contrast to the other membranes, the CaCl, re-
tentions of the NPO30 are very similar to the LiCl retentions in dependence
on the ethanol content in the solvent. Retentions on the water-rich side are
low (~ 5 %) and nearly constant. An ethanol content above 75 wt% results in
a sharp increase in retention to 75 % in ethanol.

Regarding the results, it becomes clear that individual effects alone can-
not explain them. Instead, there is a superimposition of different effects that
are dominant depending on the solvent composition or membrane material.

As for the fluxes, effects already discussed in the previous section remain
effective. Besides, effects are triggered by the solutes, in these cases salts.
The trend of fluxes remains the same compared to solvent flux measure-
ments without solutes. The addition of salts generally slightly reduces the
flux. Similar to the effect of pressure, this is more pronounced on the water
side than on the ethanol side. A plausible explanation can be found in the
osmotic pressure, which reduces the transmembrane pressure due to the
salt and ethanol concentrations in the feed mixture. As expected from the
degree of dissociation in combination with the van’t Hoff factor [Moor2011],
the effect is strongest for CaCl,. The differences between the monovalent
salts are minor in the respective pressure stage.

The retention values show the complexity of the interaction between the
substantial effects. With the local minima between 60 and 80 wt% ethanol,
the retentions can be divided into the water-rich side and the ethanol-rich
side. On the water-rich side, the Donnan effect affects the NF270 and
DMB300 membranes, resulting in higher CaCl, retention. With ethanol in
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the solvent, the degree of dissociation of the salts and the Debye length
of the ions decreases (Figure 4.8a and 4.9), weakening the electrostatic
forces of the ions. However, the decrease in Debye length is small at salt
concentrations of 90 mmolkg—!. The lower dissociation, on the other hand,
leads to a reduction of the retention due to the lack of charge effects.

Simultaneously, ethanol slowly accumulates in the solvate shells of the
ions. According to Marcus [Marc2007a] and Marcus [Marc2007b], there is
always preferential solvation of water for ClI- and Na*, whereas this pref-
erence is continuously low for Na* up to 60wt% (< 0.1 mol%). Li* ions are
preferentially solvated by ethanol in this range. A statement on the prefer-
ential solvation of Ca?* is currently not possible due to the available data
in the literature. Though, also in this case, ethanol will certainly occur
in the solvate casings. Ethanol enrichment in the solvate shells leads to
a lower shielding of the electrostatic forces due to the lower permittivity
[Schw1991]; [Peto2000]. This lower shielding leads to support of the Don-
nan effect and better transport of the monovalent ions through the mem-
brane, increasing the distance between the retentions concerning the dif-
ferent salts.

Another effect that influences the retention is the disturbance of the water
network formed by hydrogen bonds in the liquid caused by ethanol. Accord-
ing to Noskov, Lamoureux, and Roux [Nosk2005], this disturbance of the
hydrogen bonds is maximal at approximately 63wt% ethanol. The effect
increases the disorder in the liquid, the volume is reduced, which can be
recognized from the excess volume [Grol1981], and we assume that the
acid-base interactions with the membranes decrease. Such interactions
determine the adsorption at the surface by the electron donor and electron
acceptor principle [Fowk1978]. The resulting increase in mobility of the in-
dividual molecules inside the membrane could also lead to a reduction in
retention. The decreasing retention of NaCl even reaches slightly negative
values for the NF270. In other words, the salt permeates through the mem-
brane faster than the solvent. This phenomenon may occur both in aque-
ous nanofiltration and in OSN. In OSN, the affinity between membrane and
solvent or membrane and solute conduce as an explanation. Usually, the
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differences of the Hansen solubility parameters are compared. However,
these parameters are particularly difficult to determine for membranes.

Contrary, the NP030 and DM500 show relatively constant retention of
LiCl, NaCl, and CaCl,. This constancy could be attributed to the higher
porosity and more open structure of the membranes, which seem to limit
the surface effects already in the nanofiltration range. Besides, NP030 has
higher swelling effects due to the material, which also results in more con-
stant conditions inside the membrane using solvent mixtures [Domi2012].

On the ethanol side, the retention of LiCl increases strongly for all mem-
branes and the retention of CaCl, for the DM300, DM500, and NP030.
The reason for this could be the solvation, which more and more occurs by
ethanol from 85wt% ethanol onwards [Marc2007a]; [Marc2007b]. Further-
more, a network of ethanol molecules is increasingly built up in these sol-
vent mixtures, which leads to a lower polarity of the liquid in the membranes
[Nosk2005]. Correspondingly (due to the low shielding) the electrostatic in-
teractions with the ions are stronger, and the retention increases. Besides,
the membranes themselves have different swelling behavior in the different
solvent compositions. It was already noted in '4.4 Solvent flux without so-
lutes’ that the membranes in ethanol swell less and are denser overall.

In contrast, the CaCl, retention in high ethanol concentrations decreases
at the NF270 membrane. The interactions of PA with itself in water are
already stronger than those of other membranes or with ions from the
outside. Hypothetically, this effect is amplified by the less polar ethanol
molecules in high concentration, and thus the Ca?* can be retained less.

Single salts in water-NMP mixtures

NMP is a considerably harsher solvent than ethanol and can only be used
to a limited extent due to the stability of the membrane materials. Fig-
ure 4.3 shows the flux and retention measurements when using LiCl as so-
lute in water-NMP mixtures. The data of three membranes are presented,
namely NF270, NP030 and DM300. All measurements confirm that the
fluxes decrease exponentially in the presence of NMP (Figure 4.3a). The
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Figure 4.3: Flux (a) and retention (b) for three different membranes (0 NF270,
® NPO030, both at 10bar and B DM300 at 20bar) in water-NMP containing
90 mmol kg~* LiCl as solute.

decrease is extensive for the NF270 membrane and more gradually for the
DMB300 and NP030 membranes. The flux values from measurements with
the DM300 are (except in water) roughly equivalent to the values from the
measurement with the NF270. However, due to the chemical stability of the
DMB3O00, it is possible to measure with significantly higher NMP content in
the solvent. Nevertheless, the low flux value (below 5kgm~2h~1) remains
constant at higher NMP content.

The retentions, presented in Figure 4.3b, decrease up to 25wt% NMP in
the solvent. The highest retentions are observed for the experiments with
the DM300. In case the NMP proportion increases above 25 wt%, the reten-
tion increases. However, the measurement at 87.5 wt% NMP shows distinct
lower retention. The experiments with water were subsequently repeated
and thereby validated that the membrane is still intact. The two membranes
NF270 and NP0O30 showed higher retentions when the NMP fraction is in-
creased from 20 to 50wt%. The retention at the membrane NP030 is for
that solution slightly higher than in water. Rechecking the retention in wa-
ter after the set of experiments verified membrane stability also in this case.
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By comparing the fluxes with the solvent fluxes without solutes (Fig-
ure 4.1b), it is noticeable that as expected the values in water are lower
with the salt as solute. The fluxes of the mixtures are approximately the
same as those of the solvent mixtures without solutes. Up to 50 wt% NMP
fluxes decrease continuously. The gradient of the curves is striking high for
low NMP concentrations in the solution. As already mentioned before, this
results on the one hand from the sharp increase in viscosity [MacD1971]
and on the other hand from the aprotic properties of the NMP, which allows
only a few acid-base interactions with the membranes [Stri1997]. The slight
flux increase in the NMP-rich solvents is probably due to the decrease in
viscosity values which is not entirely compensated by the aprotic proper-
ties.

The LiCl retentions in water-NMP partly behave differently than in water-
ethanol. Similar to ethanol, the addition of NMP to the solvent reduces the
degree of dissociation (cf. Figure 4.8b) and thus the retention. The low
retention in the water-NMP mixtures can also result from the aprotic polar
property of the solvent.

Although the NMP can solvate the cations (here Li*), it is not able to
solvate the anions (CI") [Stri1997]. Accordingly, the anions are entirely
solvated by water and are shielded against the membrane. However, the
solvate shells of the cations are increasingly occupied by NMP and less
shielded (decreasing permittivity). Under the assumption that the mem-
branes have a negative zeta potential for the used solutes, the cations
can more easily penetrate into the membrane and permeate through it.
It should be noted, however, that the membrane charge depends on the
pH value of the surrounding solution, which in turn depends on the used
salt and the amount of ethanol in the solvent. The assumption is supported
by the knowledge of the pH values of our solutions (> 5.5) and the mea-
surements of Niewersch et al. [Niew2008] for the NP0O30 as well as the
measurements of Manttari, Pihlajamaki, and Nystrém [Mant2006] for the
NF270. Since the zeta potential for the DuraMem® membranes was un-
known, we measured it during this study. Beside the zeta potential, it is
assumed that the easier penetration into the membrane is enhanced by
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solvating the NMP molecules with water. An indication of such an effect
is the negative excess volume [MacD1971], which also occurs in water-
ethanol (cf. Figure 4.11b). This solvation competes with the solvation of
the salt ions and disturbs the hydrogen bond network in the liquid.

The slight increase in retention above 50wt% can be explained by the
further increases of NMP in solution which means that the remaining water
cannot shield the CI- ions sufficiently. Therefore, the anions are retained
slightly stronger by the permanent charge distribution of the membranes.
After a further increase of the NMP content, the minimum of the excess
volume (at approximately 78 wt% NMP) is reached [MacD1971]. At higher
NMP proportions in the solution, the solvation of the cations by the NMP
molecules could have progressed so far (or the permittivity of the solution
could have decreased so far) that the improved permeability of the cations
would result in lower retention of the CI- ions.

Influence of the salt concentration

In addition to the measurements with 90 mmol kg~! salt concentration, ex-
periments with a lower concentration of 5 mmol kg~! were conducted. These
experiments were carried out with CaCl, and NaCl to determine the influ-
ence of the salt concentration on the flux and retention. At the lower con-
centration, both salts were soluble over the entire range of water-ethanol
mixtures. Figure 4.4a shows the fluxes through the DM300 for two different
salts and concentrations in water-ethanol mixtures at 20 bar. Both the mea-
surements with the high and the low salt concentrations show the typical
trend of exponential flux reduction with increasing ethanol concentration in
the solvent. In water, the fluxes for both salts are higher if the salt concen-
tration is low. This behavior is obtained for the whole range of water-ethanol
mixtures. It becomes apparent that the fluxes for the divalent CaCl, are in
all cases lower than for the monovalent salt NaCl.

The retentions are shown in Figure 4.4b. NaCl is retained considerably
higher with lower concentrations in the solutions. Comparable to the ex-
periments with high salt concentration, the NaCl retention decreases up to
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Figure 4.4: Flux (a) and retention (b) for the DM300 in water-ethanol containing
90 mmol kg ! (closed symbols) and 5 mmol kg~ (open symbols) CaCl, (B/ 0) and
NaCl (¥ / v) as solute at 20 bar.

an ethanol content of 75wt%. Furthermore, the retention of solutions with
higher organic solvent content (above 75wt% ethanol) increases strongly
resulting in a NaCl retention of over 90 % in ethanol. These retentions could
not be measured with the high NaCl concentration due to the limited solu-
bility. Though, they are similar to the retentions of LiCl. The retentions of
CaCl, are closer together for both concentration levels than the values re-
garding NaCl. For both CaCl, concentrations, the retention increases with
increasing ethanol fraction in the solvent. The curve slope appears higher
for the lower salt concentration. The values measured in the water-rich so-
lutions are lower for 5 mmolkg~! whereas, in ethanol-rich solutions (above
50wt% ethanol) the values from measurements with 90 mmol kg~* are lower.
In both cases, retention in ethanol exceeds 95 %.

The fluxes correspond to the expectations as the lower salt concentra-
tions produce less osmotic pressure than the higher salt concentration
[Meli2007]. Besides, similar effects that have already been described oc-
cur. Therefore, the curve shape of the different concentrations does not
differ from each other. The lower concentrations lead to higher fluxes due
to the lower osmotic pressures.
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Figure 4.5: Flux (a) and retention (b) for the DM500 in water-ethanol containing
salt mixtures consisting of CaCl, (B / 0), LiCl (A / A) and NaCl (V) as solute at 10
bar. The mixture of all three salts (®) are presented by closed symbols, whereas
the mixture of CaCl, and LiCl (<) are presented as open symbols. The flux graph
(a) comprised also the measurements for the DM500 in water-ethanol containing
PEGs (®).

NaCl retention at lower concentrations is expected to be higher than at
high concentrations. The fact that the curve is similar to that of LiCl at high
concentrations (Figure 4.2d) shows that the two monovalent salts react in
the same way. Only the solubility of NaCl impeded the retention measure-
ment with high concentrations in ethanol contents higher than 75 wt%.

The salts with divalent cations, on the other hand, are minor concentra-
tion dependent. Furthermore, the concentration effect is not apparent and
also seems to depend on the solvent composition. For further statements
other experiments with small bivalent cations are necessary.

Salt blends

Previously, only the fluxes and retentions of solutions with individual salts
as solutes have been discussed. Experiments with more than one sub-
stance as solutes were also performed to investigate the influence of a
multi-component solute on the flux and retention behavior of the membrane
in water-ethanol mixtures. Figure 4.5 presents the results with salt blends
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as solutes for the DM500 at 20 bar. Figure 4.5a also shows the flux mea-
surements with the PEGs as solutes, which will be discussed later. The
salt blend consisting of the salts CaCl, and LiCl were tested for the entire
range of solvents mixtures, while the salt blend of CaCl,, LiCl, and NaCl
could only be studied up to an ethanol content of 75wt%. Reason for this
limitation is the solubility of NaCl in ethanol. The open symbols show the
experimental results of the measurements with the 2-salts blend (CaCl,
and LiCl), while the closed symbols show the results of the 3-salts blend
(CaCly, LiCl and NaCl). As expected, the flux in these measurements fol-
lows the general trend by decreasing exponentially with an increase in the
ethanol fraction. This is in line with the solvent flux without solutes and the
flux measurements with single salts as solutes. The lowest flux value is
accordingly measured at the highest ethanol content in the solution. Com-
pared to the flux measurements with single salts, the values are similar to
those obtained with CaCl,. The increased osmotic pressure has a minor
influence, in this case, caused by the more open structure or higher poros-
ity of the membrane.

Retentions in Figure 4.5b are depicted for the individual salts from the
salt blends. The analysis was performed with cation exchange chromatog-
raphy, which is able to split the samples and evaluate the single salt con-
centration. Comparing to the results in Figure 4.2 few minor deviations can
be observed. Similarly, the retention of CaCl, continually increases with
the increase in ethanol concentration and reaches exceptional values on
the ethanol-rich side (approx. 98% in ethanol). In the 3-salts blend, the
retentions of CaCl, and LiCl are lower overall compared to their retentions
in the 2-salts-blend. This effect is due to higher total ion concentration and
thus stronger charge screening (Debye length decreases). Hence, Donnan
exclusion is weakened. The effect is more evident for CaCl, than for LiCl. In
contrast to the single salt experiment, the retention of LiCl increases if the
ethanol proportion in the solvent rises. This increase of up to 75 wt% ethanol
is only slightly but much more pronounced if the ethanol content continues
to rise. The retentions of NaCl are also slightly different from those from the
single-salt measurement. Here the retention decreases continuously and
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Figure 4.6: Retention dependent on the molecular weight (a) and the amount
of ethanol in the solvent (b) for the DM500 in solutions containing seven different
PEGs as solutes at 10 bar. The different symbols represent in graph (a) the solvent
compilations and in graph (b) the molecular weights of the PEGs.

reaches a minimum value at 75wt% ethanol in the solvent.

The lower retentions for the monovalent salts issue from the higher ion
concentration and thus the Donnan effect [Meli2007]. Especially in ethanol,
the LiCl retention is smaller than expected. The retention of CaCl,, on the
other hand, is slightly higher than in single salt measurement.

PEG retentions

Figure 4.5a shows the flux measurements by the usage of PEGs as solutes
and Figure 4.6 the corresponding PEG retentions. The retentions are de-
picted as a function of the molecular weight (Figure 4.6a) and as a function
of the ethanol fraction (Figure 4.6b). The measurements were carried out
with the DM500 at 10bar. PEGs in the range of 200 to 2000 kg kmol~! with a
feed concentration of 1 gmol~! each were used.

The flux in water is almost 100kgm~—2h (Figure 4.5a). The addition of
12.5wt% ethanol causes a halving of the flux, which is further reduced
to a minimum by adding ethanol at 50 wt%. In contrast to measurements
with solvents without solutes or salts as solutes, a subsequent increase in
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the ethanol content leads to a slight flux increase to about 45 kg m~—2h with
100 wt% ethanol. Especially in water and on the water-rich side, the flux is
significantly below the solvent fluxes without solutes. On the ethanol-rich
side the difference is small, and in 100 wt% ethanol, the flux is slightly higher
than for pure ethanol.

The lower fluxes on the water-rich side seem to have been amplified by
concentration polarization effects [Meli2007]. This effect seems plausible
since the PEGs were added in high concentrations (1gL~! each). The in-
crease at 87.5 and 100wt% ethanol in the solvent is indeed consistent with
other measurements from the literature [Geen2005b]; [Tsui2004], yet the
increase is low and does not permit a clear statement.

Figure 4.6a shows two main trends for retention, namely at ethanol con-
centrations lessor equal 50wt% by weight and at higher ethanol concen-
trations. The measurements at 25wt% and 100wt% ethanol could not be
adequately evaluated due to an error in sample preparation and are not
presented here. The lower ethanol concentrations start at retention of
approximately 60 % for 400 kgkmol~! and increase steadily to ca. 80% at
2000 kg kmol~1. The ethanol content (less or equal 50 wt%) has only a minor
influence on the retention values.

In contrast, significantly lower retentions are achieved for the lightweight
PEGs at higher ethanol concentrations (e.g. 5% at 75wt% and 20% at
87.5wt% ethanol for the 400 kg kmol~! PEG). Retention increases strongly
with the increase in molecular weight and is asymptotic for PEGs with high
molecular weight. Retentions of maximum 80 % (at 75 wt% ethanol) and 70 %
(at 87.5wt% ethanol) are obtained.

Figure 4.6b shows once again the retentions of the PEGs, which are
now shown versus the ethanol content of the water-ethanol mixture. In this
context, it becomes clear that the retentions on the aqueous side remain
almost constant and a local minimum for the retentions of the light PEGs is
present at 75 wt% ethanol. For longer-chain PEGs, the retention decreases
with a further increase in the ethanol proportion in the solvent. If the trend
from the measurements with the salts as solutes is considered, it can be
assumed that the retention for the light PEGs continues to increase and for
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the heavy PEGs remains the same or only slightly decreases when ethanol
is the solvent.

Similar to the salt retentions, it is possible to distinguish between a water-
rich side and an ethanol-rich side. The reason that MWCO at 90 % retention
is not achieved is probably concentration polarisation, which shifts the PEG
retentions to lower values overall. The more or less constant retention val-
ues of the individual PEGs in different solutions with up to 50 wt% ethanol
are significantly higher than those of the salts in the same solutions. How-
ever, it should be noted that the PEGs are also considerably larger than the
salt ions and steric effects must be taken into account.

The extreme reduction in retention for small PEGs at 75wt% ethanol is
certainly astonishing. Similarly, the comparatively low values (even for large
PEGs) surprises for solutions with an ethanol content of 87.5wt%. As al-
ready mentioned, the most severe disturbance of the water network is at
approximately 63 wt% ethanol [Nosk2005]. We assume that due to the dis-
turbance, and thus the lack of interaction between the solvent and mem-
brane, the PEGs themselves can interact more with the membranes (or ad-
sorb on membrane material) and thus permeate better through them. Elec-
trostatic effects of the membranes do not influence because of the electrical
neutrality of the PEGs. At higher ethanol proportions in the solvent, a higher
degree of order is restored in the liquid, and the ethanol network enlarges.
However, the ethanol network can interact less with the membrane than a
water network, so that there are more possibilities for the PEGs to interact
and the retention is correspondingly lower.

Zeta potential

By measuring the zeta potential, conclusions can be drawn about the mem-
brane charge. Since reliable information on the zeta potentials in wa-
ter of the membranes NP030 and NF270 can be found in the literature
[Niew2008]; [Mant2006], only the zeta potential of the DM300 was deter-
mined for this work. For the DM500 we assume a similar zeta potential
because the membranes are made of the same material and differ mainly
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Figure 4.7: Zeta potential in water 0 and in a solvent mixture with 25wt% ethanol
(O dependent of the pH value for the DM300.

in the degree of crosslinking. Figure 4.7 shows the results of the zeta po-
tential measurements with the DM300 in water and a solvent mixture with
25wt% ethanol. The measured zeta potentials show for the first time the
charge of the DM300, representing polyimide membranes for applications
in OSN. The potentials are plotted as a function of the pH value. Higher
ethanol contents in the solvent could either not be realized due to the mem-
brane fixation in the measuring device or did not provide reliable data. The
discontinuity in the two curves shows the pH value of the measurement so-
lution and marks the change from titration with HCI to KOH. In the acidic pH
range, the membrane has a positive zeta potential of up to 25 mV in water
and up to 45 mV in the mixture at a pH value of 3.5. With increasing pH value,
the zeta potential decreases rapidly resulting in a negative zeta potential in
the neutral and basic range. At a pH of 9.5, a zeta potential of —47.5mV
in water and —70mV in the solvent with 25 wt% ethanol is measured. The
isoelectric point, where the zeta potential is zero and the membrane is elec-
trically neutral in the statistical mean, was measured in water at a pH of 4.8
and after the addition of ethanol at 5.1.

The pH values of the sample solutions from the salt retention exper-
iments were always in the range of the negative zeta potential. The pH
values of the solutions from the experiments with the monovalent salts as
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solutes are between 5.5 and 6.5. The pH values for the solutions with CaCl,
are at all times higher than the solutions with monovalent salts.

In the measured solutions negative charges of the membrane influence
the fluxes and retentions with electrostatic effects. This result corresponds
to our assumptions from the measurements with salts as solutes.

Although the addition of 25wt% ethanol has only a minor effect on the
zeta potential, we suppose that the effects may be more significant at higher
ethanol contents. This hypothesis originates from Pihlajaméki, Laakso, and
Méanttari [Pihl2012], where a significantly flatter curve results in a solution
with 70% ethanol for a NF200 membrane. For strong statements on the
corresponding effects on fluxes and retentions, as we have shown above,
further zeta potential measurements in different solvent mixtures have to
be carried out.

4.5 Conclusion

In this work, we report several STNF test results for the membranes NF270,
NP030, DuraMem® 300 and 500 from measurements in water-ethanol and
water-NMP mixtures. The experiments were performed with polymer mem-
branes with different properties. Three salts (CaCls, LiCl, and NaCl) and
PEGs were selected as solutes. The salts were used individually and in
combinations and with two different concentration levels.

The measurements show different behavior in the solvent mixtures, which
is caused by superimposed effects. The dominant effects depend on the
respective solvent composition.

While in aqueous solutions the viscosity of the solvent mixture has a con-
siderable influence on the flux, it is superimposed by polarity effects with
increasing organic content in the solvent. Low fluxes imply that the mem-
branes allow highly polar solvents to permeate better. This behavior also
applies to the DuraMem membranes developed for utilization in OSN. A flux
decrease due to osmotic pressures after the addition of salts could also be
observed.

The retention properties of the different membranes are influenced by
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further overlaying effects. In addition to known factors such as porosity,
membrane cross-linking or Donnan effects, less investigated effects are
visualized. These include the preferential solvation of ions and the distur-
bance of the hydrogen bonds in the liquid network by the organic compo-
nents in the solvent mixture. The latter is reflected in the excess volume.
The effects affect acid-base interactions as well as polarity and electrostatic
effects. Swelling effects could also be recognized as an approach to expla-
nation.

The superimposition of the effects can be seen even with uncharged so-
lutes, and it becomes apparent that in solvent mixtures with an ethanol
content of between 60 and 80 wt% the dominance of the substantial effects
changes. However, the effects are minor for larger solutes than for smaller
ones.

Since no data were available on the membrane charge of the DuraMem
membranes, the zeta potential was measured for these membranes and it
could proved that the polyimide-based membranes are charged. The ad-
dition of up to 25wt% ethanol had little effect on the zeta potential, but we
expect the effects to be significant at high ethanol proportions. Correspond-
ing measurements and others, in particular concerning swelling effects, are
of particular interest for the evaluation and investigation of aqueous or-
ganic mixing systems in the future. For instance, swelling effects of the
membranes could indicate cononsolvency of the polymers with the solvent
mixtures.

4.6 Appendix

Degree of dissociation of salts

The degree of dissociation of salts depends on the solution in which they
are dissolved. The calculation of the degree of dissociation was carried
out according to the method of Fu and Prieve [Fu2007], which was already
used by Postel and Wessling [Post2015] to calculate dissociation degrees
of methanol-water mixtures. For this purpose, calibration data are first de-
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Figure 4.8: Degree of dissociation for CaCl, (O, LiCl O, and NaCl A in water-
ethanol mixtures (a) and for LiCl B in water-NMP mixtures (b).

termined experimentally concerning conductivity . as a function of molar
concentration ¢. Conductivity L is then plotted against ¢/L, and the conduc-
tivity in infinite dilution A, and the dissociation constant K are determined
by equation 4.3. The degree of dissociation « is then calculated with equa-
tion 4.4 (A is the specific conductivity). In 100 wt% water complete dissocia-
tion is assumed.

L= KA%% ~ KA (4.3)
A L

The graphs in Figure 4.8 show the calculated degree of dissociation for
the salts CaCl,, LiCl and NaCl in water-ethanol mixtures and for LiCl in
water-NMP mixtures with a concentration of 90 mmolkg~1. The degree of
dissociation decreases with increasing ethanol or NMP content in the sol-
vent. The decrease in the mixtures is gradual. In solutions with high ethanol
content (>= 75wt%) the decrease of the degree of dissociation for CaCl, is
stronger and reaches approx. 40% in ethanol. For monovalent salts, the
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Figure 4.9: Debye length as a function of ethanol proportion in the solvent (a) and
CaCl, concentration (b) at T = 25°C.

value is significantly higher at approx. 65%. In the mixtures of water-NMP,
the decrease of dissociation for LiCl is lower compared to the mixtures of
water-ethanol. However, the value drops sharply (to approx. 45 %) as soon
as the solvent is 100 wt% NMP.

Debye length

The Debye length was calculated using the same method as applied in
Marchetti, Butté, and Livingston [Marc2013]. Based on the Poisson-Boltz-
mann theory, the Debye length 4, for electrolyte solutions is estimated us-
ing the following equation:

(&€ kp-T\0?
6D_(2~NA~62~I) (4.5)

Here ¢, is the permittivity, ¢, the vacuum permittivity, k5 the Boltzmann con-
stant and T the temperature. N, is the Avogadro number, e the elementary
charge and I the ionic strength of the electrolyte.

Figure 4.9 shows the calculated Debye lengths for CaCl, in different
water-ethanol solutions and with different concentrations exemplarily. If the
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Debye lengths are calculated for monovalent salts such as LiCl or NaCl,
similar curves can be plotted. However, due to the lower ionic strength, the
Debye length is longer, especially at low salt concentrations. Figure 4.9a
clearly shows that the Debye length decreases linearly when the ethanol
content in the solution increases. The salt concentration mainly determines
the slope. If the salt concentration is high, the slope is higher than for low
salt concentration. Figure 4.9b shows the dependence of the Debye length
on the salt concentration. Here it becomes evident that the Debye length
decreases exponentially by increasing the salt concentration.

Properties of water-ethanol mixtures

The data availability for water-ethanol mixtures is comparatively good com-
pared to other binary mixtures. Khattab et al. [Khat2012] have measured
several parameters for these mixtures, which also correspond well with
other data from the literature. Figure 4.10 shows the graphs for density,
surface tension, molar volume, molar excess volume and viscosity at 25°C
adapted from data of [Khat2012]. Also, the viscosity by Tsui and Cheryan
[Tsui2004] at 22°C is presented to get an impression of the temperature
dependence of the viscosity. As the values from the publications are often
given on other scales for the ethanol content (vol% or mol%), the scale for
our graphs was adjusted suitably to wt%.

The surface tension decreases sharply on the water-rich side and con-
tinues to decrease moderately on the ethanol-rich side. The density and
the molar volume behave differently. While the density decreases with in-
creasing ethanol content, the molar volume increases. For both curves,
the gradient on the ethanol rich side becomes larger. The molar excess
volume is in the negative range and has a local minimum at about 63 wt%
ethanol. If the ethanol content is further increased, the excess volume is
raised rapidly. In contrast, the viscosity has a local maximum that can be
measured with smaller ethanol contents. If the temperature is lowered, the
viscosity increases and the maximum shifts to the water-rich side.
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Figure 4.10: Molar volume, surface tension and density for water-ethanol mix-
tures (a) at 25 °C adapted from [Khat2012], viscosity and molar excess volume for
water-ethanol mixtures (b) at 25 °C adapted from [Khat2012] and viscosity at 22 °C
adapted from [Tsui2004].
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Figure 4.11: Density, viscosity and molar excess volume for water-NMP mixtures
at 25 °C adapted from MacDonald et al. [MacD1971].
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Chapter 4. Superimposing effects influence membrane characteristics in water-ethanol
and water-NMP mixtures

Properties of water-NMP mixtures

MacDonald et al. [MacD1971] measured the density, viscosity and excess
volume for water-NMP at 25°C. These data also coincide with other data
from the literature, while considerably fewer data exist for these mixtures
than for water-ethanol mixtures. Figure 4.11 shows the data from MacDon-
ald et al. [MacD1971], with adjusted NMP content scale.

The density in the mixture shows a local maximum of approximately
65wt% NMP. However, it should be noted that the resolution of the graph is
very high and the density of water, NMP, and the mixtures are only slightly
different in absolute terms. The situation is different for viscosity and ex-
cess volume. The viscosity increases significantly with the increase of NMP
in the mixture and reaches a maximum that is about double that of water-
ethanol. The maximum viscosity is around 70 wt% NMP. The excess volume
of this mixture is also in the negative range and reaches a minimum at ap-
proximately 80 wt% NMP. The excess volume at this minimum is lower than
that of water-ethanol and increases very strongly at higher NMP contents.
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Chapter 5. LbL membranes on ceramic supports applied in water-alcohol mixtures

5.1 Introduction

Sustainability is currently an essential factor to plan new production plants
and optimizing existing ones. This also includes the need to separate even
trace substances from product or purification streams. Such compounds
could be separated effectively with nanofiltration. This membrane process
is widespread in water application and becomes more and more important
in organic solvent permeation. Among these applications, another largely
unexplored kind exists, where trace substances are required to be rejected
from aqueous organic solvent mixtures.

Most of the membranes used in mentioned nanofiltration processes are
polymeric membranes. Utilization of ceramic membranes could be advan-
tageous because of their chemical stability and high fluxes through the
membrane. The production of ceramic nanofiltration membranes is com-
plex. Consequently, commercial ceramic nanofiltration membranes are
hardly available especially for use in organic solvent nanofiltration (OSN).
Therefore, we investigate the utilization of ceramic supports with Layer-
by-Layer (LbL) membranes as a separation layer. These membranes with
tailor-made polyelectrolyte multilayers are regenerative and backwashable.
They are produced by coating commercially available ceramic membranes
which is much more comfortable and flexible. We recently demonstrated
the coating procedures and the performance of such membranes for aque-
ous nanofiltration [Menn2016b].

In this study, we conduct a broad range of experiments to characterize
these membranes in the particular field of water-ethanol mixtures. The re-
sults lead to conclusions on the behavior and suitability of the membranes
under different process conditions and with several solvent-solute systems.
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5.2. Background

5.2 Background

Applications and effects of nanofiltration

Membrane performances for nanofiltration in water processes are widely
characterized with salt retentions regarding ion selectivity and retentions
of uncharged organic compounds to determine the molecular weight cut
off (MWCO, in most cases the molecular weight for which retention value
is 90 %). lon selectivity of the membranes is commonly explained by the
Donnan exclusion mechanism, dielectric exclusion and differences in diffu-
sion coefficients or molecular dimensions due to hydrated ions [Geis2014];
[Peet1998]; [Bous2006]; [Yaro2000].

In contrast to water applications, the membrane performance in organic
solvent is strongly dependent on the interactions between solvent, solute
and membrane [Staf2004]; [Stam2006]. Therefore, characterization meth-
ods of water applications cannot be transferred easily for OSN processes.
It was found that MWCO values are dependent on every single solvent as
well as on the solutes. According to the affinities of solvent and solutes
to the membrane significant negative retentions occur [Post2013]. Further-
more, a large number of necessary compound data and membrane data
are unknown as basis for reliable mathematical models. Nevertheless, the
interest and knowledge on OSN processes is still growing since adequate
solvent resistance membranes are available. The approaches to charac-
terize solvent resistant membranes deal with different compound systems
[Marc2014].

Studies for nanofiltration in aqueous organic mixtures are rare. The
transfer of model conceptions to such solvent systems are complicated
and limited. Next to charge and steric effects, also interactions known
from OSN and solvent mixtures have to be taken into account (e.g. so-
lute/solvent affinity to the membrane, polarity, viscosity). However, Postel
and Wessling [Post2015] investigated salt retentions in mixtures of water-
methanol for polydimethylsiloxane (PDMS) membranes and compared the
results to those with an hydrophilic polyamid based membrane. The reten-
tion values vary between 10% and 80 % depending on the composition of
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the water-methanol mixture. Differences between the water rich and the
methanol rich mixtures are explained by changes in dissociation of the so-
lutes and the membrane material.

Geens et al. [Geen2005b] used different mixtures of water-methanol,
methanol-ethanol and ethanol-water. They showed that interactions with
the membrane surface and polarity become significant due to the narrow
pores of the membranes. Furthermore, Labanda, Sabaté, and Llorens
[Laba2013] studied nanofiltration as well as reverse osmosis retentions and
fluxes of alcohol-water mixtures (max. 13 vol% alcohol) with organic solutes.
They concluded that membrane properties change due to the addition of
alcohol to the solvent resulting in swelling and a decrease of polarity and
dielectric constant. Tsui and Cheryan [Tsui2004] found a significant de-
crease of the flux for low ethanol concentrations and a slight increase in flux
for high ethanol concentrations when measuring water-ethanol mixtures.
This observations are explained by a local maximum of the viscosity of the
solvent mixture. Next to the influence of the viscosity, Hestekin, Smoth-
ers, and Bhattacharyya [Hest2001] assume a dewatering of the membrane
pores which become more narrow by increasing the amount of organic lig-
uids in the solvent mixtures.

Ceramic nanofiltration membranes were tested in organic water mixtures
by Marchetti, Butté, and Livingston [Marc2013]. In their study, main objec-
tives were the solvent-solute competition related to the affinity to the mem-
brane in combination with an understanding about the interplay of electro-
static and molecular affinity effects. They give a comprehensive literature
review on several possible effects and found preferential solvation as im-
portant effect which changes depending on the composition of the solvent
mixture. Negative retentions as in OSN were measured in some mixtures
of water and organic solvents as well.

LbL membranes in applications with organic solvents

Tailor-made membranes assembled with Layer-by-Layer techniques are in
many cases a promising alternative to conventional membrane materials
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since properties can be adjusted to the requirements of the specific pro-
cesses. For instance, polyelectrolytes could adsorb and form layers on
high porous supporting materials with different properties than the support
(or otherwise available membranes). The thickness of such single layer is a
few nanometers. According to the choice of polyelectrolyte solution, the ad-
sorption time and the coating method, it is possible to vary the performance
properties as for example the selectivity of ions. Variables of the polyelec-
trolyte solution are, for example, the pH-value, ionic strength, molecular
weight and concentration of the polyelectrolytes [Harr2000]; [Mala2005];
[Jose2014]; [Baow2012].

LbL membranes (not only consisting of polyelectrolytes) are widely use-
able for water applications. The applications include separation of trace
substances [Kras2000]; [Jin2003]; [Raja2014], reduction of membrane foul-
ing [Ba2010] or functional tasks by interlace of catalysts or reactants in-
side the layer [Ouya2010]. Furthermore, LbL membranes exist which are
stable under harsh conditions, such as the presence of sodium hypochlo-
rite (NaOCI) [Cho2015]; [Groo2015a] and in solutions with high or low pH-
values [Menn2016b].

The utilization of LbL membranes in organic solvents is, in contrast to
water applications, only little known. Li et al. [Li2008] investigated Poly-
diallyldimethylammonium chloride (PDADMAC) and sulfonated poly(ether
ether ketone) sPEEK layers on polymeric support membranes in different
solvents (even aprotic solvents) and their stability was reported. The re-
tention values of charged molecules seemed to be influenced mainly by
the charge of the membrane surface. The charge of the final layer account
most relevant for selectivity. Further Ahmadiannamini et al. [Ahma2012b]
found that PDADMAC and Poly(acrylic acid) (PAA) layers are stable in dif-
ferent organic solvents, among these tetrahydrofuran as most aggressive
one. The manufacturing properties, such as pH-value and usage of salts as
additives affected the retention and fluxes of solvents with dyes as solutes.
Coating parameters were further investigated by llyas et al. [llya2016] with
the polyelectrolyte combination Poly(allylamine hydrochloride) (PAH) and
PAA. The variety of permeability was explained by the interaction of solvent
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and membrane and the physico-chemical properties of the solvents. Ahma-
diannamini et al. [Ahma2012a] investigated the combination of PDADMAC
with both poly(sodium 4-styrene sulfonate) (PSS) and polyvinyl siloxane
(PVS). The layers were stable in all used solvents. A fewer swelling in
organic solvents and a dependency of the permeability by the ionic cross-
linking density were concluded from the results. The related measurements
were continued by Joseph et al. [Jose2015]. For PAA and polyethylen-
imine (PEI) layers, Tylkowski et al. [Tylk2013] observed increasing swelling
in organic solvents with increasing layer number. The swelling of polyelec-
trolytes in water and in ethanol were also discussed by Miller and Bruening
[Mill2005]. They found that swelling of the combination PDADMAC/PSS in
ethanol is less pronounced than in pure water.

The performance of the LbL membranes used in this study was recently
presented by Menne et al. [Menn2016b] for water applications. Menne et
al. [Menn2016b] and Menne et al. [Menn2016a] produced the membranes
in a newly introduced dynamic coating procedure. This work aims at study-
ing comprehensively LbL membranes coated on ceramic supports in water-
alcohol mixtures. In contrast to previous studies on LbL membranes coated
on polymer supports and tested in organic solvents, we can identify exclu-
sively the interactions of the organic solvents and solutes with the polyelec-
trolyte layers. Correspondingly, the ceramic supports are assumed to be
chemically inert. To the best of our knowledge, we present for the first time
LbL membranes tested in water-organic mixtures.

5.3 Membrane preparation

LbL membrane materials

Polyelectrolytes are grouped in strong and weak polyelectrolytes whether
they are charged permanently or in dependence of the pH-value of the
contacted solution [Sean2012]. Strong polyelectrolytes are selected con-
cerning their low pH dependency on charge. Polydiallyldimethylammonium
chloride (PDADMAC) with a molecular weight of 400 to 500kDa is used as
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poly-cation and poly(sodium 4-styrene sulfonate) (PSS) with a molecular
weight of 1000 kDa as poly-anion. Both polyelectrolytes were obtained from
Sigma-Aldrich. Membrane monoliths produced by Metawater (Japan) are
provided by RWB Water Services B.V. (The Netherlands) as support mate-
rial for the LbL layers. These ceramic monoliths consist of alumina with a
nominal pore size of 100 nm and 55 channels. The length of the monoliths is
9.25cm and each channel measures 2.5 mm in diameter resulting in a mem-
brane surface of .04 m2. Additional cross-linking agents are not used since
no suitable agents were known for a PDADMAC/PSS combination. Also,
stable layers and no stronger effects than the electrostatic interactions be-
tween the polyelectrolyte layer and membrane support are expected.

Coating procedure

The coating solutions consist of 1 gL~ polyelectrolyte and 0.1 mol L~ sodium
chloride dissolved in pure water. Sodium chloride as additive ensures an
even distribution of the polyelectrolytes on the support. The sodium chlo-
ride concentration is chosen on a low level to get a high degree of intrinsic
charge compensation and ionic crosslinking between the polyelectrolyte
charges. Consequently, the layers had denser pores and were thinner than
for a high degree of extrinsic charge compensation [Groo2015b].

The surface modification of the ceramic support is performed in a dy-
namic coating procedure. Figure 5.1 shows a schematic representation
of the dynamic coating procedure. On this occasion, a constant trans-
membrane flux of polyelectrolyte solution flew through the membrane at
30Lm~2h~! and after each coating step, the membrane was rinsed with wa-
ter. Besides, pure water permeability was monitored between every layer.
First, the poly-cation is applied to the membrane surface and adsorbs partly
on top and partly inside the pores. Next, the poly-anion is applied to the
first layer. By repeating these steps, several layers form a dense coating on
the support. The so called bi-layer consists of a pair of positive and nega-
tive polyelectrolyte layers. The detailed coating procedure is described by
Menne et al. [Menn2016a] and Menne et al. [Menn2016b].
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Figure 5.1: Schematic illustration of the dynamic coating procedure.

In order to determine the most promising amount of bi-layers for further
experiments, membranes with 3, 5 and 10 bi-layers are pretested. The
pretests include salt retention and flux measurements. Membranes with 5
bi-layers had higher retentions than membranes with 3 bi-layers. However,
no consequently higher retention values are obtained with 10 bi-layers.
With 5 bi-layers a complete pore coverage of the support is achieved. The
obtained fluxes were all in the same range. Though, for membranes with
5 or 10 bi-layers the fluxes showed a better reproducibility. On account
of these results and the faster coating procedure of 5 bi-layers, all further
experiments are performed with 5 bi-layers coated on the ceramic support.

LbL Layer stability in organic solvents

Referring to stability, Ahmadiannamini et al. [Ahma2012a] showed that poly-
electrolyte layers are permanently stable in different harsh solvents on poly-
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meric membrane supports. The linkage of the adsorbed polyelectrolytes
is based on ionic cross-linking and therefore electrostatic attraction and
charge compensation are predominant [Jose2014]; [Mala2005]. Such link-
age is relatively strong and in line with above mentioned studies [Li2008];
[Ahma2012b]; [llya2016]; [Ahma2012a]; [Jose2015] we did not expect con-
ditions or effects where covalent linkage by cross-linking substances are
needed. On that basis, rapid pretests for ceramic supported LbL-mem-
branes were sufficient before starting the experiments. Therefore, pure
water permeability was measured twice, first after coating procedure and
second after storage of the coated membranes in an organic solvent for
48h. Methanol, ethanol, butanone (MEK), ethyl acetate and n-methyl-2-
pyrrolidone (NMP) were used as test solvents. The layer turned out to be
credibly stable in each solvent since the difference between the two pure
water permeability measurements was zero or insignificant.

Regeneration of the ceramic support

Layer removal from the ceramic support is mandatory if new coatings have
to be tested, fouling occurs, or a new experimental series starts. The RCA
cleaning (named after the founder the Radio Corporation of America) de-
scribed by Kern [Kern1970] is a harsh treatment method which can decon-
struct the layer. The applied mixture consists of ammonia solution (20 %),
hydrogen peroxide (30 %) and pure water in a mass ratio of 3:2:9. The mem-
branes are exposed to this solution at around 70 to 80 °C for 15 minutes.

Occasionally, this method could not reach a full deconstruction of the lay-
ers. In these cases, a thermal treatment was applied to remove the layers
by heating the membranes up to 600 °C for 6 h. In this process, the ceramic
supports are heated and cooled gradually to avoid destruction by thermal
stress. The pure water permeability was measured after each layer removal
treatment. The layer degradation succeeded if the permeability was closely
above 1000 L m~2h~1bar 1.

127



Chapter 5. LbL membranes on ceramic supports applied in water-alcohol mixtures

5.4 Experimental procedure

All flux and retention measurements were conducted with at least two dif-
ferent membranes at three pressure levels: 5bar, 7.5bar and 10bar. Two
modules are connected in parallel in the cross-flow set up. A piston pump
pressurized and a centrifugal pump circulated the solution at laminar flow
(Reynolds number of 1000). The temperature was kept constant at 30°C.
Reynolds number and temperature are chosen by the account of the possi-
ble cooling and pump capacity of the set-up. The feed pressure, tempera-
ture, pressure loss inside the modules and mass flow in feed and permeate
streams are recorded. Table 5.1 gives an overview of the performed exper-
iments for this study.

Solvents and solutes

The flux of the pure solvent and its mixtures are determined. Pure wa-
ter (Milli-Q) and pure ethanol (Merck KGaA) are applied as solvent. The
amount of organic solvent in the mixtures of water and ethanol was set to
25 wt%, 50 wt% and 75 wt%.

Furthermore, flux and retention measurements are performed for these
solvents containing a solute. Two different types of solutes are investigated,
namely salts and polyethylene glycols (PEGs).

For salt retention measurements, respectively CaCls, LiCl and NaCl (Carl
Roth GmbH + Co. KG) are applied with a concentration of 5mmolL~1. The
salts are selected considering the solubility in pure ethanol. In order to
investigate the dependency of flux and retention on salt concentration, ad-
ditional experiments with 15 mmol L~ and 25 mmol L~ CaCl, are performed.

For PEG retention measurements, eight different PEGs (Sigma-Aldrich)
in the range of 106 to 4000 kg kmol 1 (weight average molecular weight) are
dissolved simultaneously in the pure solvents and solvent mixtures. The
concentrations of each single PEG was 1gL 1.
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Order of the solvent mixture

Shukla and Cheryan [Shuk2002] showed the effects of membrane condi-
tioning for polymeric ultrafiltration membranes in ethanol-water mixtures.
They recommend a gradual solvent exchange since rapid exchange with
high organic concentrations leads to effects on flux and retention. Although
the LbL membranes and ceramic support structure are stable in organic
solvents, we expected that the contact order of solvent mixtures affects the
measurements. Therefore, all measurements were performed in the same
order. It was obvious to start each experimental series with water since the
membranes were coated in aqueous solution. Afterwards, the experiments
are continued with the solvent mixtures with increasing organic solvent con-
centration. Finally, the experiment with organic solvent was carried out.

On this occasion, the experimental effort should be recognized, in partic-
ular referring to extensive flushing of the set up between the measurements
of different solvent mixtures. As a supplement, we investigated the effect of
starting with ethanol for solvent flux and retention of CaCls.

The PEG retention measurements were performed with newly prepared
membranes for each solvent mixture to exclude possible fouling effects.

Flux of pure solvents and mixtures

Solute free transmembrane flux measurements are performed at the given
process parameter in steady state applying Coriolis flow meters (Table 5.1).
Furthermore, the results are controlled by using a mass balance. Sample
composition of feed and permeate are measured for every solvent experi-
ment without solutes, to investigate the possibility of solvent separation.

The refractive index is an appropriate value to control the amount of sol-
vents in two-component mixtures. Solvent separation occurred if the value
of the permeate differs from the value of the feed. In this case, the ratio
of the single solvents could be calculated with the single compound value.
All samples of the pure solvent flux measurements were measured with the
refractometer DR301-95 (A.KRUSS Optronic GmbH, Germany).

After each flux and retention measurement, the pure water permeability
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of the membranes was checked to determine if the permeation of organic-
aqueous mixtures affects the polyelectrolyte layer. The feed inlet of each
membrane module was connected to a pressure vessel filled with pure wa-
ter. The measurements were performed at a constant pressure (2 bar) and
were started when steady state was reached and minimum 0.5 L permeate
was collected.

PEG Retention

PEG retention measurements are carried out to determine the pore sizes
and the MWCO for solutes which are retained by size exclusion. The
MWCO was defined as molecular weight retained by 90%. The retention
measurements provide insights into the quality of the coating and the den-
sity of the polyelectrolyte layer. Additionally, a change in the layer structure
due to an increase of organic solvent content in the solution can be tracked.
Samples from feed and permeate were simultaneously taken from each op-
erating point.

The solvent mixture samples coming from the PEG retention experiments
are prepared for analysis by evaporation at 55 °C followed by dilution in pure
water. Sodium azide was added to align the concentration in the eluent.
The prepared samples were analyzed with a gel permeation chromatogra-
phy method at 35 °C. This method consists of a refractive index (RI) detector
and two columns (Suprema, 30 A pore size, 3 um particles, 8.0x300 mm (ID x
length), Polymer Standards Service GmbH, Mainz, Germany). Water with
0.02wt% sodium azide was the mobile phase.

Salt-Retention

Salt retention can be measured with conductivity, although the relationship
between conductivity and concentration is dependent on the amount of or-
ganic solvent in the mixture. Therefore, calibration curves for each used salt
in each solvent composition are required. Figure 5.2 shows exemplary the
conductivity measurements from various CaCl, concentrations in different
solvent compositions resulting in the calibration curves. With this data and
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Figure 5.2: Conductivity calibration curves in each solvent composition for the
determination of salt concentrations for experiments with 5 mmol L=* CaCl,.

the conductivity of the samples, their salt concentrations are determined,
and the retention was calculated by:

Ci (Permeate
Ry = 1 — —Permeate), (5.1)
Ci (Feed)

Ellipsometry

The thickness of the polyelectrolyte layers was measured non-destructively
with ellipsometry in the used solvent compositions. For this purpose, the
layers were irradiated with polarized light. The reflected beam got detected,
and the change in polarization was analyzed as described by Ogieglo et al.
[Ogie2015]. The polyelectrolyte layers used for ellipsometry measurements
were dip-coated on silicon wafer since ceramic supports did not reflect light
sufficiently enough to be detected.

Silicon wafers were dipped into the respective polyelectrolyte solution
for 20 minutes [Dod02013]. The same polyelectrolyte solutions are used as
for the coatings on the ceramic support. Between the coating steps with
polyelectrolytes, the wafers were submerged in pure water for minimum
10 minutes. The coating steps are repeated until the required amount of bi-
layers is obtained. Two different numbers of bi-layers are tested, namely 5
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and 10 bi-layers. The second coating was chosen since the static coating
procedure requires more layers to achieve the same performance as the
dynamic coating on the ceramic support [Menn2016a]. The finished wafers
were stored for at least 48 h in the measuring solutions to ensure no continu-
ing changes of the polyelectrolyte layers properties. During measurements
the wet wafers were inserted in glass prisms filled with the solvent compo-
sition.

The thickness is at least triple measured at different positions of all coated
wafers. A ’J.A. Woollam Co. Spectroscopic Ellipsometer’ was used for the
measurements. The glass prism has a height of 5.15mm and the slope of
the walls is 70°. The height of the clean wafers is 0.7mm and the mea-
surement of the natural oxide layer of the wafer resulted in a thickness of
1.95nm. The measured values from the ellipsometer were interpreted by
the model of Cauchy which is a standard method for transparent polymeric
layers [Ogie2015]. Thereby, the refractive index is depending on the wave-
length X of the reflected light in um by:

nN)=A+=5+—. (5.2)

The constants in this equation are adjusted to the model whereby C is
neglected due to minor influence on the result. From A and B the provided
software (CompleteEase®) calculated the thickness of the coating.

5.5 Results and discussion

The functional characteristics of the LbL membranes on ceramic supports
are investigated with flux and retention measurements. Results of pure sol-
vent fluxes are discussed, followed by the results of solute retention. All
measurements were performed at least twice considering the experimental
effort. Therefore, the error bars in the diagrams show the measured max-
ima and minima. As described before, the order of the solvent mixtures
influence the results. Accordingly, the supplemental tests of freshly coated
membranes starting with ethanol are presented after the results of those
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Figure 5.3: Pure solvent fluxes (0O) and fluxes with PEGs as solute () measured
at 7.5bar, 30°C and Re = 1000. Pure water permeability (¢) measured between
the pure solvent flux measurements with water-ethanol mixtures.

using the standard order of solvent mixtures (water-ethanol). The study
is completed by a physical-chemical characterization of the polyelectrolyte
layers using ellipsometry.

Pure solvent flux

Pure solvent fluxes are determined for water-ethanol. The fluxes differ ac-
cording to the amount of ethanol in the mixture. Figure 5.3 shows the pure
solvent fluxes for different ethanol concentrations at 7.5bar and 30°C. The
pure water flux was approximately 70Lm=2h~1. Adding 25wt% ethanol to
the pure water resulted in a significant decrease in flux. Further increasing
the proportion of ethanol lead to an unexpected increase in flux and a local
maximum at 75 wt% ethanol. However, pure ethanol permeates through our
LbL membrane with a satisfactory high flux of 37Lm=2h~!. The curve pro-
gression is similar for all tested pressure levels (5, 7.5 and 10 bar, not shown).
A possible reason for the obtained trend (Figure 5.3) could be a change in
the LbL structure due to the solvent mixture properties. Such influencing
solvent mixture properties are the relative permittivity and the viscosity, for
example. The LbL structure could further depend on the affinity to the sol-
vent, on the amount of embedded salt, et cetera. Hence, a superimposition
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of some effects on the LbL coating can be hypothesized. In contrast, we
exclude a dependency of the support structure due to the chemical stability
of the ceramic monolith.

Samples are taken during the pure solvent flux measurements to detect
potential solvent separation. We realized with refractometry data consis-
tent refractive indices of the solvents in permeate and feed. The results are
in line with data from literature [Scot1946]; [Beld2005] and confirmed no
solvent separation. Therefore, all subsequent experiments are performed
with the assumption of equal solvent mixtures in permeate and feed. Nev-
ertheless, this assumption was also rechecked during the retention mea-
surements.

Besides the solvent flux, the permeability of pure water was checked after
permeation of every solvent mixture. Figure 5.3 displays, after increasing
the amount of ethanol above 25wt%, a sharp decrease of pure water per-
meability from ca. 12.9 to 46L m~2h~tbar~l. The change in permeability
was found to be not completely reversible while testing the same mem-
branes in reverse order of ethanol-water mixtures. These measurements
strengthen our expectation about a change in swelling behavior of the poly-
electrolyte layers. Obviously, the experimental order plays a crucial role to
obtain consistent results.

MWCO measurements

For functional membrane characterization the MWCO at 90 % retention is
a common value to describe a nanofiltration membrane used in aqueous
solutions [Bous2006]. From findings in the field of organic solvent nanofil-
tration, it is known that the MWCO value is strongly dependent on the inter-
actions between solvent, solutes and membrane [Staf2004]; [Stam2006].
Figure 5.3 shows next to the pure solvent flux versus ethanol concentration
also the flux with PEGs as solutes. Each operating point results in lower
flux compared to the pure solvent flux; additionally, the curve progressions
differ from each other. Concluding, PEGs as solutes have a significant im-
pact on the flux. With PEGs as solutes, the flux in water was 46 L. m=2h~1
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Figure 5.4: MWCO measurements with PEGs with a molar mass ranging from 106
to 601 kg kmol ! at 7.5 bar, 30°C and Re = 1000.

and similar to the pure solvent flux the value decreases by increasing the
amount of ethanol. On the contrary to pure solvent flux, there is no lo-
cal maximum at 75wt% ethanol but a local minimum (1.5Lm=2h~1). Using
ethanol as solvent the flux increased to 6.7L m~2h~!. In contrast to the pure
solvent flux, the results for PEGs as solute show less deviation at each op-
erating point for all measured pressures (not shown).

A change in the layer structure is expected to shift the MWCO. Fig-
ure 5.4a shows the retention curves for the dissolved PEGs at 7.5bar. It
is striking that the MWCO at 90 % retention is reached only by four feed
compositions in the range of 106 to 601 kgkmol~!. Increasing the molecu-
lar weights even further until maximum 4000 kg kmol~! does not change the
retention significantly compared to the value at 601 kgkmol~!. Data from
Figure 5.4a are depicted differently in Figure 5.4b in order to identify the in-
fluence of the solvent mixture composition on the retention for the different
molar masses. Figure 5.4b shows the retention of the specific PEGs at their
weight average molecular weight versus the amount of ethanol in the feed
solution. Adding ethanol to the feed solution leads to a decrease of all PEG
retention. The lowest retention values are in water-ethanol mixtures. In
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Figure 5.5: Measurements with 5mmol L~! salt (NaCl @, LiCl ¢, CaCl, O) as
solute in water-ethanol mixtures at 7.5 bar, 30°C and Re = 1000.

some of these retention curves, a local maximum at 75 wt% ethanol arose.
The MWCO at 90 % retention is reached in water near above 238 kg kmol !
and ethanol close below 434 kg kmol~!. In a solution with 25wt% and 75 wt%
ethanol this 90 % boundary is exceeded near to 601 kg kmol 1.

The differences in flux of pure solvent measurements compared to sol-
vents containing PEGs (Figure 5.3) can be partly explained by concen-
tration polarization. This effect arises from the cross-flow velocity in the
laminar range (Re = 1000) and the high solute concentration. Bearing this
effect in mind the flux and retention values of the MWCO measurements
could slightly be underestimated. However, the conclusions from the re-
sults remain. It was shown by Menne et al. [Menn2016b] that the LbL
membrane is suitable for nanofiltration. Here, we showed a successful ap-
plication in water-ethanol mixtures and ethanol. As mentioned before, the
polyelectrolyte layers change their structure (probably their porosity) based
on the applied solvent mixture. Meaning, the retention of the uncharged
solutes (PEGs) is mainly dependent on the solvent mixture.
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Salt retention

Flux and retention values of solvent-solute systems with monovalent and bi-
valent ions are typical characteristics for nanofiltration membranes
[Geis2014]; [Peet1998]. The results are similar for all measured pressure
levels. Henceforth, only one pressure level is representatively shown. Re-
sults from flux measurements with three different salts as solute (NaCl,
LiCl, CaCl,) at 7.5bar are depicted in Figure 5.5a. The fluxes with water
as solvent are approximately equal to the pure solvent fluxes (Figure 5.3).
These results indicate that based on the low salt concentrations (5 mmol L—1)
no concentration polarization occurs. However, the fluxes for solutions with
CaCl, decrease by increasing the amount of ethanol. At 75wt% ethanol
in the solvent a local maximum was obtained which is not as strongly
pronounced as for the pure solvent measurements. In contrast to the
fluxes containing CaCl,, the fluxes for LiCl and NaCl solutions start increas-
ing above 25wt% ethanol. Partly the fluxes are higher compared to water
and also show a local maximum at 75wt% ethanol. Though, the fluxes
in ethanol are significantly lower and for all solutes approximately equal
around 10Lm~2h~1. The flux curves with LiCl and NaCl in solution are sim-
ilar in shape to the pure solvent fluxes. On the contrary, the curve of the
CaCl, solution resembles the flux curve with PEGs as solute. Similarly to
the observations using PEGs, the error bars for the results of the CaCl,
solution show a small deviation at each operating point.

Figure 5.5b shows the retention values using salt as solute. The retention
of CaCl, decreases from 87 % in water due to the addition of ethanol. Re-
markably, an extreme minimum (13 %) is found at 75 wt% ethanol. In ethanol,
the retention increased to 57%. In comparison, the retention curves for
the monovalent salts LiCl and NaCl decrease stronger with already lower
amounts of ethanol in the solvent. Retentions for these salts are almost
zero if the ethanol content was 50 wt% or 75wt% in the solvent. The results
from the measurements with NaCl as solute were only up to 50 wt% ethanol
evaluable or reproducible. However, in ethanol, the retention of LiCl rises
to 24 %.

It is conspicuous that the highest flux values are related to the low reten-
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Figure 5.6: Measurements with CaCl, at different concentrations 5 4, 15 0 and
25 mmol L~ @, 5 bar, 30°C and Re = 1000.

tion values of the monovalent ions while the flux only slightly increased for
the related minimum retention value of CaCl,. Besides, flux and retention
values both decrease if 25 wt% ethanol is added to water. During the pure
water permeability tests between the operating points, the polyelectrolyte
layers are still intact and not degraded.

In addition to the measurements with 5 mmol L~ salts, experiments with
higher concentrations of CaCl, were performed. Figure 5.6 comprises the
results of flux and retention measurements at 5 bar for the salt concentra-
tions: 5, 15 and 25mmol L~!. As expected, the fluxes in water decrease by
increasing the salt concentration (Figure 5.6a). While the fluxes further de-
crease by adding 25wt% ethanol, the differences in flux between the used
salt concentrations reduce. With 50 wt% ethanol as the solvent the flux order
is reversed. In contrast to 5 and 25 mmol L~ CaCls, the flux of the 15 mmol L !
CacCl, solution remained almost constant. The curve progression of the flux
measurements for the low concentrated solutions (5 mmol L~1) are similar for
all measured pressures. Increasing the concentration lead to a change in
the curve progression, which resembles the one with monovalent cations
(cf. Figure 5.5, LiCl and NaCl).
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For both higher concentrated solutions, the local maximum flux at 75 wt%

ethanol is pronounced than for the low concentrated solution. The fluxes
exceeded values of the measurements with water to 77.5 and 88 L m—2h~!
on average for 15 and 25 mmol L~1, respectively. For all solutions the fluxes
in ethanol are close to each other in the range of 5 and 10L m=2h~1.
The retention curves (Figure 5.6b) are similar in shape for all salt concen-
trations. As expected, more salt can permeate through the membrane at
higher concentrations. The trend of retention decrease by adding up to
50wt% ethanol to the solvent is steeper for the solutions with higher salt
concentrations. However, all retention measurements with 75wt% ethanol
as solvent result in a local minimum. The retention values in ethanol were
correspondingly higher, with the exception of 25 mmol L= CaCl, (R ~ 37 %)
which retention is higher than for 15mmol L=t CaCl, (R ~ 23 %). The reten-
tion value for the solution with 5mmolL~! reached for ethanol as solvent
50 %. Therefore, the curve shapes from the measurements with CaCl, for
higher concentrations align on the curve shapes measured with the mono-
valent salts.

In consideration of the extensive and partly unexpected results, it can
be reasoned that several effects overlap. The flux reduction at 25wt%
(and partly at 50 wt%) ethanol is probably due to the interaction between
the hydrophilic polyelectrolyte layers and the solvent, which becomes less
polar. Also, a cononsolvency effect, as described by Scherzinger et al.
[Sche2014] and Edmondson et al. [Edmo2010], can be assumed which af-
fects the layers in this solvent mixture. If that assumption is correct, the
layers swell less in the solution so it should become evident with the ellip-
sometry measurement.

The retentions of the salts in water are in line with the expectations for
a nanofiltration membrane. The Donnan effect can explain the differences
between monovalent ions and bivalent ions. Furthermore, the Donnan ef-
fect continues to be active after the addition of alcohol to the solvent. It
is also known that the network of ordered water molecules is disturbed
by the addition of ethanol [Nosk2005]. This disturbing is reflected in the
excess volume of the solution. At approximately 63wt% ethanol the ex-
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cess volume has a local minimum since in this composition the hydrogen
bonds between water molecules are most effectively disturbed. Therefore
the water network in the liquid ceases. As a result, it is assumed that the
molecules are more agile and interactions between the solvent and poly-
electrolyte layers decrease. While solvent molecules of water or ethanol
attach to the membrane wall within the pores, the mixed solvent molecules
compete with each other [Edmo02010]. This competition prevents complete
deposition of solvent molecules on the membrane wall within the pores of
the polyelectrolyte layers similar to Tanaka, Koga, and Winnik [Tana2008].
With a complete deposition within the pores, the layers are widened, and
at the same time, the effective pore radius is reduced by the solvent. If no
complete deposition appears, the layers will become thinner and the effec-
tive pore radius larger (Figure 5.7). This results in better shielding of the
diluted ions and thus lower retention and generally higher fluxes.

Polyelectrolyte membrane
on ceramic support

o Water
O Ethanol

Figure 5.7: Schematic representation of the observed cononsolvency effect.
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Besides, it can be hypothesized that the salts can slightly shift the point
of greatest disruption of hydrogen bonds by ethanol. Thus the chaotropic
effect of Na* and Li* would shift the point to lower ethanol contents and
the more cosmotropic Ca®* to higher ethanol contents. Marchetti, Butté,
and Livingston [Marc2013] explain similar results with preferential solvation
and the emerging competition between the affinities of solvent-membrane
and solute-membrane. However, they state that the preferential solvation
in water-ethanol mixtures is weak and, therefore, the influence low.

Increasing the CaCl, concentration leads to a decrease of the Debye-
length and therefore a decrease of the electrostatic forces [Isra2011]. This
results in an easier permeation of the ion and lower retention. Further, Ca®*
ions less counteract the disturbance of the hydrogen bonds by ethanol any-
more. The water molecules become more disordered with lower amounts
of ethanol in solution. Both, the disruption of the hydrogen bonds of the
water molecules and the lower Debye-length, lead to a higher flux.

In ethanol, the flux decreases drastically since the layers remain hy-
drophilic and the polarity of the solvent decreases clearly. Therefore, the
retention of the ions increase. Since the Donnan effect is still apparent, the
retention is significantly higher in 100wt% ethanol for the lowest salt con-
centration (higher Debye length). The hydrogen bond network of ethanol is
not disturbed by another solvent, so nothing is counteracting low fluxes.

Order of the solvent mixture

As already mentioned, the experimental order is expected to influence the
measurements. The results from flux and retention measurements indicate
changes in the layer. Hence, we measured the pure ethanol flux as well
as flux and retention in ethanol with 5mmol L=t CaCl, directly after coating.
Figure 5.8a shows the transmembrane flux depending on feed composition
at 5bar. With regard to pure solvent flux, the curve progression is similar
for all pressure levels. We observe initially a decrease in flux by adding
ethanol. Continuing the addition of ethanol, the flux increases with a maxi-
mum at 75wt% ethanol. For pure ethanol the flux is around 26 Lm=2h~1. In
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Figure 5.8: Comparison of gradual increasing and direct ethanol contact with the
membrane for pure solvent measurements and measurements with 5mmol L~*
CaCl, as solute at 5 bar, 30°C and Re = 1000.

contrast, the flux is significantly lower (around 5.6 L m=2h~1) if the membrane
is contacted directly with pure ethanol after the coating procedure. The flux
is significantly lower for measurements with more than 25wt% ethanol as
solvent by using 5 mmol L~! CaCl, as solute. In 100 % ethanol, the flux value
reached 9.4Lm~2h~!. For the same feed composition, only 2L m=2h~1 is
obtained if the membrane was directly used in ethanol. Thus, we found in
both cases, with and without salt, reduced fluxes if the LbL membrane gets
in contact with ethanol as solvent directly after the coating procedure.
Next to the fluxes, the experimental order also influences the retention of
CaCl,. Figure 5.8b shows both retention values: on the one hand, from the
above discussed measurements with a gradual increase of ethanol propor-
tion in the solvent and on the other hand, retention values measured directly
in ethanol as solvent after the coating procedure. As already mentioned,
the retention values for the incremental increase of ethanol percentage in
solvent rises to 50 % in ethanol. In comparison, all retention measurements
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Figure 5.9: Thickness of polyelectrolyte layers (5 0 and 10 @ bi-layers) in water-
ethanol mixtures.

in ethanol directly after coating result in high values (above 95%). These
retention values are higher than in water as the solvent. However, for ap-
plications the coincident low fluxes have to be considered.

Ellipsometry

Ellipsometry is used to determine the change in the polyelectrolyte layers
thickness. By coating silicon wafers, the polyelectrolyte layers could be in-
vestigated independently of the support. Similar to the ceramic support,
the silicon wafers do not influence the thickness by swelling. Figure 5.9
shows the thickness of the polyelectrolyte layers as a function of the con-
taining weight percent of ethanol in the solvent. As mentioned before 10
bi-layers were measured beside 5 bi-layers since the static coating proce-
dure requires more layers as the dynamic coating procedure to achieve
similar characteristics. First, it becomes apparent that the polyelectrolyte
layers thickness in water is 41nm for 5 bi-layers and 68 nm for 10 bi-layers.
Second, it can be seen that the thickness of 5 bi-layers decrease by adding
ethanol to the solvent and is more or less constant for all ethanol contain-
ing solutions. For 10 bi-layers the thickness also decreases by adding up
to 50 wt% ethanol. The thickness contraction is around 45 % from the value
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in water compared to the value in a solution with 50 wt% ethanol. Further
increasing the amount of ethanol in solvent resulted in swelling of the layer
and therefore an increase in layer thickness.

In all ellipsometry measurements, the determined refractive index (Equa-
tion 5.2) was higher if the thickness was low. It is an indication that the
layers are denser if they swell less. Though, a definite relation between re-
fractive index and density could not be found. A lower thickness in ethanol
than in water was expected since this result is in line with measurements
of Miller and Bruening [Mill2005]. They suppose that the polyelectrolyte
layers are less mobile in ethanol than in water and therefore the swelling
degree is smaller. Results from the measurements with the mixtures show
cononsolvency behavior for the layer and confirm the assumption concern-
ing cononsolvency effect before. Consequently, the local minimum in the
polyelectrolyte layers thickness for the solvent mixtures could be related to
the mutual interaction of the solvent components and the solvent interac-
tions with the polyelectrolytes.

Most of the interactions occur in water while ethanol is less polar but it
still builds hydrogen bondings and forms a network. Thus, explaining the
highest thickness of the polyelectrolyte layers in water, and the lower thick-
ness in ethanol. Increasing the amount of ethanol in the solvent implies a
replacement of embedded water inside the polyelectrolyte layers. Through
the disruption of the hydrogen bonds in the water-ethanol mixtures, the
solvent molecules could compete in the deposition at the membrane sur-
face similar as described by Tanaka, Koga, and Winnik [Tana2008]. The
swelling degree decreases as a result of the strong hydrophilic character of
the polyelectrolyte layer (Figure 5.7).

The real reasons for cononsolvency are hitherto not clear and in literature
controversy discussed [Mukh2014]; [Sche2014]; [Zuo2018]. In any case,
the swelling degree decreases. However, usage of ethanol leads to thicker
polyelectrolyte layers. The cononsolvency effect is not affecting anymore,
and the swelling degree increases again to an approximately constant level.
Generally, the swelling depends on the interactions of the solvent with the
polyelectrolytes.
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5.6 Conclusion

Nanofiltration processes, where solute traces need to be rejected from
aqueous organic mixtures, are widely unexplored. In this study, LbL mem-
branes coated on ceramic supports consisting of the polyelectrolytes PDAD-
MAC and PSS are investigated in water, ethanol and their mixtures. Pretests
showed the stability of the layers on ceramic support for various solvents
and 5 bi-layers are found to be sufficient for the experiments.

The LbL membranes are characterized using flux and retention mea-
surements with pure solvents, PEGs, and different salts as solutes. Re-
fractometry measurements of feed and permeate samples proved that no
solvent separation occurred. Pure solvent flux was lower in ethanol and
water-ethanol mixtures than in pure water with a local maximum for 75 wt%
ethanol.

Measuring the retention of PEG led to the MWCO in water at 238 kg kmol 1,
in the mixtures somewhat higher at 601 kg kmol~! and in ethanol at 434 kg kmol 1.
Therefore, MWCO is clearly in nanofiltration range for all mixtures. Fluxes
from these measurements showed a different curve progression than for
pure solvent with a local minimum at 75 wt% ethanol.

Measurements with 5mmol L1 salts as solutes showed decreasing re-
tention values by adding ethanol to the solvent. A significant minimum in
retention and a local maximum in flux values were detected for solvent mix-
tures with 75wt% ethanol. The sharp decrease in retention and increase
in flux occur in measurements with monovalent salts as solute already for
lower amounts of ethanol (50 wt%) in the solvent mixtures than in measure-
ments with bivalent ions. The behavior observed for monovalent ions is
also recognized for higher concentrations of the bivalent Ca ions. Donnan
effect ensures higher retention values for bivalent ions than for monovalent
ions. The curve shapes can be additional explained by the cononsolvency
effect combined with the polarity effect of the solution. Cononsolvency can
be possibly traced back to the disturbing of hydrogen bonds, and therefore,
the interactions between the solvent, solute, and membrane.

Results from flux and retention measurements directly after coating pro-
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cedure in ethanol result for both cases, with CaCl, as solute in solution and
without, in lower fluxes. However, the retention is significant higher reach-
ing more than 95 %.

In addition to the retention and flux measurements, ellipsometry experi-
ments are conducted to determine the thickness of the polyelectrolyte lay-
ers in the different solvent mixtures. The thickness is higher for measure-
ments in pure water than in ethanol and mixtures of water and ethanol. We
assume that the cononsolvency effect, as mentioned before, is the reason
for this layer contraction. It is the first time a cononsolvency effect is ob-
served for polyelectrolyte membranes.

Considering all results, we showed that LBL membranes on ceramic sup-
ports are suitable not only for nanofiltration in aqueous environment but
also in water-ethanol mixtures and in ethanol. We measured significant
flux and retention values of uncharged polymers and salts and discovered
remarkable effects for the interaction of solvent, solute and membrane. For
instance, such an effect with cononsolvency behaviour is widely unexplored
in membrane science, although it probably appears in many applications of
nanofiltration where solvents are mixed. Finally, this research field contains
several exciting options for further investigation. Specifically, examination
of other coatings and with additional test substances (solvents and solutes)
will enlarge the knowledge swiftly and unravel questions resulting from the
observed results.
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6.1 Summary and reflections

The present work covers different areas of nanofiltration with organic sol-
vents. Compared to conventional separation processes, the use of these
processes offers advantages concerning energy and resource efficiency.
Thus, any improvement and dissemination of OSN and STNF will lead to
a higher acceptance and widespread implementation of more sustainable
processes.

To include the OSN as a standard application into the toolbox of sepa-
ration processes, a standard procedure has been presented for measuring
membrane characteristics such as retention and flux. For the first time,
such a standard procedure was used and compared by several institutions
to determine the statistical deviations. The proposed standard experimen-
tal procedure enables generating comparable and reliable membrane per-
formance data. A superstructural optimization subsequently highlights the
impact even small deviations can have on the whole process design. Dur-
ing these studies, further fundamental questions arose regarding the in-
fluence of negative retentions on the optimization of the process design.
In five scenarios, a simplified model shows different approaches to these
questions. A major result is differences in configurations of the membrane
modules in a membrane cascade. The module configuration most fre-
quently selected by the optimization algorithm was the amplification mode
with retentate recirculation to the preceding stages. For a solution of two
solutes diluted in a single solvent the following can be stated: The higher
the retention of the undesired component and the broader the AR of the
solutes, the higher is the selectivity. Also the required stage cut should be
considered. A smaller stage cut generates a higher selectivity. However,
the optimal configuration changes only at low selectivities.

Further experiments were conducted to characterize polymer membranes
whereby water is added to the solvent system. As water is a strong polar
solvent, ethanol or NMP are used as organic components. Thus the nanofil-
tration field changes from OSN to STNF. The investigations in this area are
carried out both with uncharged solutes and with salts. The results show
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that different effects superimpose each other when using polymeric OSN
and ag. NF membranes. The intensity of the superimpositions and there-
fore the dominant effects change depending on the solvent composition.
Besides, the influence of the superimposed effects decreases with increas-
ing molecule size of the solutes. The viscosity mainly influences the flux
in the aqueous medium. The effect is superimposed with polarity effects
as the organic content of the solvent increases. In addition to the known
forces (such as porosity and Donnan effect), less investigated effects have
a considerable influence on the retention. These effects include the prefer-
ential solvation of ions and the disturbance of hydrogen bonds in the liquid
network. The dominance of the crucial effects changes between 60 and
80wt% ethanol content in the solvent.

In the the penultimate chapter, the LbL method developed by Menne et al.
[Menn2016b] was taken up, and ceramic support membranes are coated
with polyelectrolytes. These membranes, which have previously been ex-
tensively tested in aqueous nanofiltration, were used in this study for the
first time in solvent systems consisting of water and ethanol. Since the
membranes are prepared in an aqueous environment, ethanol has been
added to the solvent system. Accordingly, the nanofiltration field is now
changing from the aqueous nanofiltration to STNF. The experiments were
conducted in the same way as the STNF experiments with the polymer
membranes. Therefore, the superimposed effects were also observed with
these membranes. However, in addition to the already known effects, the
cononsolvency effect of the active separation layer could also be verified.
This validation was possible with the method of ellipsometry.

Overall, the thesis describes various effects which occur during the per-
formance of OSN and STNF. Several of these effects were up to now un-
known or had not been described. The work offers new approaches for
improving and researching the techniques. As a result of this further devel-
opment and research of the processes, resistance, and doubts about the
technology were reduced. A broader acceptance in the industry had been
reached whereby the processes are considered in new designs or renewal
of energy-efficient and resource-saving facilities. The STNF, in particular,
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has received little attention so far, and this work puts into the focus of such
investigations. Further studies in this field are an investment in a more
sustainable future.

6.2 Outlook

The investigations conducted in this study provide numerous further op-
portunities for exciting research questions. Heuristic methods could pro-
mote and strengthen the standardized experimental method in Chapter 2.
Results measured with the standardized method can help to reveal corre-
lations in the complex solvent-solute-membrane system due to their high
quality. The optimization model in Chapter 3 could further be applied to ex-
amine more retention cases. Besides, it could be extended to enable new
possibilities in assessing process configurations and costs. For STNF pro-
cesses further measurements, such as performed in Chapter 4, are nec-
essary. Different chemical systems will lead to a better understanding of
the effects detected and could support the investigation of other effects,
such as the swelling of membranes. Also, other coatings on ceramic sup-
port membranes, similar to the coating in Chapter 5, with appropriate test
systems will build up knowledge in this research field. In addition, the im-
portance of ceramic membranes in nanofiltration processes could be pro-
moted. Overall, an effort on generating a comprehensive understanding of
challenges involving organic solvents and water in nanofiltration is needed.
The combination of elements from aqueous nancfiltration and OSN is of
central importance.

Accordingly, a standard procedure also for STNF should be developed as
early as possible. The aim is achieving reliable results in this field which are
directly comparable with ongoing investigations of innovations. Besides,
this field requires comprehensive modeling, combining concepts from OSN
and aqueous nanofiltration. The integration of possible experimental error
sources which result in statistical deviations could lead to more accurate
predictions.

Models used for designing processes can also be adapted to account for

152



6.2. Outlook

statistical fluctuations of the parameters as they occur in real operations.
This adaption would improve the prediction of successful processes and
costs. Also, the connection to other process units could be improved in that
way. Combinations of different retention cases through selectable mem-
branes should allow greater flexibility. The combination and optimization
sequences of different models have to be elaborated in a meaningful con-
cept. Thereby the process design can be stabilized, and the acceptance of
new membrane processes can be accelerated.

The exchange and combination of elements of aqueous nanofiltration
and OSN are also beneficial for experiments. Such approaches have al-
ready been pursued in Chapter 4 and Chapter 5. Furthermore, mem-
brane materials will play an essential role in the research of STNF. Beyond
that, the LbL technique is promising for OSN and especially in combination
with ceramic support membranes. The technology derived from aqueous
nanofiltration can straightforward be used to apply tailor-made separating
layers. If well compatible materials are selected, higher fluxes with high
retentions should be feasible.
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