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Summary

Characterization of polymeric membranes for non-agueous separations

The industrial application of solvent resistant nanofiltration (SRNF) membranes for solvent
purification has grown considerably in the last decade. The number of solvent/membrane systems
is increasing and consequently, the need for characterization of chemical and physical
phenomena, i.e. sorption, swelling, compaction and mobility. This thesis provides a tool box with
characterization methods that are aimed to be independent of the solvent and membrane material

and to provide results focused on the transport determining layer of the membrane.

In Chapter 2 the determining transport mechanism of three similar solvents (methanol, ethanol
and 1-butanol) in a silicon-type SRNF membrane has been studied. The results suggest that
diffusion alone can not explain the transport of alcohols and an additional transport mechanism
takes place. Assuming the additional mechanism to be viscous in nature allows a fit of a flux
expression to the experimental data using one single fitting parameter. For 1-butanol, the
contribution of the additional mechanism is only small. In contrast, for the smaller methanol and
ethanol the contribution of viscous flow is very high. This is in contrast with observations in
literature for similar systems, signifying a limited applicability of state-of-the-art models for

predicting solvent transport through SRNF membranes.

Chapter 3 presents a generic method that allows the determination of retention behavior in non-
aqueous solvent filtration. The method has limited restrictions with respect to solute solubility
and is independent of the solvent studied. Using a low concentration of polyethylene glycol 1000

with a broad molecular weight distribution, combined with a powerful analytical technique such



as mass spectroscopy, a single retention experiment produces a full retention curve. In this way,
the molecular weight cut-off (MWCO) of a membrane can be directly determined and the cost
and time of the experimental procedure is reduced. Retention has been shown to be mostly
dependent on the rate and mechanism of solvent transport. For transport that is solely or partially
viscous, dragging effects cause the retention of small PEG oligomers to be low. For transport
determined by diffusion, dragging effects are insignificant and retention is high (98%)

irrespective of the size and shape of the solute molecule.

Chapters 4 and 6 show the versatility of attenuated total reflectance spectroscopy infrared
(ATR-IR) to determine in-situ sorption and compaction in the active layer of a cellulose acetate
(CA) membrane and a silicon-type SRNF membrane, respectively. Preferential sorption of water
has been measured in a CA membrane for water/methanol and water/ethanol mixtures. The
results are in accordance with literature. The extent of compaction of the transport determining
layer of the commercial SRNF membrane has been determined under different pressure
conditions. Results show that reduction in thickness of the entire membrane can not be directly
related to the reduction in density of the active layer. Comparison with permeation experiments
under the same conditions show the importance of measuring both swelling and compaction

simultaneously.

Chapter 5 shows the development of two straightforward techniques to measure swelling:
mechanically using a micrometer and optically using an interferometer. Both methods allow the
study of the dynamic swelling behavior and yield similar results. Different polymer layers present
in the membrane show different contributions to swelling. Comparison of the dynamics of
swelling and sorption reveals that these two phenomena, although interdependent, do not start
simultaneously and are not comparable in magnitude. For this reason, if the extent of sorption is

interpreted as a direct measure for the extent of swelling, incorrect conclusions can be drawn.



Chapter 7 concludes the thesis by taking a look at the impact of the work developed.
Furthermore, the future possibilities for developments regarding the characterization, prediction

and process monitoring are discussed.






Chapter 1

Introduction

1.1 Nanofiltration

Nanofiltration is a pressure driven filtration process that has been introduced initially for water
purification. In nanofiltration, the separation is based on both the size and the charge of the
permeating components. The process is characterized by a low molecular weight cut-off
(MWCO) (approximately 100 to 1000 Dalton) and a high retention for multivalent ions as
compared to monovalent ions [1]. Applications include the food, metal and clothing industry, for
which a good overview can be found in literature [2]. Initially nanofiltration membranes were
considered “something in between reverse osmosis (RO) and ultrafiltration (UF)”. Compared to
RO membranes, rejection values are much lower and monovalent ions are retained only to a
minor extent. Compared to UF, the retention is much higher and the flux is much lower.

Common materials for nanofiltration membranes include cellulose acetate, polyamide and
polysulfone. Membranes are mostly prepared by phase inversion but other techniques include
interfacial polymerization and polymer coating. The parameters determining permeation
performance of aqueous nanofiltration systems have been widely discussed in literature [3-7] and
models are available for the prediction of transport in these systems where water is the main

solvent.

1.2 Solvent resistant nanofiltration
Organic solvents are widely used in industry and in many cases have to be discarded after use.
For solvent recovery many conventional and energy intensive processes are used, such as

distillation, evaporation and extraction [8,9]. Compared to these separation techniques, solvent
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recovery using membrane filtration can have advantages; a reduced number of separation steps to
achieve a high degree of purity, combined with a low energy requirement. In addition, compared
to traditional separation techniques, membrane technology allows solvent recovery with a low
loss of product. A sharp increase of solvent filtration occurred during the late 90’s, when the
potential to reduce energy costs and to comply with environmental regulations was first
recognized. In 1998, the first plant scale solvent nanofiltration process started at Exxon Mobil in
the United States. In this process (Max Dewax'™), solvent with an oil content bellow 1% is
recovered from a lubricant de-waxing unit [10].

Figure 1.1 illustrates the number of publications during the last 16 years making a distinction
between water treatment (aqueous nanofiltration) and solvent resistant nanofiltration (non-
aqueous nanofiltration). The annual publication of patents related to solvent nanofiltration has
been relatively constant, approximately 1 to 2 per year for the last 10 years. Figure 1.2 shows the
relative contribution of different types of publications related to the field of solvent
nanofiltration.

The low number of publications for non-aqueous nanofiltration reveals the infancy of this
technology. The increase in the number of publications indicates an increase in interest in the
subject from the scientific community. The development has been induced by a need to
understand and better predict nanofiltration processes for solvent applications. Also, with the

development of new applications [1] new questions and research areas are being created.
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12

1.3 Membranes and materials

The opportunities and restrictions initially encountered of using existing aqueous nanofiltration
membranes for solvent applications have been discussed in literature by Ebert and Cuperus [12].
The initial limitations were related to poor chemical resistance and performance, and the high
price in the case of ceramic membranes [1]. In order to improve chemical resistance and
separation performance new membrane materials have been developed in the last 15 years.
Several polymer materials have been used; the most common include polyamides (PA),
polyimides (PI) and polydimethylsiloxane (PDMS). To reduce swelling and compaction effects
and to increase chemical resistance, these materials are highly crosslinked and have different
properties as compared to the original polymers present in aqueous nanofiltration membranes.

In the case of aqueous nanofiltration, the main solvent, i.e. water, is common to all applications.
Therefore, the extent of compaction, swelling and sorption of a membrane can be extrapolated to
all applications. In contrast, non-aqueous nanofiltration membrane polymers will respond

differently to different solvents, requiring measurements to be made for all systems.

1.4 Problem definition

From a very early stage literature has shown an emphasis on finding a general model for the
prediction of separation performance in non-aqueous nanofiltration systems [13-19], starting
from existing theory developed for agueous nanofiltration. In addition to the fact that
solvent/membrane interactions are different from system to system, the theoretical description of
solvent nanofiltration is complicated by the effects of swelling and compaction. The extent of
these phenomena depends on the applied process conditions, such as temperature and pressure.
Structural changes due to swelling and compaction will strongly affect the pore size and openness
of the selective layer, and will consequently influence separation performance.

The problem is schematically represented in Figure 1.3 where each piece of the puzzle represents
a parameter that will have an important influence on the nanofiltration process. Although the
puzzle depicted in Figure 1.3 is not complete, it contains some of the major issues to be

addressed for understanding non-aqueous nanofiltration. Moreover, the pieces of the puzzle are
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interrelated, e.g. sorption and mobility are strongly correlated with swelling and compaction. The

relations between the pieces of the puzzle will be different for each solvent/membrane system.

Multi-
component

interactions

Figure 1.3: Schematic representation of the phenomena influencing the performance of a polymeric membrane in

different solvent environments.

In this thesis an attempt will be made to provide tools that can be used for measurement of the
relevant phenomena in a feasible timescale for commercial asymmetric membranes. The
performance of these membranes is determined by a very thin active layer, typically 1 to 2 um
thick. This layer is an integral part of the membrane and separating it from the support structure
while keeping the polymer properties unchanged is in general not possible. In addition, lab scale

preparation of representative samples is hindered by protection of intellectual properties of
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membrane manufacturers. At this moment it is not possible to adequately measure in-situ the
relevant parameters of a thin layer using available characterization techniques. Most methods
require a stand alone sample of the polymer, difficult experimental set-ups and at times complex

theoretical background.

1.5 Aim of the thesis

The objective of this work is to provide a tool box with methods that can be used to acquire
knowledge needed for relevant solvent/membrane/solute systems. Preferably, the methods should
be independent of the solvent and membrane; they should allow characterization of any
polymeric membrane in any solvent environment. Moreover, each tool should comply with

making measurements easy, fast and understandable.

1.6 Scope of the thesis

In Chapter 2 the determining mechanism of transport of 3 solvents of similar chemistry
(methanol, ethanol and 1-butanol) is studied. In Chapter 3 a method is presented to determine
the retention as a function of molecular weight for a commercial membrane, using one single
experiment. The method is independent of the solvent/membrane/solute system. In Chapter 4
attenuated total reflectance infrared (ATR-IR) is used to determine in-situ solvent competitive
sorption in the active layer of a polymeric membrane. In Chapter 5 two undemanding methods
are presented to measure swelling, i.e. the change in thickness, of commercial nanofiltration
membranes in different solvents. In Chapter 6 ATR-IR is used to measure compaction of
nanofiltration membranes in different solvents. Finally in Chapter 7 the implications of the

developed tool box and perspectives for future research are discussed.
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Chapter 2

Transport of alcohols through solvent resistant nanofiltration
membranes: A molecular size dependent contribution of diffusion and
viscous transport

The fluxes of methanol, ethanol and 1-butanol through a commercial silicon type membrane
(Solsep 030206) have been measured as a function of transmembrane pressure and temperature.
All three alcohols show a linear dependence of the flux on transmembrane pressure difference
and no hysteresis effects have been observed. The results are explained by considering transport
to occur via a combination of diffusion and viscous transport. The relative contribution of viscous
transport is highly dependent on the molecular size of the alcohol. Even for the three almost
similar solvents a different mechanism prevails. In the case of the relatively bulky 1-butanol
diffusion is predominant and a low flux is observed. On the other hand, for the smaller methanol

and ethanol the viscous contribution predominates.
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2.1 Introduction

2.1.1 Aqueous nanofiltration

Nanofiltration membranes for aqueous systems have been commercially available since the
1970s. Materials and applications for these membranes include cellulose acetate for water
treatment, polyelectrolyte complexes for concentration and demineralization of proteins and
organic solutes, and polyamide used in seawater desalination [1]. Mass transport in such
applications has been studied extensively and recently Bowen et al. [2] has published a thorough

analysis of existing models for aqueous systems.

2.1.2 Non-aqueous nanofiltration

Organic solvents are extensively used in the pharmaceutical, (petro)chemical and food industry.
Solvent recovery processes, such as nanofiltration, are becoming increasingly important.
Polymeric solvent resistant nanofiltration (SRNF) membranes generally possess a highly
crosslinked top layer. Common materials for the top layer include polydimethylsiloxane (PDMS),
polyamide (PA) and polyimide (PI) [1]. The existing theory for aqueous nanofiltration cannot be
used for SRNF membranes in a straightforward manner. Various models have been proposed in
literature relating solvent transport to, for example, viscosity and solvent/polymer interactions
[3-5] and several of these models have successfully been fitted to experimental data [6-12]. The
major variable in all the studies is the solvent/membrane system. It has become apparent that
applicability of currently available models is limited to particular solvent/membrane systems. A
model that is successful for one specific system may fail for other systems. In this work we will
show that for a commercial silicon type membrane even the small differences in size of methanol,
ethanol and 1-butanol can lead to a shift from one predominant transport mechanism to another.
For this, a flux equation including diffusion and convection has been fitted to experimental data

at different pressures and temperatures.
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2.2 Theory

We assume that transport of a small linear alcohol through a thin silicon type layer takes place by
convective and diffusive transport, simultaneously. Correspondingly, the flux N of the solvent i
through the membrane can be described by Equation 2.1, which can be obtained from for instance

the Maxwell-Stefan approach [13]:

N, =—c, (\ﬂ+ﬁ]£ (2.1)

Here c is the concentration in the top layer, V is the molar volume of the solvent, D the diffusion
coefficient of the solvent in the membrane, R the universal gas constant, T the absolute
temperature, 77 the viscosity of the solvent inside the polymer, p the pressure and L the thickness
of the top layer. The parameter A is related to viscous transport and describes the proportionality
between the flux and the pressure gradient, as in Darcy’s law [14].

It should be noted that viscosity is a macroscopic property that should comply with the
continuum hypothesis of matter [15]. For solvent molecules in a dense polymeric material this
continuum hypothesis may fail as the solvent molecules in the polymer no longer form a
continuum. As a result, in our case the concept of viscosity is debatable. The fundamental
implications of this are beyond the scope of this study and we tacitly assume that the continuum
approach can be applied.

Equation 2.1 contains the concentration and diffusion coefficient of the solvent in the polymer.
For the three different alcohols in PDMS, experimental data are available for these variables
[16, 17]. Within the temperature range applied in this study the solvent concentrations are
assumed independent of temperature. Values of the diffusion coefficients at the different
temperatures are extrapolated using the free volume theory (FVT) [18, 19] and normalized with

respect to the experimental values at 40 °C (Table 2.1).
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0°C 20 °C 40/50 °C " Unit

Methanol || 0.89-10"° | 1.5-10" 2.5-10"° [m?/s]

Ethanol 0.6:10"° 1.1-10"° 2.3-10"° [m?/s]

1-Butanol || 0.18-10"° | 0.37-10"° | 0.94-107"° [m?/s]

Table 2.1: Diffusion coefficient values for methanol, ethanol and 1-butanol at 3 different temperatures (0, 20 and

40/50 °C) calculated using the FVT and experimental data at 40 °C [16]. * see section Experimental.

The term in Equation 2.1 that is related to viscous transport contains the viscosity of the solvent
inside the polymer. The value of the viscosity is estimated using the FVT combined with the
Stokes-Einstein relation [20], in a similar approach as presented by Kerkhof and Geboers [21].
The only independent parameter that remains undetermined is A. For each solvent the value of A

can be adjusted to obtain a best fit of Equation 2.1 to experimental data.

2.3 Experimental

A commercial membrane (Solsep 030206, Solsep, the Netherlands) is used with an
approximately 1 pum thick silicon type top layer. Methanol (99%), ethanol (99%) and 1-butanol
(99%) were obtained from Sigma-Aldrich. Single component permeation was used in a batch
membrane module (Figure 2.1) with a effective membrane area of 56.75 cm’, maximum feed
volume of 650 mL and a limiting pressure of 65 bar controlled by a relief valve. Experiments
were carried out at 0, 20 and 50 °C, respectively. A temperature of 40 instead of 50 °C was used
for methanol due to its low boiling point. For the temperature experiments, the module was
heated/cooled using a water bath. Hysteresis experiments were performed by variation of the
pressure from 40 to 10 bar (stepwise decrease of 10 bar), followed by a stepwise increase in

pressure. At each pressure at least 10 flux values were acquired in a time frame of 50 minutes.
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Figure 2.1: Schematic representation of the batch permeation set-up.

2.4 Results and discussion

In Figure 2.2 the evolution of the flux in time is presented for methanol. The transmembrane
pressure has been varied to evaluate if hysteresis phenomena occur. No irreversible effects are
evident from these results. The same behavior has been found for ethanol and 1-butanol. The
results of the permeation experiments are summarized in Figure 2.3 a, b and c. In these graphs the
flux is plotted as a function of the transmembrane pressure difference, at different temperatures.
Each data point represents an average of 10 measured values; the error bars shown in Figure 2.3 b

indicate the corresponding 95% confidence interval.
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Figure 2.3: Flux as a function of transmembrane pressure difference at 3 different temperatures (¢ 0 °C; o 20 °C; O

40/50 °C) for the case of a) methanol; b) ethanol and ¢) 1-butanol.
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For all three alcohols the flux appears to be linearly proportional to the applied pressure
difference and the parameter of proportionality shows an increase with temperature. The highest
flux values are observed for methanol; at the same conditions the methanol flux is around two
times larger as compared to the ethanol flux, and an order of magnitude higher as compared to
the 1-butanol flux. Using the procedure described in the theory section, Equation 2.1 is fitted to
the experimental data by allowing only the value of parameter A to be varied. The results are
displayed as lines in Figure 2.3 and can be interpreted in terms of relative contributions of

viscous transport and diffusive transport to the total flux (Table 2.1).

Methanol Ethanol 1-Butanol Unit

A 1.4-10"° | 2.1-10" | 4810 | [m?

Diffusive transport 0.5 8 76 [%]

Table 2.2: Diffusive transport contribution (%) to total flux of each of the 3 solvents used based on fitting parameter

A (Equation 2.1) to experimental data shown in Figure 2.3.

The results indicate that the contribution of viscous transport is predominant in the flux of
methanol and only 0.5% of the methanol flux originates from diffusion. For ethanol the
contribution of diffusive transport is approximately 8%, indicating that 92% of the flux originates
from viscous transport. In contrast, for 1-butanol the dominating transport mechanism is diffusion
and only 24% of the flux originates from viscous transport. The differences between the different
alcohols primarily originate from variation of the magnitude of the viscous flow contribution,
rather than from variation in the magnitude of the contribution of diffusion.

For methanol the single parameter fit of Equation 2.1 to the experimental data is relatively
inaccurate. Because for methanol the viscous contribution is predominant, the poor fit may be
related to the unsophisticated estimation of the value for the viscosity. Moreover, as discussed in

the theoretical section in our case the concept of viscosity is debatable.
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For a different membrane obtained from the same supplier, Geens et al. [22] observed much
higher flux values for various linear alcohols, as compared to our results. Their experimental data
are successfully predicted by a pore flow model. Evidently, this approach would fail for the data
presented in this study. This clearly illustrates the limited applicability of current models for

predicting solvent transport in SRNF membranes.

2.5 Conclusions

The presented experimental data suggest that diffusion alone can not explain transport of alcohols
through a silicon type solvent resistant nanofiltration membrane and an additional transport
mechanism has to take place. For 1-butanol the contribution of the additional mechanism is only
small. In contrast, for the smaller methanol and ethanol the contribution of viscous flow is very
high. Assuming the additional mechanism to be viscous in nature allows a fit of the flux
expression to the experimental data using only a single fitting parameter. Especially for the
methanol the fit is poor, likely due to an inaccurate value for the viscosity. The results indicate
that even for three almost similar solvents a different mechanism can dominate transport through
a membrane. This is in contrast with the observations in literature for similar systems, signifying
a limited applicability of state-of-the-art models for predicting solvent transport through SRNF

membranes.
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Chapter 3

Single-step retention analysis of solvent filtration by polymeric
membranes

In this work a method is presented for the fast characterization of the separation performance of
solvent resistant membranes. The method relies on the use of mass spectrometry and yields a full
retention curve from a single retention experiment. Retention is based on the change in molecular
weight (MW) distribution of a polyethylene glycol (PEG) solute between the feed and the
permeate side. The method is independent of the solvent, resulting in a powerful tool for
characterization of the multitude of non-aqueous filtration systems. The method has been applied
to study the retention of a commercial nanofiltration membrane (Solsep 030206) in the filtration
of methanol, 1-propanol and 1-pentanol. PEG with an average MW of 1000 Dalton has been
selected as a solute. PEG 1is soluble in many relevant solvents, is readily available in a broad
range of MW and does not present any health issues. In the case of 1-pentanol transport is mostly
diffusive and the solute is completely retained. In contrast, for methanol and 1-propanol solvent
transport is much faster and dragging effects cause smaller PEG oligomers to be transported
through the membrane. The molecular weight cut-off (MWCO) is similar for both methanol and
1-propanol, i.e. 900 Da, although the hydrodynamic radius of the solute is bigger in methanol

when compared to 1-propanol.
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3.1 Introduction

In membrane filtration retention is generally quantified based on the size or MW of a solute that
is retained by the membrane. Various techniques are available for retention studies, including the
simple determination of the molecular weight cut-off (MWCO). For microfiltration and
ultrafiltration, pores have been well defined in literature and the properties of the solvent and
solute can be extrapolated from the liquid bulk to the inside of the pores [1-4]. This for instance
allows the use of the hydrodynamic volume of the solute in the bulk to quantify the pore
dimensions [5]. For systems in which the pore size is comparable to the dimensions of the
permeating molecules, in particular in the nanofiltration range, interpretation of retention data is
less straightforward. This becomes more complex when non-aqueous solvents are involved. For
these systems many variables are not well-defined or understood, for instance: pore morphology,
swelling and compaction phenomena, transport mechanisms and specific (competitive)
interactions between the solvent, solute and membrane. This impairs applicability of existing
retention characterization methods. Moreover, literature shows that the large number of variables
demands independent studies for essentially each distinct solvent/membrane system [6-11]. For
this reason new methods are required that allow fast and straightforward retention studies in
different solvent environments.

In literature a method has been presented where styrene oligomers are used as solutes for the
characterization of the MWCO of a commercial membrane [12]. The method yields a retention
curve from a single experiment, but is limited to solvents in which styrene oligomers are
sufficiently soluble. In this work we will show that a retention curve can be obtained using a low
concentration of a solute with a broad MW distribution. The low concentration of the solute aids
in overcoming limitations related to solubility. Using mass spectrometry allows accurate
quantification of very low concentrations (ppm) of the solute. Coupling the mass spectrometer
with liquid chromatography enables monitoring the change in the distribution of the MW
between the retentate and the permeate. In this way only a single experiment is required to obtain
a full retention curve. For this purpose, PEG with an average MW of 1000 Da has been selected.

This solute is sufficiently soluble in many solvents, is inexpensive, readily available in different
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ranges of MW and does not present any health hazards [13]. The method is applied to a
commercially available solvent resistant nanofiltration (SRNF) membrane (Solsep 030206) in the
filtration of methanol, 1-propanol and 1-pentanol. The retention results are analyzed in terms of

MWCO and solute hydrodynamic size.

3.2 Method

The solute used (PEG) has been selected based on the broad MW distribution (from 600 to
1300 Da). This property will be used to obtain a retention curve based on one single experiment.
The initial concentration of solute in the feed solution is kept low (200 to 300 ppm), to ensure
that the solubility of the solute is not an issue. For each oligomer i the solute retention is defined

according to Equation 3.1

(3.1)

where C is the concentration in the permeate (P) or in the retentate (R). During sample
preparation, known amounts of sample are taken from the retentate and permeate. Subsequently,
the solvent is evaporated in a vacuum oven and replaced by water. This renders the analysis

solvent independent. Retention becomes

c/
R = 1—C'—;P% (3.2)
i,R R

Here C is the weight concentration of the oligomer in the aqueous samples. The solvent exchange

factor
nW

o=— (3.3)
n

N

represents the ratio of the mass ns of solvent exchanged by a mass ny, of water. The concentration

C/ is determined using liquid chromatography, coupled to a mass spectrometer (LC-MS). LC
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separates the oligomers based on the corresponding residence time in the column. Each oligomer
is then ionized in the MS, resulting in a mass/charge ratio spectrum. The same oligomer is
represented by several ionization peaks in the spectrum. The quantity of the oligomer can be
directly related to the sum of the peak areas (A;). By approximation, the quantity can be assumed

proportional to the sum of the peak areas.

C, =KA (3.4)
Substitution of Equation 3.4 in Equation 3.2 yields the following equation for the retention

R =1 Ap @ (3.5)
I Ai,R Pr

Note that this expression is independent of the linear response factor K;.

3.3 Experimental

A commercial membrane was used, Solsep 030206 from Solsep, the Netherlands. Methanol
(99%), 1-propanol (99%), 1-pentanol (99%) and PEG 1000 were obtained from Sigma-Aldrich.
All the retention experiments were performed in a batch membrane module (Figure 3.1). The
membrane had an effective area of 56.75 cm”, maximum feed volume of 650 mL and a limiting
pressure of 65 bar controlled by a relief valve. The feed solutions were prepared for a maximum
starting concentration of 300 ppm of PEG in each of the alcohols. The membranes used in the
experiments were previously swollen for a period of 2 days. Before the first experiment, the
membrane was compacted to a maximum working pressure of 40 bar, in order to reduce the
influence of compacting effects during experiments. All experiments were performed at a
constant transmembrane pressure of 30 bar. Because sampling was not possible while the module

is pressurized, samples of the feed solution were taken before the start of the experiment.
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Figure 3.1: Schematic representation of the batch permeation set-up.

After a small amount (50 mL) of permeate was recovered, samples were taken directly from the
permeate stream to determine retention. LC-MS measurements were performed using a LC-
10ADve pump, supplied by Shimatzu and an auto-sampler Surveyor from Thermo Finnigan. The
LC column was an Alltima HP C8 3u with a liquid flow rate of 0.2 mL/min. The mass

spectrometer was supplied by Thermo Finnigan LCQ, Deca Xp max.

3.4 Results and discussion

3.4.1 LC-MS accuracy/analysis

Figure 3.2 depicts the relation between the concentration of different PEG molecules in an
aqueous solution and the sum of their peak areas resulting from LC-MS analysis. Clearly, for the
different oligomers the assumption of a linear response (Equation 3.4) is valid. The effect of
replacing the solvent in the samples with water is depicted in Figure 3.3. The closed dots in this
figure represent the total solute concentration of samples prepared directly with water. The open

dots represent samples prepared using the solvent exchange procedure, i.e. where 1-propanol is
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replaced by water. Clearly, the total solute concentration is not significantly affected by the

solvent exchange procedure.
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Figure 3.2: Concentration vs. MS area peak for (0) PEG 722 Da, (o) PEG 1030 Da and (A ) PEG 1338 Da.
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Figure 3.3: (A) Calibration line using samples prepared directly with water; (¢) samples prepared using 1-propanol

and submitted to solvent exchange procedure.
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3.4.2 Membrane performance

Figure 3.4 shows the flux observed during a retention experiment for the case of 200 ppm of PEG
in 1-propanol and in 1-pentanol. The flux observed for 1-propanol is stable throughout the
experiment, whereas the flux of 1-pentanol is extremely low and can be considered zero within

experimental error. The flux of methanol (Figure 3.5) is higher and shows a decrease in time.

8 -

Flux (x10'm/s)
~

Time (min)

Figure 3.4: Retention experiments using a Solsep 030206 performed with a solution of 200 ppm of polyethylene
glycol in (m) 1-propanol and (A) 1-pentanol. Flux measurements performed at a transmembrane pressure of 30 bar

and a temperature of 20 °C.

In the case of methanol, the duration of the experiment is restricted by the limited volume of the
batch module. The decreasing flux of methanol can not be related to osmotic effects, as the solute
concentration in the module is kept at a very low value (max. 1500 ppm). In addition, the Peclet
number of this system equals unity (Pe = 1) where concentration polarization effects are
negligible [14, 15]. Also because the concentration of PEG is so low, accumulation of PEG

molecules in the matrix is not likely to be the cause of the decreasing flux.



36

100 +
80 7 ” .
é Q’“s“ﬂ’o’w,‘QQ".‘o' . ‘. . PO
R S e
60 - . ‘*‘»"0 W e Mo
—
X
X 40 -
[
20 ~
0 T T T T
0 50 100 150 200

Time (min)
Figure 3.5: Retention experiment using a Solsep 030206 performed with a solution of 200 ppm of polyethylene

glycol in (&) methanol. Flux measurements performed at a pressure of 30 bar and a temperature of 20 °C.

Previous experiments have shown that flux of faster permeating molecules such as methanol but
also ethanol are less stable. The origin of this behavior is probably related to compaction and
swelling effects. These phenomena have a stronger influence on viscous transport as compared to

diffusive transport. This will be discussed more elaborately in Chapter 6.

3.4.3 Retention performance

Figure 3.6 shows the retention of different oligomers as a function of MW, for the three different
alcohols at room temperature. Retention is high in 1-pentanol (above 95%) when compared to
methanol and 1-propanol. The difference is more pronounced for lower MW. The high retention
in the case of I-pentanol is due to the low flux of this solvent. 1-Pentanol transport is mainly
dominated by diffusion, as it has been discussed in Chapter 1. Due to the low transport rate there
is no significant dragging effect that will enhance the transport of PEG molecules. As a
consequence, all PEG molecules will slowly diffuse through the membrane. In the case of

methanol and 1-propanol a lower retention is observed for the smaller PEG oligomers.
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Figure 3.6: Retention of several PEG oligomers by a Solsep 030206 membrane in (¢,0) methanol,

(A) 1-propanol and (x) 1-pentanol at 30 bar and 20 °C.

The lower retention is due to much higher solvent fluxes as compared to 1-pentanol. For

methanol and 1-propanol dragging effects are expected that will lead to a strong increase of the

PEG transport rate, especially for the smaller oligomers. The resulting MWCO corresponding to

90% retention is similar for methanol and 1-propanol (Table 3.1).

Solvent R (%) MWCO (Da)
Methanol 90 942
1-Propanol 90 894
1-Pentanol 90 <600

Table 3.1: Retention of PEG and MWCO resulting from the retention experiment performed with 200 ppm of PEG

in methanol, 1-propanol and 1-pentanol.
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The similar retention values for methanol and 1-propanol are unexpected because the methanol
flux is much higher. However, it should be taken into consideration that the size and shape of the
solute is different in the two solvents. In Figure 3.7 the hydrodynamic radii of PEG oligomers are
plotted for different solvents. The graph shows that in a bulk solution all oligomers have a radius
below 10 A. The same PEG oligomer has a different radius in different solvents. For example,

PEG 600 has a radius of 7 A in methanol and 5.5 A in 1-pentanol.
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Figure 3.7: Hydrodynamic radius of PEG in: () methanol; (®) ethanol; (W) l-propanol; (%) 1-butanol and (A)

1-pentanol at 20 °C, determined from the one-point method [16, 17].

In Figure 3.8 the retention is plotted as a function of the hydrodynamic radii of the PEG
oligomers in the bulk solution. For PEG oligomers of similar size, retention is lower in the case
of methanol as compared to 1-propanol. The difference in retention is related to the solvents
transport rates, as is confirmed by the high retention observed for the slowly diffusing 1-pentanol.
Clearly, the retention results can not solely be interpreted in terms of size or shape of the solute;

the rate and mechanism of the solvent transport have to be taken into account also.
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Figure 3.8: Retention of several PEG oligomers by a Solsep 030206 membrane in (4) methanol, (A) 1-propanol and

(X) 1-pentanol at 30 bar and 20 °C

3.5 Conclusions

A generic method is presented that allows determination of the retention behavior in non-aqueous
solvent filtration. The method has no restrictions with respect to solute solubility and is
independent of the solvent studied. Using a low concentration of one solute with a broad MW
distribution, combined with a powerful analytical technique, a single retention experiment
produces a full retention curve. This way, the MWCO of the membrane in the solvent can be
directly determined and the cost and time of the experimental procedure is reduced. The value of
such a method resides in the existence of a multitude of systems, in particular in the application
of polymeric nanofiltration membranes to solvent recovery.

The retention of PEG 1000 has been determined for a commercial membrane. Retention is mostly
dependent on the rate and mechanism of solvent transport. For methanol and 1-propanol, where
transport is solely or partially determined by viscous transport, dragging effects cause the

retention of small PEG oligomers to be low, and a 90% MWCO of 900 Da is observed. Although
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the MWCO is similar for both solvents, the size of the PEG oligomers is dependent on the
solvent environment. Oligomers with similar dimensions show lower retention in the case of the
solvent with the highest flux, i.e. methanol. In the case of 1-pentanol solvent transport is
primarily determined by diffusion and dragging effects are insignificant. Consequently, PEG
oligomers only permeate through the membrane by diffusion and retention is high, irrespective of

the size and shape of the solute molecule.
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Chapter 4

Solvent sorption measurements in polymeric membranes with ATR-IR
spectroscopy

Long-term stability and performance of polymeric membranes in solvent and mixed solvent
media can be reduced due to sorption and swelling of the membrane matrix. For this reason
quantification of sorption and swelling is of major importance for the development of future
applications of membrane processes in solvent and mixed solvent media. In this work a method is
discussed, based on attenuated total reflectance infrared spectroscopy (ATR-IR), to establish
sorption and sorption selectivity of a cellulose acetate (CA) membrane in water/methanol and
water/ethanol mixtures. By analysis of specific peaks from the ATR-IR spectra of the solvents,
the preferential sorption of water in CA membranes can be quantified. In the presence of
methanol, the selectivity for water ranges from 2.5 to 3.5 between 52% and 90% of methanol. For
ethanol, the selectivity for water ranges from approximately 1 (30% ethanol) to 2 (90% ethanol).
From the work it follows that ATR-IR provides an easy and non-destructive method to study the

sorption behavior of the active layer of the membrane.
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4.1 Introduction

Since industry uses large amounts of solvents, about 4.3 million tonnes annually in Europe [1],
the need for technology to insure re-use is becoming increasingly important. Many examples in
the food and pharmaceutical industry have shown that membrane processes can substantially
decrease the energy consumption for separations involving aqueous streams [2]. However, the
application of membrane technology for the separation of solvent and mixed solvent media
streams is still rather limited despite the potential reduction in costs. This is due to the fact that
long-term stability and performance of polymeric membranes in solvent and mixed solvent media
is often unknown and is still in a very early stage of study. Therefore, it is important to
understand phenomena like swelling and sorption that contribute to a reduction of the life-time of
the membrane. Several techniques are available to study sorption and swelling of polymers and
an overview is presented in Figure 4.1 [3].

Studies based on weight measurements do not take into account that in supported films the
swelling and sorption is not the same at both sides of the membrane. The need for a separate
sample of active polymeric layer increases cost and time spent on the study and is often
impossible for commercial samples. Techniques for the measurement of parallel elongation and
thickness dilation of a film are very demanding in terms of experimental set-up and also require
separate samples of the active layer. As an example, sorption and longitudinal swelling kinetics
of the system CA and methanol have been studied by Sanopoulo [4] using a differential swelling
stress model (LDSS). Methanol was found to be a weak swelling agent and the interactions with

the CA structure preferentially occur with the hydroxyl groups.
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Figure 4.1: Overview of sorption and swelling measurement methods. * These methods require additional swelling

data. (Reproduced with permission [2]).

With the use of ATR-IR the active layer of a membrane can be analyzed without the need of a
destructive sample preparation. ATR-IR has been used under supercritical conditions (scCO,),
underlining the possibilities of simultaneously measuring sorption and swelling of the polymer
used [5-9]. Some literature has also been published on diffusion in thin polymer films [10, 11].
The results show that in combination with an appropriate diffusion model, it is possible to use
ATR-IR to study diffusion. These studies also show that the measurements can be obtained in a
gaseous or liquid phase opening the possibility to use the same technique in the characterization
of polymeric membranes. Currently, ATR-IR is used to identify surface changes and the presence
of impurities in polymeric membranes [12]. Freger and Belfer have used ATR-IR to study surface
changes in polyamide membranes due to grafting [13] and fouling of membranes by proteins

[14, 15]. The ability to differentiate between parallel and perpendicular polarized light in ATR-IR
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[16] allows the study of the alignment of molecules at the surface of hollow fiber membranes

[17].

In this work we explore the use of ATR-IR as a non-destructive method to study preferential
sorption in commercial polymeric membranes in the presence of organic solvents. As a model
system, we have used cellulose acetate membranes in combination with aqueous methanol and

ethanol solutions.

4.2 Theory
ATR-IR spectroscopy is based on total reflection of the infrared (IR) beam (Figure 4.2).
A

Total reflection

Figure 4.2: Effect of angle of incidence on direction of the IR beam propagation.

In order to have internal reflection, the refractive index of the sample (n;) must be lower than the
refractive index of the crystal (n;). The region of total reflection begins at an angle higher than a
critical angle (0.) calculated for a reflectance angle (o) of 90 degrees, using Snell’s Law

(Equation 4.1):
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smaz%- 4.1)
1

where n; is the refractive index of the ATR-IR crystal and n; the refractive index of the sample.
In this region of reflection all the information from the sample (functional group vibrations) can
be detected by the spectrometer. With ATR-IR spectroscopy, one important aspect to take into
account is the depth of penetration (dp) of the IR beam (Equation 4.2). This value depends on

several factors and can be calculated from the following equation:

A

dp =
27(n,” sin* @ —n,*)""?

(4.2)

where 0 is the incidence angle and A is the wavelength of the incident beam. This value becomes
critical when the sample is a membrane with an active layer in the range of 1 to 10 um. The
possibility of changing dp by changing the crystal used makes ATR-IR an ideal technique for
analysis and characterization of thin layer polymer membranes [16].

However, quantification in ATR-IR spectroscopy is still not as straightforward as in
transmittance spectroscopy. Each peak in ATR-IR relates to a determined amount of energy
absorbed by a specific functional group present in the sample. The resulting energy (peak
absorbance) is a result of several scans performed by the spectrometer and, therefore, is not an
exact concentration but rather a statistical measure.

In this study sorption of methanol, ethanol and water in CA membranes is studied. Sorption is
related to the peak area and the sorption selectivity of a membrane can be expressed by the

selectivity parameter (o):

e

o= (4.3)
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where Cy m and Cy ¢ is the concentration of water in the membrane and in solution, respectively,
and C,, and Cgy is the concentration of methanol or ethanol in the membrane and in solution,

respectively.

4.3 Experimental

The membrane used was a polymeric flat sheet 3 kD CA membrane provided by Microdyn-Nadir
filtration GmbH, Germany. Methanol (99.9%) and ethanol (99.9%) were obtained from
Sigma-Aldrich. Experiments were performed with solutions of different concentrations of alcohol

in a range from 0 to 100% (w/w).

4.3.1 ATR-IR spectra

The ATR-IR spectra were recorded with a Nicolet Protege 460 Fourier-Transform infrared
spectrometer with Nicolet Smart Golden Gate Mk II total reflectance device using a diamond
crystal at an incidence angle of 45°. Each spectrum results from 32 scans at 4 cm™ resolution for
a spectral range from 4000 to 650 cm™. The penetration depth of the IR beam in the CA
membrane sample was calculated to be between 0.9 and 1 pm at 2000 cm™. All the readings were
performed at room temperature. Based on statistical calculations performed at the beginning of
this study for a measurement error lower than 5% in each area value obtained, 10 spectra of the
same sample were always recorded. In the spectra taken of methanol, ethanol, water and CA,
specific peaks were identified and the increase in area of these peaks is used for sorption
calculations. In the case of overlapping peaks, deconvolution was performed for the calculation

of the contribution of the individual peaks using Origin 6.0 software from Microcal.

4.3.2 Sample preparation

Each sample of CA membrane was brought in contact with the alcohol solution for one hour.
This time was based on previous experiments in order to guarantee equilibrium. In order to
determine the thickness of the active layer of the dry membrane, Scanning Electron Microscopy

(SEM) pictures were taken of the CA membranes using a JEOL 840 microscope. The pictures
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show an active layer with a thickness of 3 um (Figure 3), which is more than the penetration

depth of the IR beam, thus fulfilling the requirement to apply ATR-IR spectroscopy.

Figure 4.3: SEM micrographs of the active layer of the cellulose acetate membrane.

In order to study the variability of the CA membrane material, two sets of 5 membrane pieces
were placed in water for the period of one hour. In the first set of experiments, the ATR-IR
readings were performed at 10 different locations of the membrane for each of the 5 samples. In
the second set of experiments, the 10 readings were performed at exactly the same spot of the

membrane for each of the 5 samples.

4.4 Results and discussion
4.4.1 Peak identification

The specific peaks of methanol, ethanol, water and CA membrane are identified in Figure 4.4.
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Figure 4.4: ATR-IR spectra of (a) cellulose acetate, (b) ethanol and (c) methanol. The specific peaks are identified

as: (A) — methanol; (B) - ethanol; (C) — water; (D) — cellulose acetate, carbonyl group vibrations.

The specific peak of methanol (A) refers to the vibration of the methyl group (CHj3) absorbing at
2831 cm™. For ethanol (B) the specific vibration is common for all primary alcohols, with the
exception of methanol, where a peak appears at 2972 cm™ due to the CH, group vibration. The
peak related to the presence of water (C) in the sample has a specific vibration at 1639 cm™ [18].
The CA membrane has a specific peak (D) related to the vibration of the carbonyl group at
1736 cm™. For pure cellulose acetate a water peak would not be expected. However, it appeared
to be impossible to remove the water present in the commercial sample as the polymeric structure

changes and becomes damaged once dried.
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4.4.2 Peak deconvolution

From Figure 4.4 it is evident that the specific peak of methanol (A) overlaps with the peak in
spectrum (a) resulting from vibration of the CH, CH, and CHj; groups in the CA membrane
structure (2930 cm™ and 2886 cm™). The same occurs for the ethanol specific peak (B) for the
first two vibrations. Deconvolution is used to estimate the area related to the specific vibration of
the desired peak (A or B) only and no distinction is made between the CH and CH; contribution
to the peak from the CA membrane. It appeared to be impossible to obtain reliable deconvolution
values for the area of the methanol peak for concentrations lower than 50%. For ethanol,

deconvolution is possible for concentrations higher than 30%.

4.4.3 Solution readings — trend line
The ATR-IR spectra taken of the solutions used in the experiments show an increase of the peak

absorbance with increasing concentration (Figure 4.5).
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Figure 4.5: Gradual increase/decrease of the specific peak of a) methanol and b) water with the increase in methanol

concentration.

As can be seen from Figure 4.6, the peak area versus the concentration of methanol, ethanol or
water in solution shows an almost linear relation. Also, for overlapping peaks like the methanol
or ethanol specific peak, the error of the area reading becomes somewhat higher as compared to
the peak of water. However, these results show that ATR-IR allows for quantification of the
concentration of the solvent. Performing 10 consecutive spectral readings at the same location of
the membrane leads to an accuracy in the measurement of about 5%. However, performing the
measurements on different pieces of membrane leads to an accuracy of approximately 15%. This
decreased accuracy is probably due to the structural inhomogeneity of a membrane sheet, leading

to a variation of the free volume of the polymer matrix along the membrane surface.



Solvent sorption measurements in polymeric membranes with ATR-IR

53

Area

b)
25 -

20 -

15

Area

10

20

%0 Alcohol

80 100

20

40

60
% Alcohol

Figure 4.6: Alcohol solution readings: a) Gradual change of methanol () and ethanol (=) specific peak area with

solution concentration; b) gradual change of water specific peak area in methanol (#) and ethanol () solutions.
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4.4.4 Change in peak wavenumber
The methanol peak area (peak A) and the ethanol peak area (peak B) not only increase with

increasing concentration but also the frequency at which the specific group absorbs energy shows

a decrease (Figure 4.7).
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Figure 4.7: a) Specific peak absorbance frequency in: solution spectra (#); cellulose acetate spectra (=) for a)

methanol; b) ethanol; ¢) water in methanol solution; d) water in ethanol solution.

At high water concentrations, the influence of the hydroxyl peak is stronger [19, 20]. The higher
level of hydrogen bonding creates a broader peak and shifts this peak to lower frequency values,
thus influencing the peaks of CH, and CHj; vibrations (ethanol and methanol respectively) by
peak overlapping effects [21]. Also, the vibrations of the CH, and CHj groups in the alcohol
molecules might be affected by hydrogen bonding of the hydroxyl group present in the molecule.
The relation between the alcohol concentration in solution and the absorbance frequency is also
almost linear (Figures 4.7c and 4.7d). In the case of the water peak (peak C), the peak maximum
shifts to lower frequency values with an increase in water concentration. In principle this would
offer the possibility to use this trend to determine solute concentrations based on the frequency

shift of specific groups.
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4.4.5 Sorption
Typical spectra are given for 50% water/alcohol mixtures and for the CA membrane in contact

with these mixtures (Figure 4.8).
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Figure 4.8: Spectra of a) water/methanol solution 50%; b) CA + water/methanol solution 50%; c) water/ethanol

solution 50%; d) CA + water/ethanol solution 50%.

Figure 4.9 shows that the area of peak A and B in the respective membrane spectra increases
upon an increase in the methanol and ethanol concentration in the solution in contact with the
membrane. Since the penetration depth is the same for every experiment, this indicates that the
number of methanol and ethanol specific groups in the same membrane volume scanned
increases (61% area increase for a 53% increase in solution concentration). Also, the water peak
decreases with the decrease of water concentration in solution in the two experiments (area
decrease of 68% for a decrease in concentration of 66%).

Comparing the variability calculated with the results obtained for the water/methanol and
water/ethanol experiments, we conclude that the gradual increase found in water peak area during

these experiments can be related to a change in water absorbed in the membrane matrix and is not
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due to the influence of structural differences. However, quantification of sorption is only possible

at a known degree of swelling.
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Figure 4.9: Cellulose acetate spectra after 1 hour contact with alcohol solutions: a) gradual change of specific peak
area of methanol () and ethanol (»); b) gradual change of water specific peak area in a methanol solution () and

in ethanol solution ().

4.4.6 Preferential sorption

For many applications the sorption selectivity is an important parameter. The values for the
selectivity parameter of the membrane for water/methanol or water/ethanol mixtures are plotted
in Figure 4.10. In the presence of methanol, the selectivity for water ranges from 2.5 at 52% of
methanol in solution to 3.5 at 90%. For water/ethanol mixtures, the selectivity for water ranges
from 1 at 30% ethanol to 2 at 90% ethanol. This implies that the membrane preferentially absorbs
water. These results are in accordance to the preferential permeation of water found in
pervaporation using CA membranes [22-24]. In these papers it is stated that preferential sorption
plays a role in the results of the pervaporation experiments. The sorption is greater for water as
compared to lower alcohols due to polarity, the effect of hydrogen bonding and the volume

available for accommodation in the polymer structure.
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Figure 4.10: Selectivity (o) of CA membrane at various alcohol concentrations in water: (1) methanol; () ethanol.

4.5 Conclusions

ATR-IR allows a non-destructive and easy analysis of the active layer of polymeric membranes.
It is possible to determine the dependence of specific peak areas on the concentration of various
compounds, both in solution and in the membrane. Preferential sorption of water has been
measured in the CA membrane for water/methanol and water/ethanol mixtures, results that are in
accordance with literature. From this work we conclude that ATR-IR spectroscopy is likely to
become an important tool to study the stability of polymeric membranes in solvent and mixed

solvent media solvents.
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Chapter 5

Dynamic swelling and solvent sorption of a commercial solvent resistant
membrane

In this chapter the dynamic sorption and swelling behavior of a commercial solvent resistant
membrane has been studied for toluene, acetone, n-hexane and five primary alcohols. Swelling
has been determined from the increase in sample thickness using two different methods:
mechanically with a micrometer and optically with an interferometer. Both techniques show
comparable results. For the different alcohols a similar final increase in thickness is observed
(6%). Swelling is most pronounced in the case of acetone (9%) and less pronounced in the case
of n-hexane and toluene (2%). Different polymer layers present in the membrane show different
contributions to swelling: the non-woven support does not swell and the overall thickness
increase is mostly governed by the secondary support layer. Modification of the membrane with a
silicone-based polymer does not significantly influence the swelling behavior. Comparison of the
dynamics of swelling and sorption reveals that these two phenomena, although interdependent,
do not start simultaneously and do not reach the same relative value. Furthermore, the extent of
sorption is higher for the alcohols as compared to the stronger swelling agent acetone. This
implies that interpretation of sorption data in terms of swelling behavior potentially leads to

wrong conclusions.
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5.1 Introduction

The major application of polymeric membranes has been in aqueous applications. Recently,
membranes have also been developed for (nano)filtration of non-aqueous solvents.
Complications in the filtration of solvents include the swelling of polymer materials when
brought into contact with solvents. In general, swelling has a negative effect on the separation
performance as well as on the life-time of a polymer membrane. To minimize the degree of
swelling and to tune performance properties, membranes have undergone surface changes and
structural modifications [1-3]. Various highly crosslinked membranes have been presented in
literature for solvent filtration, specifically developed to withstand the solvent environment and
elevated pressure [4-6]. The fast advancements in the development of membranes for non-
aqueous solvent filtration will result in an increasing number of possible solvent/membrane
combinations. This number is further enlarged by the fact that properties of solvent resistant
membranes are not only determined by intrinsic materials properties, but also by details of the
fabrication process [7]. As a consequence, fast and simple techniques are required to study the
large number of specific solvent/membrane systems.

Various techniques are available to study solvent sorption and swelling of polymers for which an
overview has been presented [8]. Many of the techniques used for swelling studies are based on
measuring the weight increase of the sample, thereby presuming a direct relation between
sorption and swelling [9-12]. Only a few techniques have been presented to directly measure the
change in membrane volume [13, 14]. Other potential techniques exist, but have not been applied
to study membrane swelling. Examples include optical techniques, such as interferometry.
Interferometry is a fast non-contact optical technique that allows measurement of in-situ swelling
of a membrane. This technique relies on the interference of light beams that have traveled optical
paths of different lengths. A typical interferometer splits light from a single source into a beam
that is reflected on a reference mirror and a beam that is reflected on the sample. Both reflected
beams are transmitted to a sensor that records the intensity as a function of sample displacement
along the optical axis. The recorded intensity shows a maximum when the difference in optical

path lengths is zero. When a CCD image sensor is used, simultaneous measurement of a number
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of points on the sample surface is possible, from which the 3D surface topology can be
reconstructed [15-17].

In this chapter the dynamic swelling behavior of a commercial membrane is studied by
measuring the thickness increase in time. Two straightforward techniques are used for this
purpose: optically using an interferometer and mechanically using a micrometer. The dynamics
of swelling are studied for a number of solvents and the results are compared with the dynamic

sorption behavior.

5.2 Experimental

Swelling measurements were performed using Solsep 030206 membranes (Solsep, the
Netherlands). These membranes consisted of two distinct layers (see Figure 5.1): a non woven
support layer of approximately 150 um thickness (layer A) and a secondary support layer of

approximately 50 pm with a finger-like structure (layer B).

85 /NOU /84

Figure 5.1: SEM image of a Solsep 030206 solvent resistant nanofiltration commercial membrane.

The nanofiltration capabilities of the membrane were obtained by modification using a silicon
type polymer. Measurements were performed on samples containing: only the non-woven

support (layer A), the non-woven support and the finger-like structure (layer A+B), or the full
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nanofiltration membrane. For analysis of each layer, the samples used were taken from the same
sheet of membrane. Methanol (99%), ethanol (99%), 1-propanol (99%), 1-butanol (99%),
l-pentanol (99%), acetone (99.9%), toluene (99.9%), n-hexane (99.9%) were obtained from
Sigma-Aldrich.

5.2.1 Mechanical thickness measurements

Mechanical thickness measurements were performed using an Absolute Digimatic, 293 series
thickness meter (Mitutoyo, Japan) with a range of 0 to 25 mm and an error of 0.5 um. The
contact area of the thickness meter was increased to 9.5x10° m’ to ensure that the pressure
exerted on the samples remained below 1 bar. For each solvent the measurements were repeated
on 5 different samples. First, the initial thickness of every sample was measured prior to contact
with the solvent. In short-term experiments the sample thickness was measured after exposing the
sample to the solvent up to 15 times. Solvent exposure was done by dipping the sample in the
solvent for 10 seconds and subsequently wiping off the excess of solvent. In long-term
experiments the samples were constantly kept in contact with the solvent for a period of several
days. The thickness of layer B was obtained after subtracting the average thickness of the non-
woven support. The relative increase in thickness of an exposed sample was determined with

reference to the unexposed sample.

5.2.2 Optical thickness measurements

Interferometry measurements were performed using a Fogale ZoomSurf 3D (Fogale Nanotech,
France) equipped with a 20x coaxial interference Mireau objective (Leica Microsystems GmbH,
Germany). The data were analyzed using the software Fogale Map (Fogale Nanotech, France).
Samples were prepared by taking a 50 um thick slice from layer B with the help of a scalpel. No
material of the non-woven support was present in these samples. To overcome the tendency of
the polymer to curl, slices were placed on top of a glass plate using double-sided tape. For each
solvent the measurements were repeated on 3 different samples and for each sample the thickness

was measured at 6 different locations. The sample was first measured for the initial thickness.
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Exposure was done by placing a drop of the solvent on top of the sample. The excess of solvent is
removed with the help of absorbing paper. The layer of solvent remaining is then absorbed by the

polymer. Thickness was measured and the procedure was repeated up to 10 times.

5.2.3 Sorption measurements

Directly after a mechanical thickness measurement the sample was placed in a closed vial and its
weight was determined using a Sartorius BP 221s balance (Sartorius Technologies, the
Netherlands), with an accuracy of 0.05 mg. The typical weight of a dry sample is approximately
20 mg.

5.3 Result and discussion

5.3.1 Short term swelling behavior

5.3.1.1 Mechanical thickness determination

In Figure 5.2 the short term swelling behavior mechanically determined for the nanofiltration
membrane is presented for methanol, ethanol and 1-propanol.

The results show that the short term swelling behavior is strongly influenced by the nature of the
applied solvent. For methanol, already after one single exposure an increase in thickness of 2.6%
is observed. The increase in thickness remains more or less constant for the subsequent 10
exposures. The following measurements show that swelling has not reached a steady state point
and the membrane continues to increase in thickness. In contrast, for ethanol the extent of
swelling after a single exposure is only 0.4%, but after 4 exposures the increase in thickness is
similar to that observed for methanol (2.3%). As well as for methanol, upon additional exposure
to ethanol, the membrane shows further increase in thickness. For 1-propanol swelling only starts
after the sample has been exposed to the solvent 10 times. After 15 exposures the swelling
becomes comparable to that observed for methanol and ethanol. For 1-butanol, 1-pentanol,
toluene and n-hexane no swelling is observed within the timeframe of the short-term

experiments.
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Figure 5.2: Thickness increase (%) of a modified Solsep 030206 when exposed to (#) methanol, (O) ethanol and

(A) 1-propanol.

Figure 5.3 shows the swelling of the individual layers present in the membrane. For each layer
the increase in thickness has been normalized with respect to the initial layer thickness prior to
solvent exposure. Clearly, the support layer A shows no significant swelling for methanol and
ethanol. A similar behavior is found for all other solvents used in this study, also in the long term
experiments discussed further on in this chapter. The same results have been found in literature
for the same type of support material [13]. The overall swelling is governed by layer B. In the
case of ethanol the extent of swelling of layer B shows an increase with the number of exposures.
The swelling behavior appears to be unaffected by the modification with the silicon based
polymer. For methanol, initially, a smaller increase in thickness is observed for the samples that
have been modified with the silicon polymer as compared to the unmodified samples. The
difference is much less pronounced after 12 exposures, as will also become evident in the long

term experiments. The origin of this difference is unclear.
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Figure 5.3: Thickness increase (%) of the individual membrane layers: (m) layer A; (A) layer B and () modified

Solsep 030206 when exposed to a) methanol and b) ethanol.
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5.3.1.2 Optical versus mechanical thickness measurements

Figure 5.4 shows the short term swelling behavior of layer B modified with the silicon based
polymer, determined with both the optical and mechanical method. The two methods yield
similar results for methanol; the thickness increases rapidly to a more or less constant value of
10-12%. For ethanol both methods yield a similar trend, however, the increase in thickness after a
single exposure is already much higher in the case of the optical method. This may be related to
the difference in the method of solvent exposure used for the two techniques; a higher degree of
swelling per exposure will shift the data to the left. For the final two ethanol exposures the optical
method probably overestimates the swelling due to delamination of the sample from the double
sided tape. Delamination became a problem also for the case of 1-propanol. 1-Propanol dissolved

the glue present in the double sided tape causing immediate separation of the sample and the

glass plate.
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Figure 5.4: Thickness increase (%) of the modified Solsep 030206 when exposed to a) methanol and b) ethanol

using: (4) mechanical technique and (O) optical technique.

The results indicate that interferometry is applicable for dynamic swelling studies, but has
drawbacks, including restrictions with respect to sample preparation and the fact that it can not be
applied under realistic nanofiltration conditions. Under such conditions swelling will be
influenced by compaction, resulting from the applied pressure. The mechanical method does

allow simulation of the static pressure, simply by changing the applied pressure.

5.3.2 Long term swelling behavior

Figures 5.5 a-h show the long term swelling behavior for the different solvents used in this study.
Data are presented for silicon polymer modified membranes as well as unmodified membranes.
The increase in thickness is normalized with respect to the thickness of the sample prior to

exposure.



74

a)

500

o0
i
o
® s
S
C
o o
oo
i o
oo © -]
HEH ™
-
0000
> =
&< m

L
100

10 +

(9%) @sealoul ssaudIyL

Time (h)

b)

10

HH
- 0 °
LWO
° &
o
Y <
HEH
o ®
o
k&
> <
o™
T“M!
HIH
00 ©
H-,
ws T RN E—
T
© © < N

(9%) @se8I0Ul SSBUNDIYL

300 400 500
Time (h)

200

100



Dynamic swelling and solvent sorption of a commercial solvent resistent membrane

75

d)

Thickness increase (%)

Thickness increase (%)

Time (h)

10 -
’ }
o (o
> ¢ % o & <aes>'<<>> & §O§°
6 & io <<>> S0
g © oéo%
4
2
O T T T T 1
0 100 200 300 400 500
Time (h)
10
g
o W o 0 i N
B Y o 13
6 o o< < S i @%O *o
# > *@o DS o0
(o) o
o a i L]
4 o
2
0 T T T T 1
0 100 200 300 400 500



o
- O
re}
il L
o
- o
<
HEBH HEH
—.— HilH
- o -
00 \%)
- = HH
I -
0}
o © m < <o
&0 o o
O LS ® © 0
_.lmv_o ~ - >
I
& ° "o
-
[P ANv
aH o HH
HM r S HEH
< Y o 8
Cg g o Gad
, : — R oossuilim o B R SN T v ,
m © < N o o [ee) © <t N
—

O=

500

400

300

200

100

Time (h)

76
e)

(%) @sea1oul ssauxdIyL (04) @SBBIOUI SSAUNIIYL



Dynamic swelling and solvent sorption of a commercial solvent resistent membrane 77

g)
10 -
S
o 87
(7]
©
o
(&)
6,
c
- L
g o %
c 4 - SO *
§ O 2 i(}i © o % * +
= oo g W ° O'o*% o
&
Zi¥° )0’
O T T T T 1
0 100 200 300 400 500
Time (h)
h)
10 -
g o
(<}
(%]
©
¢ 6
]
k= ;
U) o
§ 44 ig S° ;* .
2 Se m O o®3 ¥
e & o
£ 2gfe )t
O T T T T 1
0 100 200 300 400 500

Time (h)
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shown relates to the standard error of the measurement.
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For all solvents the modification has no significant influence on the final degree of swelling. The
largest increase in sample thickness is observed for acetone, approximately 9%. The smallest
increase in thickness is observed for n-hexane and toluene, approximately 2%. For the different
alcohols a similar degree of long term swelling is observed, approximately 5-7%. Although the
initial rate of swelling varies for the different solvents, after 10 hours a steady state value is
observed in all cases except for 1-pentanol. For 1-pentanol swelling evolves slower. These results

suggest that pre-swelling procedures should be considered prior to any non-aqueous membrane

application.

5.3.3 Swelling versus sorption

Figure 5.6 shows the simultaneous dynamic sorption and swelling behavior in time in the case of

methanol (a), acetone (b) and 1-pentanol (c).
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In the case of methanol and acetone, both swelling and sorption start instantly upon contact
between the sample and the solvent. Sorption equilibrium is reached while the thickness of the
membrane is still increasing. 1-Pentanol swelling shows initially a delay, followed by a very slow
thickness increase. The final degree of swelling is observed only after 40 hours of contact. A
similar contrast between swelling and sorption behavior has been found for 1-propanol,
1-butanol, toluene and n-hexane. For methanol and 1-pentanol the final increase in thickness is
6% and the corresponding increase in weight is 70%. In contrast, in the case of a strong swelling
agent like acetone, a larger increase in thickness is observed (9%) while the weight increase is
smaller (60%). This implies that interpretation of sorption data in terms of swelling behavior can

potentially lead to wrong conclusions.

5.4 Conclusions

Two straightforward techniques have been used to measure swelling: mechanically using a
micrometer and optically using an interferometer. Both methods allow study of the dynamic
swelling behavior and yield similar results. However, the optical method has restrictions on
sample preparation and can not be applied under pressurized conditions. The results obtained
from the two distinct methods correspond well and show that even for rather similar molecules,
such as a homologous series of primary alcohols, different swelling behavior can occur.
Furthermore, different polymer layers present in the membrane show different contributions to
swelling: the non-woven support of the membrane does not swell significantly and the overall
thickness increase is mostly governed by the secondary support layer with fingerlike structure.
Modification of the membrane with a silicon-based polymer does not significantly influence its
swelling behavior.

Comparison of the dynamics of swelling and sorption reveals that these two phenomena,
although interdependent, do not start simultaneously and do not reach the same relative value.
Furthermore, results show that if the extent of sorption is interpreted as a direct measure for the

extent of swelling, incorrect conclusions can be drawn. This suggests that a simple measurement
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of thickness using a micrometer provides more accurate information on swelling than

complicated weight-based methods.
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Chapter 6

ATR-IR method for in-situ study of compaction in asymmetric
nanofiltration membranes

Attenuated total reflectance infrared spectroscopy (ATR-IR) is used for in-situ study of
compaction of the active layer of a commercial solvent resistant nanofiltration membrane. The
amount of energy absorbed during the ATR-IR measurements is related to the sample density and
increases with applied pressure. The pressure-induced compaction is partly irreversible. An
increase in pressure of 40 bar results in a density increase of 20%. With a subsequent reduction in
pressure down to 10 bar 13% of the density increase remains. Compaction in the active layer is
not directly related to the total thickness of the membrane. For an increase in pressure of 40 bar
the membrane thickness will decrease 6%. A subsequent reduction in pressure shows a further
decrease in thickness, reaching 20% at 10 bar. A similar hysteresis effect is observed for the
transport of methanol, where a continuous reduction in permeance is observed for an increase and
subsequent decrease in transmembrane pressure. The influence of compaction on the transport of
1-butanol is insignificant. This minor effect is attributed to the predominantly diffusive transport
of 1-butanol. The reduction of free volume has a more significant influence on viscous transport,

which is predominant for methanol.
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6.1 Introduction

Nanofiltration is a process driven by transmembrane pressures up to 50 bar. The commercial
nanofiltration membranes available nowadays are made of different polymer layers that are
susceptible to compaction in this pressure range. Compaction is the decrease in membrane
volume due to mechanical deformation upon the application of a high mechanical pressure.
Furthermore, compaction will counteract swelling, i.e compaction is expected to reduce the
extent of swelling. A change in density of the active layer of the membrane implies a change in
free volume available. This will have a significant influence on transport of permeating
components. In literature, quantification studies of membrane compaction are limited and the
phenomenon is usually related to a change in permeability [1-5]. Ebert et. al. [6] presented a
study of the influence of compaction to the pore distribution, where a reduction in porosity of
83% was found for an applied pressure of 30 bar. Peterson et. al. [7] and Reinsch et. al. [8]
presented experiments where compaction of an asymmetric membrane was measured in-situ
during permeation experiments, using ultrasonic time-domain reflectometry (UTDR). In their
method the change in the total thickness of the membrane is determined from a time-of-flight
analysis. This approach is inherently susceptible to surface morphology and mechanical changes
other than compaction, e.g. bending. Furthermore, the change in thickness of the membrane is not
necessarily representative for the compaction of the active layer, especially when the membrane
comprises layers of different materials. Vankelecom et. al. [9] studied swelling and compaction
effects in samples consisting only of a single material, corresponding to that present in an active
layer. The limitation of such a method is related to the complex structure of many commercial
membranes used in solvent application. In a number of these membranes the active layer is a
result of a surface modification of an existing porous layer. For this reason, the properties of such
active layers are not comparable to the properties of the original polymers. Consequently, a
technique that allows direct measurement of compaction of the active layer is very important.
Attenuated total reflectance infrared spectroscopy (ATR-IR) is a technique developed for
characterization of solid samples. This technique, already discussed in Chapter 4, is extremely

versatile and allows measurement of many physical and chemical phenomena such as sorption,
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swelling and compaction. Measurements can also be performed with a sample under gas or liquid
conditions. Direct quantification based on ATR-IR measurements is not straightforward [10],
however, changes in the spectra can lead to conclusive results [11, 12]. Kazarian and co-workers
have focused strongly on techniques such as ATR-IR, in some cases coupled to imaging
techniques, to characterize polymer structures in different applications. Some examples have
been shown in Chapter 4. Recently, measurements on moisture and compression effects on the
density of pharmaceutical tablets using ATR-IR imaging have been discussed [13-15]. In these
studies the basic concept relies on the change in density of the sample under pressure. Density
will influence the amount of energy absorbed from the infrared beam and consequently the
resulting spectrum will change. This approach opens a window of opportunity to develop in-situ
membrane compaction measurements, restricting the measurement to the active layer.

This work will show the applicability of ATR-IR for studying compaction behavior of a
commercial solvent resistant membrane (Solsep 030206). The method allows measurement of

compaction of only the active layer, at different pressure conditions.

6.2 Method

Figure 6.1 is a schematic representation of a membrane compaction measurement using ATR-IR.

> : .-="" Active layer,

o e -,

*"Membrane sample 000 0000 0Jg

00 O O
o]e; 00000

o/ X

ATR-IR
crystal

Figure 6.1: Schematic representation of experimental set-up.
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A membrane sample is placed with the active layer contacting the ATR-IR diamond crystal. The
penetration depth of the light beam is in the order of 1 um, which is usually smaller than the
thickness of the active layer. Consequently, the ATR-IR measurement will only give information
on changes of this active layer. When pressure is applied to the sample, by exerting a controlled
force on a solid plate placed on top of the membrane, the volume of the active layer will
decrease. This is depicted on the right side of Figure 6.1. The result is an increase in density of
functional groups, represented by circular symbols (O). This will in turn result in an increase in

the amount of energy absorbed from the light beam by the sample [13].

6.3 Experimental

A commercial membrane was used (Solsep 030206, Solsep B.V., the Netherlands). ATR-IR
spectra were recorded with a 8400S Fourier transform infrared spectrophotometer (FTIR) from
Shimadzu, using a Nicolet Smart Golden gate Mk II total reflectance device with a diamond
crystal at an incidence angle of 45°. Each spectrum resulted from 32 scans at 4 cm ™' resolution
for a spectral range from 4000 to 400 cm ™. All the readings were performed at room temperature
and were within a confidence interval of 95% based on 10 measurements. Pressure was applied
by a force-calibrated screwdriver from Specac Ltd, UK. The pressure was varied in the range of
10 to 100 bar and for a period of 1 minute.

Thickness experiments were performed using an Absolute Digimatic, 293 series thickness meter
(Mitutoyo, Japan) with a range of 0 to 25 mm and an error of 0.5 um. The area of the micrometer
in contact with the sample was increased to ensure that the pressure exerted on the samples
remained below 1 bar. Compaction was induced by applying a pressure in the range of 10-100
bar to the samples for one minute. After this, the pressure was relieved and the sample thickness
was measured. For all samples, hysteresis type experiments were performed, with pressure steps

of 10 bar.
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6.4 Results and discussion
Figure 6.2 shows two typical ATR-IR spectra of a single sample at two different pressures, 20

and 50 bar. Only a few relevant peaks can be identified in this figure.
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Figure 6.2: ATR-IR spectra of the active layer of the membrane, Solsep 030206, at two different pressures, 20 bar

(bottom) and 50 bar (top).

The figure shows an increase in intensity of each peak with the applied pressure. Apart from the
increase in absorption, the spectrum remains essentially unchanged. This indicates that no
chemical changes have occurred. The overall increase in absorbance is attributed to an increase in
sample density. Figure 6.3 shows a particular part of the spectrum (Si-O-Si vibration) for a

gradual increase in pressure. As pressure increases, the intensity of the peak also increases.
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Figure 6.3: Gradual increase of the specific peak Si-O-Si taken of a membrane sample under 10, 20, 30, 40 and 50

bar, respectively.

The total energy absorbed, normalized with respect to the value at 10 bar, is depicted in

Figure 6.4 as a function of pressure.
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Figure 6.4: Energy absorbed by the active layer of the membrane Solsep 030206 under pressure.
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The increase in absorbance, i.e. compaction of the active layer of the membrane, shows an almost
linear increase with applied pressure. The linear relation holds even at pressures far exceeding
those encountered in most practical applications (max. 50 bar of pressure). The increase in
density of the active layer is approximately 5% per 10 bar. Consequently, at the maximum
pressures encountered in typical applications the compaction will increase the density of the

active layer by approximately 25%.

6.4.1 Reversibility

Figure 6.5 shows data from an experiment in which the pressure has been increased and
subsequently decreased in periods of one minute for each pressure. During pressure increase the
energy absorbed by the sample increases by 20% at 40 bar. As pressure is reduced the density
reaches a final value, which is 13% higher compared to the value before the compaction
experiment. This hysteresis indicates that pressure-induced compaction of the active layer is
partly irreversible. Hence, membrane performance will be subject to the pressure trajectory
applied. The results shown are in a short-term time frame for pressure application. More
experiments should be performed in order to understand the reversibility of compaction when a

membrane is under pressure for a long period of time of pressure application.
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Figure 6.5: Hysteresis pressure experiment - energy absorbed by the active layer of the membrane under pressure.

In Figure 6.6 the change in the overall thickness of the membrane, determined using the
micrometer, is depicted for a similar pressure trajectory as compared to Figure 6.5. During the
sequential increase in pressure the total thickness of the membrane continuously decreases,
reaching 94% of the initial thickness at a maximum pressure of 40 bar. This is equivalent to an
average density increase of 6% over the membrane layers. During the subsequent decrease in
pressure a further reduction in thickness is observed, reaching 82% of the initial thickness at the
final pressure value of 10 bar, equivalent to an increase in density of 18%. The results show that
the change in overall density is totally irreversible for the time frame used. The relative values of
density increase from the in-situ ATR-IR measurements and the overall density measurements
are not in agreement. The results are not surprising considering that the overall measurements
include all layers present in the membrane, whereas the ATR-IR approach only reveals changes

in the active layer.
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Figure 6.6: Hysteresis pressure experiment — thickness of the membrane taken after pressure has been applied for a

period of one minute.

In an actual nanofiltration experiment compaction is accompanied by swelling. Compaction will

normally cause an increase in membrane resistance, while swelling is expected to cause a

decrease. Results for permeation experiments are depicted in Figure 6.7, for methanol and

1-butanol. For these solvents the extent of swelling will be comparable (see Chapter 5). During
the initial increase in transmembrane pressure both solvents show an increase in resistance to
transport. This increase is attributed to compaction and is larger for methanol (~80%) as
compared to 1-butanol (~15%). For the subsequent reduction in pressure the resistance for

transport of methanol shows a continuous increase to twice the initial value. For 1-butanol such a

behavior is not observed.
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Figure 6.7: Hysteresis permeation experiment using a batch membrane module (see Figure 2.2) for methanol and

1-butanol with the Solsep 030206 membrane.

Compaction shows a direct effect causing a reduction of the flux of methanol but no effect is
evident on the flux of 1-butanol. The difference between the two solvents is the dominant
transport mechanism (see Chapter 2). The transport of methanol is dominated by viscous
transport and takes place in the open spaces of the polymer matrix. The transport of 1-butanol is
dominated by diffusive transport and takes place within the crosslinked structure of the polymer.
These results show that even for similar molecules, different compaction effects can be expected.
The free volume available for diffusive transport in the polymer matrix is not affected in a major

way whereas the open space available for viscous transport undergoes a significant change.

6.5 Conclusions

Compaction of the active layer of a commercial membrane has been studied as a function of
pressure using ATR-IR. The method here proposed makes a distinction between compaction in
the transport determining active layer and the different support layers of the membrane. Results

have shown that the two phenomena are not in accordance. For an increase in pressure up to 40
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bar the density of the active layer shows an increase of 20%. During subsequent pressure
reduction to 10 bar, 7% of the change in density is recovered and an irreversible increase in
density of 13% remains. During a similar hysteresis experiment the overall membrane thickness
shows a continuous decrease to 80% of the initial value. The change in overall thickness is
influenced by all layers present in the membrane and is not directly related to the density change
of the active layer.

Permeation experiments show that compaction has a more pronounced influence on transport of
methanol as compared to 1-butanol. For 1-butanol transport occurs by diffusion and the
membrane resistance is hardly affected by compaction. In contrast, for methanol viscous
transport dominates and a continuous increase in resistance is observed during the hysteresis

experiment.
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Chapter 7

Perspectives

Nanofiltration offers the opportunity to eliminate energy consuming unit operations such as
distillation or extraction. However, nanofiltration for the recovery of organic solvents from
industrial streams is still in a very early stage of development. In the simplest case nanofiltration
involves a solvent, a solute and a membrane. However, for practical industrial applications,
multi-component mixtures will be present and chemical and physical phenomena such as
sorption, swelling and compaction will have a strong effect on the overall separation
performance. The interrelation between these various phenomena is not yet fully understood,
preventing adequate prediction of mass transport in solvent nanofiltration. This thesis provides a
number of analysis techniques that can be used as tools in strategic development and
characterization of thin film polymer membranes. All the presented techniques are aimed at
in-situ study of sorption, swelling or compaction in the transport determining layer, both for
model systems and commercial membranes in practical applications. They are independent of the
solvent environment, time effective and do not require difficult sample preparation or
complicated and expensive set-ups. The tools will be beneficial in the development stage, as well

as in the industrial application of non-aqueous nanofiltration membranes.

7.1 Membrane development

Traditionally, characterization of sorption, swelling or compaction is directed at the immediate
effects of these phenomena on separation performance [1,2]. However, already in a very early
stage of membrane development relevant characterization methods can be extremely valuable, for

instance for early screening of promising membrane materials [3,4,5]. The work presented in this
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thesis marks the opportunities of using characterization techniques to screen membranes and
membrane materials on chemical resistance, permeability, sorption, swelling and compaction.
The techniques include attenuated total reflectance infrared spectroscopy (ATR-IR), optical
interferometry, mechanical thickness measurements and transport studies. The methods proposed
are independent of chemical environment, can be further extended to a multi-component
approach and can be applied in long and short term experiments. All methods focus on the active
layer of asymmetric membranes and hence provide important information on transport
determining parameters. Using the characterization tools at an early stage of development will aid
a good selection of membranes that can endure prolonged application. In later stages of
membrane development, the characterization techniques can aid optimization of membrane

material properties for specific applications and conditions.

7.2 Membrane application

The proposed techniques are time effective and relatively simple to implement. As a result, the
applicability of the techniques is not limited to membrane development only, but can be further
extended to actual industrial applications, for instance for real-time in-situ process monitoring.
Characterization of time dependent phenomena such as fouling and concentration polarization in
actual applications is very important, because they contribute to a poorer performance and
eventual break down of the membrane [6-8]. Here, ATR-IR will be especially beneficial as it
enables chemical characterization of fouling layers and can be used to determine sorption and
swelling [9]. Recently, flexible fibre optics for mid-infrared ATR-IR analyses have been
developed [10]. These infrared probes show high resistance to harsh chemical and pressure
conditions and can be included in several strategic places along the membrane module, in contact
with the active layer of the membrane. This creates an opportunity to included ATR-IR as an
online in-situ control tool. The data acquired will give information on the early changes in the
surface chemistry and morphology of the membranes, in particular due to fouling [11] and

chemical reactions. This will aid preventing irreversible surface damage as well as the
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development of more benign membrane cleaning strategies. Consequently, this will prolong

membrane life time.

7.3 The future

As the field of solvent nanofiltration will further develop, the need for characterization methods
will increase. The tools presented in this thesis provide only a solution for some of the future
questions that will be raised. Further development of the tool box can be done by perfecting the
existing collection of tools present both in this thesis and in literature. A logical first step would
be to use the existing techniques to simultaneously measure interdependent phenomena. For
example, ATR-IR and thickness measurements can be extended to study the simultaneous
occurrence of sorption, swelling and compaction. Restrictions here reside mainly on the materials
used, in particular for the applications of ATR-IR as a characterization method [12]. In addition,
measurements can be directed at multi-component mixtures. For instance, the single experiment
retention method can be used to study the implications of using a mixture of solvents on
membrane retention. Also potential new characterization techniques for analysis of
interdependent phenomena can be envisioned. A particular example is nuclear magnetic
resonance that can be used to measure dynamic uptake of solvents in thin polymer layers [13].
This technique can reveal the evolution of a solvent concentration profile inside a thin layer, for
instance in combination with a corresponding mechanical response. In addition, new
developments in the field of NMR imaging may also enable study of concentration polarisation
effects in the boundary layer adjacent to the membrane surface [8].

It should be kept in mind that the application landscape of solvent nanofiltration is very broad
and the large progress that can be expected in this field does not allow presenting a complete list
of potential future techniques. The value of any new technique will depend heavily on the
imminent questions raised by new developments, as well as the applications that will come into

scope.
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