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Over the past decade, solvent resistant nanofiltration (SRNF) has gained a lot of attention, as it is
a promising energy- and waste-efficient unit process to separate mixtures down to a molecular
level. This critical review focuses on all aspects related to this new burgeoning technology,
occasionally also including literature obtained on aqueous applications or related membrane
processes, if of relevance to understand SRNF better. An overview of the different membrane
materials and the methods to turn them into suitable SRNF-membranes will be given first. The
membrane transport mechanism and its modelling will receive attention in order to understand
the process and the reported membrane performances better. Finally, all SRNF-applications
reported so far — in food chemistry, petrochemistry, catalysis, pharmaceutical manufacturing —
will be reviewed exhaustively (324 references).

Abbreviations

6FDA 2,2-Bis(2,4-dicarboxyphenyl)  hexafluoropro-
pane dianhydride

CA Cellulose acetate

DCM Dichloromethane

DEGDME  Diethylene glycol dimethyl ether

DKR Dynamic kinetic resolution

DMA N,N-Dimethylacetamide

DMF N,N-Dimethylformamide

DMSO Dimethyl sulfoxide

EA Ethyl acetate

ECTFE Ethylene chlorotrifluoroethylene

EG Ethylene glycol
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EGME
FFA
GS
HITK
ILs
IPC
MA
MBR
MEK
MF
MIBK
m-PDA
MSBE
MSE
MW
MWCO
NF
NMP
0-PDA
OSN
PA
PAA
PAH
PAI
PAN
PBI
PDMS
PEA
PEAH
PEBAX
PEEK
PEi
PEI
PEG
PEO
PES

PI

PIB
p-PDA
PPESK
PPO
PPO-Br

PPSf
PPz
PSf

PS
PTCs
PTMSP
PU
PUA
PV
PVA
PVDF
PVP
RO
S-m-PDA
SEM
SPEEK

Ethylene glycol methyl ether
Free fatty acid

Gas separation

Hermsdorfer Institut fiir Technische Keramik
Ionic liquids

Isophthaloyl chloride

Methyl acrylate

Membrane bioreactor

Methyl ethyl ketone
Microfiltration

Methyl isobutyl ketone
meta-Phenylene diamine
Membrane based solvent back extraction
Membrane solvent extraction
Molecular weight

Molecular weight cut-off
Nanofiltration
N-Methylpyrrolidinone
ortho-Phenylene diamine
Organic solvent nanofiltration
Polyamide

Polyacrylic acid

Poly(amide hydrazide)
Poly(amide imide)
Polyacrylonitrile
Polybenzimidazole
Polydimethylsiloxane
Poly(ether amide)
Poly(etheramide hydrazide)
Poly(ethylene oxide-h-amide)
Poly(ether ether ketone)
Poly(ethylene imine)
Poly(ether imide)
Poly(ethylene glycol)
Poly(ethylene oxide)
Poly(ether sulfone)

Polyimide

Polyisobutylene
para-Phenylene diamine
Poly(phtalazinone ether sulfone ketone)
Poly(2,6-dimethyl-1,4-phenylene oxide)

Brominated  poly(2,6-dimethyl-1,4-phenylene
oxide)

Poly(phenylene sulfone)

Polyphosphazene

Polysulfone

Polystyrene

Phase transfer catalysts
Poly[1-(trimethylsilyl)-1-propyne]
Polyurethane

Poly(urea amide)

Pervaporation

Poly(vinyl alcohol)

Poly(vinylidene fluoride)
Polyvinylpyrrolidone

Reverse osmosis

meta-Phenylene diamine-5-sulfonic acid
Scanning electron microscopy
Sulfonated poly(ether ether ketone)

SPPESK Sulfonated poly(phtalazinone ether sulfone
ketone)

SPPO Sulfonated poly(2,6-dimethyl-1,4-phenylene
oxide)

SRNF Solvent resistant nanofiltration

TFC Thin film composite

THF Tetrahydrofuran

TIPS Thermally induced phase separation

T™C Trimesoylchloride

TOABr Tetra octyl ammonium bromide

TPC Terephthaloyl chloride

UF Ultrafiltration

XPS X-ray  Photoelectron spectroscopy

Nomenclature

ay o activity of solvent in feed side of membrane

a0 activity of solute in feed side of membrane

a e activity of solvent in permeate side of membrane

ar activity of solute in permeate side of membrane

C molar density of the mixture [mol m ]

G molar concentration of species i [mol m 7]

123 solute concentration [mol m ™3]

Gy (=Acy/Aln ¢;) logarithmic average of solute
concentration across the membrane [mol m ]

Acy concentration difference of solute across the
membrane [mol m ]

s, solute  concentration upstream  solution
[mol m 3]

&, solute concentration downstream solution
[mol m 3]

(&) solute concentration in membrane at the side
facing the upstream solution [mol m 3]

) solute concentration in membrane at the side
facing the downstream solution [mol m ]

D, diffusion coefficient solute in pure solvent,
calculated by Wilke Chang [m” s~ ']

Dim multi component diffusion coefficient of solvent
versus membrane [m> s~ ']

D>, multi component diffusion coefficient of solute
versus membrane [m> s~ ']

D> multi component diffusion coefficient of solute
versus solvent [m2 sfl]

F Faraday constant [96487 C mol ']

Jsolvent volume flux for solvent [m®> (m?s) ']

Ji molar solvent flux [mol s™! m™?)]

Jo molar solute flux [mol s~! m™?)]

Jy volume flux [m s~ ']

K solvent sorption [mol solvent m ™~ > membrane]

K solute distribution coefficient [(mol m~* mem-
brane) (mol m ™ solution) ']

K> hindrance factor for convection

K4 hindrance factor for diffusion

L, mechanical filtration coefficient [m s~ ' bar™']

€ membrane thickness [m]

M, molar weight of solvent [Da]

M, molar weight of solute [Da]

n mass flux of solvent [g (m?s) ']

> mass flux of solute [g (m? s) ']
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Po pressure upstream solution [Pa]

Pe pressure downstream solution [Pa]

P, solute permeability [m* (m? s)™ 1]

Po pressure upstream solution [Pa]

Pe pressure downstream solution [Pa]

AP pressure difference [Pa]

I solute radius [m]

Fp pore radius [m]

R gas constant = 8.31451 [J (K mol) ']

T temperature [K]

12 molar volume solvent [m*® mol™!]

7, molar volume solute [m> mol™!]

v diffusive volume flux of a species i [m s~ ']

Wi mass fraction of solvent in membrane at the
upstream side [g g~ ']

Wie mass fraction of solvent in membrane at the
downstream side [g g~ ]
_Wio +wye

W]

*

wi mass fraction of solvent in membrane at

equilibrium swelling [g g~ ]

Wag mass fraction of solute in membrane at the side
facing the upstream solution [g g~ ']
W mass fraction of solute in membrane at the side
facing the downstream solution [g g~ ']
W W + woy
? 2
- wio —Wie
W =
m 1 ((1 — Wi g))
n _
(1 —Ww 10)
X; molar fraction of species i in membrane
X1 molar fraction of solvent in membrane; x,
molar fraction of solute in membrane
Ax top-layer thickness [m]
2 valence of electrolyte

Greek symbols

o osmotic pressure upstream solution [bar]

¢ osmotic pressure downstream solution [bar]

Arn osmotic pressure difference across the mem-
brane [bar]

P mass density of the membrane [g membrane/m?
membrane)]

€ = % frictional coupling coefficient

12

& = % . g—zlj frictional coupling coefficient

a reflection coefficient and P is the solute perme-
ability [m s~ ']

V] electric potential [V]

o(r) potential function of force exerted on solute by
the membrane material [J (g mol) ']

i frictional coefficient between solute and solvent
[J s (m? g mol)™}]

&3 frictional coefficient between solute and mem-
brane material [J s (m> g mol) /]

€ porosity
solution viscosity [kg (m s) ']

T tortuosity

1 Introduction

The field of membrane separations is typically interdisciplin-
ary, involving materials science and engineering, chemical
synthesis and characterization of membrane materials,
membrane manufacturing and modification, module design,
process engineering, integration of membrane processes in
industrial processes as well as economical, ecological and
safety issues. Today, the growth of membrane technology
is based on technical achievements, the steadily growing
acceptance in various industries, energy prices and environ-
mental concerns. The membrane industry itself has a profound
perspective as illustrated by its growth rate, the increasing
diversity of applications, and the growing number of
technically feasible membrane processes.

Whenever selectivity in membrane filtrations is based on
size-exclusion, it is easily understood that smaller pores are
able to reject smaller molecules. The picture gets more
complicated when membranes separate on a molecular level.
This is where liquid-phase pressure-driven membrane pro-
cesses have been referred to in literature as nanofiltration
(NF), a term ‘invented’ during a Filmtech meeting in 1984," or
reverse osmosis (RO), or sometimes even ultrafiltration (UF).
The terminology is however not well-defined. An operational
definition classifies the processes according to the pressure
required to create the necessary driving force for the
membrane separation: pressures for UF normally range from
1 to 5 bar, for NF from 5 to 20 bar and for RO from 10 bar
upwards.? The 1996 IUPAC-nomenclature on the other hand,
distinguishes the processes according to the size of the retained
solute. RO is defined as a process in which only solvents
permeate, while particles and dissolved molecules smaller than
2 nm are rejected in NF, and compounds between 2 nm and
0.1 pum in UFE.? Strictly spoken, these definitions would imply
that the very same membrane operated at 4 or 6 bar or in a
strongly swelling or non-swelling solvent, would have to be
referred to as an UF- or NF-membrane respectively, depend-
ing on the conditions. With such blur borderline, these three
liquid-phase pressure-driven membrane processes will be
covered in this review without distinction. Since only applica-
tions in organic solvents will be considered, the term solvent
resistant nanofiltration (SRNF) will be used for their general
description. Organic solvent nanofiltration (OSN) is the
alternative nomenclature regularly found in the literature.

Even though pressure-driven solvent separations had been
occasionally mentioned already, for instance in 1965,* SRNF
is a relatively young technology that broke through around the
beginning of this century. Hence, it can not be considered a
proven technology yet, but surely holds enormous potential as
it allows separations of organic mixtures down to a molecular
level by simply applying a pressure gradient over a membrane.
In this range of membrane filtrations where discrimination
occurs at molecular level, mutual interactions between solute
and solvent, solvent and membrane, as well as between solute
and membrane start to play a key role in addition to — and
often even more dominant than — mere molecular size. It
makes SRNF less accessible for the non-specialist, and renders
selection of a suitable membrane type for a given separation
relatively difficult. The latter is even more complicated when
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commercially available membranes are considered whose
physico-chemical properties are seldom known.

The review will start with some general SRNF-specific
issues, after which the most important membrane materials
applicable for SRNF, as well as their properties and synthesis
procedures will be discussed. A special section will feature the
main commercial SRNF-membranes. To increase the chances
for proper membrane selection anyhow, a further chapter will
be dedicated to membrane transport mechanisms, and —
coinciding with it to a certain extent — transport modeling.
Since good SRNF-membranes are commercially available
these days and many others have been ‘tailor-made’ for
specific purposes, a large chapter will focus on all applications
studied so far — summarized per industry branch. A chapter
about upscaling and module design, and a general outlook of
the field will conclude this review.

Since some NF-membranes developed for aqueous applica-
tions are resistant in numerous solvents in which they might
even show good rejections for certain solutes, the borderline
between membranes for aqueous applications and solvent
applications is very diffuse for polymeric membranes. The
same surely holds for ceramic membranes that will obviously
neither dissolve nor swell even slightly in any organic solvent.
For this reason several references that in fact deal with
aqueous applications have been included in this review, as well
as references dealing with related membranes such as gas
separation (GS) membranes, whenever they contributed in our
opinion to the general better understanding of SRNF.

2 General considerations
2.1 Advantages and disadvantages of SRNF

The general main incentives to apply SRNF are numerous. In
most cases, no additives are needed, and separations don’t
involve any phase transition. Thermal damage, resulting in
degradation and side reactions, can be minimized during the
separation due to the low temperature of operation compared
with distillation. Possibilities are created to recycle solvents
and/or valuable compounds and to lower losses or exhausts.
Energy consumption is low as compared with alternative unit
operations like distillation and crystallization. Athermal solvent
exchanges can be performed, allowing to swap from a high-
boiling to a low-boiling solvent. SRNF can be installed easily as
a continuous process, and just like any other membrane
separation, it can be combined readily with existing processes
into a hybrid process. The latter can be attributed to its modular
set-up, which also renders upscaling relatively simple.

Despite these clear advantages, only few large-scale SRNF-
processes are running yet, even though many pilot-scale tests
currently seem to be on-going.’ In addition to the general
reluctance of the chemical industry to implement new tech-
nologies, one of the main reasons for the delayed break-
through is probably a lack of robustness of the membranes.
The main challenge for the further expansion of SRNF thus
remains the development of membranes that are stable in a
wide range of organic solvents, and show high and reprodu-
cible performances on the long term, combining elevated
solvent permeabilities and acceptable rejections for molecules
in the 200-1000 g mol™ ! molar mass range. The stability

demands for the membrane can indeed be really tough in non-
aqueous and sometimes even reactive environments with high-
temperature processing. Even if sufficiently stable, the right
membrane (ie. combining a sufficient selectivity with an
acceptable flux) for a given separation problem might not be
available yet, or — at least as important — the process manager
involved might simply not be aware of its existence. Finally,
for large-scale applications, membrane fouling and concentra-
tion polarization remain important issues, which have so far
been addressed much less for organic feeds than for aqueous.
Membrane feed boundary layer phenomena are indeed of
extreme importance to establish correct long-term filtrations
and to get the maximum performance out of a membrane.

2.2 Practical issues in SRNF

2.2.1 Separation performance of SRNF-membranes. The
performance of a given membrane is determined by two
parameters: selectivity and flow. The latter, generally denoted
as flux or permeation rate, is defined as the volume liquid
flowing through the membrane per unit area and per unit time,
and is generally expressed as 1/(m” h), while permeabilities
(/(m? h bar) are normalized to the applied pressure. Rejections
(70) are mostly calculated as (C, — Cy)/C,,, where ¢¢ and ¢,
denote the analyte concentration of feed and permeate,
respectively. In addition, the separation performance of a
membrane can also be expressed by its ‘molecular weight
cut-off” (MWCO). This represents the molecular weight (MW)
corresponding to a reference compound that is typically
retained for 90%. The MWCO can be derived from a
MWCO-curve, featuring the membrane’s rejection for analytes
with increasing MW. NF-membranes typically show MWCOs
in the 200-1000 Da range.

Although SRNF-membranes have meanwhile been applied
and investigated by multiple authors, literature data tend to be
rather application-specific and thus hardly comparable. The
specific properties of the used solvents and solutes (structure,
size, charge, concentration, efc.), as well as the experimental
filtration conditions (transmembrane pressure, temperature)
applied in most studies, make filtration data, including
MWCO-values, of different experiments hardly comparable.
The changing characteristics of a certain solute in different
solvents have to be considered when interpreting filtration
data. This change holds first of all for the molecular shape.
Oligomeric forms of polyisobutylene (PIB),%° poly(ethylene
glycol) (PEG)'™!" or polystyrene (PS),” all popular solutes to
determine MWCO-curves in solvents, are solvated to different
extents and can change from almost globular shape to
extended coils. Second, charges can be shielded better or
worse in organic solvents with low or high dielectric constants
respectively. Third, cluster formation of solutes can appear in
relatively bad solvents or from certain concentrations
onwards.'? Furthermore, even if filtration conditions would
exactly match, rejections determined with different analytical
techniques, often not clearly disclosed, could differ. Due to this
non-uniformity, the selection of a suitable membrane for a
given application often necessitates the screening of many
membranes. As membrane selection for SRNF-applications is
often based on literature-given or manufacturer-specified
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MWCO-values (often still measured in aqueous environ-
ments), a clear need exists to develop a consistent and
universal method to characterize the performance of SRNF-
membranes. A first step in that direction has recently been set
using a homologous series of styrene oligomers spanning the
NF-range and well soluble in methanol, ethyl acetate (EA),
hexane and toluene.'

2.2.2 Filtration conditions, system design and mass transfer
limitations. Apart from the variability in the characterization
of SRNF-membranes, the way filtration data are collected
varies widely as well. The majority of SRNF-applications
reported in literature have been obtained on lab-scale set-ups
in dead-end filtration mode (Fig. la), while industrial
membrane applications generally run in cross-flow mode
(Fig. 1b). In dead-end, the feed is forced through the
membrane by a pressure perpendicular on the membrane
surface, whereas in cross-flow, the feed flows parallel to the
membrane surface, as schematically shown in Fig. 1. The
short-term performances reported by academic groups, mostly
obtained in dead-end mode, will not necessarily be reprodu-
cible in long-term testing or under cross-flow conditions.
Furthermore, the module configuration in which the mem-
brane is packed has a profound influence on its performance.
In academic studies, flat sheet membranes (seldom applied in a
module) are generally used, occasionally also spiral-wound
modules, while the latter module type is the most popular in
industrial applications. Therefore, wherever in this review
reference is made to performance data, particularly in the
applications section, the conditions under which data are
collected will be indicated between square brackets. This will
allow the reader to get some idea about the reliability/quality
of the data. The system design will be indicated as DE
(dead-end), CF (cross-flow) or CU (conditions unknown),
while the length of the filtration test will be denoted as either S
(short, less than 10 hours) or L (long, more than 10 hours).
Mostly flat sheet membranes are used, unless indicated
differently as SW (spiral-wound) or HF (hollow fiber), and
the operational strategy (batch, continuous or diafiltration)
will also be indicated where possible. For upscaling and
industrial implementation, with special emphasis on module
configurations, system design and operational concepts will be
discussed in more detail in paragraph 6.

In contrast to cross-flow filtrations, dead-end filtrations
involve pressurization of the feed with a gas. The role of the
pressurizing gas solubility in the feed, and of the expansion of
this dissolved gas while going from the feed pressure to the

a

feed

permeate

Fig. 1

feed

atmospheric permeate pressure during membrane permeation,
have not been formally studied yet. The better feed hydro-
dynamics in cross-flow filtrations will generally induce higher
fluxes, but the overall effect is rather unpredictable since
concentration polarization might lower selectivity, while
fouling phenomena, like cake-layer formation or solute
adsorption on the membrane surface, generally increase
selectivity. Fouling is defined as the process resulting in loss
of membrane performance due to the deposition of suspended
or dissolved substances on its external surface, at pore
openings, or within pores.>* Concentration polarization is an
important fouling mechanism, referring to the accumulation of
retained solutes at the membrane boundary layer. It creates a
higher solute concentration at the membrane surface com-
pared with the bulk solution. This boundary layer concentra-
tion is critical for flux and rejection and might induce further
fouling. The increased osmotic pressure of retained com-
pounds and the possible formation of a gel-layer reduce fluxes
and complicate interpretation of rejection values. Membrane
fouling is mostly a reversible process that can be controlled by
several technical modifications, such as increasing cross-flow
velocity, permeate pulsing and ultrasound treatment.'

Important flux losses can also be caused by increasing
retentate concentrations during the course of a small-scale
batchwise filtration. Being either roughly estimated by
the Van 't Hoff equation, or calculated from extrapolations
to zero flux on pressure—flux plots, osmotic pressures Az in the
retentate can increase substantially this way, hence drastically
lowering the actual driving force (AP — Ar). Additionally, the
above-mentioned concentration polarization and fouling
phenomena might become even more prominent. More
fundamental research is certainly needed on the Van ’t Hoff
equation to prove its applicability in organics solvents.'> Non-
ideality of tetraoctylammonium bromide (TOABr) in toluene
for instance has been reported already and explained by ion-
pair clustering of the TOABr molecules.'® On the other hand,
sunflower oil behaved ideally in the same solvent,'® just like
PIB in hexane and toluene.®

In contrast to aqueous NF, mass transfer-limiting
phenomena at the membrane—feed solution interface have
hardly received any attention yet in SRNF and most results
have been obtained on small lab-scale dead-end filtration
set-ups. The few studies however are quite encouraging.'®™"’
Studying feeds with up to 30 wt% dissolved organics, the
observed flux and rejection trends could be described
accurately by the suggested model when non-ideality of
activity coefficients was implemented. Lab-scale data obtained

b

retentate

permeate

Schematic representation of membrane filtration system design: (a) dead-end, (b) cross-flow mode (adapted from ref. 2).
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with small flat sheet coupons were found to correlate well with
the results obtained using larger spiral-wound modules,
especially when obtained under cross-flow instead of dead-
end conditions.'®

Another important aspect of short-term lab-scale filtrations
is an often solvent dependent compaction of polymeric SRNF-
membranes, observed as a severe initial flux decline during the
experiment. This phenomenon which has been observed by
many authors!”?*?! can be ascribed to a rearrangement of
(partly solvated) polymer chains under the applied pressure.”
The time needed for the membrane flux to reach complete
equilibrium depends on many conditions, but can easily be as
long as several days and is highly dependent on membrane
pretreatment.22

2.2.3 Membrane conditioning. Another major source of
variability or ‘incomparability’ between performances of
identically synthesized SRNF-membranes is related to the
post-synthesis conditioning of the membranes. This involves
the storage of the membrane from its moment of synthesis till
its actual application, including ‘membrane rinsing’ in the
filtration cell prior to contacting the membrane with the actual
feed stream to be filtered. Inappropriate conditioning can
make a superior membrane loose all of its performance.
Defining appropriate storage and rinsing conditions is not easy
and gets more complicated with many commercial membranes
whose membrane structure and composition are unknown. No
doubt many good membrane/solvent/solute combinations
have been discarded in the past due to such membrane
‘mistreatment’. The pores of membranes prepared via phase
inversion (see below) for instance are filled with the coagula-
tion bath solution right after synthesis. Removing this solvent,
e.g. via extended air contact, would make the smallest pores
collapse due to capillary forces, especially with liquids of high
surface tension like water. Precisely these small pores are
crucial in determining membrane flux and selectivity, as they
are primarily present at the membrane top-surface or realize
the interconnectivity between the larger pores. Conditioning
agents are typically used to keep the smallest membrane pores
open during handling. Examples are lubricating oils and
glycerol, dissolved in apolar and polar solvents, for subsequent
filtrations of apolar or polar feeds respectively.?>>*

The presence of the conditioning agent in the pores after
membrane preparation often allows evaporation of the
solvents and thus dry membrane storage, since the remaining
oil or glycerol prevents the pores from collapsing. In order to
avoid pore obstructions and concomitant lowered fluxes, the

a

OOOOOOOOO O O O O OOOOOOO OOO

conditioner should obviously be removed carefully with an
appropriate solvent prior to application.?** Once the
conditioning agent has been removed, the membranes should
never be left dry without re-introduction of the conditioner.
Only membranes with a dense rubbery top-layer supported by
a layer with sufficiently large surface pores, can be stored dry
without many precautions. However, the main risk for pore
collapse at the level of the support is situated here during the
application of the top-layer via solvent casting.>*2%%’

3 Membrane preparation
3.1 Introduction

The material selection for SRNF-membranes can be based on
the following characteristics: film forming properties, chemical
and thermal stability, commercial availability and price,
and affinity for the components in the feed. For food and
pharmaceutical applications, reliable purity grades and FDA-
approval of materials, membranes, and modules are required.
Upscaling and industrial implementation generally require
reproducible membrane performances as well as long-term
stability and cleanability. In terms of chemical, thermal and
structural stability, ceramic membranes are obviously superior.
They do not deform under pressure, do not swell and are
cleaned easily. Their large-scale synthesis and module con-
struction may however be complicated, they tend to be more
expensive and brittle than polymeric membranes and are also
less versatile in applications. In contrast to polymeric
membranes, ceramic SRNF-membranes are still much less
widespread, even though significant progress in this field has
been made recently.

Phase inversion, developed by Loeb and Sourirajan®® in the
early sixties, represents one of the most versatile, economical
and reproducible formation mechanisms for polymeric asym-
metric membranes. These membranes possess a skin-layer on
top of a more porous sublayer with the same composition
(Fig. 2a). Due to their low manufacturing costs, integral
asymmetric membranes dominate a significant part of the
membrane market for water treatment.>?* The key for high
performance is the very thin skin-layer which enables a high
selectivity and permeability. Another important class of mem-
branes, useful for RO and NF, are thin film composite (TFC)
membranes, exhaustively reviewed by Petersen® and consist-
ing of an ultra-thin (submicron) separating ‘barrier’ on top of a
chemically different porous support (Fig. 2b). The separating
layer of TFC membranes for aqueous applications is usually
prepared via dip-coating or by interfacial polymerization on a

b

Fig. 2 Schematic representation of major polymeric membrane types used for SRNF: (a) integrally skinned asymmetric membrane, (b) thin film

composite (TFC) membrane.
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support-layer usually prepared via phase inversion. Due to
their layered structure, TFC membranes are very flexible as the
chemistry and performance of both barrier-layer and porous
substrate can be independently optimized to maximize the
overall membrane performance.”2%*

This chapter will cover all synthesis techniques applied for
SRNF-membranes, polymeric as well as ceramic membranes,
starting with a concise description of the underlying principles
when needed, followed by more specific examples. Some
general aspects of support-layers for composite membranes
will be discussed first. Reference will often be made to the
preparation of NF-membranes for aqueous applications,
studied already in much more detail, to help explain the effect
of certain parameters. The chapter will be concluded with a
description of the synthesis, performance and/or composition
of the most common commercial SRNF-membranes. A
more detailed review on NF-membrane preparation for both
aqueous and solvent applications has recently been published.’!

Membrane synthesis often involves such complex mixtures
of polymers, solvents and additives that compositional
optimization for a given target separation becomes extremely
difficult and time-consuming, if not impossible via a conven-
tional parameter-by-parameter approach. New methods invol-
ving Design of Experiments, such as combinatorial synthesis,
seem to be ideal in this respect to discover the optimal
composition of the polymer solution. This has been proven
already for a polyimide (PI) based SRNF-membrane prepared
via phase inversion and optimized using genetic algorithms.*?
The optimal casting composition, involving 8 different com-
pounds, led to a three-fold improved flux/selectivity combina-
tion as compared to the best available commercial membranes
(Fig. 3). As such optimization needs preparation and testing of
many samples (typically about 200 different membranes), high

throughput membrane synthesis and testing equipment, as
developed recently, is almost essential. >

3.2 Supports

The choice of the support-layer for composite SRNF-
membranes is important as it should provide mechanical
stability and allow application of thin and defect-free top-
layers (Fig. 4). Its mechanical, chemical and thermal properties
should meet the criteria imposed by the separation, while
its surface roughness and polarity determine the adhesion
between both layers under filtration conditions. Often, the
support itself is still applied on a substrate, commonly a
polyester or polypropylene/polyethylene nonwoven backing,
to enhance mechanical strength and handling.?** Asymmetric
microporous polysulfone (PSf) membranes are frequently used
supports. However, since PSf is sensitive to certain solvent
classes, the choice of the contacting solvents during top-layer
deposition is rather limited.>° Other more stable UF-supports
have been mentioned in literature — mostly in an aqueous
NF-context but possibly suitable for solvent filtrations as
well — including poly(ether sulfone) (PES),** polyacrylonitrile
(PAN),* poly(vinylidene fluoride) (PVDF)*® and poly-
propylene (PP),2% PL?* PAN*’ and polybenzimidazole
(PBI)*® as well as inorganic membranes.*!

A sufficiently strong binding between the support and the
top-layer is not trivial and can cause stability problems on the
long term, reflected in top-layer peel-off, especially under
conditions of excessive top-layer swelling. The formation of an
interpenetrating layer of the active layer inside the pores of the
support has been suggested to strengthen the interaction.™
However, excessive penetration in the support will make
this membrane part become rate-limiting, hence significantly
reducing the membrane flux.*> The problem of top-layer
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Fig. 4 SEM-images of TFC membranes: (a) zeolite-filled PDMS top-layer coated on a microporous PI support, (b) PA top-layer interfacially

polymerized (see 3.4.) on a PI support.

intrusion can be reduced by filling the pores of the support
with a solvent.”*

3.3 Phase inversion

3.3.1 Basic principles. ‘Phase inversion’ refers to the con-
trolled transformation of a cast polymer film from a liquid to a
solid state. During this process, a thermodynamically stable
polymer solution is mostly subjected to a controlled liquid—
liquid demixing during which the cast polymer film ‘phase-
separates’ into a polymer-rich and a polymer-lean phase,
ultimately forming the matrix and the pores of the membrane,
respectively. This phase separation can be induced by
immersing the film in a non-solvent bath (‘immersion-
precipitation’), by lowering the temperature (‘thermal pre-
cipitation’), by evaporating the volatile solvent from the
polymer film (‘controlled evaporation’) or by placing the cast
polymer film in a non-solvent vapour phase (‘precipitation
from the vapour phase’).>?*3'* A ‘non-solvent’ in this
context refers to a relatively bad solvent for the polymer.
This chapter will mainly focus on asymmetric membranes
obtained via immersion-precipitation, which is the most
common phase inversion method.

The thermodynamic behaviour of a polymer solution
subjected to immersion-precipitation can be represented in a
polymer/solvent/non-solvent phase diagram (Fig. 5). In this
diagram, the initial polymer solution is situated in the stable
region outside the binodal. After ‘binodal demixing’, indicated

by pathway A, which is the most common phase separation
mechanism, polymer solutions arrive in the metastable region
between the binodal and the spinodal. In this region, polymer
solutions will ‘phase-separate’ into a polymer-lean and a
polymer-rich phase, indicated on the phase diagram by the A’
and A" tieline ends respectively. Phase-separation takes place
according to the ‘nucleation and growth’ mechanism, in which
the formed nuclei grow and most often progress towards a
phase-coalescence. ‘Spinodal decomposition’, the second and
less frequent mechanism is represented by pathway B.
This occurs whenever the polymer solution directly moves to
the thermodynamically unstable zone within the spinodal.
Again, two different phases are formed, but instead of
developing well-defined nuclei, two co-continuous phases will
be formed.>*!

However, not only the thermodynamic but also the kinetic
aspects of the phase inversion process should be considered,
more specifically the moment at which the developing mem-
brane structure gets solidified. Fig. 6 shows the composition
path of a cast polymer film (1: top of film, 2: middle, 3: bottom)
in a phase diagram at a specific moment #, almost immediately
after immersion. As more and more solvent will be exchanged
by non-solvent, another decomposition path will exist for each
subsequent moment. On the left-hand side (Fig. 6a), the
binodal is crossed already at time ¢ and demixing will start
directly (‘instantaneous demixing’). Under these conditions, a
fine porous membrane structure will develop. On the right-
hand side (Fig. 6b) however, at time ¢, all positions in the film

Polymer

Solvent
@® Critical point

e Tie-line

Non-solvent

x Casting solution

Fig. 5 Schematic representation of the mechanism of phase separation during membrane formation (taken from ref. 31).

372 | Chem. Soc. Rev.,, 2008, 37, 365-405

This journal is © The Royal Society of Chemistry 2008



Polymer

t<1 sec

Solvent

Non-solvent  Solvent

Polymer

t<1 sec

Non-solvent

Fig. 6 Composition paths of two phase separation processes almost immediately after immersion: (a) instantaneous demixing, (b) delayed

demixing (taken from ref. 31).

are still situated within the thermodynamically stable region.
In this case, demixing will only start after some time when
more non-solvent has diffused into the polymer film in such a
way that the binodal can be crossed (‘delayed demixing’).>>!

A phenomenon often associated with immersion-precipita-
tion, mostly with instantaneous precipitation, is the formation
of macrovoids. These are elongated, finger- or tear-like pores
that can extend over the entire membrane thickness, as shown
in Fig. 4. They are generally considered undesirable as they
cause mechanically weak spots in the membrane and thus
severely limit the compaction resistance. Conditions favoring
delayed demixing however can reduce or even suppress
macrovoid formation, e.g. by selecting a non-solvent with
limited miscibility with the solvent in the casting solution, by
increasing the polymer concentration in the casting solution or
by introducing an evaporation step before immersion of the
cast film into the coagulation bath.>!4343

A wide variety of experimental parameters have been shown
to have an impact on the final morphology of asymmetric
membranes, and consequently on their performance.?3!*
Combinatorial optimization techniques proved to be excellent
tools to optimize such broad parameter spaces, as exemplified
for a PI-based SRNF-membranes where the membrane with
optimized composition showed considerably higher fluxes and
rejections than commercial MPF-50 and Starmem' " 120 (see
below) membranes [DE-S].*

3.3.2 Polymer type. Many chemically stable polymer types
have been used to prepare solvent stable, asymmetric
membranes via immersion-precipitation®**"#*” (Table 1). In
this context of SRNF, a distinction should be made between
asymmetric membranes, that are useful as such for separations
in the NF-domain, and membranes (generally UF), that are
not selective by themselves but might be useful as supports for
composite NF-membranes. This distinction, clarified already
in Fig. 2, is indicated in Table 1 by means of ‘A’ (asymmetric
NF/RO-membrane) and ‘S’ (support). As can be seen, several
polymers have been applied for both membrane types.

In both cases, solvent resistance should obviously be
guaranteed. In order to be applicable in a broad range of
solvents, the intrinsic chemical stability of the membrane-
forming polymer itself is obviously crucial. This may however
not pose limits on the processibility of the polymer nor on the

pore structure and permselectivity of the membrane. Solvent
stability is related to the chemical structure of the polymer
and the presence of certain structural elements, like aromatic
groups, imide bonds or F-atoms. Generally, co-polymerization
induces rigid segments which impart solvent resistance.”*
Table 1 features intrinsically stable polymers, well suited for
solvent filtrations as well as less stable polymers that are
preferably used in aqueous environments but might be
applicable in certain organic solvents as well or might be
stabilized via cross-linking.

3.3.3 Composition of the casting solution. Solvent. Many
polymers can be dissolved in polar aprotic solvents such as
N-methyl-2-pyrrolidinone (NMP), N,N-dimethylformamide
(DMF), N,N-dimethylacetamide (DMA) or dimethyl sulfoxide
(DMSO). The solvent choice is obviously restricted by the
polymer type, but the mutual affinity between the solvent in
the casting solution and the non-solvent in the coagulation
bath is also of major importance for the membrane morpho-
logy. Several authors reported a higher flux through asym-
metric membranes prepared from DMF-containing casting
solutions compared to NMP-containing solutions when using
water as immersion medium.*®*°

Polymer concentration. By increasing the initial polymer
concentration in the casting solution, a more concentrated
zone is obtained in the polymer film at the polymer/(non-
solvent)-interface. Hence, non-solvent in-diffusion is slowed
down and demixing delayed, resulting in membranes with
thicker and denser skin-layers and sublayers with lower
porosities.>*! This obviously results in higher selectivities but
lower permeabilities.?>**>* Higher casting solution viscosities,
as in the case of more concentrated polymer solutions, are also
known to suppress macrovoid formation in the substructure of
asymmetric SRNF-membranes.>

Additives. Addition of a third component to the casting
solution consisting of a polymer and a solvent, is a widely
used method to enhance the flexibility of the phase-inversion
process. Co-solvent and non-solvent additives as well as
polymers, inorganic salts and surfactants have been commonly
used.’! This creates a highly complex thermodynamic/kinetic
situation that is hard to rationalize and surely to predict. The
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Table 1 Polymers used to prepare solvent stable, integrally skinned asymmetric membranes via phase inversion, applicable as such (A) or as

support (S)

Membrane
Polyme Abbreviation Molecular structure type References
Polyacrylonitrile PAN { /Y] A 85,87.,88
S 6-8,16,20,24,27,35,39,
o 53,83,84, 86,87,98,
109,110,113-115,
117-124,129-131,136,
138,226,227,255,300
Poly(vinylidene fluoride) PVDF S 36,81,104,109,112,236
]
Polyimide (Matrimid™) PI . o o A 32,33,80,284-286,303
S 12,24
SO
o) o]
Polyimide (Lenzing P84) PI r o o R A 23,80,223,303
S 67,82
Resgestslictos
L © © 20w/ s0% "
Poly(etherimide) PEI M o o A 52,57,109,299
—N
OOy
o o
Polyamide PA r . . A 61,77
L n Q m
Poly(amide hydrazide) PAH r A 60
o]
—NH@AN'H/QY”H
L oo o dn
Polysulfone (R = H) PSf r R o S 30,51,63-65,109,236
I
S o—
-OH—OO
Poly(ethersulfone) PES r ICI) A 50
S 34, 66
— s )
@-g-( —
Poly(ether ether ketone) PEEK B o A 69
-
Sulfonated PEEK SPEEK O‘RQ ) )
(R = SO;H) L N
Poly(phthalazinone PPESK _ A (S) 54, 56
ether sulfone
ketone) (R = H), v Y
Sulfonated PPESK SPPESK - Q N R
(R = SO3H) OS_QO Q N=N, .
Cellulose acetate CA B CH,0AC OAc A 62, 74
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o o_
OAc CH,OAc
Polybenzimidazole PBI S 40
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most important ones with respect to SRNF-membrane
formation — volatile solvents, non-solvents and pore-forming
additives — will be discussed below.

Volatile solvents. The addition of volatile co-solvents (e.g.
tetrahydrofuran (THF) or 1,4-dioxane) to casting solutions
offers an easy way to enhance selectivities of asymmetric
membranes. By allowing partial evaporation of the volatile
solvent between the casting and immersion step, a skin-layer
with elevated polymer concentration can be formed. This
densified skin-layer acts as a resistive barrier between the
coagulation bath and the interior region of the film, slowing
down the diffusion of solvent and non-solvent. Due to this
mass transfer resistance, the sublayer underneath shows slower
demixing and precipitation kinetics, hence less macrovoids will
be developed. Casting membranes from polymer solutions
with an optimal (co-solvent)/solvent-ratio thus allows asym-
metric membranes to be formed, consisting of a defect-free,
ultrathin and dense skin-layer on top of a highly porous sub-
layer with sponge-like structure.?® This technique, originally
applied to synthesize selective GS-membranes,*®>'>° was used
to prepare highly selective asymmetric SRNF-membranes
made from PI,?**? poly(ether imide) PEI®? and sulfonated
poly(phthalazine ether sulfone ketone) (SPPESK).>*

Non-solvent additives. The addition of non-solvent additives
to polymer solutions can greatly improve the performance and
structure of asymmetric membranes. In GS, these additives are
known to enhance the permeability and/or selectivity due to
the formation of defect-free skin-layers and sublayers devoid
of macrovoids.**>* Non-solvent additives have also been used
to control the porosity of asymmetric NF-membranes.*>*36-%7
Their effect on membrane structure and performance is highly
dependent on the non-solvent power of the additive, its
concentration in the casting solution and on the specific
polymer/solvent system. When evaporation is part of the
membrane formation process, the volatility of the non-solvent
should also be taken into account.”®

In the synthesis of PPESK-based NF-membranes from
NMP-solutions, addition of ethylene glycol methyl ether
(EGME) resulted in a sponge-like membrane morphology, as
attributed to the destabilizing influence of the additive on the
casting solution. The resulting flux decrease and rejection
increase were less pronounced when adding the less polar
butanone.** In a related study, PPESK-based NF-membranes
were prepared by simultaneously adding the weak non-solvent
additive EGME, forming a sharp interface between the
coagulant and the PPESK/NMP casting solution, and the
strong non-solvent additive acetic acid, bringing the polymer
solution close to the binodal composition.>® A similar
approach allowed the preparation of PEI-based membranes
by simultaneously adding diethylene glycol dimethyl ether
(DEGDME) and acetic acid.”” Bulut er al described the
combinatorial synthesis and optimization of high-performing
PI-based SRNF-membranes by adding water, acetone, i-pro-
panol and n-hexanol as non-solvent additives.*

Non-solvent additives can both suppress or induce macro-
void formation, depending on their content in the casting
solution. Adding non-solvents in small concentrations induces

macrovoid formation, while beyond a certain concentration
limit, a large number of stable polymer-lean nuclei is induced,
which hinders further growth of nuclei and formation of
macrovoids.” The latter effect is reinforced by the lowered
osmotic pressure difference near the non-solvent moving front
upon immersing the polymer film.**

Pore-forming additives. Addition of inorganic salts, such as
LiCl and LiNOs, to casting solutions for poly(amide hydra-
zide) (PAH) membranes induced higher water permeabilities
without lowering salt rejections. The Li salts are mainly
concentrated at the air/film interface during the evaporation
step, and subsequently extracted by the non-solvent upon
immersion.®® Furthermore, the addition of Li salts enhances
the polymer solubility and allows control over the viscosity of
the casting solution and the evaporation rate after casting.®!
Mg(ClOy,), has been added to increase the porosity of cellulose
acetate (CA) asymmetric membranes. Upon immersion in the
non-solvent, water molecules aggregate around the Mg**
cations, resulting in membranes with increased permeability
but reduced selectivity.®?

Alternatively, organic pore-formers can be applied.
Polymers, such as PEG and polyvinylpyrrolidone (PVP) have
been used to increase the porosity of asymmetric PSf,%%°
PES,®® PI” and PAN®® membranes. Besides the concentration
of these additives in the casting solution, their MW also
determines the structure of the ultimate membrane. A higher
concentration of PEG for example results in more porous
membranes due to a lower thermodynamic stability and a
higher non-solvent (water) inflow into the cast film upon
immersion.®> Sulfonated poly(ether ether ketone) (SPEEK),
another highly hydrophilic polymeric additive, has a similar
effect on water ingression when added to PSf/NMP casting
solutions, thus resulting in increased porosities and water
permeabilities. Furthermore, PSf/SPEEK blend membranes
bear a surface charge, explaining the higher rejections for
charged molecules.®” A mixture of high MW (PVP, PEG, ezc.)
and pore-forming additives (mono- or polyfunctional alcohols)
was claimed to be crucial for the synthesis of asymmetric PBI
hollow fiber membranes, that can be used as such or as coatable
supports for composite membranes. After cross-linking with
alkyl halides at elevated temperatures, these membranes were
shown to be stable in organic solvents, including NMP.*
Aromatic pore-formers, e.g. pyrene, phenanthrene and PS,
allowed the synthesis of Pl-based SRNF-membranes with
MWCOs in the range 400-650 Da in toluene.”®

Addition of surfactants to a poly(methyl methacrylate)/
acetone casting solution was shown to induce or suppress
macrovoids, depending on the miscibility between the added
surfactant and the coagulant.”

3.3.4 Evaporation. Similar to the addition of a volatile
solvent, increasing the evaporation time prior to immersion
enlarges the region with elevated polymer concentration. A
top-layer is thus formed with higher resistance towards mass
transfer between the coagulating non-solvent and the remain-
ing solvent in the polymer film, causing a delayed onset of
demixing.*'>'*° Evaporation can be achieved by forcing a
convective airflow over the cast film or by allowing the film to
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evaporate freely in the air. Several factors have to be
considered: evaporation time and temperature, relative air
humidity, and — when a convective flow is applied — air
velocity. Increased evaporation times or higher temperatures
induce lower permeabilities but higher selectivities as shown
for P1,*7273 PSf,>! PEI> polyamide (PA),*! PAH,* CA™
and PPESK.” Parallel with the rejection improvement,
macrovoids tend to decrease, both in size and number, and
ultimately vanish upon increasing the evaporation time.”*

3.3.5 Coagulation medium. A strong mutual interaction
between solvent and non-solvent, and thus an elevated
exchange rate, enhances the demixing process, and favours
the formation of membranes with a thin top-layer and a
porous sublayer with macrovoids. A straightforward way to
manipulate the solvent/non-solvent exchange rate and conse-
quently also the membrane morphology is to change the
composition of the coagulation bath.>*!

Several authors experimentally demonstrated that increased
concentrations of (higher) alcohols in an aqueous coagulation
bath, decreases the velocity of the diffusion front upon
immersion, making macrovoids disappear.***%7¢ A similar
effect on membrane morphology was induced by adding the
same solvent to the coagulation bath as the one used to
dissolve the polymer, i.c. PA or PL.”7"" A third way was by
adding oligomeric or polymeric substances, e.g. octylphenoxy-
polyethoxyethanol, during PI-membrane preparation.®

Increased coagulation bath temperatures obviously enhance
the solvent-non-solvent exchange rate, resulting in membranes
with higher porosities and more macrovoids. However, a
significant decrease of the water permeability through PES-
membranes was observed upon increasing this temperature in
the range 12-47 °C, while rejections slightly decreased.*® For
PAH-membranes on the other hand, increased coagulation
bath temperatures promoted salt rejection.® Yeow er al
quenched a PVDF/DMA casting solution in an aqueous,
LiClO4-containing coagulation bath with progressively
increasing temperature. In the presence of the additive, higher
temperatures promoted the formation of an interconnected
pore structure, resulting in higher permeation rates.®!

3.3.6 Post-treatment. In order to increase the separation
performance of asymmetric membranes and to increase their
long-term stability, several post-treatment or conditioning
procedures can be used, such as annealing (wet or dry), cross-
linking, drying by solvent exchange and treatment with
conditioning agents.*' The crucial role of post-treatment has
often been neglected, and is probably often part of the ‘skills’
not explicitly reported in literature. Frequently, a wrong
post-treatment can turn the intrinsically best possible mem-
brane into a very bad one. Moreover, correct post-synthesis
conditioning also matters on the level of polymeric supports,
especially in the case of solvent cast TFC membranes.>*

Annealing. Using a thermal annealing procedure, asym-
metric PI-based membranes with exceptional solvent resistance
and high permeabilities have been obtained. The gradual
heating first drove off residual solvent (100-200 °C), then
caused cyclization (imidization) of the amic acid groups

(200-250 °C) and finally cross-linking (>250 °C). The
annealed PI membranes are useful as such for UF, or may
be used as supports for TFC membranes applicable in
SRNF.# Similarly, the rejection of Pl-based SRNF-mem-
branes could be considerably improved by heating for a short
period (30 s) at high temperatures (260 °C), mostly at the
expense of permeability.® A drastic flux decline was
also observed upon heating (0-150 °C) an asymmetric PI
(Lenzing P84) SRNF-membrane, while the MWCO remained
largely unaltered. A gradual loss of the nanoporosity in the
separating top-layer was noticed, as well as a significant
shrinkage of the membrane structure, with the typical nodular
structure being replaced with a continuous, non-porous layer
interspersed with nodules.?

Cross-linking. In order to enhance chemical stability and
rejection properties, asymmetric membranes can be subjected
to chemical, plasma or photo-induced cross-linking. This is
exemplified here for PAN-based asymmetric membranes,
either used as such or as support. Membrane Products
Kiryat Weitzman patented a synthesis procedure for TFC
SRNF-membranes with a cross-linked PAN support.?’-53-84
Cross-linking was realized by immersing the PAN membranes
in an organic or inorganic base, followed by heat treatment
at elevated temperatures (110-130 °C). In addition to the
improved chemical stability, membrane selectivity was
enhanced considerably. According to another cross-linking
procedure, microporous PAN membranes could be trans-
formed into asymmetric cationic NF-membranes by taking
advantage of the surface tension forces within the capillary
pores upon heat treatment in the presence of ZnCl,. This way,
the pores in the UF-membrane could be easily reduced to
pores that allow NF. Pore surface functional groups were
subsequently introduced by hydrolysis of the nitrile groups
with NaOH.% Hicke es al. prepared poly(acrylonitrile-co-
glycidylmethacrylate) membranes by conventional immersion-
precipitation, followed by a post-treatment with ammonia as a
bi- or trifunctional cross-linking agent. This ammonolysis
resulted in an extensive cross-linking, yielding highly solvent
resistant UF-membranes, applicable in DMF as well as in
strongly acidic and alkaline media.>>% GKSS researchers
claimed a procedure for the synthesis of PAN-based mem-
branes, useful for UF and NF. The method is based on the use
of a co-monomer with a reactive group (e.g. epoxy, alkoxysilyl
groups) that can react with a cross-linking agent (e.g.
amines).®” According to another cross-linking procedure,
PAN-based SRNF-membranes can be made by Ar low-
temperature plasma-treatment of UF-membranes and subse-
quent styrene grafting in the vapor phase. The hydrophobized
plasma-grafted membrane was shown to be useful to recover
dewaxing solvents, typically toluene and methyl ethyl ketone
(MEK), from lube oil.%

Drying by solvent exchange. In order to maintain or even
enhance pore and surface structure, asymmetric polymeric
membranes are preferably dried by a multiphase solvent
exchange. Hereby, the residual non-solvent present in the
membrane after immersion is replaced by a first solvent, which
is miscible with the non-solvent. This solvent is then replaced
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by a second, more volatile solvent, which can be removed
easily by evaporation to obtain a dry membrane. This solvent
exchange procedure minimizes the risk on pore collapse upon
drying.?* According to this procedure, asymmetric PI mem-
branes can be post-treated with low MW alcohols or ketones,
and subsequently with hexane or toluene.®® The performance,
flexibility and handling of asymmetric membranes can be
further improved by impregnating them with conditioning
agents such as lube oils, glycerol or long chain hydrocarbons.
Addition of lube oil to a second solvent exchange bath con-
taining MEK and toluene, was claimed to considerably enhance
the toluene flux through PI-based SRNF-membranes.®

3.4 Interfacial polymerization

3.4.1 Introduction. Interfacial polymerization has become a
well-established and useful technique to prepare the dense,
active top-layer of composite RO- and NF-membranes. The
general focus has been on the development of membranes for
aqueous applications, mainly sea water desalination, but the
membranes might be useful for filtrations in certain organic
solvents as well. Pioneering work on interfacial polymerization
has been performed by Cadotte.’*® The technique entails the
application of an ultra-thin film upon an asymmetric, porous
support-layer via an in-situ polymerization reaction occurring
at the interface between two immiscible solvents containing
reactive monomers (Fig. 7). After impregnating an UF-
membrane, typically in an aqueous diamine solution, and
removing the excess water, the saturated support is contacted
with an organic phase containing acyl halides. Both monomers
then react with each other and quickly form a thin selective PA
layer, from several tens of nm to several pm thick, that remains
attached to the substrate. As soon as the top-layer is formed,
it acts as a barrier for further monomer transport thus
controlling the top-layer thickness.’**'** A large number of
TFC membranes have thus been successfully developed mainly
consisting of a PA top-layer, but poly(amide imide) (PAI),
poly(ether amide) (PEA), polyurea and poly(urea amide)
(PUA) have been mentioned too.*

The composition, morphology and performance of inter-
facially polymerized membranes depends on several para-
meters, including the concentration of the reactants as well as
their partition coefficients and reactivities, possible additives,
solubility of the nascent polymer in the solvent phase, overall
kinetics and diffusion rates of the reactants, presence of
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Fig. 7 Schematic illustration of the interfacial polymerization
method (taken from ref. 31).

by-products, competitive side reactions, cross-linking reactions
and post-reaction treatment.*

3.4.2 Supports. Supports for interfacial polymerization have
to meet different requirements, as already stated above. The
support-layer plays a crucial role as it serves as a reservoir for
one of the precursors, and co-defines the interface where the
reaction will take place. The usefulness of interfacially
polymerized TFC membranes for non-aqueous filtrations
partly depends on the solvent resistance of the support-layer.
Due to its high durability, resistance to pH variations and to
a wide range of solvents, polypropylene is a particularly
interesting supporting material to obtain solvent resistant TFC
membranes.*® However, due to the hydrophobicity of the
polymer, a hydrophilization of the support is essential to
ensure appropriate wettability and adhesion between top-layer
and support. This has been realized via low temperature
plasma polymerization with hydrophilic monomers like
allylamine®” or surface oxidation with chromic acid.*®
Interfacial polymerization on top of a PAN support containing
carboxylic acid groups at its surface was shown to induce ionic
bonds between the formed PA top-layer and the support. Due
to the interaction of amines with these carboxylic groups,
formed via base-induced partial hydrolysis of the nitrile groups
in the PAN support, a considerable increase of the water flux
through these TFC membranes was noticed, as well as a slight
increase of the salt rejection. In addition to an improved
performance, the introduction of ionic bonds also proved
beneficial for the membrane chemical stability.*>

3.4.3 Monomers. Most interfacially polymerized TFC
membranes typically show a trade-off between permeability
and solute rejection, which can partly be overcome by carefully
selecting monomers and polymerization conditions.**-?%-"!

Amines. In general, aromatic diamines show better rejec-
tions, but lower fluxes compared to aliphatic diamines. Hence,
the former are typically used for RO-membranes, while
piperazine or amine-substituted piperidines are preferred for
NF-applications.’® One of the main factors affecting rejection
is the position of the amine and acyl chloride groups on the
aromatic rings, as been shown for the reaction of o-, m- and
p-phenylene diamine (o-, m- and p-PDA) with isophthaloyl or
terephthaloyl chloride (IPC or TPC).”**! The most performant
PA-membrane, commercialized as FT-30, was obtained by
polymerizing m-PDA and trimesoylchloride (TMC).** Due to
the triple functionality of the acyl compound, highly cross-
linked, mechanically stable and selective network structures
were formed. The unreacted acyl groups can also be
hydrolysed, leading to TFC membranes with fixed charges.
This hydrophilization enhances water fluxes, while decreasing
the density and rejection of the top-layer.”*?!

Various water phase additives can increase the performance
of PA membranes. The use of polymeric amines, like
poly(aminostyrene), in combination with TMC resulted in
higher water fluxes but lower rejections. Addition of small
amounts of m-PDA to the aqueous amine phase significantly
enhanced rejection rates without affecting water fluxes.”!
Alternatively, addition of 3,5-diamino benzoic acid to the
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water phase enhances water fluxes as it introduces non-
polymerizable carboxylic groups in the PA film, thus increas-
ing the hydrophilicity.”’ A similar hydrophilising and
flux-enhancing effect has been obtained by adding m-phenyl-
enediamine-3-sulfonic acid (S-m-PDA).? In order to increase
the chlorine resistance of PA-based TFC membranes, ester
linkages have been incorporated thus forming poly(ester
amide) membranes. This was realized by adding e.g
m-aminophenol, bisphenol-1 or hydroquinone to an aqueous
phase containing m-PDA.”* In order to prepare loose RO- or
NF-membranes, m-PDA is often blended with piperazine. In
addition to its improved chlorine resistance, this aliphatic
diamine also provides higher free volumes and larger pore sizes
to the active layer.*

The wettability of the — often relatively hydrophobic —
support can be enhanced by adding wetting agents (e.g. PEGs)
to the aqueous diamine solution.”* Overall membrane perfor-
mance can be enhanced by adding swelling agents (e.g. DMF),
improving the interaction between the top-layer being formed
and the swollen support.®* Aqueous phase additives, e.g. lower
alcohols (e.g. i-propanol or n-propanol), can enhance the
contact between both reagent phases. They tend to make the
interface between both phases more diffuse, and consequently
have a beneficial effect on film formation, thus leading to more
selective membranes.” However, when the interface gets too
diffuse, the path length of the monomers to the reaction site
can become excessive, making film formation difficult. This
results in rather rough membrane surfaces often showing
defects. Nevertheless, a limited surface roughness is beneficial
for the permeability.’® Similarly, phase transfer catalysts
(PTCs) are known to enlarge the contact surface between the
reacting phases, thus enhancing the polymerization rate.”

Acyl chlorides. Similar to amines, a broad range of aromatic
acyl chlorides have been used to prepare PA-based TFC
membranes. The number and position of the acyl halide
groups on the aromatic ring is a major factor affecting the salt
rejection, as they determine the chain structure and the cross-
linking degree of the formed PA network.’’ The hydrolysis
of acyl chloride groups to carboxylic acid groups has an
important effect on the hydrophilicity, surface charge and
degree of cross-linking of the ultimate membrane, as already
stated above.”® In addition to acyl chloride monomers,
polymers with acyl chloride pendant groups can be used.
Mixtures of IPC with poly(isobutylmethacrylate—co-acryloyl
chloride) in combination with a tetrafunctional aromatic
amine showed good film forming properties.”” The contact
between the phases containing the reactive monomers can be
improved by (partly) replacing the organic phase, generally
hexane, with benzene or 1,2-dichloroethane being better
solvents for the formed PA polymer. This way, rejections
could be significantly improved.”

3.4.4 Polymerization parameters. Higher monomer concen-
trations,”**%? higher reaction rates”® and longer polymeriza-
tion times”*?>1% generally improve the efficiency of film
formation. This results in thicker and denser barrier-layers
with increased rejections but decreased fluxes. The poly-
merization reaction takes place at the interface between both

phases, but the nascent film then gradually grows away from
the aqueous phase as the amines diffuse through the interface
and the film being formed. As the reaction continues, the film
thickness will prevent further amine diffusion and stop film
growth.”* Progress on modeling the kinetics of film growth has
been achieved recently, and improved predictions of mem-
brane properties (surface morphology, charge, MW distribu-
tion, etc.) can now be made, despite difficulties of fast reaction
rate and non-steady-state characteristics of the interfacial
polymerization process.'®

3.4.5 Post-treatment. The performance of TFC membranes
can be further enhanced by applying an adequate post-
polymerization treatment. Different techniques have been
described including grafting, curing, plasma, UV and chemical
treatment. A treatment of the active PA layer with ammonia
or certain alkylamines at elevated temperatures has been
claimed to be flux-enhancing, without altering rejection.'°!
Alternatively, NF-membranes have been obtained by contact-
ing the PA layer of RO-membranes with strong mineral acids
(e.g. phosphoric acid), followed by treatment with a rejection
enhancing agent (e.g. tannic acid).!%?

3.4.6 Non-aqueous applications. Although PA-based TFC
membranes have been specifically designed to separate
aqueous feed streams down at a molecular level, they can be
applied in certain organic solvents as well.”719%1%% Thjg
obviously depends on the specific molecular structure of the
top-layer and the stability of the support-layer. TFC mem-
branes synthesized from PIP/m-MPD and TMC performed
well in methanol, ethanol and acetone, less in i-propanol and
MEK, and gave no flux at all in hexane.'® These membranes
are thus clearly not suited for filtrations in more apolar media.
In order to allow hexane-based applications, non-reactive
polydimethylsiloxane (PDMS) can be added during the
polymerization reaction. The resulting silicone-blended PA
membrane showed high hexane permeabilities. The hydro-
philicity change obtained upon blending can thus broaden
the scope of PA membranes.'°*!'%” However, PA-based TFC
membranes can also be applied as such for filtrations in the
more apolar solvents. A method for the separation of lube oil
from organic solvents (e.g. furfural, MEK/toluene, etc.) with
a cross-linked PA membrane has been patented, using
poly(ethylene imine) (PEI) and a diisocyanate on a solvent
resistant nylon-6,6 support.'® Alternative to PA, PAI has
been reported to be useful for the synthesis of thermally and
chemically stable TFC membranes.>*

3.5 Solvent-casting

3.5.1 Introduction. A relatively simple membrane prepara-
tion technique, of particular interest for SRNF-membranes, is
the coating of a polymer solution on a support. The coating
solution can be cast on the support with a casting knife or
spread over the tilted support by pouring, depending on its
viscosity.?**! The latter mainly depends on the MW of the
dissolved polymer, the solvent (mixture), the temperature and
concentration of the solution, and possible additives. Increased
viscosities not only enhance the thickness of the coated film,
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Table 2 Polymers used to prepare TFC SRNF-membranes via solvent-casting

Polymer Abbreviation Molecular structure Refs
Polydimethylsiloxane PDMS | 6-8,12,16,20,24, 26,39,106,
ofsi—ofsi— 107,109-121,226,227,241,
| 255270, 275.284.285.299
Poly(ethylene imine) PEi ¥ 83,84,108,122,123,126,313
- \/Hm
Poly(2,6-dimethyl-1,4-phenylene PPO R 124,125
oxide) (R = H)
Sulfonated PPO (R = SO;H) SPPO h
Bromomethylated PPO (R = Br) PPO-Br
Poly(vinyl alcohol) PVA - 126-128
H OH
Chitosan CH,0H 129-131
* 0
HO !
COCH; b
Poly(ether-b-amide) PEBAX o -{C,HSO)K—HCO—CMHH—NH )y—co—cms—co —focﬁsﬂ»oH 86,244
Polyacrylic acid PAA - 132-134
H COOH
Polyphosphazene PPz R 135
e
!
Poly(aliphatic terpene) < 136
x
Poly-[1-(trimethylsilyl)-1-propyne] PTMSP 137
ot
|
Polyurethane PU 9 9 138
yurethan ’PkN/R"N T O}
H H n

but also prevent intrusion of the coating solution in the
support. Such intrusion should be avoided as it can drastically
lower fluxes. The parts of the top-layer present in the pores of
the support indeed suffer from sterical restrictions and thus
limit their swelling during filtration.* On the other hand, a
limited intrusion in the layer might be beneficial for the adhesion
of the top-layer. Multiple coatings obviously result in thicker
top-layers and thus lower fluxes, but might be necessary to repair
defects. Apart from its influence on the solution viscosity, the
solvent in which the polymer is dissolved co-determines the
adhesion between polymer solution and support. The support
characteristics, particularly surface roughness, porosity and
hydrophilicity, also influence the adhesion of the top-layer.
Livingston and co-workers studied the influence of the support
(PAN, PEI, PVDF and PPSf) resistance on the overall mass
transfer coefficient of PDMS-based TFC membranes for
aromatics extraction from aqueous streams.'*’

3.5.2 Polymers for composite SRNF-membranes. The poly-
mer choice depends on many parameters including the
mechanical strength and chemical stability of the polymer, its

film forming properties, solubility in solvents, possibility to
cross-link, efc. As solvent casting mostly leads to non-porous
top-layers, affinity of the polymer for the solvent to be
permeated is a crucial aspect. PDMS, PEI, poly(2,6-dimethyl-
1,4-phenylene oxide) (PPO), poly(vinyl alcohol) (PVA),
chitosan and other cellulose derivatives, poly(ether-b-amide)
(PEBAX), polyacrylic acid (PAA), polyphosphazene (PPz),
poly(aliphatic  terpenes), poly[l-(trimethylsilyl)-1-propyne]
(PTMSP) and polyurethanes (PUs) have all been studied as
coating materials (Table 2). Before or after drying, a possible
cross-linking step can give the coated barrier-layer more
stability and possibly also better separation properties. In
general, more cross-linked membranes, especially those with
an elastomeric coating, are denser, less permeable and more
selective. The type and concentration of the cross-linker, the
reaction time, temperature and possibly pH all determine the
degree of cross-linking.

PDMS. PDMS is the most important elastomeric member
of the organosiloxanes, usually known as ‘silicones’. It
contains a siloxane (Si-O) backbone substituted with methyl
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groups. PDMS is chemically stable in all organic solvents when
cross-linked, but it is preferably used in apolar solvents, due to
its low polarity. Prior to coating a PDMS solution, the support
is often water-impregnated to prevent extensive intrusion,
and sometimes pretreated with an adhesion promoter. After
evaporation of the solvent, cross-linking can be completed at
elevated temperatures.''°

PDMS already showed great utility as membrane material
in industrial processes with organic solvents. A PDMS/PI
membrane was used in a pressure driven process to separate
PEGs from ethanol.!'! Schmidt er al. developed PDMS/PVDF
composite membranes, post-treated with electron irradiation,
and used them to separate corn seed oil and PEG from toluene
and ethanol respectively.'!? In a Texaco-patent, a PDMS/PAN
composite membrane is described, prepared from a disilanol-
terminated siloxane, cross-linked with toluene diisocyanate,
and tested in the separation of dewaxed oil from MEK/toluene
mixtures.''* Membrane Products Kyriat Weitzman (a later
Koch acquisition) developed a PDMS/PAN membrane,
belonging to the SelRo™ membrane series of Koch Membrane
Systems. Prior to application of the silicone coating, the
support was treated with silanol-terminated polysiloxane as
‘pore protector’ to prevent the pores from collapsing upon
curing the silicone layer and to prevent intrusion.?®

Despite its broad chemical stability and its frequent use in
SRNF applications, the extensive swelling of PDMS in organic
solvents, is an important issue which limits its utility in some
apolar solvents. This promotes the less selective convective
transport over the slower diffusive transport!!®!!*115 and
might induce top-layer peel-off. Several solutions have been
proposed in literature to overcome this swelling problem, e.g.
the use of halogen-substituted silicone rubbers containing
1,1,1-trifluoropropyl groups.''® Alternatively, extra cross-
linking of silicone rubbers has been realized via plasma
treatment.'!” Both approaches however significant lowered
fluxes. This was not the case when introducing the extra cross-
linking via incorporation of porous fillers with the right surface
properties to interact well with the polymer matrix, hence
reducing swelling and rendering the top-layer mechanically
and chemically more stable.!'® Zeolites are such fillers of which
additionally the appropriate pore structure can be selected so
as to exclude the solute to be retained but let the solvent
permeate. Such enhanced rejection combined with increased
permeability was realized by incorporating a silicalite zeolite in
PDMS. 2409120 166 rporation of other zeolites did not lead
to similar results: ZSM-5 interacted too strongly with most
solvents, hence slowing down solvent transport,''* and the
wider pore structure of USY adsorbed too many polymer
chains inside, leaving no space for solvent molecules to pass.'?
These zeolite-filled membranes allowed separations in apolar
solvents and at increased temperatures.'!!2° A top-layer
thickness of 4 um could be realized by selecting the right set-up
and parameters for the coating procedure, i.e. coating angle,
polymer and filler concentration. With such thin and highly
permeable barrier-layers, support characteristics, such as
surface roughness and porosity, were shown to influence the
performance of the composite membrane. As mentioned
above, the preservation of the pore structure of the support
was crucial while curing the PDMS top-layer after dip-coating.

An optimized support treatment, mostly overlooked in
literature, involving solvent exchange and impregnation with
non-volatile solvents, increased the permeability of the
composite membranes by an order of magnitude.**

Swelling was suggested to be the main reason — together with
solute clustering — for the low rejection of PEGs in ethanol,
alkanes and toluene for a laboratory-prepared PDMS/PAN
membrane.”*® A linear relation between solvent permeability
and the ratio membrane swelling/solvent viscosity was
observed for the transport of solvents through PDMS or a
more hydrophilic poly(ethylene oxide) (PEO)-PDMS-PEO tri-
block copolymer.'®

Related to this swelling is the aspect of compaction. It is
reasonable to assume that for rigid polymers in non-swelling
conditions, compaction at filtration pressures should be
negligible. This seems however much less straightforward for
elastomers, like PDMS, in a swollen state. Swelling experi-
ments on a PDMS slab pointed out that, due to the applied
pressure, the top-layer is ‘squeezed out’ slowly till equilibrium.
This solvent squeezing from the membrane proved to be
reversible. 2% !?!

PEIL Several patents describe the synthesis of membranes
with a chemical bond between the PEI top-layer and the
support. PAN membranes can be treated with compounds
bearing diazonium functionalities that react with the support,
and a multifunctional bridging molecule (e.g. cyanuric
chloride), which is a successful cross-linker for PEL8%84122
According to this procedure, highly stable PEI/PAN compo-
site membranes could be prepared showing high permeances
for DMF, MEK and DCM and almost complete rejection of
congo red (697 Da) [CU-S].'#

PPO. Kyriat Weitzman patents mention the development of
PPO-derived composite membranes for applications in organic
solvents. More specifically, solutions of bromomethylated
PPO (PPO-Br) and an amine cross-linking agent were used
to coat insolubilized PAN or PP supports. When immersed in
various organic solvents, membrane swelling to an extent of no
more than 10% was noticed. Depending on the specific cross-
linker used, rejections up to 99% for Sudan IV (380 Da) in EA
could be reached [CU-S].!*® Sulfonated PPO (SPPO) was
rendered insoluble in ethanol and i-propanol by ion-exchange
of the protons with sodium.'?®

PV A. Fluxes and MWCO values of PVA, a very hydrophilic
and relatively stable polymer, sharply decrease after heat
treatment above 80 °C due to enhanced crystallization of the
polymer. Chemical cross-linking can reduce crystallinity, and
thus increase permeability. PP supports were coated with a
solution of PVA and azo dyes. These ionic, reactive dyes
containing a dichlorotriazinyl group, react with the hydroxyl
groups of PVA, while their ionic groups resulted in composite
membranes with fixed charge. Furthermore, PVA coatings
have been treated with cyanuric chloride and NaHCO3, after
which a PEi coating has been applied to increase the degree of
cross-linking and selectivity.'? Jegal et al added glutaralde-
hyde as a cross-linking agent to PVA solutions, while sodium
alginate was used as ionic polymer.'?” Surface cross-linking is
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another route, where dry PVA films are contacted with a cross-
linker solution containing most often malic acid.'?®

Chitosan and cellulose ethers. Chitosan, an analogue of CA,
most often partly acylated, needs cross-linking, e.g. with
glutaraldehyde after treatment with aqueous alkali. Kumar and
Musale reported on the swelling of a cross-linked chitosan/PAN
membrane showing solvent resistance in alcohols, ketones,
esters and aliphatic hydrocarbons.!**!3® The permeability in
lower alcohols, MEK and EA was stable, while the hexane flux
was negligible.'*! Peinemann and co-workers reported the
synthesis of composite SRNF-membranes, comprising a top-
layer of cellulose ethers, e.g. hydroxymethylcellulose, coated
on a porous cross-linked PAI support, showing oil rejections
up to 99% in acetone. A PEBAX/PAN composite membrane
turned out to be considerably less selective for the removal of oil
from hexane [DE-S].%¢

Polyacrylic acid. PAA has mostly been cross-linked with
ethylene glycol (EG).!3*!3% In most cases, AI(NOs); has been
added, which exerts an electric charge on the carboxyl group
but also increases the cross-linking degree by the formation of
complexes with the carboxyl groups.!** To improve the
membrane stability, the dried PAA/EG/AL layer can be further
treated with toluene-2,4-diisocyanate, followed by a thermal
treatment.'*

PPz. Boye et al. patented the synthesis of composite NF-
membranes comprising a porous inorganic support on which
a nanoporous elastomeric PPz coating was deposited via
solvent casting. The inorganic moiety imparted a better
mechanical, thermal and chemical resistance to the composite
membranes.'*

Poly(aliphatic terpenes). Membranes with good stability in
organic solvents were made on a PAN support on which an
adduct of poly(aliphatic terpenes) and maleic acid was coated.
Thermal cross-linking at 125 °C finalised the membrane, which
was tested in the separation of dewaxed oil from MEK-

toluene mixtures.'®
Metal alkoxides
or salts

Hydrolysis
Peptisation

©D

Viscosity modifier
Binder

Thickened Coating

Ceramic membrane

PTMSP. PTMSP, a hydrophobic glassy polymer with
extremely high free-volume, was coated on a commercial
cellophane film, showed higher ethanol permeabilities than
two silicone-based, commercially available SRNF-membranes,
while rejection was highly dependent on solute charge.'?’

PUs. Novel PU-based composite membranes have been
recently reported. A method was developed for the poly-
merization, casting, and crosslinking of a thin PU-film on a
support membrane without pore penetration and with good
adhesion to the support. A thin defect-free PU barrier-layer
(~2.5 pm) was obtained by casting a reaction solution,
containing a polyether polyol and a polyisocyanate precursor,
a polymerization catalyst, a chain extender and a cross-linker
on a porous, solvent-stable PAN UF-support. Rejections
between 75 and 90% for the dye 4',5'-dinitrofluoroscein
(422 Da) in ethanol, EA, DCM and THF were shown,
combined with high permeabilities [CU-S]. The structure of the
PU network structure is highly flexible and can be controlled
to a large extent by both chemical and physical cross-linking.
In particular, the extent of swelling can be modulated by
varying the composition of the reaction mixture, in such a way
that the membranes can be tailored very precisely according to
the requirements of specific solvents.'®

3.6 Ceramic membranes

3.6.1 General preparation method. Ceramic membranes
normally have an asymmetric structure composed of at least
two — but mostly many more — different porosity levels to
gradually decrease the roughness of the supporting layer and
allow application of layers with gradually decreasing pore
sizes. The most common ceramic membranes are made of Al,
Si, Ti or Zr oxides, or of their mixed oxides.>***! The active
top-layers of ceramic membranes are normally prepared via
the sol-gel synthesis method, the successive steps of which are
schematically shown in Fig. 8. Sol-gel synthesis is a very
general method to convert a colloidal or polymeric solution of
inorganic precursors into a gelatinous substance. It involves
the hydrolysis and condensation reactions of alkoxides or salts

Calcination/
Sintering
Thin gel layer Rep gated
[ ] coating
Drying
Thi

sol

Porous support

in sol layer

Fig. 8 Flow diagram for the preparation of microporous or mesoporous membranes via sol-gel techniques (taken from ref 31).
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dissolved in water or organic solvents. Viscosity modifiers or
binders are frequently added to the sol prior to layered
deposition on a porous support via dip- or spin-coating. This is
followed by gelation of the layer upon drying. A controlled
calcination and/or sintering finally leads to the actual ceramic
membrane.’’!

The sol is basically a stable dispersion of nanometer-sized
particles, which allows an intimate mixing at molecular level of
different precursors, and is thus capable of yielding homo-
geneous multicomponent ceramics. According to the structural
nature of the sol which is tailored by controlled hydrolysis and
condensation reactions, two major routes can be distinguished.
In the ‘colloidal gel’ route, a metal salt or hydrated oxide is
mixed with an excess of water. The hydrolysis rate is fast and a
‘particulate’ sol consisting of gelatinous hydroxide particles is
formed. The primary colloidal particles are usually in the range
of 5-15 nm. On the contrary, a much smaller amount of water
is present in an organic solvent in the ‘polymeric gel’ route, in
which the basic components are not really particles but rather
polymeric molecules.®! They have a mineral core surrounded
by an organic shell which prevents aggregation.'*® Similar to
the addition of less water, hydrolysis can be inhibited by
adding chelating agents, such as acetylacetone.'®® In an
alternative approach, the rate of hydrolysis can be further
reduced by selecting precursors that hydrolyse slower, e.g.
silica. The hydrolysis can be acid or base-catalysed.'*

The interpenetration of the polymeric structures ultimately
leads to the formation of the pores in the polymeric gel
route.'*! In the colloidal gels, the final membrane pores are
formed by the voids generated by the packing of the primary
particles. The particle packing thus plays an important role
here in affecting the resulting pore size of the final membrane.
Micropores (diameter < 2 nm) can only be prepared from
extremely fine colloidal sols, from polymeric sols and from
inorganic-organic systems.'* The fine colloids obtained
through the colloidal sol route need to be stabilised (peptised),
normally by an acid, to avoid aggregation of primary particles
in the dispersion liquid. >4

A sol layer is generally deposited on a porous support,
possibly after ageing the sol for a certain period."** As the
solvent in the sol evaporates upon drying, the concentration of
particles can reach a threshold level, or the surface charges of
the sol particles can change. This can lead to the transforma-
tion of the colloidal suspension into a semi-solid material with
an interlinked network structure of particles or agglomerates,
called a gel. Even though strictly not necessary for polymeric
precursor sols,'* a binder is often added to prevent crack
formation in the subsequent process steps. PVA or cellulose
derivatives have proven to be very effective here. As tempera-
ture is then increased, the primary particles grow and so do the
membrane pores. The firing temperature is the ultimate
control over the MWCO.'4¢

3.6.2 Preparation of ceramic SRNF-membranes. Similar to
polymeric membranes, the development of ceramic membranes
for organic applications has its origin in fact in the preparation
of membranes for treatment of aqueous streams, as reviewed
recently. 4147148 The major challenge here was to turn the
wide pores of the more common MF- or UF-membranes into

nanometer-sized pores. In an attempt to make Zr- and Ti-
based membranes for the NF-range, the particles in the sol-gel
process were made smaller by optimizing precursor concentra-
tion, pH and temperature during hydrolysis. The limits of the
system were found with particles of 2-3 nm diameter, leading
to pores of 2-4 nm and MWCO-values of 1500-5000 Da. The
attempts with SiO, were more successful leading to 1 nm
pores.]47 For TiO; and ZrO,, the same could only be realized
when precursor hydrolysis took place in organic medium and
with ligands (e.g. acetylacetone) added to sterically hinder the
alcoholate hydrolysis.'** TiO, membranes with a MWCO of
480 Da could be prepared, corresponding to 0.9 nm pores.
Water permeabilities up to 20 1 (m? h bar) ! were realized with
a 50 nm thin top-layer having a porosity of 80% [CF-S].'*>
This TiO,-based NF-membrane has been commercialized as
Inopor®!'* and has been applied since 2002 in treatment of
textile waste waters.'>

The problem of the intrinsic hydrophilicity of oxide pore
surfaces prohibits permeation of alkanes or aromatics. The
approach to cope with this problem by preparing mixed oxides
was not successful.'>' Tsuru er al. thoroughly studied silica—
zirconia membranes (Si/Zr molar ratio 9/1), first in aqueous
feeds,' later in organics.'""'** They prepared membranes with
pore diameters between 1 and 4 nm by adjusting the colloidal
diameter (from 11 to 16 nm) of the sol solution, corresponding
to MWCO-values from 300 to more than 1000 Da.
Their approach to optimize the membranes for non-aqueous
applications consisted in hydrophobisation of the silanol
groups in the pores via a gas-phase reaction with trimethyl-
chlorosilane at 200 °C.">* Ethanol fluxes of up to 3 kg (m* h) !
at 30 bar and 60 °C were obtained with a membrane
containing pores of 1 nm diameter and a MWCO as low as
200 Da [CU-S].'°*!5 Such silylation also allowed alkane
fluxes through vy-alumina membranes.!>® The silylation of
ceramic mesoporous membranes with silylating agents has
been patented by HITK (Germany). With MWCOs down to
660 Da, exceptionally high toluene and methanol fluxes of 52
and 22 1 (m? h bar) ! respectively are claimed [CU]."’

3.7 Commercial SRNF-membranes

The current commercial market for SRNF-membranes is still
very young and even though excellent membranes are available
at present for some applications, they might be absolutely
absent still for others. The limited number of commercially
available membranes obviously hinders further industrial
penetration of SRNF. Commercial SRNF-membranes include
the Koch and Starmem' membranes, the recently commer-
cialized SolSep membranes, as well as the only ceramic
HITK-T1 membrane. Apart from these membranes, especially
designed for SRNF, membranes developed for the water
treatment market, could be effective as well for SRNF in
certain organic solvents.

3.7.1 Membranes specifically designed for SRNF. Koch
SelRO™ membranes. In the late nineties, Koch Membrane
Systems'® (USA) was the first company to enter the SRNF-
market with three different membranes designed for solvent
applications. The hydrophobic SelRO® MPF-60 membranes
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(MWCO 400 Da, based on rejection of Sudan IV (384 Da) in
acetone) has been taken off the market after a few years, and
recently the other hydrophobic SelRO® membrane, MPF-30
(MWCO 700 Da, based on rejection of Sudan IV in EA) has
been discontinued as well. Only the hydrophilic, MPF-44
membrane (MWCO 250 Da, based on rejection of glucose
(180 Da) in water) is still available, in flat sheet as well as
spiral-wound (MPS-44) module configuration. The membrane
is claimed to be stable in aqueous mixtures of lower alcohols,
hydrocarbons, chlorinated solvents (e.g. DCM, chloroform),
aromatics (e.g. toluene, xylene), ketones (e.g. MEK), diethyl
ether, EA, cyclohexane, propylene oxide, acetonitrile, THF
and 1,4-dioxane. Koch also distributes an UF-membrane
(nominal MWCO ~ 20000 Da), based on cross-linked PAN,
available in both flat sheet (MPF-U20S) and spiral-wound
(MPS-U20S) elements, claimed to be stable in all aforemen-
tioned solvents.'>®

With the SolSep and Starmem'  membranes not having
been available freely for a long time, MPF-50 has been the
most studied commercial SRNF-membrane. It is supposed to
be a composite multi-layered membrane, consisting of a dense
silicone-based top-layer of submicron thickness and a porous
substructure containing macrovoids.’>'**~'®! The membrane
has been linked to a Membrane Products Kyriat Weitzman
(Israel) patent, in which a cross-linked PAN support was treated
with silanol-terminated polysiloxane as a pore protector, prior
to applying the silicone coating, as discussed above. In order
to cross-link the silanol-terminated PDMS, tetraethyl silicate
and a tin-based catalyst were added to the coating solution.?

MPF-50 membranes were found to suffer from compac-
tion,”® which was partly reversible upon alternating pres-
sures.'® Such compaction can in the case of MPF-30 be
attributed to the support layer, even though compaction of the
dense silicone-based top-layer can not be excluded either, as
stated above.’™'?! Machado and co-workers turned the
measured solvent fluxes through MPF-50 into a model for
solvent transport through SRNF-membranes.'® Solvent flux
through MPF-50 was found to decrease with increasing
solvent polarity, while an opposite trend was noticed for the
hydrophilic MPF-44 which was found to be even completely
incompatible with hexane.'®® A same tendency was reported
by Yang et al. for solvent transport through MPF-44, MPF-60
and MPF-50.1% The same authors observed for the former
two membranes significantly lower rejections in organic
solvents than in water. This was attributed to the large sizes
of the solutes in water due to coordination with surrounding
water molecules. The lower rejections in ethanol and hexane
compared to water for MPF-44 and MPF-50 have been
explained by the enhanced mobility of polymeric chains in
organic solvents.!®> Rejections of SelRo™ membranes in
organic solvents were generally found to be significantly lower
than the manufacturer-specified MWCO-values, confirming
that MWCO-values determined in a particular solvent are
thus not useful to predict rejection properties in other organic
solvents. ¢!

MPF-50 has been tested in many applications, e.g. the
recovery of organometallic complexes from DCM, THF and
EA,'® and of PTCs from toluene,'>'® the separation of
triglycerides from hexane!®® and for solvent exchange in

pharmaceutical manufacturing.'®’” Several more fundamental
studies on solvent/solute transport mechanisms in SRNF have
also been run on MPE-50,20-21:159.161.162.168-178

Starmem'" membranes. Another important class of com-
mercial SRNF-membranes is the Starmem' series, a trade-
mark of W.R. Grace-Davison (USA) and distributed by
Membrane Extraction Technology'”® (UK). The name of
these membranes has been changed from the 142 series
(3 membranes) to the Starmem' series (4 types). These rather
hydrophobic membranes are all PI-based and claimed to be
stable in alcohols, alkanes, aromatics, ethers, ketones and
esters. Starmem’ = membranes have distinct MWCOs (based
on 90% rejection of mn-alkanes in toluene) of 200 Da
(Starmem'" 120), 220 Da (122), 280 Da (228) and 400 Da
(240). All membranes are available as flat sheets, pre-cut discs
or spiral-wound elements.'”

In contrast with MPF-50, soybean daidzin (416 Da)
rejections were found to be lower in methanol, ethanol and
acetone than in water.'® Solvent fluxes for methanol-toluene
and EA-toluene mixtures through Starmem' 122 clearly
decreased with gradually increasing toluene content.!”

Different authors have used the Starmem'  membranes to
study solute and solvent transport through SRNF-mem-
branes,'*1%173189 o1 to apply them in catalytic applications.
Dimethyl methylsuccinate was separated from methanol,'”
while homogeneous catalysts'>#7185 and PTCs'>16%186 were
recycled. The membranes were also combined with chiral
separations'®”'*° and ionic liquid-mediated reactions.'!
Starmem membranes also proved useful in petrochemistry
for solvent recovery in lube oil dewaxing™'®> and aromatics
enrichment,” in pharmaceutical manufacturing for solvent
exchange'>!** and microfluidic purification,'** and could be used
in membrane bioreactors (MBRs) for biotransformations.'*>

SolSep membranes. Since about 3 years, SolSep'®
(The Netherlands) has entered the SRNF-market, commercia-
lizing five NF-membranes with different stabilities and
nominal MWCO-values (based on 95% rejection) between 300
and 750 Da, and one UF-membrane with a MWCO around
10000 Da. Chemical stability is claimed in alcohols, esters and
ketones and for some membranes also in aromatics and
chlorinated solvents. SolSep membranes are applicable at pres-
sures and temperatures up to 40 bar and 150 °C respectively.'®’
Permeabilities through the hydrophobic SolSep NF030505
membrane (MWCO not specified) for water, methanol and
ethanol appeared significantly lower than the values obtained
for MPF-50 [DE-S].!7? The SolSep-169 membrane was reported
to combine high permeabilities for acetone [40 1 (m* h bar) ]
and EA (12) with rejections up to 91% for erythrosine B
(880 Da) in acetone and 65% for Victoria blue (506 Da) in EA
[CF-S]."! SolSep 3360 was shown to have a top-layer of
about 5 pm, clearly thicker than the barrier-layer of MPF-50.
Consequenly, the ethanol permeability [1.2 1 (m? h bar)~'] was
lower than for MPF-50 [5.2 1 (m® h bar) '], while rejections for
erythrosine B (880 Da) in ethanol were almost equal (92%)
[CF-S].'"® Akzo Nobel recently reported filtration data for
SolSep NF030306 in ethanol, i-propanol, hexane, heptane,
cyclohexane, toluene, xylene and butyl acetate.'”®
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HITK-T1 membrane. Important progress has been made in
the development of ceramic membranes where German
Hermsdorfer Institut fir Technische Keramik>® (HITK,
Germany) recently brought the silylated TiO,-based HITK-T1
membrane to the market.">” With a nominal MWCO of 220 Da,
this membrane showed methanol and acetone permeabilities
around [0.4 1 (m” h bar) '], while rejecting Victoria blue (506 Da)
for 99% from methanol, and erythrosine B (880 Da) for 97%
from acetone [CE-S].!"! Efficient catalyst recovery was reported
with Pd-BINAP (849 Da) rejections around 94.5% [CU].>"!

3.7.2 Membranes designed for aqueous applications, but
effective in SRNF. Desal-5 and Desal-5-DK, manufactured
by Osmonics (USA), now GE/Osmonics, are PA-based hydro-
philic membranes with a relatively dense structure, showing
rejections for sucrose (342 Da) around 96%. According to
Petersen, Desal-5 is a composite membrane consisting of a
poly(piperazine amide) barrier-layer on top of a microporous
PSf support between which an additional sulfonated PSf
layer has been applied.>® The chemical stability of Desal-5-DK
in solvents has been reported to be limited, showing severe
damage after exposure to EA and toluene. Desal-5 on the
other hand remained intact with rejections for Solvent Blue
(350 Da) of 9, 28 and 41%, in toluene, EA and methanol
respectively [DE-S].'®* Desal-5 also performed reasonably well
in the separation of oleic acid from methanol (>90% rejection)
[CUL'® and of Pd-BINAP (849 Da, 96%) and Wilkinson
catalyst (925 Da, 93%) from DCM [DE-S],'** while TOABr
was only rejected for 55% from toluene at very low
permeabilities [DE-S].'®> The role of solvent-membrane
interactions for Desal-5-DK, as well as solute-membrane
and solute-solvent interactions in water, methanol and ethanol
has been studied for several solutes.'>!”? Desal-5-DK was
shown to reject neutral solutes better in water than in organic
solvents. For charged solutes, rejections were generally higher
in water than in organic solvents.'®

Besides the Desal membranes, other SRNF-membranes have
been manufactured and commercialized, or at least made avail-
able for testing by Osmonics. Bhanushali ez al. tested the aromatic
PA-based Membrane YK, showing rejections for Sudan IV
(384 Da) of 43% in hexane and 86% in methanol. With mem-
brane D, a developmental PDMS-based membrane, rejections
around 25% for the same dye were obtained, both in hexane and
octane, while negative rejections were observed in methanol and
ethanol [DE-S]. The triglyceride tripalmitin (807 Da) was rejected
for 92% from hexane [CF-S].!”® Késeoglu et al. used the PA-based
Sepa 0 (nominal MWCO of 500-1000 Da), Sepa 50 (MWCO
around 600 Da), and the CA-based Sepa 97 membranes to
separate cottonseed oil from ethanol, i-propanol and hexane.
While the former membranes turned out to be damaged in
hexane, almost complete rejection was measured for the latter,
especially in hexane.!® Filtration data for these membranes
have also been reported by Schmidt and co-workers.!”’

4 Transport mechanism

4.1 Introduction

In order to understand and possibly predict fluxes and
rejections for a certain membrane, the transport mechanism

of solutes and solvents through porous or dense films of
different SRNF-membranes should be thoroughly understood.
This knowledge should by preference be integrated in readily
applicable mathematical models, or alternatively be translated
into clear, physico-chemically correct images, or even better a
combination of both.

Basically three kinds of mathematical models can be
distinguished to describe transport through SRNF-mem-
branes. One group of models originates from irreversible
thermodynamics, treating the membrane as a black-box.
The two other groups of models take into account mem-
brane properties. Starting at the MF-end of the spectrum
of pressure-driven membrane processes, solvent transport
occurs through the pores while solute separation relies on
sieving. Several pore-flow models have thus been developed,
in which the solvent and solute transport is empirically
linked with feed viscosity, membrane pore size, efc.
However, many of the tighter NF, and certainly all RO-
membranes, are considered to have a dense top-layer, where
only the free volume elements between the polymer chains
allow transport. The transport and separation mechanism
in these dense films thus has to be different and is
generally described by the solution-diffusion model,
originally developed by Lonsdale et al,*®* or by a transient
transport mechanism?*® — recently updated by Paul’®* — with
characteristics from both the pore-flow and the solution-
diffusion model.

First, the three groups of models will be shortly discussed
in a more formal and mathematical way without too
many details for which the reader is referred to some overviews
of this matter.>2°>2% A second part will describe in more
detail the transport mechanism through the most studied
membrane materials, like CA, PA, PI and PDMS. Finally, a
special paragraph will be dedicated to transport through
ceramic SRNF-membranes. To apply the transport models
properly, the real interface concentrations should be taken
into account, which are obviously not always easy to be
determined.

4.2 The main types of transport models

4.2.1 Irreversible thermodynamics. Basic principles. A trans-
port process is an irreversible process during which free energy
is dissipated continuously and entropy is produced. This
increase of entropy (S) can be calculated from the dissipation
function ¢, shown in eqn 1,

ds
0=T 4 = ZijJiXi (1)

where J; and X; represent the conjugated fluxes and forces,
respectively, 7' the temperature and ¢ the time. A linear
relationship between fluxes and forces can be assumed when
the system is close to equilibrium, as shown in eqn 2,

Ji= ZLinj (2)
j

where the sum includes all forces JXj acting on the system, while
L;; represent the phenomenological coefficients.
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Kedem—Katchalsky and Spiegler—Kedem models. These two
models, based on irreversible thermodynamics, have the same
starting point, but the definition of the driving forces is
different, respectively as differences or as differentials across
the membrane. The Kedem-Katchalsky equations®®’ (eqn 3),
developed as early as 1958,

Ay = Vi(pe — po) + RT(Ina; o — Ina, o) = 3)
Vi(Ap — AIT) Ay = Va(pe — po) + RT(Inaz o — Inase)

and adapted about a decade later to the Spiegler-Kedem
equations®®® (eqn 4).

C
,%:,(Vldj+%)

dx dx dx
) @

L (9 i

dx 2dx T dx

Kedem and Katchalsky derived the following equations
(eqn 5) for the volume flux J, and solute flux Jg through a
membrane:

Jy = Ly(Ap — oAm)Js = PrAcy + (1 — 0)J,05 (&)

The differential form of these equations (eqn 6) gives a more
correct description of the solute flux, since the logarithmic
average of the solute concentration used above, does not

correctly reflect the difference in concentrations on both sides
of NF- or RO-membranes.'*

des

—_PA
I > x(dx

) +(1—a)Jyer (6)

The first and second term represent the contributions of
diffusion and convection, respectively, while ¢ is the reflection
coefficient, which can be interpreted as the fraction of solute
reflected by the membrane in convective flow.

Maxwell-Stefan equation. To determine the driving forces in
the basic equation of irreversible thermodynamics, the deriva-
tion of the Maxwell-Stefan equation starts from a force
balance on the individual species:

Upstream  Membrane Downstream
A

YiCi

v

[

a

[driving force on a species i] = %)
[friction with all other species j]

After several assumptions, the generalised Maxwell-Stefan
equation,”®® applicable for transport of multi-component
mixtures through membranes, can be written as:

—XiAppt; — X ViAp — zixi FViy =
> (Gxixg (i— ) + Cimaxive ®

J

The total velocity v; is considered here, which is the sum of a
convective and a diffusive contribution. In porous systems, the
convective contribution is dominant, while the opposite is true
in dense membranes.

With J; = vx;C, these equations can be adapted in terms of
molar fluxes to:

—XiApu; — xi ViAp — zixi FAY =

(xJJi) - (xiJ~) N J; ©)
Z <Ci,j <fj +$i,m6

J

4.2.2 Pore-flow model. The pore-flow mechanism supposes a
constant concentration of the solute and the solvent over the
membrane (Fig. 9). The difference in pressure across the
membrane establishes a chemical potential gradient in both
the pore-flow and the solution-diffusion models.

Based on a pure hydrodynamic analysis, the transport
through porous membranes in the absence of a concentra-
tion gradient, can be described by Darcy’s law (eqn 10)
in which the permeability coefficient (k) contains struc-
tural factors, like membrane pore size, surface porosity and
tortuosity.

Jl =k(po_]7€) (10)

l
In the case of solvents, for which no significant concentra-
tion gradient is present in the porous membranes, the flux (J;)
is generally fitted with the Hagen—Poiseuille equation (eqn 11),

Upstream Membrane Downstream
F 3
p
i
YiCi
0 I
b

Fig. 9 Pressure-driven permeation of a one-component solution through a membrane according to: (a) pore-flow model and (b) solution-diffusion

model (adapted from ref. 203).
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in which viscosity (7) is an evident solvent parameter.
However, a complication arises in SRNF, as pore size might
depend on the type of organic solvent used, due to different
swelling of the membrane polymer.>!°

er, Ap
) e

"8t ¢ an

For the solute flux (J5), several empirical pore-flow models,
based on the Maxwell-Stefan equation, have been developed.
These models (eqn 12) make correlations between the
hindrance factors K5 4 and K, and the ratio A of solute radius
(rs) to pore radius (rlo).211

Jo = K5 4(2) Dy Acy + Ky o (A)E Jy (12)

Examples of such models are the Ferry, Verniori and
Nernst-Planck models. These models indicate that the total
solute flux comprises three fractions. The first fraction
represents a diffusion process driven by a concentration
gradient, the second an electromigration driven by an electric
potential. A third fraction is the convection of solutes with the
total volume flux. Bowen et al. developed a hybrid model

based on the extended Nernst-Planck equation:*!?
des  z260Ko4D; . d
Jr= —Kz,dDzd—x2 — %F d"/: + Koty (13)

Based on RO-experiments, where solute-membrane inter-
actions are important, two other pore-flow models were
developed, combining two factors that were found to
determine the separation of a solute/solvent system in RO:
(1) a distribution of the solutes at the membrane surface,
involving interfacial forces between solute and membrane
material, and (2) a kinetic effect, concerning the mobility of the
solute relative to that of the solvent while permeating through
the membrane pores. Based on these two factors, the surface
force pore-flow model?!* and the finely porous model were
developed.>'* Both models can be represented by a same type
of equation:

RT dCP  CPvy .
= 2 h
J sab dx + 5 with b

_ C12+G23 (14)
S1.2

The solute flux is again composed of two fractions: (1) a
diffusion process driven by a concentration gradient, and (2)
the convection of solutes with the total volume flux. The
third fraction, involving the electromigration of solutes,
should evidently only be taken into account when an
electric potential is applied, which is normally not the case
in SRNF. The friction coefficients ¢, between solute (sub-
script 2) and solvent (subscript 1), and ¢, 3 between solute and
membrane (subscript 3) are reciprocally related to the diffusion
coefficient of the solute in the solvent and the membrane
respectively, and embody the kinetic effect or the solute
mobility.?*® The surface force pore-flow and the finely porous
model only differ in the description of the distribution of
solutes at the membrane—feed solution interface. According
to the finely porous model (eqn 15), the solute concentration
CT in the membrane is correlated to the feed (x = 0) and
permeate (x = 1) concentration by the solute distribution

coefficient K>, which is also present in the solution-diffusion
model (see below):

x=0: Y = K,Cx = €: CY, = K> G5, (15)

The surface force pore-flow model (eqn 16), on the other
hand, correlates C7' to the feed and permeate concentration as

follows:
—o(r
x=0 C;‘?O:CSO-exp< Ig)]("))
(16)
—(r
x=1{: 5‘}1=C§é~exp( I;/)T("))

where ¢(r) represents a potential function expressing the force
exerted on the solute molecule by the pore wall or the
membrane surface. ¢(r) is a function of the distance r between
the pore wall or membrane surface and the solute molecule. A
positive ¢(r) value represents a repulsive force, a negative value
an attractive force. The force can be related to the distribution
coefficient K»,>'> which can be measured by HPLC using
membrane polymer as the column material®!® or by sorption
experiments.”!” Whenever K, < 1, the solute is repelled from
the membrane resulting in a high solute rejection. A value
above 1 on the other hand, means that the solute concentration
of the interfacial solution exceeds the one in the feed solution,
and is thus accompanied by low solute rejections. When K, >
1, the solute tends to adsorb strongly on/in the membrane.

4.2.3. Solution-diffusion model. For membranes in which the
solution-diffusion mechanism prevails, free-volume elements
are present as statistical fluctuations that appear and disappear
in about the same time scale as the motions of the permeants
that pass the membrane. Nomenclature-wise, these free-
volume elements are thus different from ‘pores’ which are
supposed to be fixed in time and space. However, both terms
have been used in literature to describe the same, partly due to
the fact that they come out of the mathematical models in an
equivalent way. According to the solution-diffusion mechan-
ism, only a concentration gradient exists as a driving force in
the membrane. Such a dense membrane transmits pressure in
the same way as a liquid (Fig. 9).

Following the assumptions made for solution-diffusion, a

model was developed in the early seventies.?"?
K; D; Vi(ap—An) . wi
Jiz%ofe RT > WlthKi:vaMi (17)

Two simple equations could be derived for solute and
solvent flux:**?

J1 = Dl,mchl,o Vl (Ap—ATC)
(RT

Jr= Dz’?Kz (Czs,o - Czs,z)

This solution-diffusion model, with traditional approxima-
tions, has limitations. Important are the effects of coupling
between solute and solvent, the so-called convective effects,
which were clearly observed by Stafie er al.® and Bhanushali
et. al'’® Therefore, Paul revisited the mathematics of the
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solution-diffusion model using the ternary Maxwell-Stefan
equations as a starting point:>*

_ lem

n Wmf (W]()—W][) (19)
o)
Dom 2 o
= ﬁ—zw (w20 —war) 7‘;;11 (20)
Wmé(wsz,—l) (1+az,—1)
Wm Wm

The equation describing solvent flux (eqn 19) comes down to
the original one (eqn 17). With two fractions (diffusion and
convection) in the equation that model the solute flux (eqn 20),
this reformulated model has an analogy with equations
originating from the finely porous model and the surface force
pore-flow model. The main difference is situated in the fact
that the latter models still assume a pressure gradient in the
membrane and a Hagen—Poiseuille type of solvent flow.
Taking into account this analogy between the latter three
models, one can say that the pore-flow and solution-diffusion
models match. Two mechanisms for solute transport through
polymer films can thus be discerned: (1) via diffusion, which
depends on the diffusion coefficient and the concentration
gradient, and (2) via convection, which depends on the fric-
tional coupling coefficient and the solvent flux. Considering
the changing contributions of these two mechanisms to the
overall solute flux in SRNF, solute migration can best be
described by a transient mechanism.?*®

4.3 Detailed description of the separation mechanism for some
selected SRNF-membranes

4.3.1 Cellulose acetate and polyamide membranes. The
surface force pore-flow model was used to explain solute
separations in methanol and water. In the case of hydrocarbon
solutes, the strong adsorption (K, > 1) on the membrane
surface and the concomitant agglomeration of the solute
enhances separation from aqueous solution.?'® The friction for
cations with high charge density is higher in methanol than in
aqueous solutions, due to higher interfacial solvation in
methanol and thus more steric repulsion. The opposite is
noticed for cations with low charge density.?'®

Koops et al investigated the separation of linear hydro-
carbons and carboxylic acids from ethanol and hexane
solutions with CA membranes.?!® Rejection was clearly shown
to be solvent dependent as hydrocarbons were better retained
in ethanol than in hexane. This observation was mainly
explained by a higher ethanol flux, due to the higher affinity of
this solvent for CA. Bhanushali et al. compared the Sudan IV
(284 Da) rejection in methanol and hexane using the PA-based
Membrane YK (see above). Again, a higher rejection was
measured with methanol, ie. the solvent with the highest
affinity for the membrane material and thus the highest flux.!”®
Indeed, according to the Spiegler-Kedem equations, higher
solvent fluxes result in higher rejections. Carboxylic acids
showed a negative rejection in hexane, because preferential
interaction (K, > 1) of the carboxylic acids with CA
took place while hexane had no affinity at all for CA.*"
Similar observations were made for the separation of

aqueous phenol solutions with CA and PA membranes, where
the phenol concentration in the permeate exceeded the one in
the feed 206220221

4.3.2 Polyimide membranes. Iwama ez al. studied different
solvent fluxes through a PI-based UF-membrane showing a
nice correlation with pressure and viscosity according to the
Hagen-Poiseuille equation.??* Silva and co-workers success-
fully applied both the two-parameter Hagen—Poiseuille model
and the solution-diffusion model to predict the flux of toluene—
EA solvent mixtures through the Starmem' 122 membrane.
Only the latter model allowed accurate prediction of the flux of
methanol-toluene solutions.!”® Taking concentration polariza-
tion into account as well as the non-ideality of the solution at
the membrane surface, the predictions by the solution-
diffusion model were improved for docosane and TOABr
separation from highly-concentrated toluene solutions using
the same Starmem = 122 membrane.'® The separation of
mixtures of alkanes and aromatic compounds from toluene
with PI (Lenzing P84) membranes indicated preferential
transport for the aromatic compounds. Calculation of the
Ky/€¢ values from experimental data and the use of eqn 17,
allowed predictions concerning aliphatic/aromatic separations
in toluene with this type of PI membranes.?>?

4.3.3 Polydimethylsiloxane membranes. In terms of under-
standing transport and separation mechanisms in organic
solvents, commercially available and laboratory-made silicone
membranes have by far been the most studied. Most studies
investigated the solvent and solute transport separately.

Machado et al. pioneered the field of solvent transport
through SRNF-membranes.'®-?** By studying a large group of
solvents and solvent mixtures, a resistance-in-series model was
developed for MPF-50 (eqn 21), identifying resistances to
viscous flow in both top-layer and porous support, and a
hydrophilic/hydrophobic resistance at the membrane surface
as the major mass transfer resistances.

AP
DAy +fin) +fan]

The viscosity (1) and the difference between the surface
tension of solvent and membrane (Ay) were incorporated as
parameters determining solvent transport. fi, f> and ¢ are
fitting parameters representing membrane characteristics and
mass transfer coefficients.'®

Bhanushali er al. suggested a type of pore-flow model to
describe the solvent flux through the silicone-based Membrane
D, with also solvent viscosity and surface tension as important
parameters. To improve the fit with the experimental data,
another adjustable empirical parameter was added represent-
ing the sorption value for the solvent.??

The availability of laboratory-prepared PDMS mem-
branes allowed the measurement of exact solvent swelling
in the PDMS top-layer only.?® The pure solvent flux
correlated very well with the swelling/viscosity ratio, as
confirmed later by Stamatialis e al.'® Although the strongest
influence was clearly exerted by the swelling, viscosity
explained differences in fluxes for solvents with similar
swelling. With almost no correlation between the solvent flux

Ji= e2))
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and the (molar volume)/viscosity ratio,”® the observations for
these PDMS membranes differ completely from the MPF-50
data, where apart from water and methanol, solvent fluxes
increased nicely with the reciprocal viscosity.'®®

Dijkstra and co-workers modelled permeation results of
various pentane/decane and pentane/dodecane mixtures
through dense PDMS/PAN membranes with the solution-
diffusion with imperfections model and the Maxwell-Stefan
transport equation, taking into account both diffusive and
viscous flow. Increasing pentane concentrations in the feed
solutions reduced the contribution of diffusive flow due to
increased membrane swelling.*

Robinson et al. systematically measured the solvent flux
through a PDMS/PAN membrane for a wide range of hydro-
carbons, including normal, branched and cyclic alkanes.”?’
Within each group, the Hagen—Poiseuille model (eqn 11) fitted
the data, showing linearity between solvent flux and the (Ap/n)
ratio. Interestingly, each group showed another gradient
&r’/8¢1, explained by the change of membrane porosity upon
swelling, since a relation existed between the calculated
gradient and the Hildebrand solubility parameter. From these
solubility parameters, a high swelling could be expected, hence
increasing the membrane free volume and leading to some
pore-flow type behavior. A pressure-dependent membrane
transport mechanism was suggested for these 2 pm thick
PDMS membranes: solvent flux was governed predominantly
by hydraulic conditions at pressures above 3 bar, whereas
solution-diffusion was apparent at lower pressures.”?’ For the
solute transport, three regions were observed: (1) a region
where the solution-diffusion model applied, (2) another with a
pore-flow regime, mainly indicated by the low rejection of the
solute and (3) a transition zone with properties of both. Which
mechanism actually prevailed, depended on the membrane
swelling and the molecular size of the solute.!'*!!

Concerning the solute transport, Bhanushali er al. investi-
gated the separation of several solutes from methanol, ethanol
and hexane with membrane D.!”® The rejection was dependent
on the solvent type: rejection of Sudan IV (380 Da) in hexane
was about 25% while in methanol a negative rejection (—10%)
was observed [DE-S]. Similar to CA and PA membranes, the
negative rejection was explained by the preferential sorption
and transport of the organic dye in the membrane. Coupling of
solvent and solute transport, indicative for convective trans-
port, was found to reduce with increasing solute size.'”®

Stafie et al. reported the separation of oil from hexane®
and TOABr from toluene'® with PDMS/PAN membranes.
A significant influence of the solute concentration on the
permeate flux was found due to the changes in osmotic
pressure. Non-ideality of the TOABr/toluene system, indicated
by a lower value of the osmotic pressure than calculated by
the Van’t Hoff equation, was explained by ion-pair clustering
of TOABr molecules,'® as stated above. Solvent-solute flux
coupling was found to be dependent on membrane swelling,
solute size, feed concentration and cross-linking degree of
PDMS.*!6

Gevers et al. determined (alcohol/PDMS) distribution
coefficients for several solutes with MWs between 300 and
1000 Da, showing the importance of solute charge, on top of
the evident general role of solute size.!? In actual membrane

permeations, solute charge remained an important factor for
smaller molecules, while steric considerations became domi-
nant for larger solutes. The convective contribution to the
solute transport, interpreted as solvent ‘dragging’, was found
to be function of the size of the solute with respect to the size
of the free spaces in the swollen polymer. Hence, the
contribution of convective transport was most important for
the smaller solutes in strongly swelling solvents. For i-propa-
nol, toluene and methanol, the existence of bulk phase solvent
in the membrane, either in the shape of clusters or as a real
continuous phase was proven by differential scanning calori-
metry, providing an explanation for the observed role of
solvent viscosity on solute diffusion.'?

4.3.4 Ceramic membranes. Irrespective the composition of
the oxide (Al/Zr, Si/Zr, Si/Ti), ethanol fluxes through ceramic
membranes were always higher than heptane and especially
toluene fluxes. For the latter, long-range molecular ordering in
the micropores was suggested. Even though not thoroughly
investigated, it was concluded that the Si/Ti-based membrane
was best adapted for paraffinic solvents, the Al/Zr for polar
and the Si/Zr for aromatic solvents.'”

An interesting fundamental study was performed on Si/Zr
membranes with MWCOs of 200, 600 and 2000 Da applied in
the filtration of aqueous feeds containing a wide variety of
organic solvents and solutes. The Spiegler—Kedem equation
was applied successfully to distinguish the contributions of
diffusion and convection. With increasing temperature,
permeabilities increased most for the largest solutes and
the smallest membrane pores, with activation energies up to
30 kJ mol '. Solute diffusion through the membrane pores
thus proved to be a clearly activated process, even for
molecules as small as water.!>* A viscous flow mechanism
was no longer applicable for alcohols permeating through
pores smaller than 5 nm.'*? Only after conversion of the OH-
functionalities of the pores into hydrophobic trimethylsiloxane
moieties, membrane transport again obeyed viscous flow in
ethanol. Without modification, alcohol adsorption on the
silanol groups was suggested to reduce the effective membrane
pore size.!33228 Solutes, like e. g. decane, slowed down ethanol
transport due to pore plugging.'>* The problem of limited
long-term stability of silica membranes with small pores, as
observed in PV at temperatures above 100 °C, seems to be
absent after the above-mentioned modification and when
applied in organic solvents, even at elevated temperatures.’?’
So, in spite of the fixed pores and non-swelling matrix of
ceramic membranes, solute interactions with the permeating
solvent and with the membrane surface clearly need to be
considered here as well. Moreover, as the pores in ceramic
membranes get smaller and smaller, pore wetting becomes
more important, thus emphasizing the role of solvent—
membrane interactions.

5 Applications
5.1 Introduction

SRNF has the potential to be applied in a variety of industrial
processes, in lab-scale organic synthesis and in the more
fundamental unravelling of chemical reactions. The last two
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groups of applications have been touched only occasionally as
yet, but the first has meanwhile been amply documented.

The introduction of better technologies, like e.g. SRNF, for
work-up or post-reaction processing and separation, will yield
significant environmental and cost benefits in solvent intensive
processes.'> It is thus as an alternative — or at least as a
complement in a hybrid process — for distillations, evapora-
tions, chromatographical separations, crystallizations, adsorp-
tions or extractions, that SRNF has most potential. On top of
the expected gain on the level of solvent use, significant energy
savings can be anticipated as well. Most potential SRNF-
applications studied so far involve processes with an immense
economic impact, so a large part of the research has appeared
in patent literature. It has mainly been the work on edible oil
processing and petrochemical applications that has been
IP-protected, and to a lesser extent the pharmaceutical and
catalytic applications.

5.2 Food applications

5.2.1 Introduction. Most processes in the food industry are
evidently aqueous, but in some cases the use of organic
solvents is required. For treatment of aqueous streams, around
300,000 m> of NF-membranes are assumed to be currently
applied already in the food industry, mainly in the dairy and
sugar industry.?*® Solvents are in first instance applied in the
vegetable oil industry, where acetone (for triglyceride frac-
tionation) and especially hexane (for oil extraction) are often
used, and in the synthesis of some food additives. Initial
studies as early as in the 1980s resulted in several large-scale
trials, but the disappointing results have cooled down the
enthusiasm of researchers in the field for a long time. However,
the large potential of membrane applications combined with
new developments, re-initiated SRNF-research in this field
over the past years. The main motives are the possibility to
separate molecules in a customized manner, recycle solvents,
reduce waste, minimize thermal damage and lower energy
consumption.*’

5.2.2 Edible oil processing. With a total annual world
production of more than 380 million metric tons, edible oil
production from seeds is a huge industry. Crude vegetable oils
are commonly prepared by pressing the seeds mechanically,
followed by a solvent extraction, mostly with hexane. The
pressing step is eliminated for seeds with low oil contents, such
as soybean and sunflower seeds.”>' The oil fraction contains
over 95% of triacylglycerides, while the remaining components
form a complex mixture of phospholipids, free fatty acids
(FFA), pigments, sterols, carbohydrates, proteins and their
degradation products. As these substances may shorten shelf-
life, or impart undesirable flavor and color, crude oil needs
further refining.?*?

Refining conventionally consists of 4 steps (Fig. 10): (1)
‘degumming’ to remove the phospholipids, (2) neutralization
of the FFAs with NaOH to produce soaps, (3) adsorption of
pigments on acid-activated bleaching clays or carbon, and
(4) steam distillation under high vacuum to strip traces of
volatile compounds. The whole process is extremely energy-
intensive, produces solid wastes and polluted -effluents,
and suffers from substantial oil losses.”’! There are
several steps in edible oil processing where integration of
membrane technology offers opportunities by replacing —
or at least supplementing — conventional approaches: the
removal of phospholipids and pigments (degumming), the
recovery of extraction solvents and the deacidification of
the oil (Fig. 10). It has been estimated that introduction
of membrane technology in edible oil processing could
potentially save 15-22 trillion kJ per year of energy in the
USA alone,”®! while reducing oil losses by 75%, improving
the oil quality, and minimizing thermal damage. Moreover,
nutrients would be better retained, and no longer would
addition of chemicals be needed, thus reducing waste
streams.>* In an attempt to recover valuable products like
carotenoids (536 Da) from red palm methyl esters, several
commercial SRNF-membranes have been evaluated in a
multi-stage membrane process. The separation of the
carotenoids removed the undesired color from the oil product
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Fig. 10 General scheme for edible oil processing with possible opportunities to implement SRNF.
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and created a valuable natural product for use in nutraceu-
ticals and cosmetics.?**

Degumming. The removal of phospholipids from the crude
oil is the most studied process for which a mere solvent
resistant UF-membrane would in fact be sufficient.
Degumming conventionally occurs by hydrating the phospho-
lipids to an insoluble form and centrifuging them. In apolar
solvents, the amphiphilic phospholipids form reversed
micelles, trapping the more polar components inside. These
micelles with a MW around 20 kDa are easily filtered from the
oil and the solvent that form together the continuous phase.
The liquid is referred to as ‘miscella’ and contains 70-75% of
solvent.>*? In a Lever Brothers (now Unilever) patent, the
phospholipids were completely removed by using a dense
silicone SRNF-membrane, while removal down to only 16
and 23 ppm was realized with a PSf (MWCO 10 kDa) or a
PAN-based UF-membrane (MWCO 50 kDa) respectively
[CU]. In addition, the color of the crude oil was lowered and
the metal content reduced. The silicone membrane was
considered best, despite a certain triglyceride rejection and a
lower permeability.”** Similar data were reported using the
Osmonics DS-7, also a silicone-based membrane, showing
almost complete phospholipids rejection, unfortunately com-
bined with 35% oil rejection [CF-S].>*?

Problems in the degumming process mainly arise from
membrane fouling by the retained micelles. PVDF membranes
were shown to be considerably more fouling-resistant than
PES and PSf membranes.?*® Using ceramic UF-membranes,
several operational parameters for the degumming filtration
process have been studied in detail. Even though the rejection
with an alumina anodisc membrane (0.02 pm pore diameter)
was very low, the accumulation of phospholipids at the
membrane surface induced severe concentration polarization
and gel layer formation.”” The latter was also found in
degumming with a PI-based UF-membrane.**® In addition to
membrane fouling, mass transfer problems have also been
reported on the level of the spacers separating the individual
membranes in industrial membrane modules. High resistance
to the passage of the viscous miscella has been observed. In
combination with spiral wound modules, PI-based tubular
membranes (20 kDa MWCO) were able to remove 99.9% of
the phospholipids [CU].>*

Possible solvent stability issues of membranes used for
degumming can be overcome via direct degumming of
vegetable (non-extracted) oil, as obtained from pressed seeds.
A major difference as compared to solvent-based degumming
and at the same time also the major bottleneck of this
alternative process is the low permeability of the membrane for
triglycerides (in this case the solvent phase), which on average
is about one order of magnitude lower than for solvent-based
degumming. However, the absence of solvent and related
energy, safety and environmental issues might make the
process competitive.?*°

Recovery of extraction solvents. Extraction solvents are
normally recovered by distillation to increase the oil content to
about 90%. This goes along with an estimated solvent exhaust
to the environment of several tens of thousands of tons of

solvent per year.’** To improve environmental, safety and
economical aspects of the edible oil processing, SRNF is an
attractive alternative to retain the oil fraction. In most cases,
the concentrated oil fraction of the retentate should still be
further purified by distillation, but less energy is obviously
required. An interesting new opportunity might be created by
the introduction of SRNF in oil concentration prior to
degumming: since the solvents no longer need to be volatile,
new solvents could be introduced for oil extraction. Ketones
and alcohols for instance could thus enhance extraction yields,
keeping the process environmentally friendly and safer.?*

Commercial RO- and NF-membranes have been screened in
the separation of oil from different solvents. CA, PVDF and
PA membranes all showed acceptable performance in i-pro-
panol and ethanol, but were either damaged in hexane or
showed low permeabilities.' A cross-linked PDMS mem-
brane has been used in the separation of oils from hexane and
i-octane, with a high permeability and rejection values of 90%
[CU].**! Stafie reported similar rejection values for laboratory
made PDMS membranes [DE-S].” To avoid membrane
damage by hexane during the filtration of hexane-extracted
soybean oil, a ceramic anodisc membrane has been used. With
pore diameters of 0.02 um, only 20% rejection could be
reached with this membrane, and even then feed side stirring
was needed to prevent mass transfer problems [CF-S].%*7 Oleic
acid was retained for 93% and 96% from hexane and methanol
respectively by PA membranes that were hydrophobised by
mixing PDMS with the monomers [CF].'%1%7

Ketones are in use already to fractionate triglycerides for
specific purposes. The removal of acetone via evaporation
from such fractions obtained e.g. from cocoa butter, partially
degraded the product. To lower the impact of the process on the
oil quality, a room temperature membrane separation could
be a nice solution to remove at least part of the solvent.?*°

Deacidification. The last step in edible oil processing with
potential membrane application is the removal of FFAs from
the crude oil fraction. This is classically done by alkali-
refining. As it is an energy-intensive operation involving the
use of large quantities of water and chemicals and possibly
leading to losses of neutral oils, many new approaches are
currently being investigated.>*

Sunflower oil has been separated from the free oleic acid
molecules with a commercial silicone-based membrane.*** The
selectivities of this very demanding separation combining a
total rejection of a 700 Da compound with the full permeation
of a 300 Da compound, are too low for industrial use, and
so are the fluxes of these rather viscous feeds.’***** When
the feed was diluted with hexane, viscosity was obviously
less problematic. The triglyceride extract was then treated
with the SRNF-membranes to retain the triglyceride with
coupled permeation of solvent and FFA.*** With PEBAX
and cellulose-based membranes, almost pure FFAs could
be obtained in the permeate. When a significant amount of
FFA remains in the retained oil fraction, further processing
is required.”**

An alternative way to deacidify is to apply first an extraction
with an organic solvent with good selectivity for the FFAs, e.g.
methanol, followed by a membrane filtration to remove the
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FFAs from that extraction solvent.?*>?*> RO-membranes like
Desal-5 (GE/Osmonics) and NTR-759 (Nitto Denko) were
able to remove oleic acid from methanol with rejections above
90% [CUL.'®® An important problem associated with high
rejection membranes is the significant drop in flux, especially
when concentrated solutions are processed. A combination
of high rejection and low rejection membranes seems a good
solution to end up with higher concentrations. Raman et al.
suggested a multi-stage membrane system to increase the
overall FFA-recovery.'®® A hydrophilic GKSS membrane
showed promising selectivities to remove FFAs from an
oil/acetone mixture, but the FFA-fluxes were still too low.
Moreover, long-term stability needed improvement as the
membrane lost its hydrophilic character due to polarity
conditioning.’*

5.2.3 Synthesis of amino acids and derivatives. Besides in
edible oil processing, the use of SRNF has been studied in
food technology in the synthesis of amino acids and their
derivatives. The production of dipeptides, like L-aspartyl-L-
phenylalanine methyl ester, better known as aspartame, is
based on an enzymatic process in organic solvents. The limited
stability of the enzymes turns membrane separations into an
interesting alternative. The dipeptides are prepared from
amino acids or their derivatives. After reaction, the unreacted
amino acids should preferably be recycled to make the process
more performant. Reddy et al. tested several commercial CA,
PI and PA membranes in different solvents, and found the
Toray PA/PPSf composite membrane to be the most promising
to recover the unreacted amino acid derivatives from methanol.
However, butyl acetate and 2-methyl-2-butanol are the
preferred solvents for this type of reaction, so further research
is necessary to apply other membrane materials that are
more resistant and better performing in these two solvents.>*¢

5.2.4 Concentration and purification of bio-active compounds.
A membrane-based method to purify and concentrate
xanthophylls from ethanol extracts of corn was recently
reported.”*’ Xanthophylls are yellow-orange oxygenated pig-
ments of the carotenoid family, valuable as natural colorants
or as nutraceuticals. UF was used to separate co-extracted
ethanol-soluble proteins and other large solutes from the
extract, after which the xanthophyll-containing permeate was
concentrated and separated from the solvent using NF.
Different commercial UF- and NF-membranes were screened,
of which Desal-DK performed best in terms of flux, rejection
and stability.”*’ In another study, desalination membranes
have been applied to separate caffeine from a group of
catechins, known as polyphenols, originating from a mixture
of bio-active components obtained via ethanol extraction of
green tea.>*®

5.3 Catalytic applications

5.3.1 Introduction. The separation of reaction products from
catalysts is a major problem in many types of homogeneous
catalysis. A major drawback of such catalysis is the extensive
and usually destructive post-reaction work-up needed to
remove the catalyst from the reaction medium. At present,

hardly any industrially used separation is aimed at the
recovery of the catalyst in an active form, but rather at
obtaining a pure product whilst recovering the metal in a form
that may be recycled to a catalyst manufacturer. Usually,
homogeneous catalysts are relatively large (MW > 450 Da),
and the reaction products substantially smaller, so that
separation is feasible with SRNF.'>** Important efforts
have been made over the past years to separate homogeneous
catalysts from their reaction mixtures in order to recycle the
catalyst and/or facilitate product purification. With extremely
active catalysts, like e.g. certain Heck-coupling catalysts or
Rh-based hydrogenation catalysts operating at substrate/
catalyst ratios of far over one million, catalyst recycling might
not be economically interesting. Moreover, with only some
ppt-level contamination of the product, the catalyst removal is
not even really needed anymore for health reasons if applied in
pharmaceutical production. In all other cases, removal of
homogeneous catalysts is currently most commonly done via
distillation, chromatography or extraction.?*°

Due to the absence in the recent past of suitable SRNF-
membranes for separations of homogeneous catalysts, a lot of
effort in the literature has been devoted to the filtration of
enlarged catalysts. Such enlargement obviously became less
and less needed as more and better performing SRNF-
membranes became available to separate the catalyst from
the solvent and temperature conditions applied in the reaction.
The membrane can then be used for the mere recovery and/or
recycling of the catalyst, but the coupling of an SRNF-
membrane to an ongoing homogeneous reaction can also help
to increase reaction conversion, shorten reaction times and
improve product selectivity.?'>>

Whenever SRNF is chosen to recover homogeneous
catalysts, very high catalyst rejections are absolutely necessary
in order to be economically viable. This is shown in Fig. 11
where the total catalyst loss after an n-fold recycling is plotted
for different rejection values.?>* Just a good catalyst rejection
by the membrane on its own is however not enough to realize
a successful recycling: also a long-term catalyst stability is
needed. Quite often, such limited catalyst stability only
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Fig. 11 Residual catalyst concentration as a function of the number
of reactor residence times (taken from ref. 253).
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becomes apparent from the moment that a membrane with a
good selectivity has been applied for the recycling.?>*

If a membrane is not sufficiently resistant to the pressure
and temperature conditions needed for reaction, continuous
membrane reactors are excluded. Only a batchwise filtration-
reaction cycle, in which reaction and filtration conditions can
be optimized separately, can still be applied then. If the
membrane can not resist the reaction solvent either, only a
more complicated solution can solve this problem. A PDMS
membrane of which the PAN support dissolved in NMP, a
typical solvent for the studied Heck reaction, was made
applicable by adding cyclohexane to the reaction mixture prior
to filtration. After SRNF of this strongly diluted NMP-
solution, the cyclohexane was removed again by evapora-
tion.>> Obviously, whenever possible, such extra procedures
should be avoided from a practical and economical point of
view, and the use of existing selective membranes with stability
in demanding solvents such as e.g. NMP would be a better
way out. When a cross-flow filtration is coupled to a
catalytic reaction, the term ‘loop reactor’ has also been used
by several authors.

5.3.2 Enlarged catalysts. Several approaches can be used to
enlarge homogeneous catalysts to facilitate their separation
during membrane filtration. A simple enlargement of the
Rh-Wilkinson catalyst was realized by using ligands with long
fluorinated spacers to reach a 2-4 nm size, clearly larger than
the 0.6 nm pore size of the applied silica membrane (ECN,
The Netherlands). Neither Rh, nor ligand was found in the
permeate and the membrane was stable enough for use in the
hydrogenation of 1-butene in supercritical CO, at 353 K under
a pressure of 20 MPa.***?%" In another approach to increase
rejection of homogeneous catalysts, micelle forming amphi-
philes were simply added to a Rh-catalysed hydrogenation
reaction mixture. The hydrophobic ligand was well retained by
the formed hydrophobic micelles, but the more hydrophilic
metal permeated rather fast through the membrane.?®

Strictly speaking, enlarged types of catalysts, such as
dendrimers,?*® hyperbranched polymers®®® or catalysts bound
to soluble polymers,”®' are also homogeneous catalysts.
Dendrimers have been introduced in 1995 as high-MW, but
monodisperse and well-defined catalysts.’®> Owing to their
mostly globular shape, dendrimers have a lower intrinsic
viscosity and better accessibility of the active sites compared to
catalysts anchored to soluble polymers.>* Their synthesis is
however tedious and expensive, leading to only few commer-
cial applications so far.?®* Hyperbranched polymers are a
cheaper alternative for dendrimers, involving only a single-step
synthesis. This goes at the expense of a higher polydispersity
and a functionalisation that is distributed throughout the
whole macromolecule.”® With a MW sometimes far above
1000 Da, the separation of these enlarged catalysts is mostly
not a real SRNF-problem anymore, but rather a UF- or MF-
problem. However, their systematically increasing MW over
subsequent generations starting below 1000 Da, and the use in
literature of typical SRNF-membranes like MPF-50 to reject
them, warrants some comments in this review. It should be
taken into consideration that just enlarging the dendrimer does
not necessarily imply strongly increasing rejections. Indeed,

so-called backfolding of the dendritic branches can increase
rejection less than anticipated, especially if the enlarged
dendrimers get less shape-persistent. Also, the dendrimer shape
and size might change with changing solution polarity.**

Especially when used in strongly swelling solvents, mem-
branes as dense as NF-membranes were found to be really
needed to retain dendrimers with MWs far in the UF-range.
Applied in THF-based enantioselective reductions for
instance, MPF-50 was used to retain 14 kDa catalysts.?6>-26
Analogously, 10 kDa large dendrimers could be retained for
99.9% in DCM during an allylic substitution with a Pd-catalyst
[CU-L-continuous]. Despite the good rejections, catalytic
activity was still lost upon recycling due to the formation of
inactive Pd-species.>> Similar effects were observed for the
same reaction type using MPF-60 in THF.”*’ The catalyst
decomposition could later be limited by changing the structure
of the dendrimer.>>* A Ni-dendrimer of around 2 kDa was also
retained by MPF-60 in a Kharash addition in DCM.2%® More
successful Pd-catalyst recycles were realized in Sonogashira
and Suzuki reactions when using PS coupled catalysts with
MWs between 5 and 35 kDa. Even with the smallest catalyst,
less than 0.05% Pd leached and no yield decrease could be
observed after as many as 9 cycles [DE-L].>>

In order to specifically limit product isomerisation in the Pd-
catalysed vinylation of styrene, a dendrimer was prepared to
allow the use of a continuous membrane reactor to be run at
low conversion. A MPF-60 membrane was selected, but could
only retain 85% of the dendrimer (1314 Da) in the styrene
solution [CU-L-continuous]. A second generation dendrimer
with increased MW was thus prepared. A much better rejec-
tion was realized, but decreasing catalytic activities were still
observed on the long term, once again due to the formation of
Pd black.®

In contrast to the commercial MPF-50 membrane, a
laboratory-made zeolite filled PDMS membrane was found
to retain porphyrin containing dendrimers well enough, even
in strongly swelling solvents like chloroform. Chloroform was
preferred for the studied photo-oxidation of olefins, since the
generation of singlet oxygen from ground-state oxygen was
most efficient in this solvent. The membrane resisted the highly
reactive conditions of the reaction mixture. As the peroxides
simply permeated through the membrane, their membrane
purification was a huge improvement compared with the
commonly applied distillation where the presence of peroxides
creates hazardous conditions at the applied elevated tempera-
tures and reduced pressures.>”°

5.3.3 Transition metal complexes. Already in 1973, an
asymmetric PI membrane was used to synthesize organo-
metallic compounds with enhanced catalytic activity. By
removing the dissociated ligand from Ru-phosphine com-
plexes, an active ligand-deficient complex was obtained. Being
too unstable to be isolated as such, the authors succeeded in
preparing the dinitrogen compound RuH,(N,)(PPhs); by
using N, as the pressurizing gas. RO was thus used to replace
a dissociated ligand (PPhj3) by a more labile one (N,) in the
synthesis of several new organometallic complexes.>’' Tt was
only 4 years later that the same membranes were actually
used in a catalytic process involving hydrogenations and
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hydrodimerisations with Ru-complexes, hydroformylations
with Co- or Rh-complexes and carboalkoxylations with Pd-
complexes. With pressures up to 95 atm, catalysts could be
retained with varying degrees of success.?’>

Recycling off-the-shelf homogeneous catalysts was first
claimed in a 1993 patent assigned to Membrane Products
Kiryat Weitzman, but no data or specific examples were
given.?® Four years later, a Union Carbide patent described
how a Rh-catalyst was retained for >99% and >93% in
butyraldehyde and acetone respectively by an MPF-50
membrane during a hydroformylation [CU].>"® The first
detailed open-literature study on SRNF-coupled reactions
with non-enlarged catalysts dates from 2001 only and describes
how Ru-BINAP and Rh-DUPHOS catalysts were retained by
MPF-50 membranes in methanol for more than 97%. The
hydrogen pressure needed during the hydrogenation reaction
simultaneously provided the driving force for the filtration
[DE-L-continuous].>’*

Mainly two classes of membrane types have been investi-
gated with respect to homogeneous catalysis: Pl asymmetric
membranes and PDMS-based composite membranes. For the
PDMS membranes, excessive membrane swelling upon contact
with the reaction mixture was dealt with by adding porous
fillers to the elastomer (see above). The availability of the
USY-filled PDMS membrane enabled new catalytic applica-
tions, such as the hydrolytic kinetic resolution of epoxides with
the Co-Jacobsen catalyst in diethyl ether, for which many
other commercial membranes failed to combine reasonable
fluxes and selectivities.>”> Due to reduced membrane swelling,
improved performance of the commercial membranes was
observed in i-propanol, but even then rejections never
exceeded 93% [DE-L]. No good membranes were found to
operate under solvent-free conditions, where the very high
viscosity of the reaction mixture did not allow reasonable
permeabilities. Interestingly, some of the tested membranes
were actually marketed as PV-membranes, proving that
SRNF- and PV-membranes can essentially be the same type
of materials.?”®

The second type are the PI-based Starmem’ membranes
manufactured by Grace-Davison. For the Pd-catalysed Heck
coupling reactions, a trade-off was found with these mem-
branes between good membrane separation and fast catalysis
in the 3 solvents screened: the best solvents for catalysis did not
allow sufficient rejection of the catalyst. The ammonium salt
formed as a by-product during the reaction did not interfere
with the membrane separation as it precipitated out and could
simply be removed manually from the reactor after each
subsequent filtration.'®> The major problem rendering catalyst
recycling less efficient was again the formation of inactive Pd
black species. Later on, chemically more robust Heck catalysts
were found and combined with SRNF.'®3 Addition of ionic
liquids (ILs) to the reaction mixture had a positive effect on
the catalytic stability.'®' In Suzuki cross-coupling reactions,
undesired Pd black formation was prohibited and higher
catalyst turnovers could be obtained this way.'8*1!

Addition of ILs also proved beneficial at the level of
(enantio)selectivity, as shown for a Ru-BINAP catalysed
hydrogenations. The catalyst rejections in this case however
decreased slightly. From the Ru/P stoichiometry in the

permeate it could be concluded that it was mainly a broken
down catalyst that permeated through the membrane
under the form of smaller pieces.'®! Apart from stabilizing
catalysts, ILs are normally combined with catalysis to create
a two-phase system. Reaction products then mostly end up
in the ionic liquid phase, from which they are removed by
distillation. For non-volatile compounds, SRNF can be a
valuable alternative with either the organic compound or the
ionic liquid permeating.?’’

For the recycling of PTCs in toluene with the same type of
membranes, excellent fluxes and rejections were obtained. Flux
decrease was observed during the filtrations and was ascribed
to both compaction and concentration effects at the retentate
side leading to catalyst precipitation. The latter occurred even
clearly below the theoretical solubility limits of the retained
compound. Most probably, counter-ion, product and reagent
effects in the membrane boundary layer also played a role
here. Simple washing of the membrane was sufficient to restore
the original flux.'®® The Starmem' membranes were all found
to be much better performers, both flux and selectivity-wise,
for this application than MPF and Desal membranes.
Self-supporting silicone and EPDM membranes failed to give
reasonable fluxes.'®

For three solvents (DCM, EA, THF) and three types of
catalysts (Mn-Jacobsen, Pd-BINAP and Rh-Wilkinson), a
good membrane could be found for each solvent/catalyst
combination, except for Jacobsen/DCM. In most cases, the
Starmem' = membranes offered the best combination of flux
and rejection.'®*

To a much lesser extent, ceramic membranes have been
coupled to homogeneous reactions. A large self-assembled
and shape-persistent polyoxometalate catalyst was very well
retained by a vy-alumina membrane with 5 nm pores.
Surprisingly, after each reaction/filtration cycle, the catalyst
was found to be more active, which was ascribed to the
removal of excess Aliquat 336.27% Only one other type of
ceramic membrane, a silicalite-based zeolite membrane,
has been combined with homogeneous catalysis.”’® Ceramic
membranes could form an elegant solution for the filtration
of ‘polymer aggressive’ solvents, like DMA for instance.
However, the described DMA-fluxes with this zeolite mem-
brane were extremely low, suggesting the strong adsorption
of the solvent in the zeolite pores. Better separations were
obtained for the separation of a Pd-based Heck coupling
catalyst from DCM.>”’

In order to further increase the metal removal in reactions
catalysed by transition metal complexes, MET (UK)
couples the SRNF to an unidentified adsorbent in their
MEMSOR B-process.>*

Apart from the catalyst, also the ligands which are often
even more expensive, can be recycled with SRNF. Lyondell
Chemical Technology recently patented the use of a SRNF-
membrane, exemplified by the hydrophilic MPF-44, to recover
triphenyl phosphine from the reaction mixture, typically
methanol-water, present during the production of propylene
oxide from propylene, oxygen and hydrogen. The phosphine is
needed to promote the reaction catalysed by a Pd-function-
alised titanium silicate catalyst (TS-1-zeolite) which can be
easily recovered as a solid from the reaction mixture. The
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promoter is retained by the membrane and can be sent back to
the reactor, while all solvents, remaining reagents and formed
products can permeate through the membrane.?®!

5.3.4 Catalytic nanoparticles. Another class of metal-based
catalysts that have increased in popularity over the past years
are metal nanoparticles, sometimes also called giant clusters,
nanoclusters or colloids. Due to their very high specific
surface, they are a powerful class of so-called ‘semi-hetero-
geneous’ or ‘pseudo/quasi-homogeneous’ new catalysts. This
nomenclature refers to the fact that they should be, at least in
principle, separated easily from their reaction mixtures by
common filtrations. However, reality demonstrated how
challenging this still is, especially when the particles get really
small. In order to facilitate their removal, the colloids are often
immobilized or grafted on inorganic or polymeric supports.
Catalytic nanoparticles are commonly prepared from a metal
salt that has been reduced, e.g. via reaction with LiBH,4, under
specific conditions and in the presence of stabilizers, e.g.
polymers.*®? The examples below all involve NF-membranes,
even though — similar to enlarged catalysts discussed above —
UF-membranes would be sufficient based on catalyst size only.
However, strong membrane swelling, and the possible presence
of smaller colloids or dissolved metal species and stabilizers in
solution warrant the choice of NF-membranes, possibly at the
expense of some flux.

Pd-nanoparticles protected with highly branched polygly-
cerols were used in the hydrogenation of cyclohexene (neat or
toluene diluted) and recycled 30 times with the MPF-50
membrane. With particle sizes around 4.7 nm, the SRNF-
membrane retained more than 99% of the total Pd over all
cycles. Some limited Pd-deposition on the membrane did not
lower catalyst activity [DE-L-continuous].”®® With PVA-
stabilised 2-4 nm sized Au-colloids, water- and alcohol-based
oxidation reactions of aliphatic diols were performed in
combination with several membranes. In water, a CA
membrane retained the catalyst better than a Desal-5-DK or
a PI membrane, but membrane fouling occurred. Using
i-propanol as reaction solvent, a PDMS-based membrane
was able to fully retain the catalyst at high fluxes and without
any fouling. After three recycles, some catalytic activity was
lost, probably due to long-term catalyst deactivation [DE-S].
Tertiary butanol was applied as a solvent to allow oxidation of
less polar alcohols as well. Here again, complete rejection of
the catalyst and absence of membrane fouling was rea-
lized. 28485 Quasi-homogeneous PVP-stabilized Ag— (4 nm)
and Co-nanoclusters (20 nm), used for the dehydrogenation of
a,B-unsaturated aldehydes, were recycled with a custom-made
PI-based SRNF-membrane. After cross-linking, the membrane
proved sufficiently stable for the post-reaction separation of
metal colloids from amidic media, the preferential solvent class
for the studied reaction. Catalytic performance and colloidal
stability were satisfactorily preserved upon recycling.?%¢

5.3.5 Biocatalytic applications. Biotransformations play an
increasingly important role in organic synthesis for the
production of fine chemicals. An important number of
substrates and products of biotransformations are poorly
soluble in water, the medium in which most biocatalysts

show optimal activity. This limits the possibilities to convert
hydrophobic substrates at high concentrations. Direct-phase
biphasic reactions might solve that problem, but the necessary
strong stirring can cause irreversible emulsification, while the
presence of the organic phase can inhibit the biocatalyst. The
Starmem' 122 membrane has been used in an alternative
contactor set-up allowing organic phase to permeate to the
catalyst containing aqueous phase. The proposed membrane
bioreactor allows high substrate loadings and efficient product
removal, and avoids inhibition of the biocatalyst activity by
the organic phase. Emulsion formation was prevented and
solvent toxicity mitigated, thus expanding the range of solvents
that can be used as ‘reagent source phase’. This was illustrated
with a model reaction, the biotransformation of geraniol to
R-citronellol by baker’s yeast, performed in toluene and
n-hexadecane, solvents in which the biocatalyst proved
inactive in a conventional direct-contact biphasic reactor.
However, the SRNF-based contactor set-up resulted in lower
productivities than those observed in a direct-contact biphasic
reactor due to limitations in the transfer rate of the substrate
through the membrane.'*>

In a hybrid biocatalytic/chemocatalytic set-up, dynamic
kinetic resolution was studied for cases where the catalytic
conditions for resolution and racemization are not compatible.
The two reactive systems were separated by a SRNF-
membrane, allowing permeation of product and substrate,
whilst retaining the (bio)catalysts (Fig. 12). The racemization
and resolution reactions were catalysed by a Ru(cymene)/
amine base system and a lipase respectively. The concept
worked, but the Starmem' " 122 membrane degraded under the
reported conditions due to limited base stability.'®’

5.4 Petrochemical applications

5.4.1 Introduction. The refining industry is both energy- and
separations-intensive, and is often accompanied by a large
exhaust of organic solvents, suggesting that large-scale
membrane systems can provide significant benefits. Potential
SRNF-applications in the petrochemical industry indeed
include real large-scale processes. The separations are often
extremely challenging, involving compounds to be separated
with very similar molecular properties. The selectivities
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Fig. 12 Schematic representation of membrane-enhanced dynamic
kinetic resolution (taken from ref 187).
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mentioned in most patents are often quite low, and whether
these are really sufficient to allow practical implementation
often remains unclear. Anyhow, for most described applica-
tions, SRNF seems to be an interesting complement to
facilitate or optimize an existing separation, more than to
replace it.

5.4.2 Solvent recovery in lube oil dewaxing

The largest SRNF-plant running for years already (since 1998)
at industrial scale is situated in the petrochemical industry. It is
the Max-Dewax process at the ExxonMobil refinery in
Beaumont (Texas) for the recovery of dewaxing solvents from
lube oil filtrates.'”>?872°2 The key to successful operation of
this large-scale membrane-based solvent recovery process,
handling 11,500 m? feed per day, was the integration with the
existing process units. The application is a typical example of
the ‘de-bottlenecking’ of a conventional process whose expan-
sion was needed but practically limited, in this case by its
refrigeration and solvent recirculation capacity. A typical
solvent dewaxing process involves the incremental addition of
a mixture of volatile solvents, usually MEK and toluene, to a
waxy oil raffinate. This mixture is cooled to —10 °C and brought
over rotating drum filters where the precipitated waxes are
separated from the solvent stream (Fig. 13). The lube oil
filtrate still contains some waxes and the solvent is removed
from it by a combination of multi-stage flash and distillation
operations. Prior to feeding the solvent back into the dewaxing
process, it obviously needs to be refrigerated again.

In the late eighties, several groups initiated research to
separate the dewaxing solvents from the Iube oil (>300 Da).
Exxon filed several patents concerning membrane develop-
ment, basically describing the feasibility of several polymeric
membrane material, such as CA,”>*> PA®* and especially
P1.%°%%¢ Finally, cooperation with Grace led to the develop-
ment of an alternative SRNF-based process to recover these
solvents, using spiral-wound Grace-Davison PI membranes
(Fig. 13).287-288 By replacing the evaporation step with a

warm solvent
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feed . En solvent/oil/wax_
E COLD wax
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Fig. 13 Schematic representation of an SRNF-assisted lube oil
dewaxing unit (adapted from ref. 287).

SRNF-membrane, a 99% pure solvent mixture could be
obtained at refrigeration temperature, which could be directly
recycled to the chilled feed stream. It is worth noting that this
selectivity at industrial scale was even higher than extrapolated
from bench-scale trials.

The capital investment for the SRNF was only 1/3 compared
to the costs for the same capacity increase using conventional
technologies. Moreover, the new process only needs 25% of the
heat consumption, as well as 20% of the size and 10% of the
refrigeration capacity,'****72% resulting in a pay-back time of
less than 1 year.”®” The anticipated membrane lifetime of
1.5 years has meanwhile been largely passed already, proving
the long term stability of the polymeric membrane.'*?

Zhang and co-authors recently reported the synthesis of
a novel SRNF-membrane, based on the PI 2,2-bis(2,4-
dicarboxyphenyl) hexafluoropropane dianhydride (6FDA), to
recover chilled MEK/toluene from lube oil filtrates. With
permeabilities around 0.4 1 (m? h bar)"! and oil rejections
of 96%, the authors claimed to be competitive with the
Grace-Davison PI membranes used in the Max-Dewax
process [CF-S-continuous].?*®

For a very similar dewaxing process, excluding any
secondary, non-membrane, recovery step, Shell patented
already in 1987 the use of a solvent-cast membrane consisting
of a 5 pum thick fluorinated silicone top-layer on a PP
support.''® Standard silicones would swell excessively under
these conditions, but the introduction of fluorine in the
structure allowed restriction of swelling in the toluene/MEK
hydrocarbon mixture while preserving some selectivity[CU].
Later on, Shell also issued a patent covering the very general
purification of hydrocarbon streams from solutes with a MW
above 1000 and concentrations below 5 wt%. The process was
exemplified with a dicyclopentadiene product stream being
purified from its polyisoprene impurities using a PDMS/PEI
membrane. >’

In a Texaco-patent, thermally cross-linked poly(aliphatic
terpene)/PAN composite membranes were claimed to be useful
for similar separations of lube oil from MEK/toluene mixtures
with an 87.2% rejection [CU],'*® which is significantly lower
than the rejection obtained in the aforementioned studies.
With a similar poly(1,3-butadiene)/PAN composite mem-
branes, lube oil rejection was even lower still [CU].3®

5.4.3 Applications with aromatics-containing refinery streams.
In the eighties, Exxon-Mobil studied SRNF-applications
extensively, even though it is not clear whether any of the
patented processes has actually been implemented. Using a PI
membrane in the alkylation of toluene with olefins over a
heterogeneous catalyst, the alkylaromatics were recovered
from the excess of toluene via SRNF. Even among the
alkylaromatics, the membrane differentiated between the
‘small’ and the ‘larger’ reaction products.**! A similar PI
membrane, as well as a CA-based RO-membrane, was
applied in the upgrading of a low-value middle distillate
stream from a cracker by removing the majority of its aromatic
content [CU].**> However, more than one membrane separa-
tion stage was required to reach the set quality targets, while
fluxes were generally too low as well.**> The improved PI
membranes claimed later, with a special emphasis on
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membrane conditioning, gave flux/selectivity combinations
that were said to be sufficient for commercial applications.**

High-boiling polar aprotic solvents like NMP and DMF, are
also used to extract the aromatic fraction from the middle
distillate. Exxon researchers prepared a stable, interfacially-
polymerized PA membrane and suggested to use this
membrane to separate the aromatics from the extraction
solvents. The synthesis of this membrane involved interfacial
polymerization of PEI and a diisocyanate on a nylon support.
The same membrane was also recommended for the separation
of dewaxing solvents from lube oil filtrates.***

Shell patented a process to separate a fluid mixture
containing hydrocarbon oil and an organic solvent, typically
furfural, used in the extraction of aromatics from high-vacuum
distillates, with a silicone-based membrane. The latter is
substantially impermeable to the solvent, while the hydro-
carbon oil is concentrated in the permeate stream.’*

Methylstyrene has been purified from its dimeric form
(present in a 5 wt% concentration) to a >99% pure monomer
from a toluene solution using Starmem’ 120. The yield was
found to be better than with alternative chromatography and
realized at a much lower cost [CU].**

The potential of SRNF in aromatics enrichment of refinery
streams has recently been assessed by Grace researchers.’
Typical examples of such processes include aromatic iso-
merisations, hydrogenations, disproportionations and alkyla-
tions. With the selective permeation of aromatic hydrocarbons
from a mixture of non-aromatic hydrocarbons,223 SRNF
would replace existing liquid/liquid extraction processes, hence
lowering investment and energy costs. The retentate stream
could be fed into a hydrocarbon separation or conversion
process to be run at increased efficiency.

Insertion of a membrane separation into the purge stream of
a toluene disproportionation unit, catalytically converting
toluene to higher value products p-xylene and benzene, has
shown that SRNF might be the preferred process. The process,
schematically shown in Fig. 14, includes the separation
equipment for removal of benzene and p-xylene, and the
toluene-rich recycle loop providing multiple passes over the
catalyst bed, thus allowing increased conversions of toluene.
A fraction of the toluene recycle stream is sent to purge, in
order to stop the build-up of undesirable non-aromatic
hydrocarbons. With aromatics-selective SRNF-membranes,

recycle stream
>90% toluene

i.e. developmental Starmem' varieties, a large fraction of
the toluene present in the purge stream could be returned to
the main reactor loop, while the concentrated non-aromatic
impurities were sent for blending in the gasoline pool.
Extended (over 200 h) continuous tests with commercial-scale
spiral-wound SRNF-modules at 55 bar, subjected to hot
(50 °C) aromatic feedstock, showed steady-state performance
after an initial compaction period. Observed membrane
selectivities were relatively low (up to 48%) but acceptable,
since the SRNF-process only aims at reducing the downstream
processing cost. An economic analysis suggested a payback
period for the capital expenditure of only a few months
[CF-L-continuous].’

The same authors suggested a similar SRNF-based aromatic
enrichment in combination with distillation. An aromatics-
selective SRNF-membrane would divert the desired aromatics
around the distillation column that further purify the
non-aromatics. This would increase the throughput to the
column and improve the quality of the obtained aromatic
product.’

5.4.4 Desulfurization of gasoline. Apart from solvent
recovery in lube oil dewaxing and the removal of aromatics
from hydrocarbon mixtures, Grace has also been investigating
the feasibility of SRNF-membranes in another process with a
potentially huge application scale in petrochemistry, ie. the
desulfurization of gasoline.'”>3°” Due to environmental con-
cerns, sulfur levels allowed in gasoline are being more and
more restricted, e.g. to less than 50 ppm in the EU from 2005
onwards. Moreover, sulfur containing compounds might
poison automotive exhaust catalysts. Increasing the capacity
of existing hydrotreating installations would be an obvious
choice to reduce S-contents, but it would involve a substantial
capital expenditure, increased operating costs and a lowered
gasoline octane number. Hydrogenation impacts octane levels
by converting olefins to saturated hydrocarbons, which have
lower octane contribution. This process is another example
where a membrane separation can be integrated with other
process units to improve the performance of the process as a
whole, in this case by bypassing a large fraction of the feed
around the hydrotreating unit. PI, polyurea-urethane and
polysiloxane membranes have been tested in this respect
to remove sulfur-containing hydrocarbon molecules from

toluene enriched

! toluene

a A

processing unit

benzene
p-Xylene
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Fig. 14 Insertion of SRNF into the purge stream for toluene disproportionation (adapted from ref. 5).

396 | Chem. Soc. Rev,, 2008, 37, 365-405

This journal is © The Royal Society of Chemistry 2008



crude oil extract MeOH
“| SRNF
= MeOH
= naphtenic acids
£ MeOH
=]
]
B
=
=
=
3 =
N
s
treated crude oil g
. =
MeOH naphtenic acids
e s
‘/:

Fig. 15 Process scheme for crude oil deacidification (adapted from ref 297).

fluidized catalytic cracking (FCC) and other naptha streams,
yielding clean consumer fuels.*®” The membranes are pre-
ferably used in PV mode (commercialized as S-Branem), but in
some cases the higher throughput and lower cost of SRNF
outweighs the higher selectivities in PV.'°> The S-enriched
permeate can be sent to the existing hydrodesulfurization unit,
while the sulfur-deficient retentate fraction which maintains its
octane value, is directly useful in the gasoline pool. Again, only
very modest membrane selectivities seem to be expected from
such process.!?33%7

5.4.5 Deacidification of crude oil. Crude oil may contain
traces of organic acids, e.g. naphthenic acid. These impurities
can cause corrosion problems, and are generally removed by
extraction with polar solvents, e.g. methanol. After separation
of the extract phase from the crude oil system, the polar
solvent is recovered by distillation. BP patented an alternative
process using SRNF, recovering the extraction solvent in the
permeate while retaining the acid and/or its neutralization salts
in the retentate (Fig. 15).2°7*% The patent suggests the use of
Koch MPF membranes for this application, as well as
Osmonics Desal membranes [CU].27-3%8

5.5 Pharmaceutical applications

5.5.1 Introduction. The following SRNF-applications have
mostly been described in a pharmaceutical context, but could
in fact just as well be combined with any organic synthesis of
fine chemicals or intermediates. SRNF-membranes can be
applied in drug synthesis between reaction steps or in the
downstream processing. In case of thermolabile compounds,
SRNF has an additional benefit compared to conventional
thermal unit operations such as distillation. SRNF can be used
to either retain a larger target molecule, or allow the target
molecule to permeate while retaining the impurity.

5.5.2 Isolation and concentration of pharmaceuticals. An
evident application is the isolation and concentration of
antibiotics, pharmaceutical intermediates or peptides from
organic solvents or aqueous solutions containing organic
solvents. A particular example is the post-synthesis recovery
of 6-aminopenicillanic acid (6-Apa, 216 Da), an intermediate
in the enzymatic manufacturing of synthetic penicillin, from its
bioconversion solution (Fig. 16)*°"*% with a MPS-44 mem-
brane (Koch). With a recovery of 90-95%, product loss was
restricted to a minimum, leading to a pay-back time of less
than one year [CF-S].2%73%

A Pl-based SRNF-membrane has been developed for the
concentration of the antibiotic spiramycin, forming a mixture
of three compounds with MWs between 830 and 800 Da.*'°
Spiramycin is extracted from bacterial broths with butyl
acetate, which is traditionally recovered via evaporation. In
addition to the energy consumption, this has also a negative
influence on the quality of the final product. The membrane
showed a stable long-term (35 days) separation performance
with excellent solvent resistance and rejections around 99%
[CF-L-continuous].>!°

5.5.3 Microfluidic purification. A Starmem’" 122 membrane
has recently been fully integrated into a polyethylene
terephthalate microfluidic format vie transmission laser
welding. The microfluidic set-up was limited to pressures of
just 1.4 bar. At this pressure, methanol permeabilities up to
16 1 (m? h bar)”' were observed, considerably exceeding the
literature-reported permeability values for Starmem' 1223

5.5.4 Solvent exchange. Synthesis of pharmaceuticals often
involves multi-step reactions, each of which must be performed
in another solvent, while the isolation of the product itself
also occurs in a specific solvent. Solvent exchange is thus a
key unit-operation in most sequential synthesis pathways to
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Fig. 17 Schematic representation of SRNF-combined enantioselective inclusion-complexation (taken from ref. 189). R and S = both enantiomers;

C = complex.

concentrate active pharmaceutical intermediates, but at the
same time also one of the major solvent-consuming processes
in pharmaceuticals manufacturing.'®’

SRNF-based solvent exchanges have been suggested as an
interesting alternative to swap target compounds from a
high-boiling solvent to a lower-boiling solvent, or for solvent
mixtures forming an azeotrope, i.e. for cases where distillation
is no option. Such membrane-based solvent exchanges can
take place at room temperature or at the operation tempera-
ture, irrespective the boiling point of the solvents involved. The
latter is particularly useful for thermally labile compounds.
The advantages of single-stage SRNF-based solvent exchange
have been exemplified for TOABr, a PTC swapped from
toluene to methanol,'® and for erythromycin exchanged from
methanol to EA.'” The studied MPF'®” and Starmem

membranes'® did not show any solvent selectivity, thus
allowing the solvent mixture and the low MW impurities to
permeate simultaneously. The solvent exchange was described
in both a continuous and a discontinuous diafiltration
mode, in which intermediate solvent mixtures can possibly be
reused in a following solvent exchange.'®”*!> Membrane
Extraction Technology commercialises this solvent exchange
technology as MEMSOLVEX.?°

5.5.5 Chiral separations. Chiral separations have also been
coupled to SRNF. One approach, ie. SRNF-combined
enantioselective inclusion-complexation, based on the use of
underivatised chiral hosts, uses high operating concentrations
and is operated at ambient temperature (Fig. 14). In a first
step, the chiral host and the racemate, i.c. (R,R)-TADDOL

398 | Chem. Soc. Rev,, 2008, 37, 365-405

This journal is © The Royal Society of Chemistry 2008



and 1-phenylethanol respectively, are mixed in the resolution
solvent (hexane). The host complexes one enantiomer and
leaves the solvent enriched in the uncomplexed form of the
other enantiomer. The latter is much smaller and will thus
preferably permeate through a SRNF-membrane (StarmemTM
122) with MWCO between the MWs of the host and the
racemate. To recover all uncomplexed enantiomer, more
resolution solvent is added and the solution is filtered again.
A decomplexation solvent (toluene) is then added leading to
the dissociation of the complex and allowing permeation of
the complexed enantiomer. The decomplexation solvent is
then removed by diafiltration with the resolution solvent.
This approach offers an alternative to distillation-combined
enantioselective inclusion complexes and opens up the chiral
separation to non-volatile compounds and large-scale applica-
tions.'®® Related diastereomeric resolutions of chiral bases by
organic acid resolving agents have also been shown to benefit
from recycling of the resolving agent (di-p-toluoyl-L-tartaric
acid) by SRNF.!88

5.5.6 Solvent extractions. Another potential SRNF-applica-
tion in the pharmaceutical sector is membrane-based solvent
back extraction (MSBE), used to regenerate contaminated
organic solvents following membrane-based solvent extraction
(MSE). In MSE/MSBE, the overall solute mass transfer rate is
controlled by the boundary layer resistances on both sides of
the membrane and the resistance of the membrane itself. These
resistances can be reduced by preferably filling the membrane
pores with the phase preferred by the solute, which is for
MSBE preferably the aqueous phase. Hydrophobic membrane
pores can be exclusively filled with the organic phase and are
advantageous only for MSE. Porous hydrophilic membranes
on the other hand, can be filled either with the organic or with
the aqueous phase, and are thus potentially useful for both
MSE and MSBE. However, almost no hydrophilic solvent
resistant membranes are available having the required pore
sizes to provide stable aqueous-organic interfaces at higher
organic phase pressures.*!?

In an attempt to synthesize a hydrophilic SRNF-membrane
useful for MSBE, with optimized pore size and appropriate
chemical resistance, Kosaraju and Sirkar coated the inner
wall of hydrophilic porous Nylon-6 hollow fibers with an
insolubilized hydrophobic PEI skin-layer. With this PEi/
Nylon-6 composite membrane, both the restricted break-
through pressure typically observed with microporous mem-
branes, and the drastically reduced overall mass transfer
coefficients when using dense SRNF-membranes could be
overcome. MSBE of acetic acid from methyl isobutyl ketone
(MIBK) into water, and phenol from MIBK into caustic
solutions were used as model systems.*!?

5.5.7 Concentration of pharmaceuticals and solvent recovery
in preparative HPLC. Another pharmaceutical application,
described by Koch Membrane Systems is the recovery of
solvents used in preparative HPLC.?'* SRNF can be applied
in both concentrating the pharmaceutical compound in the
product stream, and in purifying the solvent of the waste
stream back to HPLC grade to enable re-use. Similarly, Kiryat
Weitzman patented a multistage membrane system to process

solvent streams containing biologically active compounds,
generated in chromatographic separations.’!'

5.6 Fundamental mechanistic studies

Apart from the industrially relevant applications, SRNF also
offers interesting new possibilities to study some more
fundamental phenomena in organic chemistry. The mechanism
of diastereomeric salt formation, observed earlier via different
methods, was confirmed in an elegant way by using SRNF on
a racemic mixture in the presence of a resolving agent.'*® Upon
filtration, no diastereomer could be retained by the Starmem
122 membrane, even though the membrane MWCO in
methanol would have allowed its full rejection. As crystal-
lization did yield the diastereomeric salt, it could be concluded
that there is no preferential binding of the resolving agent to
the enantiomers in solution, but that racemic resolution can
only be achieved via crystallization.

6 Upscaling and module design

Apart from the actual membrane, the design of a membrane
plant also involves the modules (the smallest operational
assembly into which membranes are packed), the membrane
system (referring to the arrangement of the modules, pumps,
piping, tanks, control and monitoring units, pretreatment
and cleaning facilities) and the operating concept (batch,
continuous or diafiltration). The module is the membrane
‘housing’ which simultaneously supports the membrane and
provides effective fluid management.>>'¢

Membranes can be produced in flat sheet or cylindrical
shape and this configuration determines the module geometry.
Plate-and-frame and spiral-wound modules involve flat mem-
branes, whereas tubular, capillary and hollow fiber modules
are based on cylindrical membrane configurations (Fig. 18)
with following dimensions: tubular (>10 mm diameter),
capillary (0.5-10 mm) and hollow fiber (<0.5 mm). Some
important aspects to be considered include the packing
density, energy usage, fluid management and fouling control,
ecase of operation, compactness of the system, ease of
manufacture, ease of cleaning and maintenance, and mem-
brane replacement. Adequate pressure resistance and polariza-
tion control are particularly important for NF, while the
chemical durability of the available module components
should obviously also be guaranteed for applications in
organic solvents.>>'®

Plate-and-frame modules use flat sheet membranes. Sets of
two membranes are placed in a sandwich-like fashion with
their feed sides facing each other (Fig. 18a/b). The flow
channels are usually thin (1 to 3 mm) and mostly filled with
a mesh-like channel spacer. Plate-and-frame modules only
provide a modest surface per volume characteristic (100—
400 m> per m*) and membrane replacement is possible, but
labour-intensive. These modules are useful for small- to
medium-scale applications in niche areas.>>!®

The spiral-wound module design, which has a dominant
position in industrial-scale NF-applications, basically
consists of flat sheets wound around a central collection pipe
(Fig. 18c/d). The membranes are glued along three sides to
form ‘leaves’ attached to the permeate channel along the
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Fig. 18 Available membrane modules. (a) Scheme of plate-and-frame module, (b) plate-and-frame module, (c) scheme of spiral-wound module,
(d) spiral-wound module, (e) tubular membranes, (f) monoliths, (g), capillary membranes, (h) hollow fibres (taken from ref. 317).

unsealed edge of the leaf. The internal side of the leaves
contains a permeate spacer which is designed to avoid collapse
upon filtration and conducts the permeate to the permeation
tube. A feed channel spacer separates the top-layers of two flat
sheet membranes. Pressurised feed flows axially, parallel to the
permeation channel, through the thin spacer-filled channels
between the membrane leaves, whereas the permeate flows
radially through the spiral-wound permeate spacer towards the
central collection pipe. The packing density of this module
(300-1000 m? per m?) is superior to plate-and-frame modules
but depends much on the channel height, determined by the
permeate and feed channel spacers. The spacers are particu-
larly important as they promote shear at the membrane surface
and thus determine the mass transfer and pressure drop
characteristics of the module. The axial pressure drop over the
leaf length due to the feed channel spacer, is accompanied by a
radial pressure drop over the leaf width due to the permeate
spacer. Several spiral-wound modules are usually assembled in
one pressure vessel and connected in series via the central
permeate tube.>>!°

Tubular membranes have the active membrane surface at
the inside of the tubes (Fig. 18e). In contrast to capillaries
and hollow fibers, tubular membranes are generally not self-
supporting, i.e. the walls are not strong enough to withstand
collapse or bursting. Therefore, such membranes are placed
inside a porous stainless steel, ceramic or plastic tube with the
diameter of the tube generally being more than 10 mm.
The feed solution always flows through the centre of the tubes.
The packing density of tubular membranes is rather low (less
than 300 m? per m®). Monoliths (Fig. 18f) are a special type of
ceramic tubular modules, where several tubes are introduced in
a porous ceramic ‘block’, e.g. a-Al,O3. The inner surfaces of
these tubes are then covered with the thin top-layer.>3'®

Capillary modules (Fig. 18g) and hollow fibres (Fig. 18h)
use membranes that are self-supporting. The difference
between capillary and hollow fiber module is just a matter of
dimensions since the module concept is the same. Hollow fiber

modules contain thousands of fibres arranged in a ‘bundle’
with an epoxy outer shell around. Two types of module
arrangement can be distinguished: ‘inside-out” and ‘outside-in’
where respectively feed or permeate solution passes through
the lumen of the capillaries and the other stream is collected on
the outside.>3!®

Especially for solvent separations, a functional module is
critical to the successful continuous and long-term operation
of a membrane system. All module elements (spacers, sealings,
adhesives, etc.) as well as the membrane itself and the complete
separation unit should meet the stability criteria — chemically,
thermally and mechanically — imposed by the application. For
refinery applications in particular, the chemical and thermal
stability of the module components in hot hydrocarbon
streams should be considered as well as the mechanical
stability of the module assembly under high pressures.’'*>3%

The development of a robust industrial membrane process
involves moving from lab-scale coupon-tests, via larger stage-
cut experiments and pilot plant tests, to a demo plant at
the site and ultimately large-scale commercialization. Each
step brings an increase in membrane area requirement,
equipment, quantity of required feedstocks, execution time,
analytical facilities (monitoring), technical issues and operating
personnel.'®? Process development also requires the selection
of an adequate operating concept, often dependent on the
composition of the feed stream and the required product
quality.

7 Concluding remarks and future prospects

SRNF is a relatively new separation technique with a large
growth potential. Being an energy- and waste-efficient separa-
tion technique, current rising energy prizes and growing
environmental concerns can only speed up further industrial
implementation. Among others, the year-long trouble-free
operation of Exxon-Mobil’s large-scale SRNF-based Max-
Dewax plant will undoubtedly be an inspiring example.
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Notwithstanding some successes realized already, SRNF is still
trying to find its place in academic research and for sure in
industrial applications. The hesitation from process engineers
and managers to switch from conventional, well-established
separation methods to membrane separations, combined with
the current focus of membrane companies on the more
lucrative aqueous applications, currently hampers new indus-
trial developments. Most probably, SRNF will first be
implemented to de-bottleneck, complement or upgrade exist-
ing production facilities, rather then substitute them. Many of
the potential applications, e.g. in the oleo- or petrochemistry
are of such a huge scale, hence so capital-intensive, that
switching the current process to SRNF is not obvious for
installations that still do the job well enough, even if well-
performing membranes would be available, and economical or
environmental profits could be made. In some cases, SRNF as
such will not be capable to completely isolate the product or
catalyst from its medium, but only to concentrate it. Further
purification or isolation can then take place with other
conventional separation techniques at considerably increased
efficiencies, thanks to the membrane pre-treatment. For
applications allowing only low thermal stress or using non-
volatile solvents however, membrane technology can practi-
cally be the only alternative to de-bottleneck the process.

Parallel to these initiatives at process level, there is still a
task for material and membrane scientists to develop new
SRNF membranes with improved performance. Many scien-
tifically interesting, technically challenging and commercially
attractive separation problems in organic solvents cannot be
solved with the currently available SRNF-membranes. Many
more processes could be realized if stable membranes with
high selectivities, competitive flux and sufficient long-term
stability would be available. Truly molecule-selective separa-
tions require novel functional high-performance membranes
with high selectivities, e.g. for isomers, enantiomers or
biomolecules. Overcoming the trade-off between selectivity
and permeability is another important issue hampers further
developments.

The different requirements discussed above can be efficiently
addressed by various approaches within the field of nano-
technology. Functional polymeric membranes offer a large
potential >!® These membranes are often based on tailored
functional macromolecular architectures instead of just bulk
polymer properties. Advanced polymer processing, tailored
polymer synthesis for subsequent membrane manufacturing
and surface functionalization are some of the routes towards
functional polymeric membranes. Segmented polymer net-
works,*® interpenetrating networks®?! and multilayer poly-
electrolyte membranes®*® are just some of the advanced
polymer structures with potential for SRNF. Mixed-matrix
membranes, combining the advantages of both polymeric and
ceramic membranes, also have potential for SRNF. Some
important industrial solvents, such as THF, DMF, DMSO,
NMP and DCM, are still critical for most currently available
SRNF-membranes. Aprotic solvents especially are demanding
and require an extremely high chemical stability from the
whole membrane system. (Modified) ceramics can be an
option here, even though not a single ceramic has the potential
to be suited for all different solvents. Moreover, ceramic

membranes will remain more expensive and suffer from
brittleness and a low surface/volume ratio when constructed
in a module. Their use might thus basically remain limited to
small-scale, high-value separations. In addition to solvent
stability, improved base and acid stability of SRNF-mem-
branes needs attention as well. By preference, the thermal and
pressure resistance of the membranes should also match the
conditions of the processes in which they are introduced, thus
preventing expensive cooling/heating and pressurization/
depressurization cycles. Compaction resistance and membrane
attack under reactive conditions can thus be critical issues.
Another aspect that needs further improvement is the
‘steepness’ of the MWCO-curve as it is of importance to
realize a ‘clear cut’ between full rejection of one solute and full
permeation of another. With truly sharp MWCO-curves below
300 Da, the large potential of solvent separations could come
in reach. New cutting edge developments in material science
might still be far from large-scale production, but can on the
longer term also bring solutions to these problems.**3**
Finally, membrane pre-conditioning needs sufficient attention,
no matter which membrane material is being used.

The advent of more advanced, better performing and well-
characterized membranes can only accelerate the substitution
of existing unit operations by SRNF. With the recent intro-
duction of high throughput membrane synthesis and screening,
coupled to advanced experimental design, extremely well-
performing tailor-made membranes might be obtained.**3?
Especially for large-scale industrial processes, the lab-scale
development of such tailor-made membranes with subsequent
upscaling to production scale, might be a worthwhile and
economic option. It would only further broaden the portfolio
of commercially available SRNF-membranes, thus probably
decreasing prices and covering more potential applications.

For catalytic applications, the membrane requirements
mentioned above are also valid, but some specific challenges
remain on the catalysis level as well. Catalyst stability
throughout the complete reaction cycle is a key factor in the
success of the SRNF-coupled catalysis approach. Potential
accumulation of side-products at the retentate side, could be
another problem, in the first instance to be solved by
development of more selective catalysts.

SRNF is currently still largely ignored as a potential
lab-scale technique for day-by-day use to facilitate multi-step
organic syntheses involving solvent-intensive column purifica-
tions, salting-out steps, batch adsorption, crystallization, etc.
A clear catalogue-like set of SRNF-membranes with indication
of solvent compatibility would be helpful here, ideally
supplemented with a solvent dependent MWCO (which would
still be not more than a rough indication, as molecular shape
and charge of the solute would still influence separation).
Availability of a small-volume SRNF bench-scale test-cell
would already be a first help for the synthesizing organic
chemist, who is often still unaware of SRNF as a separation
technique. If the synthesis processes thus developed at
lab-scale were to be upscaled, the implementation of SRNF
as an essential step in the actual industrial process would
become much more obvious.

On the level of membrane transport modeling, the gap is still
too wide between pure ‘black’ or even ‘grey’ box mathematical
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modeling and thorough physico-chemical characterization to
verify interpretations of the calculated values. The use of high-
resolution characterization techniques might be needed here
to go down to the atomic scale at which SRNF takes place.
Obviously, any further development of models predicting
membrane performance with input of only some basic feed and
membrane characteristics would be more than welcome.

As a young technology still exploring and expanding its
limits, it is logical that future focus still needs and surely will be
shifted towards more technical-operational aspects, like mass
transfer limitations in feed solution (concentration polariza-
tion, fouling, efc.), membrane compaction, upscaling issues,
long term membrane and module reliability, module and
plant design.
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