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Can Organic Solvent Nanofiltration (OSN) be considered green? Is OSN greener than other downstream
processing technologies? These are the two main questions addressed critically in the present review.
Further questions dealt with in the review are as follows: What is the carbon footprint associated with the
fabrication and disposal of membrane modules? How much solvent has to be processed by OSN before
the environmental burden of OSN is less than the environmental burden of alternative technologies?
What are the main challenges for improving the sustainability of OSN? How can the concept of Quality by
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Design (QbD) improve and assist the progress of the OSN field? Does the scale have an effect on the sus-
tainability of membrane processes? The green aspects of OSN membrane fabrication, processes develop-
ment and scale-up as well as the supporting concept of QbD, and solvent recovery technologies are

www.rsc.org/greenchem critically assessed and future research directions are given, in this review.

1 Introduction

Although various approaches are used to eliminate or reduce
solvent consumption within chemical processes, solvents are
often used in substantial amounts to carry out reactions in
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dilute environments because of solubility and product selec-
tivity issues. Even the crude products of neat, ball mill or micro-
wave assisted reactions inevitably require organic solvents at
the purification stage. Organic Solvent Nanofiltration (OSN) is
a relatively new technology that allows size-exclusion based
separation of solutes between 50 and 2000 g mol ", solvent
exchange or solvent recovery, all in organic media (Fig. 1)
simply by applying a pressure gradient. OSN requires solvent-
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Fig. 1 Basic principle of separation by OSN. Solute rejection plotted
against molecular size and weight. The small impurities (©) pass through
the OSN membrane, whilst the larger products () are retained.

resistant membranes that preserve their separation character-
istics while processing a large range of solvents with defect-
free morphology and controlled molecular weight cut off. The
main focus of research in OSN has been proving the stability
of OSN membranes in a wide range of solvents, and improving
solvent permeance. Unlike the water industry, the OSN market
is fragmented across many different industrial sectors. Mem-
brane technology is now recognized as a key factor for sustain-
able growth in many solvent using industrial segments,"” and
several reported lab/pilot-scale applications in oil,> food,*
pharmaceutical® and the fine chemicals industry,® already
proved the potential of OSN technology. In addition to appli-
cations where OSN can be employed as a stand-alone
approach, hybrid approaches that advantageously combine
membranes with adsorption,” imprinting technology,® distilla-
tion,” and crystallisation and chromatography,'® all of which
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Fig. 2 Schematic representation of CO, generation by OSN and distilla-
tion. The intersection of the two lines represents the minimum pro-
cessed solvent for OSN to have lower carbon footprint than distillation.

routinely run in solvents, are likely to become significant as
well.

There are two main questions to be addressed regarding
the greenness of OSN technology. First, how much solvent has
to be processed by OSN before the environmental burden of
OSN is less than the environmental burden of alternative
technologies, i.e. carbon footprint of the fabrication and dispo-
sal of the membranes as well as OSN processing versus carbon
footprint of distillation (Fig. 2). Secondly, is OSN greener than
other downstream processing technologies? These questions
will be addressed in sections 2 and 4, respectively. The carbon
footprint of OSN is comprised of the CO, generated by (i) the
membrane formation and disposal, and (ii) OSN process oper-
ation which will be reviewed in sections 2 and 3, respectively.
On the other hand, the carbon footprint of distillation is com-
prised of the CO, generated by heating and evaporating the
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Fig. 3 Aspects of OSN: from membrane fabrication through to OSN process development until membrane process scale-up as well as supporting
QbD concept and Solvent Recovery technologies. Numbers in circles indicate the sections of the review, whilst the dashed boxes list the factors

affecting the sustainability of OSN in the respective sections.

solvent and condensing the vapours, and this will be used for
comparison.

The present review addresses the green aspects of OSN
membrane fabrication, processes development and scale-up as
well as the supporting concept of quality by design (QbD) and
solvent recovery technologies (Fig. 3). OSN starts with the fabri-
cation of membranes stable in organic media. The first section
of the review discusses the types of polymers, ceramics and
additives; the water, organic solvents and energy consumption
as well as the number of steps during the membrane fabrica-
tion process from a sustainability point of view. The second
section assesses the competitiveness of OSN compared to con-
ventional downstream processes in terms of solvent and
energy consumption, and discusses its main drawback, insuffi-
cient rejection, and how it can be overcome. The third section
gives an insight into solvent recovery which is crucial for sus-
tainable OSN processes. The fourth section compares the CO,
generation and saving throughout the lifetime of OSN mem-
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branes from fabrication to disposal in comparison to distilla-
tion. The fifth section examines the effect of scale on the
productivity and sustainability of membrane processes consid-
ering membrane types and system volume. Finally, the sixth
section addresses the concept of QbD and how it can speed
progress of the OSN field.

1.1 Greener organic solvent nanofiltration membranes

Now that OSN is becoming a mature technology, different
strategies to make OSN greener, including aspects related to
membrane fabrication should be considered. Ideally one
should be able to produce a greener membrane without com-
promising its performance following some of the principles of
green chemistry as shown in Fig. 4."" We have ranked these
principles in order of priority according to their contribution
to making a membrane fabrication process greener. The first
priority is tied between two principles: (a) substituting conven-
tional solvents by greener solvents as they account for the
majority of liquid waste generated during the membrane fab-
rication process and; (b) using low toxicity chemicals that also
minimize potential for explosions or fires, reducing their
environmental impact and making the process safer. Sec-
ondly, when possible, one should reduce the number of steps
involved to produce a membrane, which could considerably
minimize toxic waste, energy consumption and costs. The
third place goes for using renewable or raw materials for
membrane formation, making the membrane fabrication
process more sustainable. The fourth place goes for dissolving
polymers and crosslinking at room temperature to reduce the
energy consumption. Finally, designing degradable mem-
brane products that do not persist in the environment can
also contribute to making a greener membrane. However, the
mass of membrane disposed after the lifetime of a membrane
product is small compared to the liquid waste generated
during the membrane fabrication process, which will be
exemplified and calculated in section 4.

Compared to other traditional separation techniques OSN
has several advantages, including lower energy consumption,

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 Strategy to develop greener membranes following the principles of green chemistry. The numbers next to the boxes represent the ranking in
order of priority according to their contribution to making a membrane fabrication process greener.

easy up-scaling and flexibility. However, manufacturing OSN
membranes involves a number of stages where hazardous
chemicals are discharged as waste, and the membranes them-
selves are discharged eventually.'"> Thus the environmental
advantages of employing OSN are being compromised to some
extent by the waste released during OSN membrane pro-
duction and discharge."® We will calculate the kg of CO, saved
when using OSN and the kg of CO, produced during mem-
brane fabrication and discharge and propose a strategy to
reduce the amount of CO, during membrane formation (see
section 4). In the following sections several strategies to
achieve greener membrane products and minimize the
environmental impact during the formation of OSN mem-
branes will be discussed.

1.1.1 OSN membranes. Polymeric and inorganic materials
are used for the formation of OSN membranes. These
materials must possess mechanical, chemical and thermal
stability. Ceramic membranes are better in terms of mechan-
ical, thermal and chemical stability; they do not compact
under pressure, do not swell in organic solvent and can be
easily cleaned. However, up-scaling is difficult; they are more
expensive and more brittle than polymeric membranes.
Mixed-matrix membranes (organic-inorganic membranes) can
combine the best properties of both inorganic and polymeric
materials, to achieve a membrane with desirable properties
such as good solvent stability, high flux and rejection, reduced
flux decline, improved mechanical stability and antifouling
properties.

1.1.1.1 Polymeric OSN membranes. Polymeric membranes
can be made in flat sheet or hollow fibre configurations.
Hollow fibre membranes are a greener option as no non-woven
backing material or spacers are required in the membrane
module. Most polymeric flat sheet membranes are formed on
a non-woven backing material to provide mechanical stability.

This journal is © The Royal Society of Chemistry 2014

However, in OSN the non-woven backing material must be
solvent resistant. Polymeric membranes must be solvent stable
and preserve their separation characteristics in organic sol-
vents. This requires stable polymers that are difficult to dis-
solve, sometimes requiring high temperatures or the use of
aggressive toxic solvents to prepare the desired casting solu-
tion, resulting in a negative impact to the environment. Mem-
branes made of less solvent stable polymers can be made
stable via crosslinking, which can generate extra steps during
the manufacturing process, resulting in more chemical waste.
Several strategies to make polymeric membranes greener will
be discussed in the following sections.

Integrally skinned asymmetric (ISA) membranes

Integrally skinned asymmetric membranes are formed by
phase inversion, developed by Loeb and Sourirajan,"> which
involves the precipitation of a casting solution by immersion
in a nonsolvent bath (usually water). These membranes
possess a skin-layer on top of a more porous sublayer with the
same chemical composition (Fig. 5a).

The key for high performance is the thin skin-layer, which
makes higher selectivity and permeability possible. After
phase inversion, the solvents and toxic additives such as plasti-
cisers in the casting solution (usually between 75-85 wt%) will
remain in the nonsolvent bath, generating a large amount of
liquid waste. Replacing these solvents for greener solvents can
reduce the waste impact to the environment substantially. A
process diagram for the fabrication of ISA membranes, includ-
ing energy use and waste generated on each step of the
process is shown in Fig. 6.

In order to increase the long term stability of ISA mem-
branes and to enhance their separation performance, various
conditioning or post-treatment methods can be used, such as
crosslinking and wet or dry annealing."* Crosslinking is used
to enhance chemical stability and rejection properties of ISA

Green Chem., 2014, 16, 4440-4473 | 4443
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membranes. Different crosslinking methods have been used
for polymeric membranes, including thermal crosslinking, UV
crosslinking and chemical crosslinking. The previous review
by Vanherck et al."® discusses crosslinking polyimide, the
dominant type of OSN membranes, for different applications.
During chemical crosslinking the membrane is usually
immersed in a crosslinking medium comprised of a crosslinker
and a solvent. After the crosslinking reaction is complete,
the crosslinking medium can be recycled or disposed of, pro-
ducing toxic liquid waste. Alternative crosslinking chemistries
or using greener solvents in the crosslinking medium could
make the crosslinking process greener. Thermal and UV cross-
linking are greener alternatives to chemical crosslinking as
they do not produce solvent waste during the crosslinking step
and the membranes do not need to go through a washing step

4444 | Green Chem., 2014, 16, 4440-4473

after crosslinking. However, when membranes are crosslinked
thermally or by UV irradiation they are exposed to high temp-
eratures and safety measurements must be considered to avoid
the possibility of a fire or an explosion. Different aspects of
how to make the crosslinking process greener by reducing the
use of solvents or the number of steps will be discussed in
section 2.4 and 2.5, respectively. After crosslinking the mem-
brane is usually conditioned to store the membrane dry while
preserving its porous structure. The membrane is placed in a
bath comprised of a conditioning agent and a solvent that will
be disposed as liquid waste once the membrane is removed
and put to dry.

Thin film composite (TFC) membranes

These membranes consist of an ultra-thin “separating
top layer” on top of a chemically different porous support

This journal is © The Royal Society of Chemistry 2014
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(Fig. 5b), which gives more freedom to design a better mem-
brane for a specific application. Solvent flux is proportional to
the top layer thickness. If the support does not create a resist-
ance to solvent flux, in most cases the thinner the top layer,
the higher the flux. High fluxes result in greener separation
processes as less membrane area is required and less time to
achieve the desired separation. Most of the top layer fabrica-
tion techniques,t *® involve the evaporation of the solvent used
in the casting solution or an interfacial reaction in an organic
solvent, which is then subjected to high temperature post-
treatments. Thus, the solvent used should not possess a risk to
the ozone layer, should be of low toxicity, should not be flam-
mable and should also have high flashpoint to prevent fires or
explosions. Fig. 7 shows a process diagram for the fabrication
of TFC membranes, including the energy use and waste gener-
ated. TFC membranes are less green than ISA membranes as
two fabrication processes take place. First, the preparation of
the polymeric ISA UF support membrane, and then the fabri-
cation of the top layer.

1.1.1.2 Ceramic membranes. Compared to polymers, fewer
studies have been published on the green synthesis of in-
organic materials, mainly because ceramics and glasses are

+The main techniques for the fabrication of the top layer of TFC membranes
are: (a) dip coating a solution of a polymer onto a support; (b) dip coating a solu-
tion of a reactive monomer onto a support, followed by post-curing with heat or
irradiation; (c) interfacial polymerization; (d) casting an ultrathin film separately,
then laminating it to a support; (e) depositing a barrier film directly from a
gaseous phase monomer plasma.

This journal is © The Royal Society of Chemistry 2014
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normally obtained at high pressure and high temperature,
leaving little room to improve their synthesis from a green
point of view (Fig. 8). However, in the case of nanocomposite
materials, the inorganic phase is formed in mild conditions
via the sol-gel process, providing plenty of room to design
alternative greener processes. Ceramic membranes present an
asymmetric structure composed of two or more porous layers.
Ceramic materials including silicium carbide and Zr-, Ti- and
Al-oxides are stable in organic solvents and at high tempera-
tures, making them excellent materials for the development of
ceramic membranes for OSN applications. However, a dis-

Green Chem., 2014, 16, 4440-4473 | 4445
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Table 1 Solvent selection guide for membrane fabrication

Preferred Usable Undesirable ]
Water Toluene Dimethylformamide
Isopropyl alcohol IsoparG Dioxane
Acetone Heptane N-methylpyrrolidinot
lonic liquids Dimethylsulfoxide Dimethylacetamide
Supercritical CO2 Tetrahydrofuran Hexane
Acetonitrile Chloroform

Increasing safety and health risk as well as environmental impac‘t}
L
i

advantage is that these metal alkoxides are obtained by organo-
metallic chemistry involving the use of solvents and release of
toxic by-products.’” To produce ceramic membranes within
the NF range the pore size is reduced even further by applying
an additional defect free layer via the sol-gel process. This
process involves the hydrolysis and condensation of alkoxides
or salts dissolved in water or organic solvents. Finally, the gel
is dried and after controlled calcinations the NF membrane is
obtained. One way to make ceramic membrane formation
greener is to replace the metal alkoxides used in the sol-gel
process by aqueous salts. In the case of silica these aqueous
precursors consist of silicate solutions, also called ‘waterglass’.
Their toxicity is low and they have low impact on the environ-
ment."” Therefore, we believe the use of aqueous silicates as
an alternative to silicon alkoxides to make the sol-gel process
to form the top layer of ceramic NF membranes is a greener
way to make NF ceramic membranes.

1.1.2 How green are conventional OSN membranes?. In
this section some green metrics of conventional polyimide
OSN membrane formation processes at bench and large scale
are shown to assess their environmental impact. Consider a
typical OSN ISA non-crosslinked P84 polyimide membrane.
The most common solvents used to prepare a casting solution
for this membrane is a mixture of DMF and 1,4 dioxane,
which are both toxic to humans and to the environment, and
according to GSK’s'® and Pfizer’s' solvent classification, they
belong to the solvent red category, they are undesirable and
should be substituted by a greener alternative. Thus, in order
to make the membrane fabrication process greener, these two
solvents must be replaced by greener solvents (Table 1).

We have picked a specific concentration of the polymer in
the dope solution as an example. However, concentration of
the polymer in the dope usually varies between 14 and 26 wt%.
In this particular example, for the preparation of a P84
polyimide membrane, 22 wt% of P84 polymer is dissolved at
room temperature in a mixture of 3:1 DMF-1,4-dioxane,
which corresponds to 58.5 wt% and 19.5 wt% of DMF and 1,4-
dioxane respectively.'*> Preparing the casting solution of poly-
imide P84 at room temperature already represents an environ-
mental advantage compared to other polymers that have to be
dissolved at high temperatures. After casting the dope solution
on a non-woven fabric, the membrane is immersed in a water
bath where phase inversion occurs. In our research group each

4446 | Green Chem., 2014, 16, 4440-4473
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bench cast membrane is made by casting 30 g of polyimide
P84 dope solution on a non-woven backing material and
immersed in a 20 L water bath. After phase inversion, the
membrane is rinsed for 3 h in 5 L of water and later stored in
isopropanol. In the large scale membrane fabrication process,
83.3 kg of polyimide P84 dope solution are cast on a non-
woven backing material and immersed in a 10 m® water bath.
After phase inversion, the membrane is rinsed for 3 h in 500 L
of water and later washed with IPA.

As shown in Table 2, both the mass intensity and the
solvent intensity of the membranes prepared at a large scale
are lower, suggesting that working at larger scales is greener
than fabricating membranes at a smaller scale.} Design of
experiments is very important to reduce waste and minimize
the amount of times a membrane must be prepared to be
optimized and will be discussed in section 5 in more detail.
Particular attention must be paid to controlling as many
parameters as possible (e.g. temperature and humidity in the
room, temperature of the water bath, purity of raw materials
used) during membrane development to achieve repeatability.
The inability to reproduce key product properties both at lab
and industrial scale will invariably increase waste and require
greater materials and energy use.

Usually, polyimide P84 membranes are chemically cross-
linked after membrane formation to make them solvent stable.
This step involves the use of a crosslinking medium usually a
diamine (e.g. 1,6-hexamethylenediamine) dissolved in a
solvent (0.8 kg HDA kg™ of dope in our research group). 1,6-
Hexamethylenediamine is toxic (acute dermal and oral toxicity
category 4; organ toxicity category 3) and the crosslinking
medium must be disposed as liquid waste, costing £7.50 per
25 L of chlorinated or non-chlorinated solvent. If this step is
carried out at room temperature, the only environmental
concern will be the solvent waste generated after crosslinking,
which is small (in our research group: 0.2 kg of crosslinking
medium per 0.03 kg of dope at the bench scale and 7 kg of
crosslinking medium per 1 kg of dope) compared to the waste
water volume generated during phase inversion. It seems that
the environmental problem lies in the phase inversion step.

As seen in Table 3, the solvent ppm increases at a large
scale, making the waste water treatment a necessary step. DMF
is particularly difficult to remove from water by evaporation
due to its high boiling point. If DMF and dioxane are replaced
by greener solvents, the ppm allowance would be higher and
the water would not need special treatment, reducing the mass
intensity considerably. There is no published work on the
scale-up optimization in terms of greenness to produce ISA
membranes by phase inversion, and attention should be paid
when developing greener membrane preparation processes at
bench scale, as at larger scale the green metrics may change.

Fig. 9 shows the ppm concentration of organic solvent
impurity in the water coagulation bath for different concen-

1The mass intensity (MI) and solvent intensity (SI) are defined as the ratio
between the total mass of the material or solvent used to generate a quantity of
product per unit of target compound produced, respectively.
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Table 2 Green metrics for P84 ISA membranes prepared at bench and commercial scale

Process Dope (kg) Membrane (kg) P84 (kg) DMF (kg) Dioxane (kg) Water (kg) Mass intensity (MI)  Solvent intensity (SI)
Bench 0.03 0.0066 0.0066 0.0175 0.0058 25 3792 3.54
Commercial  83.3 18.33 18.33 48.7 16.2 10500 550.1 3.54

Table 3 Waste generation during formation of P84 ISA membranes at
bench and commercial scale

DMF in Dioxane in Solvent waste
waste water waste water treatment cost
Process (ppm) (ppm) (£ kg™ membrane)
Bench 702 234 1136
Commercial 4870 1620 163

—~ 8
g_ ® 14 wt% polymer
Q 74 * V 18 wt% polymer
s v @® 22 wt% polymer
3 6 4 ® 26 wt% polymer
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8 4 Corresponds to the commercial process presented in Table 2.
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Fig. 9 Dependence of the organic solvent impurity content of waste
water generated during phase inversion considering 83.3 kg dope solu-
tion of 14-26 wt% polymer. The yellow band indicates the ppm range of
allowable organic solvent impurity in waste water (disposed directly into
the drain system).

trations of polymer considering 83.3 kg of dope and different
volumes of water in the bath. Increasing the amount of water
can greatly decrease the ppm of solvent as shown in Fig. 9.
However, this would only be recommended if one wants to
lower the ppm to be below the acceptable threshold allowed by
regulatory authorities in order not to dispose the water as
chemical waste. If the solvent used has a very low ppm
threshold, then one should use as little water as possible to
reduce the amount of chemical waste. Alternatively water
recovery could be sought. The relatively high boiling point of
water makes its recovery by distillation highly energy intensive.
Hence, future research should focus on high capacity adsor-
bents for water recovery.

1.1.3 Reducing the use of toxic chemicals and substitution
by greener solvents. Various organic solvents are used in large
amounts to dissolve polymeric materials in the preparation of
membranes and end up being discharged as liquid chemical
waste or as vapours, having a negative impact to human health

This journal is © The Royal Society of Chemistry 2014

and the environment. Using greener solvents or not using sol-
vents when possible during the membrane formation process
can reduce the environmental impact of the membrane for-
mation process considerably.

Taking into account GSK’s and Pfizer's solvent gui-
dance,'®'° we have selected those used for the membrane fab-
rication process and classified them in Table 1. Unfortunately,
most of the solvents used for membrane fabrication fall in the
red category, which are undesirable and should be avoided
and replaced by solvents in the green category preferably, and
if not possible by solvents in the yellow category.

UV crosslinking can reduce chemical waste considerably by
removing the use of solvents and toxic chemicals present in
the crosslinking medium and the washing steps required after
crosslinking. Vanherck et al. recently published a review where
they discuss the different methods used for crosslinking poly-
imides for membrane applications, including UV cross-
linking."> UV crosslinking on PI membranes was previously
used to prepare membranes for the pervaporation of an
acetone-cyclohexane mixture.”® Lee et al. controlled the mem-
brane morphology and gas transport properties of PI mem-
branes by UV crosslinking.>! They irradiated the freshly cast PI
membrane with UV before immersing it in the coagulation
bath and non-photoinitiator was added. In principle, UV
irradiation could also be implemented for the formation of
OSN membranes as a milder crosslinking alternative to chemi-
cal or thermal crosslinking.

Soroko et al."> have successfully replaced the solvents used
in the dope solution to form polyimide P84 ISA OSN mem-
branes by an environmentally friendly solvent system without
compromising membrane performance. They replaced DMF
and 1,4-dioxane, which are toxic, carcinogenic and hazardous
airborne pollutants'®'® with dimethyl sulfoxide (DMSO) and
acetone, both of which are considered greener alternatives.'®"?

In the past decade, ionic liquids have gained attention
worldwide as green solvents.”>>* They are organic salts that
keep their liquid states at room temperature, are thermally and
chemically stable, non-volatile, non-flammable, non-toxic, and
have negligible vapour pressure. However, their greenness is
debatable®* as it is important to look at their entire life cycle,
from how they are made all the way through to recycling and
disposal. They are also expensive and better ways to recycle
them need to be developed. However, ionic liquids could be
used for certain new advances and still be environmentally
friendly.>* Therefore, ionic liquids provide new insights into
the development of greener membrane formation processes,
minimizing chemical waste. In polymer science, ionic liquids
are being used as the media for polymerization and also in the
preparation of functional polymer materials.*® Ding Yu Xing
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et al.”® were the first ones to explore the use of ionic liquids as
a new generation of solvents to replace traditional organic sol-
vents for the fabrication of flat sheet and hollow fibre
membranes. They used the ionic liquid 1-butyl-3-methylimid-
azolium thiocyanate ([BMIM]SCN) as the solvent for the for-
mation of cellulose acetate flat sheet and hollow fibre
membranes. They have also demonstrated and achieved the
recovery of [BMIM|SCN from the coagulation bath by water
evaporation. The recycled [BMIM]SCN was reused to prepare
CA flat sheet membranes. Membranes made from recovered
[BMIM]SCN showed morphological and performance charac-
teristics similar to those made from fresh [BMIM|SCN. Their
cellulose acetate membrane fabrication process is greener
than the conventional process, which uses N-methyl-2-pyrrol-
idinone NMP, an undesirable toxic solvent.'®'® Furthermore, in
their process no waste is generated as the ionic liquid is recov-
ered by distillation and reused in the membrane fabrication
process, making the process even greener and more economic.
However, even though no chemical waste is produced, distilla-
tion requires high energy, compromising waste reduction. In
order to evaluate whether producing chemical waste in this
particular case is worse than distillation, one most look at the
whole life cycle analysis of the membrane production includ-
ing the recovery of ionic liquids.

Polybenzimidazole is a good candidate for OSN membranes
as it has high thermal and chemical stability. However, one of
the main drawbacks is its poor solubility in common solvents.
PBI has limited solubility in certain solvents including, N,N-
dimethylacetamide (DMAc) and DMF, both of which are toxic
and hazardous to humans and the environment.'®'%?°
Moreover, PBI can only be dissolved in these solvents under
high temperatures®®® (165-240 °C) and high pressures
(15-100 psig), resulting in high energy consumption and
environmental pollution. Recently, Ding Yu Xing et al.*
replaced DMAc, a toxic solvent used to prepare ISA PBI mem-
branes in the casting solution, by an ionic liquid. They also
suggest that the use of ionic liquids can minimize chemical
waste and losses during chemical processes as they can be
recycled and reused repeatedly.>® They used the ionic liquid
1-ethyl-3-methylimidazolium acetate ([EMIM]OAc), which exhi-
bits superior efficiency in dissolving PBI under much lower
temperatures and pressures compared to DMAc. They suggest
that this ionic liquid is not only ideal to dissolve PBI, but also
has excellent miscibility with water so that phase inversion can
occur and the ionic liquid can be leached out from the mem-
brane, recovered by evaporating the water, and then recycled.”®
Their PBI UF ISA membrane was further crosslinked with
dichloro-p-xylene and successfully used for the separation of
proteins. They suggest that future work will focus on utilizing
ionic liquids to prepare PBI membranes for pharmaceutical
separation and organic solvent recovery. Their work could defi-
nitely be implemented for the formation of greener PBI OSN
membranes using ionic liquids as a greener alternative to the
conventional toxic solvents.

Ionic liquids have also been employed as environmentally
friendly solvents for the fabrication of membranes composed
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of PBI and P84 blends.?® The incorporation of P84 into the PBI
system reduced the dope viscosity and water permeability was
50% higher than the plain PBI asymmetric membranes. These
new membranes could also be implemented for OSN due to
their outstanding chemical and thermal stabilities.

US patent 2010/0224555 A1°° suggests a greener alternative
for the manufacturing of RO polyamide nanocomposite mem-
branes to avoid explosions, fires and the use of toxic solvents,
such as hexane. For the interfacial polymerization step they
suggest use of solvents for the organic phase that do not pose
a threat to the ozone layer and yet are sufficiently safe in terms
of their flashpoints and flammability to undergo routine pro-
cessing without having to undertake extreme precautions. The
selected organic solvent should be a high boiling point hydro-
carbon, with boiling points greater than 90 °C, such as
C8-C24 hydrocarbons and mixtures thereof, which have more
suitable flashpoints than their C5-C7 counterparts. In their
interfacial polymerization process they used Isopar G as the
solvent for the organic phase (an isoparaffin based hydro-
carbon oil from ExxonMobil), which is a greener alternative
than hexane,'® reducing possible fires or explosions and toxi-
city to humans. The use of Isopar G as the organic solvent for
the organic phase could also be implemented in the formation
of TFC OSN membranes by interfacial polymerization to make
the fabrication process safer. Ionic liquids have also been
studied for the fabrication of porous materials by interfacial
polymerization®'** and could in principle be used as green
solvents for the formation of OSN TFC membranes prepared
by interfacial polymerization.

Replacing solvents used in the membrane casting solution
by water to prepare dense TFC membranes via coating for OSN
requires water soluble polymers that can become resistant in
organic solvents after certain post-treatments. US patent
3992495/1976 discloses the formation of a RO TFC mem-
brane by coating a suitable porous support with an aqueous
solution of a polymer (polyethylene oxide, polyvinylamine, or
polyacrylamine), the cast membrane is then exposed to a
plasma to crosslink only the surface layer and remove the
uncrosslinked portions by dissolving in water. Since the
plasma only penetrates trough a very small thickness of
the layer, it is suitable for crosslinking only the surface layer of
the water-soluble polymer film to yield a water-insoluble ultra-
thin membrane. Their membrane exhibited up to 99% salt
rejection and 100% rejection of methylene blue in water. This
green membrane made from water soluble polymers and cross-
linked with plasma could potentially be applied in OSN.

Polydimethylsiloxane (PDMS) membranes are widely used
in OSN. However, solvents like n-hexane and n-heptane are
used in large amounts during its traditional preparation
process. After the polymer solution is cast on a UF support,
the solvent is evaporated to form a dense membrane, causing
threats to the environment and to process operators. These sol-
vents should ideally be replaced by greener organic solvents,
and replacing them with water represents an even greater chal-
lenge. A recent study®® provides a low-pollution and high
efficiency preparation method using water as a solvent in the
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presence of surfactant (dodecylbenzene sulfonic acid) for the
preparation of PDMS membranes used in the pervaporation of
butanol-water mixtures. Comparisons between the PDMS
membranes prepared separately with the traditional method
and the green method show that the PDMS membranes pre-
pared using the green method increased their separation per-
formance by 30-53% with only a small loss in flux.>* Their
green method is not only environmentally friendly and econ-
omically competitive but also led to enhanced pervaporation
performance. This method holds enormous potential for the
preparation of greener PDMS OSN membranes using water as
an alternative to hexane or heptane.

1.1.4 Reducing or eliminating the steps in the membrane
fabrication process. Another way to make the membrane fabri-
cation process greener is to reduce the steps during membrane
preparation. Vanherck et al.'> were able to reduce one step
during the membrane fabrication process and eliminate the
need of extra use of solvent, which is economically and environ-
mentally favourable. They achieved this by crosslinking the
membrane during the phase inversion process by adding the
crosslinker into the aqueous coagulation bath. They studied
different parameters on their simultaneous crosslinking and
coagulation process, including the use of different polyimide
polymers, different crosslinking times, and different cross-
linkers and crosslinker concentrations. Even though in this
particular case crosslinking during phase inversion is greener
compared to their typical fabrication process, if the solvents
used to prepare the dope are replaced by greener alternatives
and their ppm values in the coagulation bath are such that the
coagulation bath does not have to be disposed as liquid waste,
crosslinking the membrane during the phase inversion
process should be avoided due to the large volume of water
used and should be done in batch after phase inversion.

Soroko et al.'> have significantly reduced the amount of
isopropanol (IPA) used during the formation of OSN
P84 membranes by using water as the crosslinking medium
instead of IPA and by removing the isopropanol washing steps
before and after membrane crosslinking. The total IPA
reduction was 60% reduction, making the membrane for-
mation process greener. In contrast to Vanherck et al."® cross-
linking was carried out in batch after phase inversion."?

Organic solvent nanofiltration requires solvent-resistant
membranes that preserve their separation characteristics
under a large range of solvents. In order to prepare ISA mem-
branes, the polymer must be soluble in a solvent to form a
casting solution, which means that the membrane could then
solubilize in the solvent which it was cast from. Crosslinking
is often used to enhance chemical stability and rejection of
ISA membranes in organic solvents. Different crosslinking
methods have been used for polymeric membranes, including
thermal crosslinking, UV crosslinking, and chemical cross-
linking. A recent review by Vanherck et al.™ discusses in detail
the work that has been published on crosslinking polyimide
membranes. One way to make the membrane fabrication
process greener would be to use polymer materials that do not
need crosslinking and avoid that extra step.
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Very stable polymers that do not require further cross-
linking are available. However, in terms of membrane for-
mation they present a disadvantage as they are very hard to
dissolve to form the casting solution (e.g. Torlon, PEEK). PEEK
for instance, is stable in most organic solvents but prepared
from a casting solution containing sulfuric and methanesulfo-
nic acid. Using PEEK as a polymer to prepare OSN membranes
avoids the crosslinking step. However, the acids used in the
casting solution represent a high hazard for people working in
the membrane fabrication process. In terms of environmental
impact, the acidic aqueous solution left after phase immersion
should not be a problem if neutralized prior to disposal.

1.1.5 Using materials from natural (renewable) sources
and degradable materials. Cellulose is one of the most abun-
dant organic materials; it is also inexpensive, biodegradable
and a sustainable polymer as it conserves natural resources
through use of biomass feedstocks. Because of the strong
hydrogen bonds that occur between cellulose chains, cellulose
does not melt or dissolve in ordinary solvents, making it a very
good candidate for OSN applications. Normally cellulose is
used for the production of cellulose derivatives (e.g. cellulose
acetate), and regenerated cellulose (e.g. cellophane), which
have been widely used for membrane fabrication. However,
cellulose is degraded during the regeneration processes,
causing irreversible damage to its structure, losing its high
crystallinity and mechanical stability, and its high resistance
to organic solvents, acids and bases.>> Moreover, the chemicals
employed during the degradation processes and the by-
products formed result in negative impacts to the
environment.

A greener alternative for membrane formation would be to
use cellulose as raw material, instead of using one of its deriva-
tive forms. Membranes prepared using cellulose as raw
material will keep the cellulose native characteristics, includ-
ing remarkable hydrophilic properties and good solvent
resistance, making them potential membranes for OSN appli-
cations. To use cellulose as raw material, a simple high temp-
erature dissolution process to prepare the dope solution can
be carried out, using aqueous N-methylmorpholine-N-oxide
(NMMO) as the solvent. NMMO can dissolve cellulose directly
without the formation of the cellulose complex or its deriva-
tives, avoiding the use of chemicals for its degradation,
making the membrane formation process environmentally
friendly.>® The use of NMMO as the new organic solvent for
cellulose has opened up new perspectives for cellulose mem-
brane development and shows potential for OSN.

Cellulose membranes for water applications were success-
fully prepared through a simple and environmentally friendly
process by dissolving cellulose in an aqueous NMMO solu-
tion.>® Zhang et al.*® have studied the influence of different
parameters on the formation and characterization of cellulose
flat sheet membranes. H. J. Li et al.*® have developed a hydro-
philic cellulose hollow fibre UF membrane for oil-water separ-
ation by casting a membrane from a dope solution containing
cellulose from wood pulp, NMMO as the organic solvent, and
polyethylene glycol 400 as an additive. Treatment of the oily
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water with their UF cellulose membrane was feasible, showing
resistance in a wide range of PH.

Mao et al.’” developed a novel cellulose membrane used for
isopropanol dehydration. The membrane was prepared using
NMMO as the solvent for the casting solution. They showed
that the prepared cellulose membrane had much higher crys-
tallization degree and better mechanical strength compared to
traditional cellulose acetate membranes. Their membrane
exhibited acceptable fluxes of 349 ¢ m™> h™" and much higher
separation factors than other pure polymer membranes, such
as chitosan and poly(vinyl alcohol).

As cellulose is difficult to dissolve in common organic sol-
vents, to make full use of cellulose resources, it is necessary to
develop a cellulose dissolution method to develop cellulose
membranes ideally using non-toxic solvents.*® The use of ionic
liquids has opened new avenues for the efficient utilization of
lignocellulosic materials.*® Li et al.*® established an environ-
mentally friendly method to prepare NF cellulose membranes
with a MWCO§ of 700 Da and high water flux, using the ionic
liquid 1-allyl-3-methylimidazolium chloride (AMIMCI) as the
solvent. The cellulose was completely dissolved at 90 °C. Their
work is the first reported study on the formation of NF mem-
branes from a cellulose/ionic liquid dope solution. These NF
cellulose membranes could in principle be also applied for
OSN.

Another ionic liquid has been used as solvent for the devel-
opment of cellulose membranes by phase inversion. H. Z.
Chen et al.*® have prepared a cellulose membrane dissolving
wheat straw cellulose in ionic liquid 1-butyl-2-methylimid-
azolium chloride [BMIM]CI to form the casting solution. Because
ionic liquids have extremely low vapour pressure, they can be
recovered by distilling to remove precipitators under reduced
pressure to reduce cost and avoid chemical waste generation.
However, distillation requires a lot of energy and this should
be considered when assessing the greenness of the overall
process. After the cellulose membrane was prepared, the
residual [BMIM]CI in the coagulation bath was recovered by
vacuum distillation to remove water, and subsequently dried
for 24 h in a vacuum drying oven. The recovery ratio was 95.2%
and the recovered ionic liquid was recycled to prepare other
cellulose membranes. Cellulose membranes prepared using
ionic liquids as the solvent have great potential for OSN
applications.

2. The role of OSN in downstream
processing

Downstream process development is one of the most impor-
tant stages of Active Pharmaceutical Ingredient (API) manufac-

§ Membranes discriminate between dissolved molecules of different sizes and
are usually characterized by their molecular weight cut-off (MWCO), which is
used to classify membranes in terms of selectivity. It is defined as the molecular
weight of the molecule which is 90% rejected by the membrane. The value is
interpolated from a curve of MW vs. rejection.

4450 | Green Chem., 2014, 16, 4440-4473

View Article Online

Green Chemistry

turing due to its crucial effect both on the lifecycle and
performance of the final manufacturing process.’® Moreover,
downstream processing is the major contributor to the pro-
duction costs of APIs.*' Conventional API purification steps
include recrystallization, precipitation, solvent extraction, dis-
tillation, chromatography, adsorbents and resins. The pharma-
ceutical industry has been pioneering in process development
with regard to (i) the optimization of API purification®* and (ii)
the introduction of green metrics®*™® in order to stimulate
process effectiveness minimizing environmental impacts.*’
Membrane technologies are listed among the technologies
expected to contribute to the reduction of environmental
impact.*® Besides solvent recovery OSN has also been repeat-
edly proposed for API purification by both academic and
industrial research groups.”®7>!

A comparative study of OSN, chromatography and recrystal-
lization demonstrated the performance efficiency and sustain-
ability of these downstream processes through an API
purification case study (Fig. 10).>> API losses were 5-6% for
OSN, 6-12% for chromatography and 15-16% for recrystalliza-
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Fig. 10 Processes comparison concerning (A) energy consumption
with solvent disposal or solvent recovery as well as (B) batch operation
times and solid waste generated.
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tion during the removal of 4-dimethylaminopyridine (DMAP)
and methyl mesylate (MeMS) impurities, respectively. In terms
of generating solid waste the processes can be ranked as
chromatography (330 kg silica gel per API batch), recrystalliza-
tion (6 kg charcoal per API batch) and OSN (<1 kg membrane
per API batch). The study shows that - considering process per-
formance, solid waste generation, energy consumption and
batch time — OSN is highly competitive to conventional chrom-
atography and recrystallization (Fig. 10). Furthermore, the
advantage of size-exclusion based OSN over affinity based sep-
aration techniques (e.g. adsorbents) was demonstrated by the
simultaneous removal of two impurities, N,N-dimethylamino-
pyridine and p-toluenesulfonic acid ethyl ester, representing
different chemical classes, namely amine and ester.® The
removal of these impurities solely by adsorption would require
two chemically different adsorbents, and API matrix effects
should be investigated.>*

Despite high competitiveness of OSN demonstrated by
Szekely et al.,>® two main drawbacks were identified in many
reports: high solvent consumption and low product yield.
Solvent consumption and recovery are discussed in details in
section 3. The second, but not secondary, limiting factor of
OSN, namely low product yield or insufficient rejection, has
been addressed by means of process chemistry and process
engineering. For instance, even with a seemingly high rejec-
tion of 98%, the product yield can be unacceptably low after
diafiltration. In order to achieve a sustainable separation,
Keraani et al.,> gradually enlarged homogeneous catalysts for
olefin metathesis from 627 to 2195 g mol™". Up to five cycles
were performed before a deterioration in the performance of
the process was observed with the Hoveyda II type catalyst in
toluene and dimethyl carbonate employing StarMem228. It is
worth mentioning that the decrease in performance was due
to the slow degradation of the catalyst and not because of a
reduction in catalyst rejection. Similarly, Siew et al>® develo-
ped a highly enantioselective quinidine-based organocatalyst
for homogeneous catalyst recycling through OSN. Enlarging
the organocatalysts through polyalkylation allowed easier recy-
cling as well as higher enantioselectivities of >92% ee.
However, permanent chemical modification of the desired
product in order to obtain sufficient rejection is rarely accepta-
ble. Hence, in other cases temporary chemical modification
was used. So et al.”” developed a new technology platform that
advantageously combines OSN with solution phase peptide
synthesis where polyethylene glycol is used as an anchor to
increase the rejection of the products. Liquid-phase synthesis
on polyethylene glycol has been extensively investigated in the
past and successfully applied in the field of oligonucleotides
and oligosaccharides production as well as for combinatorial
library synthesis.>®>® More recently Kim et al.>® proposed an
efficient purification methodology employing a simplified two-
stage cascade configuration for diafiltration which signifi-
cantly increases product yield (Fig. 11). A mathematical model
to predict the cascade performance was developed.®® The
membrane cascade process overcomes previous control pro-
blems by operating with a single high-pressure pump and
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Fig. 11 Predicted yield improvement with 2-stage cascade after 10 dia-
volumes for different product rejection. Annual cost savings are given in
brackets, based on literature rejection data®>°*! considering 100 kg
annual API production.

without any buffer tank between membrane stages (Fig. 12).
The process was demonstrated through the removal of geno-
toxic impurities from an API. By implementing the two-stage
cascade, the product yield was increased from 58% to 95%
while maintaining less than 5 ppm genotoxin in the final solu-
tion. Through this yield enhancement, the membrane process
has been “revamped” from an unfeasible process to a highly
competitive unit operation when compared to other traditional
processes. In general, the two-stage diafiltration configuration
achieves significant yield improvement, overcoming the mem-
brane limitations inherent in the single stage diafiltration for
rejections less than 99%. As long as the product rejection is
above 90%, the process promises high product yield, making
the process competitive to other traditional unit operations.

Furthermore, process intensification using OSN can be
achieved through the concept of hybrid processes. OSN has
been synergistically coupled with distillation,” chromato-
graphy,’® adsorbents” and molecular imprinting,® comple-
menting each other to achieve a defined separation task. As an
example, membrane distillation integrates the advantages of
distillation (e.g. robustness and high capacity) with the advan-
tages of membrane separations (e.g. high selectivity and separ-
ations that are able to surpass the limitations of distillation).®>
In addition to integrating membrane distillations into new
processes, they can also be used for flexible capacity increases
due to their modular nature; they can easily be scaled-up and
integrated into existing processes.”* One example of OSN-
assisted distillation is the recycling of homogenous Rh cata-
lysts during hydroformylation of octene and dodecene (Fig. 13)
by Priske et al.®*

Furthermore, the separation of heavy boiler (hexacosane,
5%) from low- and middle boiler (decane, 70% and dodecanal
25%) in a wide boiling mixture from hydroformylation
(Fig. 14) was investigated by Micovic et al.’ Micovic et al.® ela-
borated a four step design method for combination of organic
solvent nanofiltration and distillation in a hybrid separation of

Green Chem., 2014, 16, 4440-4473 | 4451
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Fig. 13 Schematic system diagram for an OSN-assisted distillation
process for the separation of homogenous catalysts and recycling of
solvent.

wide boiling mixtures. The method is based on: generation of
different processes, evaluation based on quantitative metrics
using rigorous models, identification of the best membrane
and process optimisation. Experimental effort was reduced by
specifying parameters that have strong influence on the
process and by narrowing down the experimental range.
Optimization showed that at high temperatures, the
OSN-process may be more economical than stand-alone
distillation.

Functionalised OSN membranes allow adsorption of
specific molecules whilst retaining and permeating other
species. Three-way separation of ternary mixtures using a
single OSN membrane has been recently demonstrated using
molecularly imprinted OSN membranes.®® This approach has
the potential to increase the sustainability of downstream pro-
cessing by integrating size exclusion and adsorption separ-
ation in a single unit operation.
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Fig. 14 Economic process performance is evaluated in form of the cost
for the purification of one ton of product. The reaction mixture (4500
[kg h™!]) consists of n-decane (solvent with MW of 142 g mol™?), n-dode-
canal (product with MW of 198 g mol™) and hexacosane (reference for
heavy boiler with MW of 367 g mol™) was investigated.®

3. Solvent recovery: an enabling
technology
3.1 The need for solvent recovery and potential solutions

The pharmaceutical and fine chemical industries produce the
majority of their products utilizing batch processes, which
contain multiple reaction and purification steps. Most active
APIs are produced carrying out reactions in organic solvents.
Chemical reactions often require large quantities of different
organic solvents. Furthermore, organic solvents are used to
perform purifications, to clean process equipment and for
different analytical instruments employed for process control
and quality assurance. Both the type of solvent and the

This journal is © The Royal Society of Chemistry 2014
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amounts required can vary widely, depending on the chemical
reactions performed and the physico-chemical properties of
the reactants and products.®® For a typical batch chemical
process in the pharmaceutical industry, solvent use (including
water) can account for as much as 80-90% of the total mass in
the process.®® The consequence of this is that solvents make a
major contribution to both the overall economy and toxicity
potential associated with the process.

Although the pharmaceutical industry has been known to
be relatively solvent intensive for a long time, it is only over the
last decade that public and industry demand for more sustain-
able processing has resulted in an increased interest to reduce
solvent usage.'**>%”"% In 2007, the ACS GCI Pharmaceutical
Roundtable”® (ACS GCIPR) collected mass-efficiency data from
seven pharmaceutical companies to illustrate typical materials
and quantities used during the development and manufacture
of APIL Data indicated that for the production of 1 kg of com-
mercially available API a median value of 45 kg of material was
used (ACS website).”® Approximately 50% of that material and
60% of the overall energy used during API production was
reported to be related to organic solvents. This indicates that
solvent recovery could be of interest for improving energy-
efficiency.®”

The waste generated by pharmaceutical companies and the
need to dispose of large amounts of solvent at the end of the
processes has increased concerns about environmental and
human safety. This has led to the implementation of many
regulations and has created a widespread interest in Green
Chemistry and Technology.®® Several metrics have been pro-
posed to help assess the efficiency and “greenness” of existing
and new processes such as the E factor, mass yield, atom
economy, mass productivity and reaction mass efficiency.

When trying to establish what is “green”, another impor-
tant aspect is the life cycle of a solvent, which includes pro-

View Article Online

Critical Review

duction, transportation, use and disposal. Each kg of solvent
that is not recycled or reused must in fact be disposed. This
means that the solvent has to be manufactured. This process
also generates waste and greenhouse gas emissions, and adds
to the cumulative annual waste generation worldwide.®® A Life
Cycle Inventory/Assessment (LCI/A) is used to determine the
overall amounts of materials used, waste generated, and
energy used during the manufacture of solvents, their use in
pharmaceutical processes, and their eventual disposal. Fig. 15
identifies the major stages in a solvent’s life cycle: production,
transport, use, and disposal.

Excessive solvent use is a major contributor to a chemical
company’s “carbon footprint”. The disposal of excessive
solvent waste then further contributes to the release of green-
house gases and other emissions. It has been estimated that
incineration alone creates 6.7 kg CO, kg™' organic carbon
treated.®® The most common waste disposal method in the
chemical industry today is incineration. Recent introduction of
stricter environmental legislation in combination with increas-
ing pressure from regulatory agencies and expected price
increases of virgin solvents is making solvent recovery a more
competitive alternative to incineration. Solvent recovery can
offer significant benefits with regards to reduced purchase,
storage and waste costs, increased compliance with environ-
mental legislation and reduced emission of greenhouse gases.

High volume recovery processes typically use distillation,
which is a thermally driven process and though generating
high purity solvent, the unit operation generally requires high
energy input. Furthermore, it can be difficult and energy inten-
sive, when it is required to separate solvent mixtures due to
the closeness of boiling points and the formation of azeo-
tropes. Nevertheless, from an industrial standpoint, distilla-
tion is the most commonly employed method for solvent
recovery in the pharmaceutical industry and it is used for

Renewable

Resources

uri

Recycle '

Fig. 15 Life cycle flow chart for solvent usage adapted from Slater et al.®®
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Table 4 Summary of applications of OSN processes for solvent recovery in the pharmaceutical and in the refining industries

Industry  Solute/solvent Membrane Reference

Pharma  APIs/methanol Starmem™120, Starmem™122, Geens et al.”®
Puramem™228

Pharma  APIs/IPAc Starmem™122, Starmem™240, Rundquist et al.®®
Puramem™280

Pharma  APIs/crystallisation mother liquor (82% methanol, 15.9% Starmem™122 Rundquist et al."®

methyl isobutyl ketone, 2.1% toluene) and ethyl acetate

Pharma  APIs/methanol and DCM GMT-ONF-2 Szekely et al.>

Pharma  Peptide/MeCN and water Inopor Nano 450 and 750 Marchetti et al.”*

Refining Waxy oil stream/toluene and methyl ethyl ketone Starmem 228 Whit7eGet al.”® Gould

et al.

Refining Free fatty acids/methanol Nitto Denko, Film-Tec, Osmonics, Raman et al.””
Desalination Systems, Fluid Systems

Refining  Oil/n-hexane PDMS/PAN Stafie et al.”®

Refining Cotton oil/n-hexane, IPA, ethanol Romicon, Osmonic, Paterson Candy Koseoglu et al.”’
International

Refining Soybean oil/n-hexane Whatman (ceramic membrane) Wu and Lee®

Refining  Free fatty acids/ soybean oil and n-hexane Osmonics Ribeiro et al.*

Refining Corn oil/ethanol Koch, FilmTec, Osmonic-Desal, Kwiatkowski et al.®*
Hydranautics

Refining Ethanol, isopropanol, acetone, cyclohexane, hexane GE Osmonic, Nadir, Evonik MET and Darvishmanesh
Solsep et al.®?

Refining Vegetable oils/hexane NTGS-2200 Manjula et al.®

Refining  Soybean oil/hexane PDMS/PVDF and Zeolite PDMS/PVDF Weibin et al.®*

Refining Free fatty acids/soybean oil and hexane PDMS/PVDF and CA/PVDF Firman et al.®®

Refining  Free fatty acids/soybean oil and hexane Nitto Denko, Film-Tec, Osmonics, Raman et al.®®
Desalination Systems, Fluid Systems

Refining Heavy boilers from a hydroformylation mixture Puramem S 380, GMT ONF 1, GMT ONF 2, Micovic et al.’

approximately 95% of all solvent separation processes.”" Batch
adsorption on activated carbon (or other more efficient adsor-
bers) and fixed bed adsorbers are also largely used for impur-
ity removal and solvent recovery.”> Recently, OSN has been
proposed as a low energy alternative for solvent recovery or in
combination with distillation in hybrid processes. One of the
main drivers for using OSN as an alternative to distillation for
solvent recovery is potential improvements to the overall
energy-efficiency. Furthermore, solvent recycling distillation
systems - due to their wide variety including atmospheric,
vacuum, steam, azeotropic, extractive, pressure and membrane
distillation - often have to be used off-site. However, solvent
recycling by OSN can be easily implemented as a final stage of
a downstream processing membrane cascade. On the other
hand, the major drawback is related to the small size of impu-
rities to be retained. Small size impurities are advantageous
for purification by OSN but turn solvent recovery by OSN pro-
blematic. To purify solvents from impurities of small mole-
cular size, virtually 100% rejection is required calling for tight
membranes, which are generally characterised by low flux.
Operating time depends on membrane permeance and fil-
tration area, which makes modules more advantageous than
flat sheet membranes at an industrial scale. Applications of
solvent recovery by OSN in the pharmaceutical and in the oil
industry are summarized in Table 4 and discussed in the fol-
lowing paragraphs.

3.2. Solvent recovery by OSN in the pharmaceutical industry

Geens et al.”® evaluated the potential of nanofiltration as a sep-
aration tool in the chemical production process of APIs and

4454 | Green Chem., 2014, 16, 4440-4473

GMT NC 1

compared the energy requirements for methanol recovery with
OSN and distillation, respectively. The comparison for the
energy consumption of the two processes was made based on
a pressure pump for the nanofiltration system, and a total
reboiler for the distillation.

The energy requirement of the pressure pump required to
provide a pressure difference AP for a feed flow F; is given by
eqn (1):

Qosn = Fi&Pra (1)
n
The energy required in a throughput distillation was calcu-
lated as the sum of three contributions, heating the fluid to
the boiling point, and evaporation of the liquid at the boiling
point, respectively:

Qdistillation = Qheatin + Qva orisation + Qcondensation (2)
g p

Qheating = FmCAT (3)

Qvaporisation = Qcondensation =FnAH (4)

where Q is the required power, Fy, is the molar flow, C is the
heat capacity at a constant pressure, AT is the temperature
difference between the feed and the boiling point and AH is
the latent heat of vaporisation.

As schematically shown in Fig. 16, for recovering 451 tons
of methanol by distillation (which corresponds to a process
time of 1371 h at a feed flow of 417 1 h™"), the total energy con-
sumption is 1123 GJ Geens et al. calculated 593 GJ, as they did
not included the heat of condensation), whereas the nano-

This journal is © The Royal Society of Chemistry 2014
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Fig. 16 Schematic representation of solvent recovery by distillation and OSN and relative energy consumptions.

filtration set-up requires only 2.8 GJ (for an operating pressure
of 15 bar), which is more than 200 times less. It is indeed clear
that a membrane process is advantageous in terms of energy
consumption, and might become a lucrative alternative for a
traditional distillation.

Slater®® tabulated the top 20 chemical wastes generated by
the pharmaceutical and medicinal/botanical sectors according
to the United States EPA TRI from 1995 and 2006. For some of
these solvents, the energy required to recover solvent by distil-
lation and by OSN have been compared. They are shown in
Fig. 17 and reported in Table 5, from which it is clear that the
energy requirements become higher for distillation as a func-

X Methanol W Ethylen glycol @ Dichloromethane W Xylene
A Toluene 1,1,2-Trichloroethane Acetonitrile + Hexane ® NMP
Methyl tert-butyl ether A DMF B n-butyl acohol ® Chloroform
214
|
— 19-
m
o
~ 171 *
x
e
»15-
]
g1 R
~
c
111
29 A
g _| ¢
7_
X
5 — ; . .
300 350 400 450 500
Tboiling [K]

Fig. 17 Comparison of the energy requirements for solvent recovery by
distillation vs. solvent recovery by OSN, as a function of the solvent
boiling point. T = 25 °C. P = 15 bar.

This journal is © The Royal Society of Chemistry 2014

tion of the boiling point, while they remain more or less con-
stant for OSN.

Rundquist et al.”® demonstrated the advantages of OSN to
recover API from mother liquors after a crystallization process.
The process flow diagram of API recrystallization with solvent
recovery and recycle is shown in Fig. 18.

Crystallisation is an important and commonly used oper-
ation in API purification; it can however generate large
volumes of solute rich waste (mother liquors) containing the
impurities removed during operation as well as dissolved API
up to the saturation limit. API containing mother liquors are
generally discarded as waste and, depending on the API, solu-
bility yield losses can be significant. Further processing of
mother liquors could be a lucrative way to boost mass-
efficiency of a process through recovery of organic solvent as
well as potential recovery of valuable APL®® In this work,
energy comparisons between a pump-pressurised OSN system
and a pilot-scale distillation unit were extended to include
high concentration, multi-solute process liquors. For a batch
distillation the overall power consumption was calculated
through summation of individual contributions required to
heat the liquid to the boiling point, vaporise the solvent and
re-condensate in the overhead condenser.

Based on data from the distillation process used for iso-
propyl acetate, calculations assume a 90% recovery level and
an overall processing time of 2 h for a 100 L batch. Assuming
an ideal system where no heat is lost to the surroundings and
a constant heat of vaporisation, the total power required for
processing a 100 L batch was calculated using eqn (2) with
Fn=0.11mol s, C=199.4 J mol " K!, AT=64 K and AH =
37.2 k] mol™" giving a value of Qpjgiiiation = 9-3 KW for a 2 h
operating time.

On a larger scale, OSN systems are commonly set up to
operate in a feed-and-bleed configuration. Energy required for

l.68
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Table 5 Energy requirements for solvent recovery by distillation vs. solvent recovery by OSN as a function of the solvent boiling point. The corres-
ponding carbon footprint was calculated for 70% solvent recovery after Kim et al.>*

Solvent generated Qistillation Qosn Qaistllation/ CO, footprint

Solvent Rank®® [10° kg per year] [kWh] [kWh] Qosn [10° kg per year]
Methanol 1 44.8 150 0.023 6453 18
Dichloromethane 2 22.3 111 0.014 8010 3
Toluene 3 12.1 197 0.021 9278 12
Acetonitrile 4 7.9 141 0.023 6029 3
Chloroform 7 3.71 131 0.012 10543 0.4
n-Hexane 8 2.99 149 0.028 5300 3

n-Butyl alcohol 9 2.86 223 0.023 9788 2

DMF 10 2.79 244 0.019 12 569 2
N-Methyl-2-pyrrolidone 12 2.02 303 0.018 16930 1

Xylene 13 1.47 208 0.021 9748 1
1,1,2-Trichloroethane 15 1.23 194 0.013 15090 0.2
Methyl tert-butyl ether 16 1.2 126 0.025 5062 1
Ethylene glycol 18 0.82 337 0.017 20285 0.3

IPAc
Dissolution Crystallisation Filter Wash Drying
APl —p Cooling
IPAc > [ ™|Crystallisation| ™1 ™ ™
IPAc
Filtrate
Mix IPAc IPAc recovery Cake API IPAC
1. OSN . washes
......... ¢—12. Distillation |«g
3. Hybrid Combined waste
stream (mother
ligours)
Retentate and/or

distillation heal

Fig. 18 Process diagram of an API recrystallization combined with solvent recovery and recycle (source: reprinted from ref. 68. Copyright (2012),

with permission from The Royal Society of Chemistry).

OSN processing can be calculated using eqn (5) where F is the
pump flow rate of the feed (f) and recirculation (r), AP is trans-
membrane pressure (TM) and the pressure drop over the
module (D) and 7 is the pump efficiency:

FfAPTM + FrAPD

p (5)

QOSN =

For OSN processing the maximum recovery level was based
on solubility and for the OSN process presented by the authors
the maximum volume recovery level was 80%. A membrane
area of 1 m> was assumed for calculations. The overall proces-
sing time for processing 80% of a 100 L batch equalled 1.8 h,
assuming an average flux of 45 L m~> h™". Based on processing
time, Fr = 56 L h™" and F, was selected to 278 L h™" (5 x Fy),
APry = 60 bar, APp = 0.5 bar and » = 0.3 resulting in a total
energy requirement of Qosy = 0.3 kW for a 1.8 h operating

4456 | Green Chem., 2014, 16, 4440-4473

time. The overall energy consumption was 32 times lower for
OSN compared to distillation.

However, for OSN the maximum amount of solvent recov-
ered was limited by solubility and required that the concen-
tration remain above the solubility limit to prevent solutes
from precipitating. As reported by the authors, the maximum
amount of solvent recovered by OSN was limited to 80%
whereas the distillation could be continued until 90% of the
original volume was recovered. An equivalent volume recovery
of 90% could be reached by using OSN to recover 80% of the
original solvent added, and distillation to recover an additional
10% up to a 90% total. In this case, the energy requirement
would still be 9 times lower per L of recovered solvent com-
pared to the use of distillation alone.

To fully evaluate the impact of waste minimisation on the
process mass-efficiency, the full crystallisation process includ-
ing potential solvent recovery stages was studied.”® For a

This journal is © The Royal Society of Chemistry 2014
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Fig. 19 Process diagram for suggested OSN and CCC hybrid application.

crystallisation batch size generating a 100 L waste stream, the
E factorq for the full crystallisation process was equal to 9.7 for
no solvent recovery and 4.8 and 4.2 when OSN and distillation
were used for solvent recovery respectively. Comparison of
E factor values for the full crystallisation process indicated
comparative values for OSN and distillation and methods offer
similar mass-efficiency improvements of 43-49% compared to
when no solvent recovery is used.

This study finally points out to the importance of consider-
ing potential improvements in waste reduction and energy-
efficiency, capital investment cost and calculated payback
period for membrane equipment when comparing distillation
and OSN. Distillation equipment is usually readily available in
most batch pharmaceutical plants, while a strong business
case is needed to justify the initial investment required for
OSN operation.®® Additionally, the membrane used is a con-
sumable product and membrane modules have to be replaced
on a regular basis, depending on the membrane lifetime.
Membrane replacement can increase investment as well as
maintenance cost for OSN operation.

In another study, Rundquist et al.'® demonstrated the
potential for using OSN to perform an initial solvent exchange
for a crystallization mother liquor, supplied by GlaxoSmith-
Kline (GSK), into a selected counter-current chromatography
(CCC) mobile phase system for recovery of a GSK drug com-
ponent from a complex impurity profile. The solvent exchange
transferring the solute matrix to be separated from the process
solvent to the solvent mixture selected for the mobile phase is
usually required to avoid solvent contamination of the
column. Thermal techniques, such as evaporation, commonly
used for this purpose, can be time consuming, energy inten-
sive and in certain cases cause product degradation. High
mass intensity values can be seen as an additional limitation
of CCC application. Rundquist et al.'° demonstrated how
membranes are capable of reducing the typically high solvent
burden of the CCC process through recovery and recycle of
mobile phase solvent (Fig. 19). Eqn (2) was used to calculate

Y The E factor is defined as the mass ratio of total waste to products produced.

This journal is © The Royal Society of Chemistry 2014

Solvent Recovery

the solvent mass-intensity for CCC operation with and without
solvent recovery and OSN solvent exchange respectively. When
combining CCC operation with solvent recovery the solvent
mass-intensity is calculated to decrease by 60% for a solvent
recovery level of 70%.

Siew et al.®” proposed a multistage membrane cascade for
solvent recovery. Most commercial membranes do not retain
APIs sufficiently to enable solvent recovery in a single stage
membrane process. The 3-stage cascade was able to achieve an
effective rejection of 80% compared to a single pass rejection
of 55%.

Kim et al.>® exploited the high impurity uptake of activated
charcoal at low concentrations for solvent recovery coupled to
a two-stage OSN membrane cascade, as the permeate from the
system mostly contains only impurities with negligible
amount of API. Both the economic and environmental impacts
of a solvent recovery unit depend on the solvent type as well as
the recovery process itself (e.g. adsorption or distillation).'®
Hence, the differences between distillation and an adsorption
unit in terms of energy consumption and CO, generation con-
sidering solvents used widely in the pharmaceutical industry
was assessed by Kim et al.>® It was concluded that the energy
required for the charcoal based adsorption process is 92-96%
lower than that from distillation. Furthermore, the implemen-
tation of a solvent recovery unit achieved 70% and 73%
reduction in mass intensity and solvent intensity, respectively.
The associated carbon footprints are shown in Table 5.

Darvishmanesh et al.®® tested two types of commercially
available polymeric OSN membranes (StarMem122 and
DuraMem150) for their abilities to recover methanol, ethanol,
isopropyl alcohol and ethyl acetate solvents from API mixtures.
Furthermore, to evaluate the potential of OSN as a substitution
for traditional solvent recovery, a pore flow mechanism based
model was developed for single OSN membrane modules and
implemented in the common Aspen Plus process simulation
software.

Szekely et al.>* discussed the effect of solvent recycling on
the sustainability of three purification processes for degenotoxi-
fication of API post reaction streams: recrystallization, flash
chromatography and OSN. In this particular case study

Green Chem., 2014, 16, 4440-4473 | 4457
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Fig. 20 Solvent recycling or solvent disposal? Effect of solvent re-
cycling on the mass and energy intensity of the downstream processes.
Solvent recycling offers 36% cost reduction relative to solvent disposal.

11 200 kg methylene chloride solvent was needed for the puri-
fication by OSN which is 2 and 4 times more than by chrom-
atography and recrystallization, respectively.”> Hence, OSN has
the highest mass intensity being 1312 kg ke™' API. Fig. 20
compares the mass and energy intensity of the processes
which change in accordance with the extent of solvent con-
sumption. Recovering the solvent by distillation turns OSN
from the least to the most energy intensive process with values
of 55 and 491 kWh kg™ API, respectively. On the other hand,
the cost of solvent recovery was estimated to be 481 k€ per year
allowing 36% cost reduction relative to solvent disposal.
Solvent recycling allowed the reduction of mass intensity by
two orders of magnitude (from 400-1300 to 14-63 kg kg™ API,
depending on the process) and narrowed down the process
carbon intensity to the range of 100-200 kg CO, kg™' APL
Furthermore, a significantly smaller amount of fresh solvent
has to be purchased for the purification. Solvent recovery was
demonstrated to be advantageous for OSN, as OSN requires
the use of large diafiltration volumes, therefore its high per-
formance is achieved at the cost of high solvent usage. Solvent
recovery by other tools such as adsorbents® and OSN itself®®
were also assessed. The main obstacle to the use of OSN for
solvent recovery lies in the fact that impurities in the permeate
from OSN downstream processing by OSN should be fully
rejected by nanofiltration membranes. Hence, even tighter
membranes have to be developed for solvent recovery by OSN.
Through a modelling study Abején et al.*® also found that the
treatment of the residual stream leaving the system is the
major contributor to the overall cost of the process being more
than 85% for dual membrane cascades, but the solvent recov-
ery units can reduce the costs up to 77% depending on the
required solvent quality.

Marchetti et al.”* proposed an improved purification strat-
egy for peptide fragment condensation, named Peptide Reac-
tive Nanofiltration. This strategy is based on the incorporation
of nanofiltration units into the reaction step, the separation of
small side products from the reaction mixture, the solvent

4458 | Green Chem., 2014, 16, 4440-4473
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recycle after the nanofiltration unit, and the elimination of
time-consuming steps, typical of the conventional strategy.
Lower solvent consumption was achieved, thanks to the inte-
gration of membrane technology into the reaction step, and
the recycle of the permeate to the reactor, after removal of the
small side products permeated through the membrane.
Evident advantages from technological, economic and environ-
mental point of view were demonstrated by shorter production
time and lower solvent consumption. Solvent costs were
reported to be 10% and total costs 50% compared to the costs
of the conventional strategy.

3.3 Solvent recovery by OSN in the refining industry

Apart from pharmaceuticals, increasing demand for more sus-
tainable processing has led to the development of membrane-
based chilled solvent recovery from lube oil filtrates”°® and
edible 0il.*?

Solvent lube oil dewaxing processes are applied worldwide
in refineries where a waxy oil stream is mixed with apolar sol-
vents, such as toluene and methyl ethyl ketone. The wax com-
ponent is precipitated by cooling the system followed by the
filtration of the wax. Conventionally, the dewaxed solvent
mixture is submitted to multi-stage flash and distillation ope-
rations in order to recover the solvent which has to be cooled
prior to recycling in the dewaxing process (Fig. 21A).”>

In order to reduce the energy consumption of the recovery
unit, different kinds of OSN membranes and processes have
been developed.”> The MAX-DEWAX process at a refinery in
Beaumont, TX, shown in Fig. 21B, is a large-scale OSN appli-
cation for solvent dewaxing.”

The chilled dewaxing process uses a waxy feed dissolved in
methyl ethyl ketone (MEK) and toluene to precipitate the wax
components. Filtration of the chilled wax leaves lube oil dis-
solved in MEK and toluene. A membrane process can recover
the solvents for recycle to the wax precipitation step. Lube oils
have a molecular weight in the range of 300 ¢ mol™' and
higher, while the solvents are at 84 and 96 g mol~". Therefore
this can be considered as mostly a sized based separation suit-
able for OSN. Economic drivers for the installed membrane
system include reduced energy consumption (20% per unit
volume of product), increased yield of lube and wax products
from a barrel of oil (3-5%), and increased product quality,
while the overall solvent consumption is still kept low. The
membrane-based solvent recovery unit of ExxonMobil’s refin-
ery allows the annual recovery of 300 000 m® of clean solvent in
the lube processing area.”®

Crude edible oils need to be refined to obtain the properties
required for their consumption.®” The extraction stage of
edible oil in the oil industry is commonly performed by using
toxic solvents (e.g. hexane) and processes with high energy
consumption (e.g. distillation, evaporation) to recover the
solvent, which represents around 70-75 wt% in the oil-solvent
mixture.®?> The conventional processes for solvent recovery
feature a series of distillation columns, evaporators, stripping
columns and condensers, which consume around 50% of the
total energy in the edible oil processing. In addition, signifi-
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cant losses of solvent (via vapours) are typically produced even
in efficient plants,®* with additional consequences for air
pollution. Thus, the challenge in solvent extraction is to recover
as much oil as possible while minimizing solvent losses.
Several studies focus on the development of new oil purifi-
cation, deacidification, discolouration and solvent recovery
methods. Raman et al.”” applied a commercial available NF
membrane to recover n-hexane, observing that membrane
technology can reduce 50% of the consumption energy com-
pared to an evaporation unit. Stafie et al.”® achieved over 90%
oil rejections in n-hexane with a hydrophobic polydimethyl-
siloxane (PDMS) membrane. The use of different commercial
RO/NF membranes for separating cotton oil from hexane,
ethanol, and isopropanol solvents was reported by Koseoglu
et al.”® They showed that only the poly-amide material perme-
ated hexane without being destroyed. Wu and Lee®° investi-
gated hexane removal from a crude soybean oil-hexane
mixture by using porous UF membranes in a continuous or
discontinuous way and it allows combination with other pro-
cesses. Ribeiro et al’ investigated solvent recovery from
soybean oil-hexane miscellas at bench-scale using flat sheet
polymeric commercially available membranes made from poly-
sulfone and polysulfone/polyamide under different operational
conditions. They found higher temperatures showed positive
effects on the permeate flux, retention of oil and free fatty

This journal is © The Royal Society of Chemistry 2014

Oil Recovery

(A) Conventional solvent dewaxing and (B) solvent dewaxing with membranes — MaxDewax™.

acids permeation. A process combining solvent extraction with
membrane technology to recover the oil was studied by Kwiat-
kowski et al.®" Darvishmanesh et al.®* proposed a nanofiltra-
tion-based extraction methodology to perform solvent recovery.
Their study compared a wide range of membranes - from GE-
osmonics, Nadir, Evonik MET and SolSep - in a wide range of
solvents: ethanol, isopropyl alcohol, acetone, cyclohexane and
hexane. Flux permeation and the rejection test confirmed the
applicability of the new commercial OSN membranes for
solvent recovery, promoting the use of renewable solvents
(ethanol, isopropyl alcohol, acetone) instead of the tradition-
ally used n-hexane. The flux behavior of a dense commercial
polydimethylsiloxane membrane with various vegetable oils
under undiluted and hexane diluted conditions was studied by
Manjula et al.®® They found hexane dilution improved the
permeate oil flux in all the vegetable oils. However the dense
PDMS membrane did not show any oil-hexane selectivity over
the experimental range studied. Weibin et al.’* prepared
PDMS/PVDF and Zeolite PDMS/PVDF composite membrane to
be used in hexane recovery from soybean oil-hexane miscella.
Zeolite PDMS/PVDF membrane showed the best separation
performance.

In the oil industry the deacidification process is important,
not only for the final product quality, but also for its economic
impact in the production process. The free fatty acids (FFA)
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deliver undesirable qualities to crude oil, such as unpleasant
taste and smell. Furthermore, they can cause corrosion and
contamination when the oils are industrially used.®” Physical,
chemical and enzymatic processes can be carried out to
perform deacidification. The main disadvantages of these pro-
cesses are the high energetic demand and the volume of
effluent generated. Membrane technology can be an alternative
to these processes if membranes with the adequate character-
istics for the simultaneous separation of oil-FFA in hexane are
prepared. Raman et al.®® described a process for solvent recov-
ery and partial solvent deacidification from miscella using
different commercial membranes. Bhosle et al.’* used poly-
meric hydrophobic nonporous and hydrophilic nanofiltration
(NF) membranes for the deacidification of model vegetable
oils with and without addition of organic solvents. Firman
et al.® studied four tailor-made composite membranes of poly
(vinylidenefluoride) (PVDF) as a support and polydimethyl-
siloxane (PDMS) or cellulose acetate (CA) as coating layer, and
the commercially available SolSep 030306 composite mem-
brane to remove n-hexane and free fatty acid from crude
soybean oil-hexane mixture. The effects of ¢rans-membrane
pressure, temperature and feed oil concentration on mem-
brane selectivity and permeation flux were determined. The
best performing membranes in terms of flux and rejection
were the PVDF membranes featuring 12 wt% Siloc paste.

4. Carbon footprint of organic
solvent nanofiltration

As described in detail in section 1, the membrane fabrication
process comprises preparing a polymer dope solution, casting
the membrane on a polypropylene non-woven backing, fol-
lowed by phase inversion in a water bath, washing the mem-
brane with IPA, crosslinking the membrane in a crosslinking
medium, followed by a second wash with IPA, and finally con-
ditioning the membrane in a conditioning medium. Once the
membrane module has lost its performance, it has to be dis-
posed of, usually by incineration which generates 1917 kg of
CO,. Although there is no data on OSN, a typical lifetime of
five years for desalination membranes means having to
dispose of almost 1 million modules per year, and the number
is growing at about 10% annually.”> Hence, future research
work should not only focus on improving the sustainability of
membrane module fabrication but should consider recycling
waste membrane modules. The carbon footprint calculations
are based on a case study taking into account the following:

v 1000 m” crosslinked P84 polyimide membrane is pre-
pared with a thickness of 160 pm,

v The polypropylene non-woven backing has a thickness of
160 pm,

v 83 kg of dope solution is needed,

v 22 wt% of P84 polyimide polymer dissolved in a mixture
of DMF-1,4-dioxane (3/1),

v 10 m® of water for the coagulation bath,
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v The kg of CO, for the waste water purification was calcu-
lated assuming the water is distilled,

v After phase inversion 7 kg of IPA are used per kg of dope
solution prior to crosslinking,

v For the crosslinking step 7 kg of crosslinking medium
are used per kg of dope,

v HDA was selected as the crosslinker (0.8 kg of HDA per
kg of dope),

v After the crosslinking step 10 kg of IPA per kg of dope are
used to remove excess crosslinker,

v 7 kg of conditioning media per kg of dope comprising
PEG400/IPA (3/1),

v Polypropylene non-woven backing (92 kg) conditioned
with PEG (108 kg),

v The spacer is made of polypropylene with a thickness of
0.800 mm and 0.17 kg m 2,

v The glue is an epoxy resin (D.E.N. 438 Novalac Epoxy)
and its curing agent is tetraethylenepentamine (TEPA) with a
ratio of 1:1 and an average density of 1.1 g mL™" and an area
20 times smaller than the membrane area,

v Disposal of the membrane module by incineration.

On the other hand, the calculations do not take into
account any of the transportation of the membrane to the
location of final use, the energy required to cure the glue, or
the membrane housing. Comparison of the carbon footprint
of OSN (including membrane module fabrication and disposal
as well as OSN operation) versus distillation (including the
heating of the liquid, evaporating the liquid and condensing
the vapours) is shown in Fig. 22. Based on Table 5 methanol
was chosen as a solvent for the calculations. The intersection
of the curves gives the minimum amount of solvent that has to
be processed so OSN becomes CO, negative compared to distil-
lation. In a worst case scenario all the solvents and chemicals
used for the membrane fabrication are incinerated. However,
in a more optimistic scenario the crosslinking and the con-
ditioning media can be reused, and the IPA can be recovered

14 -

-
N
1

OSN without recycling of solvent

=
o

o=}
1

OSN with recycling of solvent

CO, generated (x10° kg)

T T T T 1
100 150 200 250 300

Processed solvent (L.m?)

0 50

Fig. 22 CO, generation by OSN and distillation. The intersections
represent the minimum processed solvent for OSN to have lower
carbon footprint than distillation. Recycling refers to the recovery and
reuse of the crosslinking and conditioning solutions during membrane
fabrication.
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by distillation. In this case the overall carbon footprint can be
reduced by 50% (Fig. 22). It can be concluded that 50 and 100 L
of solvent per m*> membrane has to be processed in order to
surpass distillation, counting with and without recycling,
respectively (Fig. 22). Notice that fabrication of ceramic mem-
branes can be more energy intensive than that of polymeric
membranes due to sintering at high temperature (see Fig. 8).
Nevertheless, with a typical membrane module with 5 L m™>
h™ flux, 100 L of solvent can be processed within the first
20 hours of its operation, which is less than a fraction of a
module’s lifetime.

5. The effect of scale on the
sustainability of membrane processes

5.1. Advantages of membrane processes upon scale-up

When comparing different unit operations for purification, it
is difficult to get a sensible comparison, as the scale and scal-
ability of a particular process has a significant effect on the
overall economics. Hence, scalability of a process can often be
a deciding factor when making a process selection. Some
applications that produce bulk chemicals with low margins
only reach break-even point at large scale, requiring an inex-
pensive and straightforward technique for downstream separ-
ation. For instance, compared to the chromatography
processes that are difficult to scale up due to their sensitivity
of performance to the column dimensions (i.e. aspect ratio),”®
scaling up a membrane process is linear, straightforward, and
more robust to variations.’*

In fact, one of the well-known advantages of membrane pro-
cesses is their straightforward scalability. Membrane processes
do not suffer from loss of selectivity and increase in waste with
scale, features commonly observed with other techniques.’’
On the contrary, membrane scale-up brings benefits such as
improvements in productivity and reduction in operation time.
As a case study, an API purification application recently pub-
lished by Kim et al.”® was taken as an example to illustrate the
effect of membrane scale on the productivity and operation
time. The paper discusses a membrane diafiltration process as
a competitive platform for genotoxins removal.>® Standard
module sizes for OSN membranes (spiral wound membrane
module, SWMM) and the reported data have been employed
for the following calculations shown in Table 6 and Fig. 23.

As it can be seen in Fig. 23, the productivity and operation
time are all in favour of large scale. For commercially available
OSN membrane modules, the productivity-to-size ratio (PS),”
one of process intensification (PI) metrics, improves drastically
with larger modules. This is a direct consequence of higher
membrane area-to-volume (A/V) ratio. As membrane units
usually occupy smaller space compared to that of other con-
ventional unit operations, they can also offer a particular
advantage for offshore platforms and large cargo vessels. Fol-
lowing the same logic, the operation time required to process
a diafiltration batch decreases significantly with scale, owing
to the increasing A/V ratio. Although the system volume has

This journal is © The Royal Society of Chemistry 2014
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Table 6 Standard SWMM modules and calculated values from the data
reported? by Kim et al.>®

2.5" 4" 8"
Typical module size Lab
(diameter vs. length, mm) scale 64 x1016 102 x 1016 203 x 1016
Module size (m?) 0.001 0.003 0.008 0.033
Membrane area (m?) 0.0051 2 6 30
Area to module 9 612 723 912
volume (m™")
System volume (m?) 0.0003 0.1 0.1 0.1

Area-to-system volume 17 20 60 300

ratio (A/V, m™)

“Membrane flux was 12 L m~> h™" at 10 bar, initial product concentration
of 10 kg m™~ with the final yield of 95% was assumed.>
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Fig. 23 Compare different process parameters at different membrane
scale. Both productivity and operation time improves with membrane
scale.

been assumed as 0.1 m® for module systems, the trend is quite
clear that operation time decreases with larger scale. In
addition, as expected, economies of scale apply to membrane
processes including pumps, pipework, and labour. It has been
reported that the cost-scale relationship is inverse-exponential
and the scale exponents can be as low as 0.4,”°°° as shown in

eqn (6).
C = ns’* (6)

where C represents the cost, n is a constant coefficient for each
item (i.e. pump, pipework, and labour), and S is the scale.

It should be noted that the mass transfer coefficients for all
modules have been assumed to be the same,'°® which may not
be the case in real applications. In addition, in comparison to
the lab-scale equipment, the pressure drop along the module
becomes considerable in large-scale applications and it should
also be carefully assessed. Further study is necessary to under-
stand the effect of scale-up in flux and rejection over the long-
term, as such literatures are scarce'®® for OSN. Also, mem-
brane modules typically require periodic cleaning and/or repla-
cement, adding to the overall operating costs. However, these
factors are mostly application-dependent. Regardless, the
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general trend is that scaling up a membrane process brings
higher productivity at lower cost.

5.2. Economic feasibility and scale-up considerations

Membrane processes are often considered as expensive despite
the well-known notion of easy-scalability and simplicity of the
process.'® Although the cost of membrane processes may
have been an inhibiting factor in the early days, steady
improvements in material science, module fabrication techno-
logy, and process improvements have decreased the cost
significantly.

For instance, the cost of RO processes has gone down by 5
times in the past 20 years, mainly due to standardization of
parts and energy-recovery devices.””> A typical RO plant now
can purify 1000 L of seawater for approximately £0.3 (cheaper
than a bottle of water), and purified freshwater using RO costs
approximately 4 times less.”” On the other hand, the gas separ-
ation industry has expanded substantially since 1980s and now
captures more than 50% of the N, production market,'*?
implying that the economics are competitive. The field of per-
vaporation shares a considerable ethanol dehydration market,
and it is expected to grow much bigger as the bioethanol
industry grows.'® Also, the UF and MF fields have enjoyed a
steady increase in market share since the 1970s and it is now a
vital part in many fields ranging from wastewater treatment to
food industry and biotechnology. Particularly, economics were
so compelling in many UF applications such as recycling paint
solution in automobile plants'®* and cheese whey filtration in
food industry,'® hundreds of similar systems came online
after their introduction. Furthermore, the data compiled and
reported by Judd et al.'®® show that the price of submerged
membrane modules have dropped 8-fold from $400 m™? in
1992 to less than $50 m™> in 2005, and dropping. Also, as
shown in Fig. 24, the total operating cost of submerged mem-
brane system had come down more than 10-fold owing to
several process innovations such as constant-flux operation
and efficient air sparging.'’*'®” In summary, all of these pro-
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Fig. 24 Operation cost of submerged membrane systems.°® The price
has come down drastically owing to process innovations and better
membrane fabrication technology.
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cesses have gone through many breakthroughs to lower the
costs, making the overall process competitive and feasible.

As the field of OSN grows, the overall cost is expected to
follow a similar trend as the other membrane industries. The
parts will become standardized as the demand rises, which in
turn will drive down the capital cost and the associated operat-
ing costs. Recent work by Szekely et al.>® has extensively com-
pared OSN with other purification processes such as
recrystallization and flash chromatography in terms of capital
investment, operating costs, and environmental impact. It has
concluded that the capital costs among the studied processes
are competitive and the main advantages of OSN are: low
labour intensity and easy scale-up. It also highlighted the
main disadvantages of OSN: low process yield and high
solvent consumption. A detailed analysis has shown that
implementing a solvent-recovery step is more beneficial to
OSN processes compared to other separation methods.
Readers are referred to the work of Szekely et al®* and
Vanneste et al.>' for detailed calculations on capital costs.

Several OSN manufacturing companies already exist such as
Evonik-MET,'® Solsep BV,''® AMS Technologies,''" and GMT
MembranTechnik."** Until now, however, only a few appli-
cations have already been successfully commercialized due to
several interacting reasons.

A notable application success is the MAX-DEWAX process
developed by ExxonMobil that recovers organic solvent (methyl
ethyl ketone) from lube dewaxing process’®''® as shown in
Fig. 21B. The process scale was up to 5800 m® per day (36 000
barrels per day).''* The installation cost was approximately
three times lower compared to using conventional techno-
logies to achieve the same process achievements, with a short
payback period of less than 1 year. Another successful
implementation of OSN is an API recovery process that concen-
trates a waste stream containing 1 wt% API to 10 wt%, which
in turn gets re-directed to existing downstream units for
further purification (Fig. 25)."">"'® Similar to the implemented
API recovery unit, many fruitful applications exist that can be

Fig. 25 Photo of API Concentration OSN Unit in GSK; first pharma
application of DuraMem™ — 4" spiral modules.
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Fig. 26 Three interdependent factors that must be satisfied for a mem-
brane process to be successful in large scale.

tapped with OSN; however, extensive process development
stage often required for OSN remains to be a hindering factor.

The success and economic feasibility of membrane pro-
cesses in large scale mainly depend on the combination of
three factors (Fig. 26): (i) the performance and stability of
membrane material; (ii) the technology to fabricate high
packing density modules; (iii) innovative process design to
overcome bottleneck factors and to reduce operating costs. All
of these factors must be fulfilled simultaneously for a mem-
brane process to be feasible in large scale.

Among the three, the membrane material often needs to be
tailored for specific applications with appropriate stability and
performance to fit the overall process. At the same time, the
material should allow easy module fabrication at low-cost. On
the other hand, the membrane module also needs to exhibit
necessary stability (pressure, chemical stability, etc.) in the
process conditions. Often, the optimization goes both ways
where the process itself needs to be modified to integrate
membrane material and the respective membrane module.

Among the three factors, surprisingly, the process design
and module fabrication have often hindered membrane pro-
cesses to become commercially viable, as summarized in
Table 7. For instance, pervaporation technology was developed
from 1950s but it was only commercialized in 1980s when the
technology advanced sufficiently to fabricate high-performance
modules.'”” Even now, the main bottleneck for pervaporation
process is not the membrane selectivity, but the difficulty in

Table 7 Membrane application limiting factors
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making reliable membrane modules that can withstand the
necessary harsh conditions."*® In the field of electrodialysis,
the deviation of energy consumption from the theoretical limit
comes from concentration polarization effect which limits the
process.''® On the other hand, in gas separation applications,
practical pressure ratios (feed-to-permeate pressure) are in the
range of 5-20 considering the compression requirements and
equipment costs.'®® At these pressure ratios, improving the
selectivity of membranes presents less benefit than one might
expect."”® For example, air dehydration membranes can typi-
cally achieve selectivity more than 200 (water/air) but the pro-
cesses are completely pressure ratio limited."*® These pressure-
ratio limitations should be overcome through process inno-
vations such as the implementation of two-step membrane
design to reduce the cost of recompression duty for hydrogen
recovery.'*" In the reverse osmosis industry, the current plants
operate quite close to the thermodynamic minimum (energy
of de-mixing) that no significant breakthrough in membrane
material is expected in near future.'*® Instead, the common
bottleneck factors are concentration polarization, chlorine
resistance, fouling, and brine management. It is worth men-
tioning that brine no longer is a burden but rather another
fruitful energy source'*® with its high osmotic potential.

As listed in Table 7, it is not uncommon to find that mem-
brane performances are usually more than necessary to
achieve a desired outcome yet limited by other factors. Hence,
it is vital to critically assess the overall process configuration,
factoring in the performance of membranes along with the
capital costs as well as the final process aim. As it was critically
pointed out in AIChE Separation Roadmap 2020, membrane
research must place a high priority on process systems devel-
opment through economic evaluations over material science
research.'!

The OSN field is still relatively new to pinpoint what the
bottleneck factors are, but they are likely to be the inadequate
membrane stability and poor separation performance leading
to long development periods. Unfortunately, these limitations
often eliminate OSN from being considered as a suitable
option from the process development stage.” Nevertheless,
OSN membrane materials are continuously being improved in
terms of stability, flux, and separation performance.’*® Also,
new types of available OSN membranes are increasing in
numbers which can withstand wider range of solvents and
process conditions. With such solvent resistant NF mem-
branes, innovative process designs previously not possible

Process Bottleneck

Reference

Dehydration of air and natural gas

Completely pressure ratio limited (water/air

Baker,'® Auvil et al.'**

selectivity over 200), concentration polarization

Hydrogen separation (from CO, CH,, N,)
Pervaporation
Reverse 0smosis

resistance
Ultrafiltration
OSN

This journal is © The Royal Society of Chemistry 2014

Pressure ratio limited (selectivity over 100)
Effective module fabrication technology, Cost
Mass transfer resistance, fouling, low chlorine

Membrane fouling, concentration polarization
Cost, chemical stability, and poor separation

Ockwig et al.,"*" Hayes,'*® Zolandz'**
Baker,™® Smith et al.**’

Elimelech et al.,*** Glater et al.'*®
Goosen et al.***

vandezande et al.,"*° Szekely et al.,”* Kim et al.®°
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were made possible such as continuous catalyst recovery'*'
and membrane reactor."*> A recent work by Schmidt et al.
proposed a process development workflow for OSN
applications."*

Although the membrane material itself needs to be tailored
to specific applications, the module fabrication technology
can be shared among different disciplines of the membrane
industry. This fabrication technology has improved greatly in
the past 30 years and now it is possible to fabricate reliable
modules with high packing density. The hurdles that other
membrane disciplines have faced do not have to be overcome
again. There are mainly four types of membrane modules:
spiral wound membrane (SWM), hollow fiber membrane
(HFM), plate and frame membrane (PFM), and tubular mem-
brane (TM) module.” Among the four types, SWM module is
the dominant type in the field of OSN but HFM (hollow fibre
membrane) modules have also been reported.'** SWM module
consists of several membrane leaves (flat sheet membranes),
separated by a spacer, wound around a central collection pipe.
Logically, the design and geometry of the spacer is crucial
to control the axial (and radial) pressure drop and mass
transfer. The packing density of SWM modules ranges from
300-1000 m* m™>. It is important to stress that for OSN appli-
cations, all the wetted module components such as spacer,
adhesive, and O-rings, need to be resistant to the operating
solvent media. Currently, OSN membranes are now commer-
cially available as SWM up to 8" module,"**''° but 16” module
has recently been standardized in RO industry."*?

6. Quality by design (QbD) approach
for OSN membrane & process
development

Nowadays OSN is used for several applications in industries.
On one hand, in view of the expected growth of the OSN

Composition:
Polymer, Concentration, Additive, Solvent,
Post-treatment, Temperature etc.
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market, a need still exists to develop more and better mem-
branes to address separation problems in industrial processes
as well as to open new applications areas.®® On the other
hand, predicting the performance of NF membrane separ-
ations is necessary for the design and optimization of pro-
cesses. Development of predictive/simulative models is
therefore an important area. Models often do not include
sufficient detail on the physical phenomena taking place and
quantification of the effects of basic parameters is not often
completely understood. The most common influencing para-
meters are schematically shown in Fig. 27.

Typical membrane processes are characterised by compli-
cated matrices of input and output parameters. Membrane
fabrication is influenced by polymer concentration, additive
concentration, additive type, type of solvent and post-treat-
ment procedures. Membrane performance (i.e. flux through
the membrane and retention of target compounds) strongly
depend on the nature of solute, solvent and mixture compo-
sition,"*” process operating parameters and fluid dynamics in
the module.”*®"3° Due to the high number of parameters to
take into account, industrial R&D of nanofiltration processes
can be expensive, time- and resource-consuming. Following
the example of the pharmaceutical industry,"*° where the
recent regulations from federal agencies have compelled
researchers to move from the traditional Quality by Testing
(QbT) approach to the more efficient Quality by Design (QbD)
approach, chemical and manufacturing industries have also
started to look for a more efficient R&D strategy, to reduce
costs, energy, solvent consumption, and achieve better quality
information. The QbD concept is defined as “a systematic
approach to development that begins with predefined objec-
tives and emphasises product and process understanding and
process control, based on sound science and quality risk
management”."*® This has advantages from economic, techno-
logical and environmental points of view, as it can promote
better processes, less solvent consumption, less waste production
and lower energy requirements.”* Designs of Experiments

Morphology

Solute Properties:
Molar Volume, Solubility, Molecular Weight,
Charge, Geometrical Shape etc.

Solvent Properties:
Solvent Polarity, Viscosity, Surface Tension,
Molar Volume etc.

Process Properties:

’> Membrane
Performance:

Tensile Strength,
Crosslinking Degree,
Porosity

Permenace,
Rejection

Membrane Thickness,
Surface Charge,
Porosity

1

Feed Composition, Pressure, Temperature,
Cross-flow velocity, Module Type etc.

>

Fig. 27 Classification of most significant operating parameters for membrane fabrication and performance in OSN.
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Table 8 A comparison between DoE and COST for four control factors at two levels (in brackets, value of resolution)

Number of factors 4 5 6 7 8 9 10
Runs for COST 16 256 512 1024
Runs for DoE (and resolution) 8 (1v) _—_
16 (V) 16 (IV) 16 (IV) 16 (1V) _—
32 (VI) 32 (Iv) 32 (IV) 32 (Iv) 32 (
64 (VII) 64 (V) 64 (IV) 64 (Iv)
128 (VIII) 128 (VI) 128 (V)
256 (IX) 256 (VI)
512 (X)

(DoE) methods'*' and machine learning (ML) techniques,
such as artificial neural network (ANN) and genetic algorithm
(GA) optimization, are extensively applied in process design to
help engineers understand the effects of possible combi-
nations and interactions of various parameters on the final
product quality."*"'** The purpose of statistically designing an
experiment is to collect the maximum amount of relevant
information with the minimum expenditure of time and
resources. DoOE and ML methods are much more efficient than
the classical changing one single factor at a time (COST)
approach (Table 8). For further reading on the general aspects
of DoOE the authors recommend the book Design of Experiments
- Principles and Applications edited by Eriksson.'*?

6.1 Experimental design and combinatorial strategies
applied to membrane fabrication

Because of the many parameters involved in a typical mem-
brane synthesis, the optimization and testing of membranes
can be very time consuming. The challenge in developing and
optimizing membranes is to find more efficient search strat-
egies to direct membrane composition toward a product with a
better separation of the targeted compounds (ie., higher
selectivity combined with significant fluxes)."** Bulut et al."**
presented the first application of DoE (in the form of evol-
utionary strategy), to accelerate the development and optimiz-
ation of membranes. They used genetic algorithms to
investigate the preparation of polyimide-based solvent resist-
ant membranes via phase inversion. Thanks to an intelligent
search strategy, they could study parameter space of 8 variables
with a limited number of experimental data (192 polymeric
solutions, instead of 9 x 10>" required by the classical COST
approach). Similarly, Vandezande et al."*® adopted a combina-
torial strategy, based on a genetic algorithm and a self-adap-
tive evolutionary strategy to optimize the OSN performance of
PI-based membranes, prepared by solidification of emulsified
polymer solutions via phase inversion (SEPPI). This approach
allowed the screening of a 9-dimensional parameter space,
comprising two extra solvents, the two corresponding nano-
sized zeolite suspensions, as well as another cosolvent. Coup-
ling with high-throughput techniques allowed the preparation
of three generations of casting solutions, 176 compositions in
total, resulting in 125 testable membranes. Madaeni et al.'*?

This journal is © The Royal Society of Chemistry 2014

successfully modelled the process of membrane preparation
(PES and PSf by immersion participation using different types
of solvents and additives) by ANN. The mechanical, chemical
and thermal properties of polymers, solvent, non-solvent and
additives, as well as the effects of polymer and additive con-
centrations on membrane performance were elucidated for
introducing the ANN. Fabrication of PSf membranes was
studied also by applying a full factorial design by Amirabedi
et al."*® They successfully modelled the effects of coagulation
bath composition, polymer concentration and PEG concen-
tration on tensile strength and porosity, carrying out not more
than 18 experiments.

6.2 Experimental design and combinatorial strategies
applied to the investigation of membrane performance

Many studies in OSN deal with the effects of solute and
solvent properties,'*”"'*> membrane properties'>® and process
parameters, such as solute concentration,'®*'** operating
pressure,>* % temperature’>'®® and fluid dynamics con-
ditions'*®'°®1%1 on the overall process performance. In the
majority of these studies, the effect of operating parameters is
investigated by varying one factor at a time, and no effects of
interactions among operating parameters are identified.
Attempts to apply fundamental and semi-empirical models to
describe the experimental data have been described,"'*
however they do not propose an efficient strategy to study mul-
tiple effects and their interaction on the overall process per-
formance. Little evidence of statistical significance can be
provided by the COST approach.

Understanding the effects of the operating parameters on
the overall process performance is important for process develop-
ment and optimisation. Examples of efficient investigation
techniques, based on DoE and ANN approaches, have been
proposed in recent years to study nanofiltration and ultrafiltra-
tion for aqueous applications, while few studies have been
done for OSN. In the following, examples from the literature
for aqueous applications are shown, together with the
examples concerning OSN, as they suggest the significant
methodology to apply DoE and ANN to nanofiltration pro-
cesses. All these studies are summarised in Table 9.

Ahmad et al."®* investigated the separation of dye/salt/water
solutions by porous silica/y-alumina ceramic membranes by

Green Chem., 2014, 16, 4440-4473 | 4465
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membrane and process scales
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Investigation of membrane performance by COST and experimental design methods for aqueous and organic solvent applications at the

Application Methodology Scale Reference
Water COST Membrane Darvishmanesh et al.,**”"**%*>* Machado et al.,**° Geens et al.,**°
Marchetti et al.,">* Vankelecom et al.,">* Silva et al.,'**">*
Bowen et al.,'”® Wijmans et al.,"*® Yaroshchuk et al.,"’
Whu et al.,"”® Tsuru et al.,"*>*°° Peeva et al.,"*® Schock et al.,"®*
DoE/ANN Membrane Ahmad et al.,'®* Bahceci,'®® Gozalvez-Zafrilla et al.,'"** Guerra et al.,'®
Polom et al.,'®*® Rahmanian et al.,"®” Roman et al.**®
Organic solvents ~ DoE Membrane/Process ~ Marchetti et al.”*"*°
Membrane modelling maps ~ Membrane Schmidt et al.'”®
COST Process Sereewatthanawut et al.*’
COST Process Caus et al.'”*
COST Process Lin et al.'”?
OSN designer Process Peshev et al.'”?

using a DoE approach. Temperature, feed concentration,
pressure and pH, examined by Response Surface Method with
central composite design (CCD), were found to statistically
affect the quality of the separation and simple linear and quad-
ratic models were obtained to represent the significant effect
of the operational conditions on the responses of interest: the
percentage retention of dye, the percentage retention of salt,
and the permeate flux. Besides obtaining the models, they
determined the optimum conditions for achieving a high
rejection of dye, maximum desalting and large permeate flux.
Similarly, Bahceci'® studied the effect of temperature, trans-
membrane pressure and pretreatment with filtering aids (anti-
foulants) on permeate flux and fouling resistance during ultra-
filtration of apple juice by a DoE approach based on a central
composite design with a quadratic model. They could con-
clude that pretreatment of apple juice with filtering aids and
an increase in the temperature and trans-membrane pressure
significantly improved the permeate flux. Gozalvez-Zafrilla
et al.'®* applied a crossed mixture-process design, based on
p-optimal criterion, to predict the rejection behaviour of com-
mercial nanofiltration membranes (NF270, Dow-Filmtec) when
treating non-dilute ionic solutions (containing chloride,
nitrate, sulfate, sodium and calcium ions). Mixture designs
were used as they include factors related with composition.
Guerra et al.'® studied the effects of tubular ceramic mem-
brane hydrodynamic conditions (cross flow velocity and trans-
membrane pressure) on permeate flux using one type of
ceramic membrane with two different channel configurations.
Factorial experimental design was used to construct a con-
trolled set of experiments in which the effect of varying the
operating parameters was measured. Potom and Szaniawska®®
studied the effect of operating parameters such as cross-flow
velocity, pH in the feed solution, pressure difference across the
membrane and lactic acid concentration in the feed solution
on lactic acid rejection using an experimental design tech-
nique. With increasing lactic acid concentration in the feed
solution, low rejection can be maintained by decreasing the
cross-flow velocity and pressure difference across the mem-
brane at fixed pH. Comparison of DoE and ANN approaches
was performed by Rahmanian et al.'®” for micellar-enhanced
ultrafiltration to remove zinc ions from wastewater by comparing

4466 | Green Chem., 2014, 16, 4440-4473

DoE and ANN approaches. Their results show that, due to
the complexity in generalisation of the micellar-enhanced
ultrafiltration process by any mathematical model, the neural
network proves to be a very promising method in comparison
with fractional factorial design by DoE for the purpose of
process simulation. Finally, Roman et al.'®® showed how infor-
mation from statistical design can be integrated with process
modelling. They used concentration-dependent solute rejec-
tion obtained by experimental design to describe the dynamics
of different membrane filtration processes (constant volume
vs. variable volume diafiltration) and select the most appropri-
ate filtration technique for the demineralization of acid whey.

Studies on OSN by DoE are, on the other hand, few and, to
the best of our knowledge, no ANN has been applied up to
now. Marchetti et al.”*'® investigated the NF performance of
model peptides in MeCN-water mixtures through commercial
ceramic membranes (HITK), with the dual purpose of charac-
terisation of membrane transport mechanism for the specific
model peptides and process selection for the filtration step.
Statistical models for solvent flux, peptide and trifluoroacetic
acid rejections as a function of five operating parameters
(peptide concentration, pH, pressure, cross-flow velocity and
ACN concentration) were obtained by performing a DoE frac-
tional factorial design and by analysing the data by statistical
Analysis of Variance (ANOVA). The best operating conditions
for concentration were found by numerical optimisation of the
statistical models with the desirability function method and
the most statistically significant interactions are shown in
Fig. 28.

Graphical methods have been also proposed to efficiently
perform process selection. Schmidt et al.'”® characterised flux
and rejection performance of two commercial polyimide-based
membranes, Starmem 122 and Puramem 280, in multi-com-
ponent solvent mixtures. The experimental investigation
included solvent flux and rejection measurements of five dis-
solved compounds in binary and ternary mixtures of toluene,
n-hexane and 2-propanol. As the solvent choice has a signifi-
cant impact on membrane performance, membrane rejection
maps (MRM) and membrane selectivity maps (MSM) were
developed. MRM and MSM are graphical tools that plot in a
ternary diagram the rejection of solutes or the selectivity of the

This journal is © The Royal Society of Chemistry 2014
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Fig. 28 Effect of interaction between MeCN and TFA concentration on
peptide rejection by Design Expert® software, at constant Cpeptide
pressure and pump frequency.

membrane for the ternary solvent mixtures. They were used as
decision tools in the early stages of conceptual process design
by selecting either pure solvents or solvent mixtures that
enhance the downstream processing in OSN and thus can
replace costly and time-consuming membrane screening or
OSN membrane modification. To address the relevance for
other solvents, the transferability of these results to classes of
similar solvents was also demonstrated.

6.3 Experimental design and combinatorial strategies
applied to process modelling and optimization

Investigation of performances at the process level has an
important role for a successful application of OSN. Process
design and modelling have been approached to describe the
dynamics of membrane concentration and diafiltration, spiral
wounds modules and membrane cascades.

Sereewatthanawut et al.”® demonstrated the applicability of
OSN spiral-wound membrane modules to common separation
challenges in the synthesis of Active Pharmaceutical Ingredi-
ents (APIs) and production of high-value natural compounds,
such as the separation of a main product from its impurity.
They investigated the separation of Solvent Yellow 7 (model
product) from Brilliant Blue (model impurity) in DMF and the
separation of a real case-study API from its oligomeric impuri-
ties in THF. Solute concentration effects, including concen-
tration polarisation and osmotic pressure were neglected and
no selectivity for the solvent was assumed (i.e. the solvent
rejection was equal to zero).

Caus et al.'”" studied the potential of integrated counter-
current nanofiltration cascades for advanced separation of
individual organic components in aqueous solution by means
of single-stage filtration experiments using xylose and maltose
and cascade simulations. The influence of module recovery,
membrane characteristics, recycled fraction and the number of
modules was evaluated. Rejection of each module was
assumed constant, iZe. independent of pressure and feed
concentration.

Lin and Livingston'’?> developed a model to simulate per-
formance of the cascade with different numbers of stages for
the solvent swap from TOABr-toluene to TOABr-methanol, to
predict the performance of the solvent exchange and exclude

This journal is © The Royal Society of Chemistry 2014
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redundant experiments. Effects of system parameters, such as
the number of stages in the cascade and the ratio of initial
and replacing solvent flows, on the performance of solvent
exchange were investigated. As in the previous studies, the
rejections and fluxes at each stage were all constants, and con-
sequently flow rates of the permeate and product streams were
determined by mass balances.

Finally, Vanneste et al.’' investigated the application of
membrane cascades to solvent-based pharmaceutical separ-
ations in MIK, THF and methanol through Duramem 150 and
Duramem 200. Again, the cascade modelling was based on
constant rejection for each stage.

As is clear from the literature shown so far, the attempts to
implement the fundamental transport models on a process
level are few and the reports that exist use exclusively simple,
non-predictive membrane transport models."”® The set of
equations for the process modelling has been often solved by
considering rejection and solvent flux as being constant, i.e. by
neglecting the dependence of flux and rejection on concen-
tration or process operating parameters. For a more efficient
and realistic process modelling, however, the effect of the
operating parameters on the membrane transport perform-
ance should be considered (the importance of considering the
effect of operating parameters on flux and rejection was shown
in the studies on transport through membranes reported in
the previous paragraph). Only few studies show how infor-
mation from investigation of membrane transport can be used
to support process modelling for process selection. These
studies report the combination of both statistical and funda-
mental transport modelling with process modelling for
improving process selection and development.

Marchetti et al.'®® investigated the diafiltration of peptide
solutions in ACN-water mixtures through commercial ceramic
membranes (HITK). Empirical models for flux and rejection,
obtained by Design of Experiments, were included in the
mathematical framework of the diafiltration process, to calcu-
late the evolution of peptide, counter-ion and solvent concen-
trations over time, compare constant volume vs. variable
volume diafiltration modes, and select the best process in
terms of operating time and solvent consumption. This work
demonstrates that empirical DoE models can simultaneously
provide phenomenological understanding of the transport
mechanism through nanofiltration membranes for a specific
solute of interest and successfully support the process model-
ling for concentration and diafiltration, providing a method-
ology to select the most appropriate filtration technique for a
given separation problem.

Peshev and Livingston'”? proposed to integrated fundamen-
tal transport models with process modelling by making OSN
unit operations available in process modelling environments,
such as Aspen Plus, HYSYS, ProSim Plus. Matlab routines for
the membrane transport models were interfaced to Aspen Plus
by means of CAPE OPEN. Custom OSN unit operations for
common membrane separation processes such as batch con-
centration, constant volume semi batch and steady state
filtration were used to describe the process. By using this
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approach, solute and solvent properties of databank com-
pounds were also modelled, by accessing thermodynamic and
physical property databases and engines. In order to have the
possibility to use any molecular structures in the simulations,
COSMO SAC method was used to fulfil the minimum input
required for COSMO SAC property method in Aspen Plus and
model non-databank compounds. They demonstrated the suit-
ability of this technique by comparing the model simulation to
the experimental data for ideal systems (rosmarinic acid in
ethanol) and non-ideal solutions (tetraoctylammonium
bromide in toluene).

Sereewatthanawut et al.'”* developed a mathematical model
to assess and optimize the separation performance of an
enantioselective inclusion complexation - organic solvent
nanofiltration (EIC-OSN) process. Enantiomer solubilities,
feed concentrations, solvent compositions, permeate solvent
volumes, and numbers of nanofiltrations were identified as
key factors for process efficiency. The model was first tested by
comparing calculated and experimental results for a non-opti-
mized process, and then, calculations were carried out to
select the best operating conditions. It was found that the
optimal configuration varied with the objective function
selected, e.g. resolvability versus yield, with a boundary on
product optical purity. The model also suggested that the
process efficiency could benefit from (i) diafiltration of the dis-
tomer and (ii) higher feed concentrations. Since the latter strat-
egy would result in higher eutomer loss, a multistage process
was evaluated using the verified process model.

Abejon et al®® discusses the design of continuous OSN
systems, particularly the configuration of dual membrane cas-
cades through sensitivity analysis of the operation variables,
and economic optimization. Analysed configurations include
multistage cascades up to three stages, and dual membrane
cascades up to three stages (Fig. 29). The total costs were
chosen as the formulated objective function to minimize the
economic optimization strategy. It was found that the treat-

80 A

70 A

7S 60 A

2

> 50 A

'§ 5 dual
o 40 4 dual

3 dual
30 A

3 multi
2 multi
1 stage

20 A

10 A

0 10 20 30 40 50 60 70 80 90 100
Yield (%)

Fig. 29 Pareto set of solutions including the product purity, and the
process yield for several process configurations: single-stage process;
2- and 3-stage configuration; dual cascades comprising 3, 4 and 5
stages (adapted from Abejon et al.%%).
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ment of the residual stream leaving the system is the major
contributor of the overall cost of the process being more than
85% for dual cascades, but the solvent recovery units can sig-
nificantly reduce the costs up to 77%, depending on the
required solvent quality.

7. Conclusions & future directions

Membrane separations are recognized amongst the best avail-
able technologies (BATs) in waste water and gas treatment
systems in the chemical sector.'”> Based on the present sus-
tainability assessment, it can be concluded that OSN has a
huge potential in becoming the BAT among the separation
techniques in organic media due to its advantages as listed
below:

- Low energy requirements;

- Low solid waste generation;

- Low labour intensity;

- Straightforward scale-up;

- Stability in harsh environments allowing wide flexibility
(pH, T, solvents);

- Mild operating conditions (7, p);

- Easy solvent swap from high to low boiling point solvents;

- Simultaneous removal of solutes from different chemical
classes.

Since the field of OSN has experienced significant growth
and advancement in recent years, the green aspects of OSN
have now been explored in this review. The main drawbacks
identified and its possible solutions are summarized in
Table 10. As marked in the table, there are several drawbacks
which have not yet been addressed and future research should
primarily focus on these topics. When optimizing a green
membrane fabrication process at bench scale, one should
assess if it would still be green at large scale, taking into
account the amount of chemical waste generated as well as the
feasibility to scale up that fabrication process.

The latest generation of OSN membranes are stable in a
wide range of solvents and can withstand harsh operating con-
ditions, i.e. high temperatures and extreme pH. In diafiltration
processes, the rejection limitations set by the membranes have
been overcome by process chemistry (enlarging catalyst or
using anchors) or process engineering (membrane cascades).
Nevertheless, for OSN membrane processes to be sustainable,
it requires the difference in solute sizes to be around 3-5x. In
diafiltration processes, although the energy consumption of
OSN is 4 orders of magnitude less than distillation — depend-
ing on the solvent - in most of the cases the impurities are too
small to be fully retained by OSN membranes. This means that
one of the major environmental burdens of OSN is high
solvent consumption due to the high number of diavolumes
necessary to reach sufficient product purity. Tighter mem-
branes and evaluation of solvent recovery by OSN for the
removal of small solutes is necessary to address the needs of
fine chemical processing. Hence, OSN can only be sustainable
and competitive for purification purposes when a solvent

This journal is © The Royal Society of Chemistry 2014
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Table 10 Main drawbacks within the field of OSN with already explored and suggested possible solutions to overcome them

Drawbacks

Possible solutions

1 Membrane fabrication Large waste water generation containing

toxic solvents such as DMF*

2 Use of toxic solvents and chemicals

3 Usage of hydrocarbon based polymers

4 Large chemical waste generation during
crosslinking”

5  Process development  Time consuming screening®

6 Low rejection & yield

7 Small MW gap between solutes
8 Large solvent consumption

9

Insufficient purity

Replace solvents used in casting solution with greener solvents to
avoid waste water treatment; or use resins to trap the DMF

from the water.

Replace toxic solvents by greener solvents; avoid or reduce the
amount of toxic chemicals

Replace hydrocarbon polymers with renewable biodegradable
polymers such as cellulose

Reduce volume of toxic chemicals during crosslinking; perform dry
crosslinking; avoid crosslinking by using solvent stable polymers
such as PEEK or cellulose.

Application of QbD/DoE

Tighter membranes are needed; membrane cascades;
enlargement of solutes

Solvent recovery by adsorption, membranes or distillation.
Hybrid process: coupling OSN with another downstream
processing unit.

10 Scale-up Mass transfer and pressure drop Dedicate more research to understand the process aspects of OSN
11 Limited number of commercial membranes® Compile available membrane data effectively

12 High cost of modules® Expected to drop with rising demand

13 Scarce literature® Application-driven research up to commercial scale

“These topics have not yet been fully addressed — further research work is needed.

recovery unit is implemented. Interestingly, besides distillation
and adsorption, OSN itself was also proposed for solvent recov-
ery. It has been shown that solvent recovery by OSN is progress-
ively advantageous over distillation as the boiling point
increases. On the other hand, in case of a solvent exchange the
size of the solute is much larger and can easily be retained by
the current OSN membranes allowing uniquely sustainable
solvent swap from high boiling point to low boiling point sol-
vents. It has been shown that OSN can quickly become CO,
negative technology in comparison to distillation.

It has been shown that membrane processes offer much
higher productivity-to-volume ratio with larger scales. In
addition, operation time required for a batch of diafiltration is
greatly reduced. Several bottleneck factors that often hinder
membrane applications to be commercialized are identified
and discussed. As for OSN, the main hindrance factors are
likely to be material stability and poor performance that often
lead to long process development time, a risk that industry is
hesitating to take. It has been shown that a simultaneous
optimization of membrane materials, process design, and
module fabrication must be carried out to develop a successful
OSN application. It should be pointed out that industrially
implemented OSN processes as well as the literature on OSN
scale-up are scarce. For OSN to become a mature technology,
the research attention should be focused on scale-up and com-
municating the possibilities of OSN to industry in order to
facilitate its uptake.

The optimization of OSN membranes and processes are
mostly carried out by the conventional COST approach leaving
the coupled effects of key parameters unnoticed. The main
advantages of the statistical design employed to obtain the
picture of a complete area of investigation (by DoE or ANN
approaches), in comparison with the conventional ones

This journal is © The Royal Society of Chemistry 2014

include (i) reduced number of experiments increasing time-
and cost-efficiency; (ii) effective estimation of the main effects
and their interactions; (iii) reduced environmental, health,
and safety concerns.
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